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University of Washington
Abstract

SEDIMENT TRANSPORT BY WIND:
SALTATION, SUSPENSION, EROSION AND RIPPLES

by Robert Stewart Anderson

Chairperson of the Supervisory Committee: Professor Bernard Hallet
Deptartment of Geological Sciences

A general model for sediment transport by wind is developed and tested against
available data sets on the vertical variation of sediment concentration, mass flux,
wind velocity and erosion by windblown particles. The full spectrum of particle

behavior, from saltation through suspension is addressed.

Saltation is treated through calculation of single trajectories that are fully deter-
mined by the initial conditions of liftoff speed, angle and spin. By specifying the
ejection rate of grains from the bed and the broad distribution of liftoff velocities
that arise from the stochastic nature of grain impacts with a granular bed, vertical

profiles of mass flux can be calculated and are in accord with measurements.

An existing diffusion model of suspension is calibrated with available blowing
snow and dust profiles using reference level concentrations. The suspension
phenomenon is further explored to define more explicitly the coupling of the saltation
and suspension processes at the bed. Individual suspension trajectories are calculated
by incorporating turbulent fluctuations using a modified Langevin equation. Ensem-
bles of trajectories are summed to yield concentration profiles that agree well with

expected power law behavior.

The horizontal force on the wind due to the downwind acceleration of particles
acts to decrease wind velocity gradients near the ground. Force profiles are calcu-
lated using ejection rates and initial velocity distributions calibrated with empirical
mass flux data. The resulting reduction in stress available to shear the air, when cou-
pled with an eddy viscosity closure hypothesis, yields modified wind velocity profiles

that capture well the near-bed reduction in velocity gradients.

Erosion by wind-blown particles is shown to result from the flux of kinetic

energy to an obstacle surface by grains entrained by the wind. Kinetic energy fluxes




due to both saltating and suspended grains peak well above the ground in strong
winds, in accord with observed abrasion profiles for vertical cylindrical obstacles and
for ventifacts. Abrasion due to suspended particles should dominate well above the

ground, and should sensitively record the deflection of air flow around the obstacle.

New insights into the grain-bed impact process arising from experiments involv-
ing single grain impacts lead to a simple model of eolian impact ripples. A stability
analysis demonstrates that a flat bed is unstable, and that the fastest-growing undu-
lations have a wavelength an order of magnitude greater than the mean hop length

of the numerous grains mobilized by energetic saltation impacts.
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late 1986 as Anderson (1986). Other chapters, all of which have been written to

stand alone as publishable pieces, will scon be submitted for publication.
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INTRODUCTION

Sediment transport by wind -- or eolian sediment transport -- is the result of
the interaction of the turbulent atmospheric boundary layer with a substrate
comprised of loose grains of various sizes. Many practical and scientific problems
require quantitative assessment of sediment transport by wind. For example, the abil-
ity to predict the total sediment flux and its spatial variation would provide qualita-
tive insight into the process of desertification through soil loss. Calculations of verti-
cal profiles of sediment concentration are central to the interpretation of the remote
sensing data from which major eolian events both on Earth and on other planets are
inferred. On the other hand, a means of predicting the kinetic energy flux to an obs-
tacle surface by particles of all sizes entrained by the wind is necessary to elucidate

their relative importance in forming ventifacts.

Although many field and wind tunnel experiments have been performed to
describe these quantities and their spatial variations under various conditions, there
exists no rigorous, quantitative theoretical framework to allow the necessary predic-
tions, or to interpret insightfully the available empirical data. It is toward the

development of such a theory that this dissertation is aimed.

The eolian sediment transport system may be subdivided into three principal
interactions: (1) the wind-grain interaction that entrains and accelerates particles, (2)
the grain-wind interaction that modifies the wind velocity profile, and (3) the grain-
bed interaction, representing the response of the granular bed to energetic impacts of
grains. Aerodynamic drag and lift forces both initiate grain transport and determine
the subsequent particle trajectories. Particle accelerations give rise to the two addi-
tional interactions. First, Newton’s third law requires an equal and opposite force be
applied to the wind by the grains, thereby reducing both the near-bed wind velocities
and the attendant aerodynamic initation of particle trajectories. Second, grains
attain high velocities, resulting in energetic impacts with the bed that generally pro-
duce not only new ejected grains, but a net rearrangement of grains within the bed,
which may collectively be termed ”creep.” The grain-wind interaction is a negative
feedback, the grain-bed a positive feedback. The steady state transport of sediment

must therefore result from a balance of these system components; without proper
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models of each of these, no complete model of the transport system may be contem-

plated.

The philosophy adopted in the present work was to utilize the extensive existing
data bases to calibrate and to test physical models of the wind-grain and grain-wind
interactions. This dissertation concentrates upon the nature of these two interactions,
the complexity of which arises from the wide spectrum of possible particle behaviors
in the system, ranging from ”saltation” to ”suspension”. Saltation in this sense
refers to the trajectories of particles large énough to follow essentially deterministic
paths insensitive to the turbulent fluctuations of the air; i.e., once the initial condi-
tions of particie speed and liftoff angle are specified, the trajectory is completely
determined. Suspension represents the other end-member of the spectrum, wherein
the particles are small enough to respond significantly to the turbulent fluctuations of
the wind, and hence travel erratic paths. As the instantaneous velocities of suspended
particles may be defined only in some statistical sense, the suspension trajectory pro-
cess is a stochastic one. Ensembles of such trajectories lead to the diffusive nature of

the suspension process.

Although in essence the grain-bed interaction is simple, in that it involves nor-
mal and shear forces at grain-grain contacts, the problem is difficult because of the
large number of grains that may participate in any single impact. As the packing of
non-uniform, non-spherical grains is by no means regular, the problem is entirely sto-
chastic, and requires special experimental and numerical techniques being developed
elsewhere. At present, we rely upon empirical data on distributions of initial veloci-
ties, and total mass flux to circumvent the need to know the physical details of the
grain-bed interaction. The numerical models developed can, however, be readily
modified to incorporate alternate initial velocity distributions as they become avail-

able.

In Chapter 1, a saltation trajectory model is presented in which trajectories are
purely deterministic. Testing with existing empirical mass flux profiles demonstrates
the need to incorporate a realistic distribution of initial velocities that ultimately
results from the grain-bed interaction. The velocity distribution and the total

number of grains in transport are calibrated using existing empirical data sets.
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Suspension is first treated as a simple continuum diffusion problem relying
heavily upon the analogy between transport of momentum and mass. The resulting
concentration profiles require calibration using a reference level concentration set by

use of data sets on both blowing snow and blowing dust.

In Chapter 2 the assumption of a deterministic trajectory is relaxed. Turbulent
fluctuations of the wind are introduced, and are parameterized to represent both the
atmospheric boundary layer and the nature of the particle slip relative to the air.
The full spectrum of particle behavior, from saltation through suspension may there-
fore be treated. The use of the reference level concentration in the suspension case is
replaced by the ejection rate and distribution of initial velocities found to be impor-
tant in the saltation case, thereby making explicit the coupling of all trajectory

processes through the grain-bed interaction.

Chapter 3 is devoted to a detailed analysis of the modification of the wind
profile by the acceleration of transported grains: the grain-wind interaction. Given
an ejection rate and a particular set of particle trajectories, a body force on the wind
may be evaluated. The resulting reduction in the turbulent stress available to shear
the air reduces the near-bed velocity gradient. These calculations are tested against

available wind velocity data collected during sediment transport.

In the last two chapters the transport model is used to shed light on two
geomorphic phenomena. The vertical variation in the flux of kinetic energy, which
dictates erosion by windblown particles, is calculated in Chapter 4. Comparison with
measured erosion profiles provides another exacting test of the general transport
model. In addition, the relevant physics involved in creating ventifacts is clarified,
producing a quantitative framework within which the relative importance of various
grain sizes in the process may be assessed. In Chapter 5 an analysis of eolian impact
ripples is presented that relies heavily upon insights gained from recent single-grain
impact experiments conducted at the California Institute of Technology, where the
grain-bed interaction is being actively studied by P.K. Hafl and coworkers. A simple
stability analysis demonstrates that a flat bed is unstable to small perturbations; a
fastest-growing wavelength emerges naturally that is scaled not by the mean salta-
tion length, but by the hop lengths of those grains splashed from the granular surface
by high energy impacts.
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In summary, the dissertation provides a useful conceptual framework for
addressing the general class of problems related to the transport of sediment by
wind. The initial calibration of the wind-grain and grain-wind components of the
general model is shown to capture the essence of the available empirical data on par-
ticle concentration, mass flux, wind velocity, and abrasion profiles. Importantly, the
development of quantitative, physical models of the grain-bed interaction emerges as
the most pressing research need. The general model presented here is shown to pro-
vide new insights into the formation of ventifacts and ripples. Moreover, it has great

promise in providing the basis for numerous other geomorphic applications.




CHAPTER 1

SEDIMENT TRANSPORT BY WIND:
TOWARD A GENERAL MODEL

In his pioneering studies of eolian sediment transport, Bagnold (1941) described
the basic mechanics of saltation and suspension, and presented a comprehensive
framework of theoretical, experimental, and field work. This seminal work provided
considerable guidance for subsequent studies. However, to this day there is no gen-
eral quantitative model of eolian sediment transport capabie of analyzing each tran-

sport mode and their mutual interactions.

Such a general model is desirable for several reasons, both practical and
scientific. An understanding of environmental problems plaguing the arid regions of
the modern world, especially sub-Saharan Africa, requires the ability to predict rates
of dune migration, of soil losses from croplands, and of deflation rates in arid basins
(Hassan,1984). The environmental consequences of dust storms, and their role in
both continental and marine deposition is a topic of increasing concern and scientific
interest (Morales,1979; Schutz,1980; Pewe,1981; Goudie,1983; Rea et.al.,1985; Blank
et.al.,1985). On a larger scale, the flux of windblown snow off the Antarctic con-
tinent may well influence global climate and sea level through its effect on the water
balance of that continent. The importance of eolian deposition and erosion on Mars
and Venus has become evident in analyses of both lander and orbiter imagery (Sharp
and Malin,1984; Ward et.al.,1985; Greeley and Marshall,1985). Large eolian tran-
sport events both on Earth and on Mars are now detectable using remote sensing of
surface albedos (Gierasch,1974; Veverka et.al.,1974; Greeley et.al.,1982). Quantita-
tive interpretation of these events requires a theory to calculate particulate concen-

trations in the entire atmospheric column.

Many geomorphic questions still surround the formation of ripples, ventifacts
and yardangs. Geologists have long been intrigued by the characteristic regularity of
ripple spacing. The most common explanation calls for a rhythmic Bombardment of
the surface by saltating grains, the spacing reflecting a "mean” or ”characteristic”
saltation trajectory length. Yet, no adequate assessment of the details of the distri-

bution of saltation lengths, nor of the creep induced by saltation impacts exists. The




6

relative importance of saltating and suspended grains in sandblasting ventifacts and
yardangs is strongly debated (Whitney,1973,1983; McCauley et.al.1977). This issue
can be settled through calculations of the flux of kinetic energy to surfaces exposed to
the flow, which will include contributions from each grain size available, whether

transported in suspension or in saltation.

The identification of small scale eolian features in the rock record has spurred
much recent geologic work in eolian sandstones (Brookfield,1977; Hunter,1977;
Koceruk and Dott,1981; Rubin and Hunter,1982). Yet the process by which these
features are formed, and particularly the sorting that allows the otherwise homogene-
ous sandstone records to be "read”, is not fully understood, and necessarily requires a

knowledge of the behaviour of each grain size.

In this paper, after a review of the literature on both eolian saltation and
suspension, we present a general model of eolian sediment transport in order to 1)
clarify the processes involved, 2) determine the degree to which existing data may be
explained with this simple model, and 3) point to the most fruitful directions for sub-
sequent refinements of the model. Subsequent papers will present some of the pro-
posed refinements, and their applications to the formation of ventifacts, and to the

prediction of blowing snow profiles.

1.1 LITERATURE REVIEW

1.1a Saltation

Following the comprehensive studies of Bagnold (1941), the single most impor-

tant contribution to the theoretical framework of eolian saltation was made by Owen

(1964), who developed solutions for the wind velocity profiles both in and outside the

saltation layer, and for the fluxes of saltating grains, taken to travel identical trajec-
tories. Ungar and Hafl (1985) have recently presented a model relaxing this and
other assumptions; the stochastics of particle-bed interactions are treated explicitly,

and the steady state profiles of mass flux and wind velocity are found numerically.
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A major thrust of eolian saltation research has been the analysis of individual
saltation trajectories. White and Schulz(1977) present both theoretical analyses and
experimental data on eolian saltation trajectories; they argue strongly for the impor-
tance of including the lift force due to particle spin in fitting observed eolian salta-
tion trajectories. White(1982) reports further experimental evidence of high spin
rates (100-500 rps) in air, as well as the first good documentation of particle velocity

distributions as a function of height.

An analysis of successive saltation hops leading to "stationary saltation” was
made by Tsuchiya (1969a), a theme taken up more rigorously by Reizes (1978). Ell-
wood et.al.(1975) incorporated the results of a set of simple grain bounce experiments

in a numerical solution for "steady state saltation”.

Wind tunnel studies of saltation include the pioneering work of Bagnold(1941),
Chepil(1945), and Chepil and Woodruff(1963), the extensive experiments of
Kawamura(1951), Zingg(1953), and Williams(1964), and the more recent work of
White and Schulz(1977), White(1982), Gerety and Slingerland(1983), and Wil-
letts(1983). In an extensive research program on Martian and Venusian eolian
processes, studies of saltation under reduced and enhanced atmospheric pressures
have been conducted by Greeley and coworkers (e.g. Iversen et.al.,1976; White,1982;
Greeley et.al.1982; Greeley et.al.1984).

1.1b SUSPENSION

Theoretical and field studies of both blowing dust and snow have contributed to
a growing body of literature on eolian suspension. The experimental and field data
on the suspension of small sediment grains by wind is relatively scanty. Gillette
et.al.(1972,1974), Gillette and Goodwin (1974), and Gillette and Walker (1977), per-
formed field studies of dust production over agricultural sites in Oklahoma, Kansas
and Texas, showing that the concentration profiles of the power law form proposed
by Rouse(1937) provided good fits to the data. No reliable expression emerged for the
concentration at the base of the profile, however. Nickling (1978,1983) reported vert-
ical profiles of mass flux and sediment size associated with dust storms over Yukon

Territory’s Slim River Valley. The profiles are derived from wind conditions




integrated over one hour periods.

Extensive theory and field data exist for eolian suspension of blowing snow.
The same transport modes apply, though the reduced density of snow makes it more
likely to be suspended. Moreover, wind conditions at the most frequently studied
sites, in Antarctica, are probably the most intense on Earth, again favoring the
suspended mode of transport. The cold conditions make snow particles there behave
rather elastically, minimizing complications related to the surface water layer existing
at temperatures close to the melting point. Early theoretical work on blowing snow
(e.g. Mellor and Radok,1960) followed closely that on suspension in aqueous systems,
developed primarily by Rouse (1937), and Vanoni(1946). The proposed simple balance
between gravitational settling and turbulent diffusion led to power law solutions for
concentration above a reference height. As a result of the extensive Byrd Snow Drift
Project, Budd (1966) proposed a model including a variable settling velocity with
height to explain the departure of mass flux and concentration profiles from the
power law. Further work of Mellor(1965), Radok(1968), Kind(1976), Tabler(1980),
Male(1980), the extensive work of Schrﬁidt(1977, 1982a, 1982b, personal communica-
tion 1983, 1984) and the research of Oura(1967), Kobayashi(1972), Kikuchi(1981),

and Takeuchi(1980) in Japan make the data base on blowing snow an impressive one.

Considerable insight into eolian suspension can be gained from recent theoretical
analyses of aqueous suspension by Smith(1977), and coworkers (Smith and
McLean,1977; Long,1981; Guelphenbaum and Smith,1985). They make several
important corrections to the simple diffusion model, allowing a remarkable fit to the
flume data sets of Vanoni(1946) and Einstein and Chien(1955). These refinements
include the treatment of 1) each size class of particles independently, 2) stratification
effects on the turbulent structure caused by the total concentration gradient, and 3)
the displacemet;t of fluid by settling grains. These eflects are considerably more

important than that due to thermal stratification, recently analyzed by Berg(1983).

Despite these treatments of suspension and saltation, as well as those based
upon mixture theory (Drew,1975; McTigue,1983; Decker and Brown,1983), there still
exists considerable uncertainty about 1) the relative importance of saltation and
suspension, 2) the importance of stratification effects on the sediment concentration

and wind velocity profiles in suspension, 3) the role of the saltation process in setting
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the lower boundary conditions (concentration and wind velocity) for the upper,

diffusive region, and 4) the interaction of impacting particles with a granular bed.

1.2 GENERAL DESCRIPTION OF EOLIAN SEDIMENT TRANSPORT

A general model of eolian sediment transport must be able to address a range of
sediment sizes subjected to a variety of wind regimes. It must include all modes of
sediment transport, including saltation, suspension, and creep, and must address
their interactions. The model must treat not only the action of the wind on the sedi-
ment, but also the action of the sediment on the wind, both through the extraction
of momentum by saltating grains, and by the modification of the turbulence field by

the stratification imposed by sediment concentration gradients.

Given a range of grain sizes subjected to a known local shear velocity of the
wind, u., we expect very large grains to be immobile or to creep along the ground
surface, for large grains to move along smooth saltation trajectories, and for small
grains to follow complicated suspension trajectories, reflecting fluctuations of the air

velocity.

Impacts of saltating grains accelerated by the wind transfer energy to the bed,
causing pervasive granular rearrangements, and ejection of one or more particles, one
of which may or may not be the original impacting grain. This interaction of
incident grains with a bed of high roughness at the granular scale is a stochastic pro-
cess, in which different grain sizes will display different characteristic ranges of ejec-
tion speeds and angles for a given intensity of bombardment. This process will

govern the concentration and mass flux profiles for each grain size.

Suspension is inherently stochastic as well. Much as momentum is transferred
from one level to another by wind velocity fluctuations, grains suspended in air are
transported from one level to another. This transport is diffusive, and may be
characterized by an effective diffusion coeflicient for sediment that is highly depen-

dent on grain size, yielding different concentration profiles for different grain sizes in
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suspension. A full solution of the diffusion profile for the sediment requires a
knowledge of the rate at which small particles are introduced into the flow from the
bed, which depends upon (1) the frequency, energy and efficiency of saltation
impacts, and (2) the aerodynamic force available for lifting small grains off the bed,

which itself is modified by the presence of saltating grains in the flow.

It is clear that the general model is a complex one with its manifold couplings.
We believe it most appropriate to address first the saltation process, as a knowledge
of both the strength of the suspension source and the character of the bed rearrange-

ments we choose to call creep depend on saltation.

We start with the simplest problem in which all grains are assumed to travel
identical trajectories, prescribed by a single set of initial conditions. We then show
how more realistic initial conditions that reflect the stochastic nature of the particle-
bed interactions lead to favorable comparison with concentration and mass flux
profiles measured over single grain size beds in wind tunnels. In a more realistic
mixed grain size bed, a simple kinetic energy argument leads to a plausible model for
the variation in the initial liftoff conditions for the different grain sizes. We then
present a first order suspension model and show that this is consistent with reported
concentration and mass ﬂ.ux profiles in both dust and snow transport. Existing data
sets are used to set a free coefficient in a simple, semi-empirical formula for the refer-

ence level concentrations.

Combination of the saltation and suspension models allows calculation of total
concentration and mass flux profiles expected for given grain size distribution and
shear velocity. As the solutions overlap, the "saltation layer” naturally emerges as
that in which the saltation fluxes dominate, and the "suspension region” that in
which suspension fluxes dominate. At present eolian creep, the integrated effect of

granular rearrangements of the bed, is not treated.

1.3 SALTATION TRAJECTORIES
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A numerical model was developed to study eolian saltation, through calculations
of trajectories given any wind velocity profile, grain size and density, and set of ini-
tial liftoff angles, speeds, and spins. The analysis is restricted to two-dimensional tra-
jectories and to spherical particles. Desired model outputs include vertical profiles of

concentration and mass flux, for comparison with published profiles.

Forces acting on the particle are 1) downward body force due to gravity, F,, 2)
aerodynamic drag, Fy, 3) aerodynamic lift, £, and 4) Magnus lift due to particle
spin, F,,. (Here and throughout the text vector quantities are underlined.)

As the density of both sand and windblown snow grains are roughly three ord-
ers of magnitude greater than that of air, buoyancy can be neglected and FE, becomes
simply the weight of the particle. Aerodynamic drag is a function of the velocity of
the particle relative to the air, U,,;, for both ascending and descending portions of a
trajectory (figure 1.1). U, =U-U,, where U is the mean velocity of the wind,
assumed parallel to the ground and steady in both speed and direction, and U, is the
particle velocity. The drag force on the particle acts in the direction of the relative

velocity, and may be expressed as
1
EJ"—"?GIA Ps Uret -Unl (11)

where A is the cross sectional area of the particle perpendicular to the force vector (
=nD?/4 for a sphere of diameter D), p, is the density of air, and O, is the drag

coeflicient. For spheres, C; is a well known function of the Instantaneous particle

Ua D

Reynolds number, Re = » Where v is the kinematic viscosity of air. Following

White and Schulz(1977), we used the curve-fitting formulas for Ci=0Cy(Re)
presented in Morsi and Alexander(1972).

Aerodynamic lift arises from shear in the flow that gives rise to a pressure gra-
dient normal to the shear in the direction of increasing velocity. The magnitude of

the resulting lift force may be expressed as
1
Fl -"2-p¢ CI A (Utop 2"Ubou 2) (12)

where U, and U, are the air speeds at a height corresponding to the top and bot-
tom of the grain, and C; is the lift coefficient, taken to be 0.85C; (Chepil,1958). In
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Figure 1.1. Coordinate system, and relation of relative velocity , U, between wind
velocity, U, and particle velocities, Up1 and Uy, at two positions in a typical particle
trajectory. Particle velocity components, v and w, initial particle velocity U, , and
liftoff angle a are shown as well.
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general, aerodynamic lift in air will only be important very near the bed, where the
velocity gradients are greatest. However, Owen (1964) showed that shear throughout
the saltation layer is greatly reduced by the grain motion, leading subsequent
researchers (e.g. Tsuchiya(1969a,b)) to assume a uniform air velocity within the salta-
tion layer, and to ignore aerodynamic lift in calculations of saltation trajectories.
Although to first order lift forces can be neglected for trajectories resulting from
energetic impacts, they may be important for those trajectories that never get far
from the bed. Aerodynamic lift also contributes to the initiation of saltation, which

in general requires a complicated mixture of both fluid drag and lift.

The Magnus lift force on a rotating grain is
D3
En=mpe=(Q X Uru) (1.3)

where 0 is the angular velocity of the particle (White and Schulz,1977; Rubinow and
Keller,1961), taken to be positive for topspin. The angular acceleration of the parti-
cle is

dg__ D% 18U
2t (3G (14)

where I is the moment of inertia (/=0.1MD? for 2 spherical grain of mass M), and u
is the dynamic viscosity of the air (Rubinow and Keller, 1961). The first term on the
right hand side expresses the acceleration of the spin due to the difference of the air
velocity on opposite sides of the grain, while the second term reflects decelleration

due to the viscosity of the air.

Though our calculations involve only ideal spheres, we note that the drag, shear
lift, and Magnus forces will be modified due to the departure of natural grains from
spherical shapes. In an extensive analysis of the dependence of settling velocity on
particle shape and roundness, Dietrich (1982) presents results that may be used to
assess the departure of the C,;(Re) function from that for ideal spheres. For a rea-
sonable range of natural grain shapes and Reynolds numbers, the drag coefficient
may be enhanced by approximately 10-25%. The lift forces will be altered in both
magnitude and direction as different cross-sections become perpendicular to the
shear. These effects are probably minor in the eolian transport of relatively well-

rounded sands, though they may play an important role in the aqueous transport of
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ellipsoidal particles (see Wiberg and Smith,1985).

The four forces acting on a grain may be decomposed into x and z components
to yield the following respective equations of motion for a saltating particle through a

two-dimensional trajectory.

M—-—-—p, Ci AU, (U-u) + wl

3
du 1 ”PusD (1.5)

np, D3
8

M%_t:";Mg ";—Pc OJ AUnl w + (U"u )Q + %pl ('850’4 )A (Utap 2—me 2) (1‘6)

where u and w are the x and z components of the particle velocity, respectively, £ is
the component of angular velocity perpendicular to the x-z plane, and g is the
acceleration due to gravity. For grains with topspin (2>0), the Magnus force will
accelerate the grain upward as long as the horizontal velocity of the grain is less than
that of the wind; in the horizontal the Magnus force will accelerate the grain
downwind on the upward limb (w <0) of the trajectory, and decellerate it on the des-

cent.

Solving (4) for angular velocity, we also have

¢
-60ut 30 80 t — U
0(t)=0, ezp( ” “ f ”(D t))azd (1.7)

where Q, is the initial angular velocity perpendicular to the x-z plane.

Dividing through by the mass of the particle yields equations for the accelera-
tions. We first specify D, p,, and the wind profile U(z). Then given a liftoff angle,
a, speed of liftoff, U, , and initial particle spin in revolutions per second, S,, the ini-

tial conditions become:

u, =U,, cosar (1.8a)
w, =U,, sina (1.8b)
and  Q,=2rS, (1.8¢)

The numerical calculations of trajectories involve time iterations. At each time

step the instantaneous Reynolds number is calculated, a drag coefficient is found, and
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the spin rate and local shear are calculated to allow tabulation of an updated set of

accelerations, velocities, and displacements.

Motion in the cross-wind direction is not accounted for in these two-dimensional
equations. Though the effects of the variability in the wind direction, non-zero verti-
cal components of the angular velocity, and non-zero cross-wind components of the
initial particle velocity are therefore not treated, the goal of the present analysis is
the vertical distribution of concentration and mass flux, which should be relatively
unaltered by these omissions. These effects, however, obviously play important roles

in the horizontal dispersion of saltating grains.

As our aim is to calculate the vertical profiles of concentration and mass fux
that can be checked against measured profiles, we subdivide the trajectory height
into equal increments, dz (taken to be the grain diameter D), and record average hor-
izontal and vertical velocities of the particle as it traverses each increment on both
ascending and descending limbs of the trajectory. The likelihood of finding that par-
ticle in any height increment, dz, of its trajectory is inversely related to its vertical
velocity. Considering first the contribution from a set of trajectories characterized by
a single particle ejected per unit area of bed per unit time, all with identical initial

conditions, the effective "single trajectory volumetric concentration” is:

ez) = N, V( |w1|+ + lel-) (1.9)

where V is the volume of the particle, N is the number of grains ejected per unit area
of bed per unit time (we take N,=1 for the single trajectory case), and the + and -
depict upward and downward limbs of the trajectory, respectively, making explicit
the summation over all appearances of the particle in the slice (z-dz,z). Similarly,

the "single trajectory mass flux” is:

2) = N\M (= + — 1.10
q'nl() 1 (|w|+ le_) ( )

Once the concentration and mass flux have been calculated for any particular
trajectory, these quantities must be summed for each trajectory comprising a
representative population. To do this properly, we must know the number of ‘parti-

cles ejected per unit area of bed per unit time, N, and the proportion of these
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particles travelling along each of many possible trajectories, which can be expressed
as a probability density of liftof conditions, including spin, speed, and angle.
Because the most important of these is the vertical component of the liftoff velocity,
w,, we may simplify this facet of the problem to defining the probability density of
vertical liftoff velocity, P(w,). The expressions for concentration,¢ (z ), and mass flux, -

dm (2 ), then become:

e(z )=TNI-{P(w,)cl(z)dw, . (1.11)
an (2 )=_N£,-£P (s ) o(2 }dw, (1.12)

where the ”1” subscripts on N, ¢ and g, again denote single trajectory quantities.

The simplest possible form for the probability density of liftoff velocities is a
delta function: all particles travel identical trajectories. In this case, the integral
equations reduce simply to the product of the ejection rate, N, with the single trajec-
tory quantities. For a chosen representative trajectory characterized by an initial
vertical velocity, w,, the ejection rate is set by calculating the integral of the single
trajectory mass flux, g,,,, over the height of the trajectory, and by comparing it with
the total mass flux expected from an empirical relation between the shear velocity,
s (= /7 /P, where 7, is the shear stress at the bed), particle size, and mass flux.
We have used two such relations in our calculations: (1) Bagnold’s (1941,p.67,eq.9)

simple relation,

L
Q =.1s(i;-)( A2 )2, (1.13a)

and (2) White’s (1979) relation,
Q =.261(”T°)(u. Ftogy Pte—ting ) (1.13b)

where u.., is the fluid threshold shear velocity needed to initiate saltation (see figure
1.15). Both relations are expressed in units of nga-. For typical conditions, White’s

empirical equation yields mass fluxes roughly twice those predicted by Bagnold’s

equation.
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1.4 RESULTS OF NUMERICAL SALTATION MODEL

Typical trajectories are presented in figure 1.2 for a range of liftoff angles. The
calculated trajectories and related profile quantities were found to be relatively insen-
sitive to the detailed structure of the wind within the saltation layer. Three wind
profiles were explored (see figure 1.3): 1) matched logarithmic profiles, the lower with

u.,l

a slope of and a roughness height of D/30 (Nikuradse roughness, appropriate

for hydraulically rough flows), the upper with slope u—}:- and a roughness height

described by Owen'’s z, =0.02074.%/2g ; 2) Owen’s analytic form of the velocity struc-
ture (Owen, 1964, eqn.42); and 3) uniform wind of 8.54.. The first structure was
used by White and Schulz(1977), and the third by Tsuchiya(1969a,b) in his numerical
work on trajectories. We prefer the first structure because the wind velocity 1) goes
to zero at a reasonable height, avoiding unrealistic lift forces on particles in the bed;
and 2) extends smoothly to levels well above the saltation layer. The choice of velo-
city structure is not as critical as may be anticipated; resulting trajectory heights and
lengths typically vary only 10 % when particles with identical initial conditions are

subjected to the three wind structures.

Our calculated trajectories agree with White and Schulz’s(1977), allowing simi-
lar conclusions regarding the importance of the various forces on the particle. In the
no-spin cases, the maximum trajectory height is consistently 20 to 60 % below that

estimated assuming all the initial kinetic energy has been converted to potential
2

energy (i.e. assuming no drag and no lift in the vertical): zm“=%’;—, where w, is the

vertical component of the liftoff velocity. As drag in the vertical is roughly propor-

tional to the square of the vertical component of the liftofl velocity, particles ejected

at high angles and at high speeds will fall shorter of this "no-drag height” than oth-

ers (figure 1.4).

For spherical particles, aerodynamic lift forces enhance trajectory heights by 4
to 15 %, depending upon the proportion of the trajectory spent in the zome of
highest shear near the bed. For medium sand (D=.25mm), at a height of only 10
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Figure 1.2. Particle trajectories for quartz particles of diameter D=.3mm
(veey =.26m/s), w.=.06m/s, liftoff speed 84m/s, and liftof angles
a=160,140,90,60,10 degrees. Wind velocity proﬁle used is the "matched log” profile
in figure 1.3.
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2

The profiles coincide above the height % "Matched log” profile was used in White

and Schulz (1977), and is used in our calculations. "Uniform profile” is that used by
Tsuchiya (1969a), as an approximation to the solution suggested by the analytical
work of Owen (1964), also shown.
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2
Figure 1.4. Hop height relative to %—, the height a particle would reach in the ab-

sence of non-gravitational forces, -plotted as a function of liftoff velocity, w,.
D==25mm; liftoff angle is vertical. Labels refer to shear velocities, u., in m/s.
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grain diameters above the bed the lift on the particle has decreased by more than
tenfold from its take-off value. Lift forces have greatest effects on trajectories with
low liftoff angles and speeds. For the maximum spin rates of hundreds of revolutions
per second, reported for both saltating sand (White and Schulz,1977), and saltating
snow (Kobayashi, 1972), trajectories may exceed the no-drag height by up to 25%.
We may therefore expect that averaging over the range of realistic spin rates and
orientations may yield a mean trajectory height close to the no-drag and no-spin

height.

Typical trajectory durations. are on the order of .1-.2s, and are consistently
within 10% of ZwT", the duration expected in the absence of non-gravitational forces.

According to equation 7, particle spins at impact may still be half those at liftoff for
typical saltating grains of diameter .25 mm. Particles half and twice this diameter

will impact with about 10 and 85% of their liftoff spins, respectively.

The trajectory length is strongly influenced by the vertical component of the
liftofl velocity, for a given wind strength (figure 1.5). Therefore, a large range of hop
lengths can be expected to result from a realistic range of vertical liftoff speeds, such
as that measured by White and Schulz(1977). Hop lengths are remarkably similar for
different grain sizes between .15 and .35 mm, experiencing identical liftoff conditions.
Because drag is inversely related to grain size, smaller grains do not travel as high,
but undergo greater horizontal acceleration than larger grains. Despite the resulting
variation in aspect ratios of trajectories with particle size, the impact angles are
nearly independent of grain size. Similarly, the impact angles are only weakly depen-
dent on liftoff velocity (see figure i.6), in accord with Bagnold’s (1941) original obser-
vations, and with more detailed measurements of impact angle made by White and
Schulz(1977).

Particles ejected with a wide range of vertical velocities will impact the surface
with three to five times their initial velocities (figure 1.7), or roughly 10 to 20 times
their initial kinetic energy. This additional energy will be partitioned between the
subsequent, or "successive” saltation of the same grain, the ejection of one or more
additional grains from the bed, and absorbtion by friction between grains in the bed.

This calculation provides some constraint upon the energy available to fracture
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Figure 1.5. Hop length as a function of liftoff velocity for u.=.4,.5, and .8 m/s.
D=.25mm, a=90.
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grains, resulting in the rounding and frosting of grains, and in the production of dust

fragments.

1.5 CONCENTRATION AND MASS FLUX PROFILES

The concentration and mass flux as functions of height for the identical trajec-
tory case invariably show distinct maxima at the top of the trajectory (figure 1.8a
and b). Our model also gives us access to the vertical variation of the mean horizon-
tal particle velocity (summed over upward and downward portions of the trajectory),
which is now measureable (Schmidt,1977). Given the vertical profiles of the mass
flux, gn (2), and concentration, ¢ (z), the mean horizontal particle velocity becomes:

Qm(z)
pec(z)

u(z)=

(1.14)

The mean horizontal particle velocity, expressed as a fraction of the wind speed at
the top of the trajectory, decreases from roughly .5 at the bed to .3 at the top of the
hop for typical saltating quartz grains of diameter D=.25 mm (figure 1.9). These
proportions increase with both increasing ejection velocity and decreasing particle
size and density. Snow grains of the same size, for example, attain 70 % of the wind

velocity at the top of the hop, and average 90 % of that velocity at the bed.

1.6 PROBABILISTIC ASPECT OF THE SALTATION MODEL

The peak of the mass flux profile at the top of the hop is clearly due to the
vertical concentration gradient that reflects the amount of time a particle spends in
any height increment, dz. These patterns in concentration and mass flux are clearly
unrealistic, however, because all particles are assumed to travel identical trajectories.

Indeed, abundant experimental data reveal monotonic declines in these quantities
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with height during saltation of both sand and snow (Williams,1964; Takeuchi,1980;
White, 1982; Greeley et.al.,1983). Williams(1964) shows mass flux profiles above
mixed grain size beds decay exponentially with height. Takeuchi(1980) claims salta-
tion profiles fall off exponentially, while suspension profiles fall off as power laws with
height. White(1982) and Greeley and coworkers(1983), too, conclude that the depen-
dence of mass flux with height is exponential, regardless of the wind and bed condi-

tions.

The differences between such measured profiles and those calculated with the
simple identical trajectory model motivates us to include in the model the inherent
stochastic elements of ballistic collisions at the bed. Measurements from filmed salta-
tion trajectories in wind tunnel experiments (White and Schulz,1977,figure 6) clearly
show a wide range of initial conditions, presumably due to complex interactions of
impacts with a with loose, granular bed capable of significant deformation. Liftoff
speeds range from essentially zero to four or five times the shear velocity of the air,

and liftofl angles range between 20 and 100 degrees from the horizontal.

Following Ungar and Hafl (1985), we propose that the essense of the stochastic
ejection of grains from the bed may be represented by a probability distribution of
the vertical liftoff speeds, the most important determinant of the trajectory shape.
As a preliminary numerical experiment, we divided the probability density of liftoff
speeds into ten distinct classes, assigning probabilities in accordance with a two
parameter gamma function fit to White and Schulz’s distribution of lift-off speeds
(figure 1.10):

3
7 F; 1 w, w,
2 '.96u. X .96u. ) eap (-3( .96u. ) (1.15a)

N

P(wo)

where .96u. is the most probable vertical liftoff speed, and %7- ensures that the

integral of the probability density is unity. As only the distribution of initial speeds
was reported, estimates of the vertical components of the liftoff velocities were
obtained by multiplying all speeds by the sine of 50 degrees, the reported mean liftoff
angle. (In essense, this calculation assumes the distribution of liftoff angles is
independent of liftoff speed.) Noting the photographic method by which White and

Schulz measured their distribution of initial conditions, and the inherent difficulty of
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resolving individual trajectories very near the bed, it is highly likely that a large por-
tion of trajectories with low initial vertical velocities were not counted. A second fit
to the White and Schulz data was therefore made assuming an exponential form of
the distribution, also shown in figure 1.10:

w,
.63u. )

P(w, )= .63114. eap ( (1.15b)

where .63u. is now the mean liftoff velocity. The two empirical relations for mass
flux as a function of shear velocity and grain size were again used to set the total
number of particles ejected per unit area of bed per unit time, N. The number of

particles traversing each trajectory is then NP (w, )dw, .

A representative mass flux profile is presented in figure 1.11, together with
measured mass flux data reported by Williams (1964) for his "intermediate” shear
velocity case (.53m/s). The grain diameter corresponds to the mean grain size in his
"symmetrical” grain size distribution (.32mm). The discontinuous nature of the
profile introduced by our gross discretization of the continuous probability density
has been smoothed. Now both concentration and mass flux decrease with height,
much as the experimental data. The best accord with the measured fluxes is
obtained using the exponential form of the probability distribution of liftoff veloci-

ties, and White’s form of the mass flux relation.

The distribution of the liftoff velocities of the form represented by our equations
152 and 15b result in distributions of hop lengths shown in figure 1.12 for various
shear velocities. The broad distribution becomes even more dispersed as the shear
velocity increases. The lack of a sharp maximum in the probability distribution at
finite hop lengths casts doubt on the connection between "mean path length” and
ripple wavelength that has been repeatedly suggested by previous workers (e.g. Bag-
nold,1941; Ellwood et.al.,1975).
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Figure 1.11. Calculated and measured (circles) mass flux profiles for Williams’s (1964)
"symmetric” grain size distribution, ”intermediate” velocity run (v.=.53m/s).
Curves are smoothed versions of 10-trajectory simulations, using a single grain size
equivalent to the mean reported size (D=32mm). Continuous lines refer to exponen-
tial distribution of liftoff velocities (eqn.1.15b); dashed lines refer to gamma distribu-
tion (eqn.1.15a). Labels refer to mass flux relations used: Bagnold (eqn.1.13a), and

White (eqn.1.13b).
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Figure 1.12. Broad distribution of hop lengths for exponential and gamma distribu-
tions of liftoffl velocity, in the simulation of Williams’s ”symmetric, intermediate”
case.
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1.7 MULTIPLE GRAIN SIZES IN SALTATION

An obvious extension of the saltation model involves the incorporation of
_several different grain sizes, each comprising a different fraction of the bed, i,. An
analysis of Williams’s (1964) wind tunnel data shows that for a given shear velocity,
the mass flux decreases with height at a rate that increases with grain size. This
strongly implies that high liftoff velocities become considerably less likely as grain
size increases. We propose the following admittedly tentative argument to account
for this effect. If the kinetic energy delivered to the bed by impacting grains is uni-
formly available for the consequent ejection of any grain in the bed, we would expect
the smallest grains to be ejected at the highest average velocities. To incorporate
this effect simply in the model, we assume that each particle size has identical mean
kinetic energy upon ejection from the bed. This requires that the mean velocity of

particle size ”i” be inversely proportional to the square root of its mass, M;:

1
(Tpo )i =(Tpo Irey (%_)2 (1.16)

where (U, ),e; is the mean liftoff velocity for a reference grain of mass M., .

We use White and Schulz’s (1977) distribution to set the reference conditions,
i.e. the dependence of the mean liftoff velocity on shear velocity for a reference grain
size, D==35mm, yielding (I_J,,T),,, =.84u.. Again adjusting for the mean liftoffl angle
yields @;=.63 u.. Once the mean vertical velocity has been set, the exponential pro-
bability density function (equation 15) is fully determined. The total mass flux of
each grain size, Q;, is taken to be simply the product of the total mass flux, @, with
the weight fraction of that grain size in the bed, i,. The total flux is again deter-
mined using Bagnold’s mass flux relation, calculated using the mean grain size of the
bed.

This inferred grain size dependence has been assessed by comparing our calcu-
lated mass flux profiles with profiles for individual grain sizes derived from experi-
mental data (Williams,1964). Specifically, figure 1.13 shows the results for a "sym-

metric” grain size distribution, with D ==.32mm, subjected to an "intermediate” shear
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velocity, u.==.53m/s. The mass flux gradients closely parallel the measured gra-
dients, implying that our assumed grain-size dependence of the liftoff velocity proba-
bility densities accounts for much of the grain size effect, for grains ranging in size
from about .1 to .6 mm. Again a better correspondence is obtained between meas-

ured and calculated profiles using White’s mass flux relation than using Bagnold’s.

1.8 SUSPENSION

As in most treatments of steady state eolian suspension, we begin with the sim-
ple balance of gravitational settling and turbulent diffusion of sediments (Budd,1966;
Shiotani and Aria,1971; Gillete,1972):

de, de,

S (S =m0 (S2), (117)

where K, is the effective diffusion coefficient for the sediment, s is the concentration-
weighted average settling velocity of the sediment, and ¢, is the total volumetric sed-
iment concentration. In the absence of sediment sources and sinks, integration of
equation 17 yields

K Y——ac, (1.18)

The effective diffusion coefficient for the sediment is then assumed to be equivalent to
that for momentum (K, =K ), which varies linearly in the boundary layer character-
ized by the logarithmic velocity profile (i =ku.z, with k von Karman’s constant,

0.4). The equation may then be integrated to yield
€ =¢, (-:—)*" (1.19)

where ¢, is the total concentration at a reference height 2, .

A more complete analysis (Smith,1977; Long,1981) produces equations for the

concentration of each grain size in the system:
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Figure 1.13. Calculated and observed mass flux profiles for five grain sizes in
Williams's "symmetric-intermediate” case. Symbols represent fluxes measured at
specific heights; curves represent calculated mass fluxes for the grain diameters la-
belled at the base of the curves, using the exponential distribution of liftoff velocities,
the scaling of liftofl velocity with size (equation 16), and White’s mass flux relation.
The sum of these curves corresponds well to the profile calculated using the mean di-
ameter (D=.32mm), shown in figure 1.12.
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(t=c,) £ 8y
= e 1.20

e =(cn)e (1-¢, )q xp;f Faz (1.20)
where (¢, ), is the concentration of sediment size class n at the reference height, and
8, is the settling velocity of size class n. This reduces to a power law relation for

each size fraction:
(1 ~-c ) F 2
. T ()

(1 —Cs )u Zs (1.21)

(cn )a

is often called the Rouse number (Guelphenbaum and

where the power p,= I:::.
Smith,1985). This resembles closely equation 19 for the total suspended concentra-
tion, but now the settling velocity used is that of a single grain size (figure 1.14),
rather than a concentration-weighted average. The total concentration is coupled to
that of individual size classes through the (1-¢,) terms. Much of the departure of
individual size class concentration profiles from the simple power law relation reflects

the upward fluid velocity caused by the continuous settling of particles.

The total concentration profile is then simply the sum of the individual concen-

tration profiles:

n o]

It departs from the power law relation (equation 19) because, at each level, the con-
centration field is dominated by different grain sizes, and hence by different power

law behavior.

1.9 LOWER BOUNDARY CONDITION

To calculate concentration profiles, the sediment concentration at some refer-
ence level, (¢, )., must be properly assigned. Though the shapes of the concentra-
tion, and mass flux profiles are fixed by the theory, the magnitude of each depends

on this boundary condition, which will reflect the saltation process near the bed.
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Figure 1.14. Calculated settling velocity as a function of grain diameter, for spherical
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Thus a full treatment of eolian sediment transport will require an explicit coupling of
the saltation and suspension problems. In the absence of such a model, previous
workers in suspended sediment studies have simply relied upon experimental data to
set the lower boundary condition (Gillette et al.,1974 in air; McTigue,1983 in water),
or have used order of magnitude estimates of the relative magnitude of saltation and

suspension fluxes (Greeley et al.,1982 on Mars).

We follow the work on aqueous systems by Smith (1977), who parameterizes the
concentration of size class n at a reference level as

(a)s =——(°l" :;ZS (1.23)

. . . Ty T . "
where S is a non-dimensional excess shear stress, § =-T-5—, with r, the critical shear
¢

stress needed to entrain sediment of size class n, (¢, ), is the concentration of the size
fraction in the bed, and « is a free coeflicient. This formulation behaves properly at
the high and low excess shear stress asymptotes: as S —00, €44 —¢ys, and as §—0,
¢a s —0. 7 is set by comparison with specific sets of field or experimental data (Smith

and McLean (1977) argue =0 (10°%) for medium sands in water.)

We redefine the excess shear stress to account for the difference between the
fluid dynamic threshold shear stress, 7y, and the impact threshold, r;. As recog-
nized long ago by Bagnold(1941), the distinction is important for eolian sediment
transport because of the dominant effect of saltation impacts in mobilizing particles
off the bed. In the presence of mixed grain sizes in the bed, impacting grains will
eject small grains that would otherwise require much higher boundary shear stresses
to move (figure 1.15). Gillette and coworkers(1972,1974) have shown conclusively
that winds over agricultural soils will suspend the finer grains as soon as some grains
begin saltation. It follows that the production rate of small grains from the surface,
and hence the reference level concentration ought to vanish as the boundary shear
stress drops well below the threshold necessary to cause saltation of the most suscep-
tible grains: 7., (see figure 1.15); and that given a saltation event, the smaller grains
are more readily mobilized into suspension. A more appropriate form for the excess

shear stress may therefore be
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minimum shear stress needed to initiate motion of the most readily transported
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§=(2Td (1.24)

Tei

Here the hysterisis characteristic of eolian sediment transport is neglected; nonethe-
less, this form might be expected to apply at shear stresses characteristic of the
experiments discussed in this paper, which are well above Temin - Lhe critical impact

shear stress, 7. ;, was modelled by Bagnold (1941) as
Tei =A Pp gD (1'25)

where A is an empirical coeflicient equal to 0.0084. This reflects clearly the growing

ease of dislodging smaller grains.

It is difficult to assess the validity of this suspension model using the published
data sets on blowing sand and dust because they either fail to provide the pertinent
grain size information, or they integrate over highly variable wind conditions.
Instead, we evaluate model predictions by comparing them to extensive data avail-
able in the blowing snow literature (Budd et.al.(1966), Oura(1967), Takeuchi(1980),
Schmidt (1982,1984), and Brown and Decker(1983)). Though here too the grain size
distribution in the bed is often not reported, sufficient detail in the grain size distri-
bution and mass flux profiles with height is made available, and the run durations

are characteristically short.

For the few Byrd runs (Budd et.al.,1966) for which the near-surface grain size
distribution and wind velocity data were available, best fits to the concentration and
mass flux profiles were obtained using the fluid threshold form of the excess shear
stress, with 4 = 1.4x10™° and z, = .04m (see figure 1.16a). Our confidence in this
parameterization is not high, because the grain size distribution of the bed itself was
not given, but a 4 of order 10° provides reasonable fits to other Byrd runs (figure
1.16b). That this same calibration fits well the data reported in Takeuchi (1980), in
Schmidt(1982b), and in Decker and Brown (1983), lends further confidence to its
value as a proper treatment for blowing snow. The curvature of the total concentra-
tion profile is well accounted for by explicit incorporation of several grain sizes in the

analysis, removing the need for invoking a "variable fall velocity”, as did Budd(1966).

Using the impact threshold form of the excess shear stress did not adequately

simulate concentration profiles. Best fits to the Byrd data using this form of the
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Figure 1.16 (a) Observed concentrations for Byrd runs 118 (x’s), and 121 (o’s), and
calculated profiles for five grain sizes (labelled in mm),using ve=.67m/s, p, =917
kg/m?®, the fuid threshold form of the excess shear stress, and y=1.4x10"°. The frac-
tion of the bed, i, represented by each grain size was .01,.10,.45,.31,and .13 for
grains of diameter .025,.075,.125,.175 and .225 mm, respectively. The bold curve is
the sum of the five individual profiles.

(b) Observed and calculated total concentration profiles for Byrd runs 110
(4ve=243m/s)(x’s), and 112 (ue=.42m/s)(0’s). Calculations use u.=.425m/s, and
other parameters as in figure 1.16a.
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excess shear stress were obtained only when the concentrations of the finest grain size
class were artificially reduced by an order of magnitude. For reference heights again
assumed identical among grain sizes, at z,=.04, the best fit corresponds to

7=2.2X107C,

1.10 RESULTS OF THE SUSPENSION ANALYSIS

The profiles of concentration and mass flux for the snow suspension case illus-
trate well many of the expected properties. In all cases the matched logarithmic
wind structure described in the saltation section was used. Concentration profiles for
individual size classes deviate little from expected power law decays with height,
implying that the (1-¢,) term has little importance. This is indeed expected, as ¢, is
0(107*). The total concentration profiles, however, deviate markedly from a single
power law, reflecting the vertical variation of the mean grain size , and, hence, of the
effective mass diffusion coefficient. The vertical gradient in the total concentration
should always decrease with distance from the bed, as progressively smaller grains,

with lower settling velocities, dominate the concentration field.

To assess the applicability of the model, and of the calibration of ~ derived from
the blowing snow literature, to the case of blowing dust, data from dust storms in
the Slims River Valley were used as input (Nickling,1978,1983). We attempted first
to match run #10, as the reported wind velocities for this run show the least devia-
tion from a logarithmic profile (u.=.67, z,,=.007). (Note that in Nickling’s (1978)
figure 1.8 the "mean flow rate” should be expressed in mg/m?s, rather than in
mg/cm-s as labelled.) Good fits were obtained using 4=1.7x107, and 4=2.2x10'%,
respectively, for fluid and impact threshold forms of the excess shear stress. Result-
ing concentration, mass flux, and mean grain size profiles for another run (#9) are

shown in figure 1.17, along with Nickling’s reported profiles.

Although the fits are generally good, the concentration and mass flux gradients
are consistently underestimated, indicating that the model tends to overestimate the

importance of fine particles in the profile. As in the case of blowing snow, the
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Figure 1.17. Calculated and observed concentration, mass flux, and mean diameter as
functions of height for Nickling’s Run 9, using 4.=.52m/s, and the impact form of
the excess shear stress with v=2.2x10%. Grains of diameters .031,.054,.067,.077, and
Nickling’s(1978) textural data.
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overestimate is more extreme when the impact version of the excess shear stress is

used.

1.11 DISCUSSION

Though the existing data sets on suspension of fine grained minerals are not
sufficient to test the model adequately, the data on blowing snow transport supports
well the simple proposed parameterization of the reference level concentrations, yield-
ing both proper shapes and magnitudes of the total concentration profiles. It is
apparent that most of the departure of the total concentration profiles from a single
power law is accounted for by the variation in the mean grain size with height.
Moreover, it appears that the role of stratification, ignored in this preliminary treat-
ment, must be relatively minor, at least for the environmental conditions represented
by the data sets (with total concentration-imposed density gradients only of order
10~ near the bed), and that the diffusivities of mass and momentum can indeed be
equated. Analysis of aqueous suspension, in which the data sets are more robust,
supports this latter contention, the ratio K /K, ranging between 1.0 and 1.3, and
averaging 1.15 close to the bed (McTigue,1983). At present, incorporation of this

effect is included in our calibration of ~.

The problem of the assignment of a reference level concentration focuses atten-
tion on the coupling of saltation and suspension mechanisms. Mass transport near
the bed is dominated by extraction of momentum from the air by accelerating parti-
cles, and transfer of large fractions of that momentum to the bed via impacts. In
contrast, mass transport well above the bed is dominated by a diffusion-like mechan-
ism driven by vertical velocity fluctuations. The situation is analogous to that of
fluid flow near a boundary, where the physics governing the momentum transfer well
away from the boundary are different (turbulent) from those near it (viscous). The
physics of momentum fransfer in both regions in the fluid is well enough understood
that their respective solutions may be matched, generating a continuous momentum

or velocity profile.
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We do not yet know enough about the mass transfer process that feeds small
suspendible grains into the flow. The present parameterization neglects the hysterisis
in the threshold velocity characterisic of eolian sediment transport, introducing
uncertainties that should be largest as shear stresses drop below 7,,;,. With our
present knowledge of the coupling between saltation and suspension, reference level
concentrations must still be established using semi-empirical methods as employed in

this*paper.

In aqueous suspension research the top of the saltation layer is often taken as
the lower limit of applicability of the diffusion region (e.g. Yalin,1972; Smith,1977).
Such a ceiling is more definable for an aqueous saltation layer, where saltation
heights are typically of order 2-3 grain diameters. In contrast, our analysis and many
experimental data on eolian saltation, show that significant numbers of saltating
grains reach heights several tens of centimeters above the bed. There must therefore
be a transition region at intermediate heights characterized by significant contribu-
tions from both suspension and saltation. A ”saltation layer” is most naturally
defined as the region in which mass flux due to saltation dominates. Gillette and
Goodwin (1974) argue that there is a grain size dependent height, estimated to range
from .15 to .50 m above the surface, below which the diffusion theory of suspension is
not justified. Their measured concentration profiles of three size fractions (their
figure 1.2), shows their limits to be overly conservative for typical transport events
over agricultural soils; comparison with theoretical profiles is good to within about
.10 m of the bed in each case. To within the accuracy of the Byrd data set on blow-
ing snow, the snow data seem to compare well with theory to within 3 cm of the bed,

the lowest level of measurement.

The mechanics involved in ejecting small particles from a bed clearly include
both ballistic and aerodynamic forces. Gillette et.al.(1972) suggest "sandblasting” is
the dominant mechanism once saltation begins. Under intense bombardment a
mixed grain size bed is incapable of hiding small particles in a laminar sublayer, as
- this layer is continuously disrupted by impacts; in addition, large impact stresses can
rupture cohesive bonds that tend to retain fine particles in the bed. Even under
moderate transport conditions, (v.=.5m/s for D=3mm) each grain must be ejected
every 1-10 seconds (N = O(10%). This would favor the impact threshold over the
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fluid threshold as the appropriate critical shear stress used in the formulation of the
“excess shear stress”, S. That the fluid threshold gives better fits to the Byrd data
on blowing snow is unexpected, though the threshold for snow is arguably a complex
function (Schmidt,1980).

Mismatches of the predicted and measured concentration gradients when the
full reported grain size spectrum of the bed is used may arise from the tendency for
the smallest fraction to travel as aggregates. The processes of collection and mechan-
ical seiving can result in over-representation of the finest fractions by the breakage of
weak interparticle bonds produced either by water or by salts. In addition, as sam-
pling of the bed was done only occasionally, and not in coincidence with a storm, the
possible effects of time dependent armoring of the bed, important in both saltation

and suspension processes, are neglected.

1.12 RESEARCH SUGGESTIONS

The primary role of empiricism in the model is to evaluate scaling factors. Most
importantly, we resort to empirical mass flux relations for assessing N (equations 11
and 12), the number of saltating particles ejected from the bed per unit area per unit
time; and to suspension mass flux measurements at a given height to set ~, the free
coefficient in the reference level concentration (équation 23). The choice of an
appropriate form for the probability distribution of saltation liftoff velocities is
presently derived from a single wind tunnel experiment using a single grain size bed
(White and Schulz,1977); extrapolation to other grain sizes and to mixed grain size
beds rests upon unverified energy arguments. Though the reference level suspension
concentrations seem adequately parameterized, the mechanics by which small grains

are ejected into the flow need experimental elucidation.

Well designed wind tunnel experiments are recommended, involving simple mix-
tures of two grain sizés subjected to shear velocities such that 1) both sizes are sal-
tating, and 2) one size is clearly saltating (ps >>2.5), while the other is clearly in

suspension (p, < <2.5). Simple experiments measuring the ejection velocities resulting
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from single impacts with a granular bed will aid in constraining the probability dis-
tribution of liftoff velocities important in the saltation process. In addition, any field
experiments performed with the intent of constraining or testing the suspension
theory must 1) be of short duration relative to the variability of the wind, 2) include
concentration, mass flux and wind velocity measurements at several heights above
the bed, and 3) include careful local and periodic sampling of the bed materials sub-

jected to the wind.

3.13 CONCLUSIONS

We developed a simple general model of eolian sediment transport, including
both saltation and suspension modes. In figure 1.18 we present the resulting mass
flux and concentration profiles for a realistic mixture of grain sizes subjected to a
shear velocity such that several grain sizes are saltating, and several are in suspen-
sion. The "saltation layer height” is that level below which saltation fluxes dominate.
Both saltation and suspension processes result in monotonic declines in mass flux and
concentration with height, at rates that generally increase with grain size. In salta-
tion, this results from the dependence of the liftoff velocity distribution upon the par-
ticle mass, and in suspension it results from the variation of the settling velocity rela-

tive to the vertical velocity fluctuations of the wind.

The importance of understanding the physics of stochastic grain-bed interac-
tions cannot be understated, because they ultimately control (1) profiles of concentra-
tion and mass flux in saltation, and (2) the production rate of suspendible grains
from a mixed grain size bed: i.e. the important coupling between suspension and sal-

tation.

We have clarified several aspects of eolian sediment transport theory. The rela-
tive importance of saltation and suspension in the concentration and mass flux at
any height above the bed is now available. Stratification effects are ignored in the
present analysis, though the quality of the fits obtained argue strongly against the

importance of stratification under the environmental conditions represented by the
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Figure 1.18. Combined saltation and suspension mass flux profile (solid line on ex-
treme right) for v.=6 m/s, and a fine sandy soil with grains of diameter
and .05 fraction of the bed, respectively. Individual mass flux curves (light dotted
lines for saltation, light dashed lines for suspension) are labelled with the correspond-
ing grain diameter, in mm. Total saltation and total suspension fluxes are represented
by heavy dotted and heavy dashed lines, respectively. Arrow marks ”saltation layer
height”, where the total mass fluxes from suspension and saltation are equivalent.
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existing field data. The role of the saltation process in altering the wind profile, and
the relative importance of saltation and suspension in performing eolian erosion can

be analyzed readily within the framework of this model; results and implications will

be presented in a companion paper.




CHAPTER 2

EOLIAN SEDIMENT TRANSPORT AS A STOCHASTIC PROCESS:
THE EFFECTS OF A FLUCTUATING WIND
ON PARTICLE TRAJECTORIES

Eolian sediment transport must be considered a stochastic process because 1 .

the trajectories of individual grains are affected to varying degrees by turbulent (ran-
dom) fluctuations of the wind; and (2) the impacts of these grains with a granular
bed results in subsequent ejections whose number and velocities may be known only

in a probabilistic sense.

Previous analyses of saltating grains (e.g. A\nderson and Hallet, 1986; Jensen
and Sorenson, 1985; Willetts and Rice, 1985; White and Schulz, 1977) have proceeded
by assuming that saltation trajectories respond effectively only to the mean wind (i.e.
that they are deterministic in the sense that they are determined entirely by the ini-
tial conditions of liftoff speed and angle). In this end-member case, the stochastic
problem reduces to a determination of the distribution of these initial conditions
(Anderson and Hallet, 1986).

Previous models of suspension transport of sedimentary particles in turbulent
fluids (e.g. Smith, 1977 in water; Nickling, 1978, and Gillette, 1974 in air) have relied
heavily upon the analogy between mass and momentum transfer within the fluid,
allowing treatment of the system of air and particles as a continuum. Whether the
analysis uses principally continuity arguments (e.g. Smith, 1977; Anderson and Hal-
let, 1986) or mixture theory, wherein the interaction forces are identified within the
equations of motion for both fluid and particulate phases (e.g. McTigue, 1983), the
resulting analytic solutions for the particle concentration within the near-bed region
show concentration falling off as height above the bed raised to a power. This power,
p, (the Rouse number) is a simple function of the settling velocity of grains and the

shear velocity of the fluid.

All such treatments require either a single measured concentration, or an ana-
lytic expression for a reference level concentration, in order to establish the magni-
tude of the concentrations. In a sense, this serves as a surrogate for a source term at

the bed. Simple expressions for the reference level concentrations have been
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generated for transport of both dust and snow by air (Anderson and Hallet, 1986).
Though these provide a means of predicting first order suspension concentrations in a
given wind, our confidence in the extension of the meager data sets available to other
sites is not high. A more physically based model of the source term in the suspension

transport problem is needed.

Observations of eolian sediment transport in mixed grain size soils (Gillette et
al,, 1972, 1974, 1978) have clearly demonstrated that suspension of the fine grain size
fractions commence whenever the first (generally larger) grains begin to saltate. This
implies a coupling of saltation and suspension processes, previously envisaged by both
Bagnold (1941) and Gillette (e.g. 1974), wherein large, high-energy impacting grains

mobilize a mixture of grain sizes from the bed.

In order to place eolian saltaticr and suspension on an equal footing, to
emphasize the similarity in the physics of the two processes, and to make the cou-
pling between the processes more explicit, we need to develop models for the grain-

bed and grain-wind interactions.

The mechanics of ballistic impacts into a multiple-grain size bed is currently
being addressed by Hafl and coworkers (e.g. Mitha et al., 1985; Werner and Haff,
1985, 1986), using physical and numerical experimental techniques. The desired out-
come from f;his research is a "splash function” (Ungar and Haff, 1986) characterizing
the ejection rate of each grain size fraction from the bed, and the probability distri-

bution of its velocities.

A suspension trajectory is comprised of random excursions of a particle that
represent the particle’s response to random fluctuations in the wind velocity. These
give rise to the diffusive nature of suspension transport. In general, the problem is
extremely complex in that the types of statistical data needed to constrain the air
velocity field the particle experiences are very difficult to measure. The point of view
is neither Eulerian nor Lagrangian: the particle does not experience the same fluctua-
tions one would measure at a fixed point in space (Eulerian); nor, in general, is the
particle travelling at exactly the velocity of the fluid (requiring a Lagrangian statisti-
cal description). Large particles, whose mean horizontal velocity is far less than that

of the air, will experience a statistical field of turbulence more Eulerian in character




62

than smaller particles whose slip relative to the air is diminished. In addition to this
difficulty, even the Eulerian turbulent velocity field is poerly known near the bed of a
natural system. Nonetheless, we may proceed with caution, with the aim of captur-

ing the essense of the problem through appropriate simplifications.

The problem may be broken into two steps: the response of a particle to a given
change in air velocity, and the air velocity history itself. First, we analyze the
response of small particles to a single step change in velocity, and show that for small
particle Reynolds numbers the particle response may be expressed as a simple linear
differential equation. A characteristic response time, 7,, emerges, representing the
sensitivity of a particle to a change in the wind velocity. The expression for the velo-
city history of the particle then becomes a convolution integral; the particle velocity
history becomes a dampened version of the air velocity history it experiences, the

damping being a function of the response time.

Second, we discuss the effects of a realistic wind velocity history. Particle tra-
jectories are shown to depend on the Eulerian statistics of the flow at each height
above the bed, characterized by the standard deviation of the vertical velocity
fluctuations, and the local dissipation of energy within the flow. Trajectories and
resulting concentration profiles are presented and are shown to approximate closely
the expected power law behavior. Currently the ejection rate, N, is chosen through

comparison of calculated and empirically derived reference level concentrations.

With a working model of vertical air velocity fluctuations in hand, the trajec-
tories of larger grains -- involving particle Reynolds numbers well above the Stokes
range -- are calculated in order to assess the importance of these fluctuations in
modifying saltation trajectories. The resulting distribution of trajectory lengths for a
single set of initial conditions may be used to define more formally saltation and
suspension. A method of estimating the proportions of each grain size class expected -
to travel in each of these modes is then suggested, based upon a ”saltation parame-

ter”, defined as the ratio of the hop time to the response time.
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2.1 PARTICLE RESPONSE TO CHANGES IN THE WIND VELOCITY

The local balance of forces yields an equation for the acceleration of a particle:

dU, F

Rl (21)

where U, is the particle velocity, g the acceleration due to gravity, F; the drag force,

and m the particle mass. As the particle-fluid density ratio, %-, is of order 1000 for
L]

sediment in air, we may safely neglect (1) forces due to pressure gradients in the fluid
surrounding the particle caused by particle accelerations, (2) "virtual” or "added
mass” effects -- the force required to accelerate a particle-volume of fluid out of the
way before the particle can replace it --, and (3) the "Basset history term”, which
accounts for the effects of deviations in the flow pattern from steady state (see Hinze,
1975, p.463-464). Also neglected are lift forces due to particle buoyancy, to velocity
gradients in the flow, and to particle spip (the Magnus force). We have a general

equation for aerodynamic drag,
1
Fy = Epa CiA l Ura I Ura (22)

where p, is the air density, C; is the drag coefficient, and U,,; is the relative (vector)
velocity of the particle and the  air. Recalling that at low Reynolds numbers
(Re =| U, | D /v) the drag coeflicient C, =24/Re , the drag formula reduces to

Fl = ﬂf Unl (23)
where
B = 3np, vD (2.4)

and departure of f from a value of 1 represents deviation from the Stokes drag law.
Hence, in the low Reynolds number asymptote (f =1), the drag force scales with the
relative velocity of the particle and the air, and with the particle diameter. The

acceleration equation then becomes
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du,
dtp =-9 +AfU,y (2.5)
where
18p, v
A= o 132 (2.6)

Note that A has dimensions of inverse time. -

With this simpliﬁed_ version of the acceleration equation, we now introduce a
fluctuating component to the local wind. For the moment, suppose we may decouple
the vertical and horizontal components of velocity; let us investigate the effects of
vertical velocity fluctuations on a particle essentially travelling at the horizontal velo-
city of the fluid. We may rewrite the acceleration equation as a scalar equation in

the vertical velocity component of the particle, w,, and of the air, w:

d;’t’ =g +Af (v-w,) (2.7)

The effects of steady gravitational settling, and turbulent accelerations of the air may
be separated by defining w=&+w’ , and w, =®, +w,’ , where bars denote steady
or average quantities, and primes denote fluctuating quantities. Since the mean of

the vertical velocity fluctuations of the air must be zero, (i =0), we have

i du,’
=g AL (T) - A (0" - w,!) (2.8)

Note that in the absence of turbulence, the vertical particle velocity will

. . . div,” .
approach the settling, or terminal velocity (—;U;’;=0). For particles small enough

such that the Reynolds number at their settling velocity is small (<10), f ~1, and

D2
the settling velocity may be approximated by s =%=%—. As the approximation
q

holds well for fine sand and smaller, we shall hereafter consider only the low Rey-
nolds number, f &1 case. After the terminal velocity has been reached, the only
relevant acceleration of the particle is due to turbulent fluctuations of the air, leaving

'
dw,

- +Afw,! =Afuw' (2.9)
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For the low Reynolds number case, this becomes a first -order, linear, non-
homogeneous ordinary differential equation with a solution in the form of a convolu-

tion:

‘
w,! = [e4)Aw! (u)du (2.10)
0

dz;”
for z; >0, where —d:l-=i;;", and where z, =0, W;=uw,,, and w,’ =0 at ¢t=0. As
expected, vertical fluctuations of particle velocity are smoother than those of the air.

To interpret the parameter A, we impose a simple step change in the air velo-

city, of magnitude w., effective at ¢ =0, The resulting particle velocity is
t
w,! = [Ae A%y, dy (2.11)
0

or

w,! = w.(l-e™) (2.12)

We see that the particle velocity has attained (1- —i—) of the new vertical air velocity

D?p,

. For exam-
18p, v xam

when At=21, inspiring the definition of a response time, r, = %=

ple, 7, = 8X10°D? for quartz in air. (See figure 2.1)

Such response times have been defined previously in the particulate transport
literature (see, for instance, Soo, 1967; Hinze, 1972, 1975; Lumley, 1957; Peskin;
1959); all such treatments show the dependence on the square of the particle diame-
ter. In some cases (e.g. Hinze, 1972), a response time appropriate for high particle
Reynold’s number is presented as well, in which the dependence is linear in the parti-
cle diameter, but becomes dependent upon the relative velocity between the particle
and the air. This introduces a non-linearity in the governing equation, and greatly

complicates the analysis.

By responding much less sensitively to the high frequency turbulence than to
the low, the particle acts as a low pass filter to the turbulent energy spectrum of the
wind. This is readily seen (following treatments of Hinze, 1975, and Soo, 1972) by

calculating the Fourier transform of the vertical components of the air and particle
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velocities, w and w, (with the primes dropped):

w(t)= }o'iu(w)czp (fwt)dw (2.13)

=00

and

w,(t) = [, (w)ezp (fwt)dw

where w is the frequency of the turbulence, and (w,w), and (w,,w,) constitute the
Fourier transform pairs for the air and particle vertical velocities, respectively.
Homogeneous, stationary turbulence is assumed. Substituting these expressions into
equation 2.9, and setting f =1, yields the relation between the Fourier transforms as
a function of frequency
A2 LA
_ (& -2 |
(W) = [——77—] W (W) (2.14)
(=) +1
w

The amplitude of the particle response, represented by the real part of (14), depends
sensitively upon the ratio of the inverse response time, A, to the turbulent frequency,
w. This is plotted in figure 2.2a; the grain size and frequency dependence is made

more explicit in figure 2.2b. Two asymptotes illustrate the dependence:

(1) for —‘3— >>1 (small particles, low frequency turbulence),
W, :::(1_%.') W (2.15)

The response amplitude is essentially that of the air, (see figure 2.1) but a slight
phase shift is expected, which diminishes as the particle size or the turbulence fre-

quency diminishes; the particle closely follows the air parcel.

(2) for % < <1 (larger particles, high frequency turbulence)

- A AL
=) - =i) W (2.16)
The magnitude of the response is drastically diminished, and a similar phase shift
occurs. Given, then, a spectrum of turbulence, characterized by a spectral energy

density function E(w), particles of different sizes will act to modify (or filter) this




58

L ——————
10

5

W (sec )
Figure 2.2, (a) Ratio of the amplitude of particle response, w,, to amplitude of wind
velocity fluctuation, w, as a function of the ratio of inverse particle response time, A
to frequency of wind fluctuation, w.
(b) Ratio of particle response amplitude to wind fluctuation amplitude, plotted as a
function of the frequency of wind fluctuation for several grain diameters (labelled, in
mm). Particle density is that of quartz, 2650 kg /m3,

H
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energy, resulting in an energy density function for the particle, Ep (w), that is rela-

tively depleted in high energy frequency content.

Though such treatments go on to address the ratio of particle to fluid
diffusivities, their restriction to homogeneous turbulence diminishes their usefulness
to the geological sediment transport problem. The approach taken here is to model
individual trajectories, which ”see” turbulence whose statistics vary strongly with
distance above the ground. The velocity history of a fluid element is addressed in

the following section.

2.2 AIR VELOCITY FLUCTUATIONS

Calculation of suspension trajectories requires a knowledge not only of the mean
wind profile, but of structure of the velocity uctuations. Suspension trajectories are
most easily visualized as a random process calculated by subdividing the particle
motion into a number of time increments; at each time increment new horizontal and
vertical velocities of the surrounding air must be chosen from a probability distribu-
tion that depends upon the height above the bed, and, in general, upon the air velo-
city at previous time steps (i.e. there is some memory in the system, which imposes
an auto-correlation in the velocity structure). We wish ultimately to derive an
expression for the auto-correlation structure of the wind velocities to which a solid
particle is subjected throughout its trajectory. This requires three levels of analysis.
First (Section 2.2a), an expression is proposed to account for the velocities to which
an air parcel is subjected in homogeneous turbulence. Second (Section 2.2b),
modifications of this formulation are made which allow treatment of the more realis-
tic case of (nonhomogeneous) turbulence within the lowermost portions of the atmos-
pheric surface layer. Third (Section 2.2¢c), further refinement is made to account for
the fact that the particle does not remain within a single air parcel, but rather slips

from one air parcel to another throughout the trajectory.

2.2a Air parcel trajectories in homogeneous turbulence
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For the first analysis, we follow work on cloud droplet formation (Jonas and
Bartlett, 1972) that required calculation of air parcel trajectories in homogenous tur-
bulence. For a wind with an Eulerian distribution of vertical velocities characterized
by 2 gaussian distribution with zero mear aud standard deviation oy, a rate of dissi-
pation of energy per unit mass, ¢, and a prior vertical velocity w;, at ¢t =¢_,, the

vertical velocity at & =¢_,+At is;

t
W = w;_y ezp (- :A 7) + nio, (2.17)
where
02 = o, Y1-cap (-<BL))

o,

and n; is a random number to be chosen from a distribution with zero mean and unit
standard deviation. The exponential expression on the right hand side of (17)
‘represents the correlation between velocities at two times, R(At). By inspection it
may be verified that as e—0, the velocity distribution becomes a delta function cen-
tered about the original vertical velocity, and that as €—oo, the distribution becomes

identical to the Eulerian distribution (see figure 2.3).
The Jonas and Bartlett formalism is the discrete version of the stochastic
differential equation

dw =-aw dt + o dW, (2.18)

where

€

2 and o = edt
20,

o ==

Equation 2.18 is a form of the Langevin equation (see, for instance, Uhlenbeck and
Ornstein (1930, p.872)) originally formulated to describe the incremental changes in
velocity of a Brownian particle in a viscous fluid. In the original form the first term
on the right hand side represents the drag arising from the asymmetry of molecular
collisions due to the particle’s velocity. The second term represents the purely ran-

dom impulses remaining after subtraction of this asymmetry.

To interpret the extension of the Langevin equation to the problem of the
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€ finite but amall

N € =00
(Eulerian distribution)

Figure 2.3. Probability distributions of vertical velocities to be chosen from at time
step ¢, given that the velocity at time (¢ -1) is w;_y). If there is no dissipation of ener-
gy in the flow (i.e. if e=0), the velocity at any time step will be the same as that in
the last. This results in a delta function centered at w(_y). On the other hand, if
there is infinite dissipation in the flow, there is essentially no memory from one time
to the next, and the velocity distribution at any time must be chosen from the Eu-
lerian distribution, characterized by a mean @ =0, and standard deviation o,. For
finite dissipation increasing from zero, the distribution is characterized by a mean
that shifts from w(;.1) toward @, and a standard deviation that shifts from 0 toward
0. The memory from one time step to the next becomes less and less perfect.
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motion of a neutrally buoyant air parcel subjected to turbulence, it is useful to define

20,2

a Lagrangian time scale, T} = (= %— in equation 2.13b), the period during

€
which the velocity of an air parcel is auto-correlated. Formally, this is an integral
time scale, derived by integrating the autocorrelation of the vertical velocity, R(7),

with respect to the time lag, =

T, = TR (Ndr (2.19)
0

-r
with R (r)= e Q] .

Oy

2.2b Air parcel trajectories in the atmospheric boundary layer

The above treatment holds formally only for homogeneous turbulence; the
boundary layer near the bed clearly violates this assumption. It has recently been
argued (van Dop and others, 1985) that the simple extension of the Jonas and
Bartlett form of the Langevin equation to the inhomogeneous or unsteady cases
(involving changes in the turbulence statistics with height or time) may not be
appropriate in some cases, and can lead to physical inconsistencies as serious as viola-
tion of mass conservation. In particular, such models resulted in an inordinate accu-
mulation of fluid within regions of low turbulent intensity. Van Dop and others
(1985) reviewed the recent literature and proposed a variant of the Langevin equation

(2.18) to mitigate these problems:

1
P)

dw = (—Tu:- + a,)dt + ay2dW, (2.20)

where a, and a, represent the spatial and temporal gradients of the turbulent statis-
| 2,% 9o, | Bu?

, 9o,
tlcs:al=—¥,anda2= T + TR EP

We now seek expressions for how the rate of dissipation and the magnitude of
the velocity fluctuations vary with height. Both theoretical and experimental work on
turbulent boundary layers (see summary in Hinze, 1975, p.587-770) demonstrate that

dissipation almost exactly balances production of turbulent kinetic energy by the
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mean flow very near the bed (i.e. that advection and diffusion of turbulent energy
can be ignored very close to the bed). The rate of energy production per unit
volume, E, may be modelled as the product of the mean shear rate of the fluid, -';—ZU-,

with the turbulent (Reynolds) stresses, ~p#™&—. An eddy viscosity model of the tur-

bulent stress yields

;144 aU
-p@ W = ng;— = pku. 1o (2.21)

The rate of energy dissipation per unit mass then becomes

= 2
e=LZ_ ku.z(—?—g (2.22)

Near the ground surface in neutrally stable conditions [in the ”inertial sublayer” of

O(100m) , or more strictly, within the ”constant stress” layer of O(20m)(Tennekes,

1984)), the shear rate may be approximated as %— = -:—;, which yields both the final
form for the dissipation structure
3
€= — (2.23)

and, upon integration, the logarithmic wind velocity profile. Dissipation is high very
near the bed, decreases monotonically with height above the bed, and is very sensi-

tive to the shear velocity.

Numerous studies of turbulence within the atmospheric surface layer demon-
strate that in neutral conditions the standard deviation of vertical velocity fluctua-

tions remains virtually constant. According to Hunt (1984):
Oy = bgllc (2.24)

where 5,=1.3+0.1. Divergence from this value is expected under both stable (air den-
sity decreasing with height; b, decreases with height) and unstable (air density and
b increasing with height) conditions (see Hunt, 1982, p.239, fig.6.4).

Referring, then, to van Dop and others’ proposed stochastic differential equation

Cw

a . .
(20), we see that in the neutral surface layer, a,= =0. The first term in a, is
! dz

simply the dissipation rate, e. However, little is known about the third moment, or
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skewness, of the vertical velocity distribution within the surface layer. In the steady

a . - . ws
;: ~0), and in the absence of large variations in the skewness (%";—zo),

a;=¢, and the van Dop formulation collapses to the Jonas and Bartlett form, eqn.

case (

2.13b. Caution is certainly warranted, however, in any attempt to apply the Jonas
and Bartlett formalism to either stable or unstable conditions. In these more general
cases, more must be known about the higher moments of the velocity field, and equa-
tion 2.14 should be used.

We proceed with the simplifying assumptions that the atmospheric boundary

layer is both steady and neutrally stratified. The Lagrangian time scale representing

the correlation between vertical velocities may be written: T} = b',-:—, where &, is a

dimensionless constant. The correlation between vertical velocities at two times
should increase with distance from the bed, and should decrease rapidly with increas-
ing .. Combination of equations 16 and 17 yields b 1=~14. Actual measurements of
b, range roughly an order of magnitude, with 1.4 the upper bound. In neutral condi-
tions within the surface layer, Hanna (1984, p.284) suggests b,~=.38, which is within
the range (.25-.40) proposed by Hunt and Weber (1979).

2.2¢ Divergence between particle and air parcel trajectbries

A further refinement is needed when the solid particles become massive enough
for their velocities to differ significantly from those of an air parcel, making our use
of the lagrangian velocity history of the air parcel, characterized by T;, inappropri-
ate as a model for the air velocity history to which the solid particle is subjected.
This effect has been addressed in the past by various researchers (see summary in
Hinze, 1972, 1975), and has been variously called the filtering, slip, crossing-
trajectories, and probability of encounter effects. In all cases it is recognized that
non-buoyant particles will effectively move from one parcel of fluid to an adjacent

one.

The time a particle spends in an air parcel depends upon its relative velocity

with respect to that parcel of air, and the characteristic dimensions of the parcel.
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Following the work of Hunt and Nalpanis (1986), one may define a new correlation
time scale, T;°, that accounts for this eflect. We expect the modified time scale to
be shorter than the lagrangian time scale, T; the velocities to which a solid particle
is subjected will be less well correlated than those to which a fluid element is sub-

jected.

The asymptotic behavior expected is: T, ° — T; as the relative velocity goes to
zero, or as the eddy size goes to infinity, on the one hand, and T, * — T, as the rela-
tive velocity approaches o,, where T, is the Eulerian correlation time (that time
scale derived from the auto-correlations measured at a fixed point). Earlier theoreti-

cal work on the relation between the Eulerian and Lagrangian time scales (e.g.

. T, . .
Hanna,1972; Pasquill,1974) implies that T—'&%, while experiments of Snyder and
e

Lumley (1971) demonstrate that the ratio is at least greater than 3. Hence,

T, " =T, /4 should be a lower limit for the modified correlation time.

Several functional forms of the modified Lagrangian time scale have been pro-
posed. Arguing that earlier forms failed to fit the experimental data of Snyder and
Lumley (1971), Hunt and Nalpanis (1986) proposed the form

3

T = s (") (2:25)
where U, is the relative velocity of the particle and the air parcel (here U,, At is an
approximation for the slip between the air and the particle during the time step, At),
and A, is a dimensionless constant of O(1) that must be set for the chosen time step.
The Hunt and Nalpanis formula was developed with the following rationale (Hunt,
personal communication, 1986; Hunt and Nalpanis, 1985). The solid particle and air
parcel positions initially coincide, but proceed along divergent trajectories owing both
to particle settling, and to the imperfect response of the particle to changes in the air

velocity, represented by equation 2.12. Along the air parcel trajectory the auto-

correlation of velocities is simply R(At) = ezp (—%). The auto-correlations of the
1

fluid velocities experienced by the particle, however, depend not only on the ratio

%, but on the ratio of the particle slip relative to the air with some spatial correla-
1

tion scale, L,. This correlation length may be constructed from time and velocity
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scales: L, = T;o, (Hunt and Nalpanis, 1986). For small time steps (At <T;), Hunt
and Nalpanis use the Kolmogoroff similarity hypothesis and the approximation that
the particle slip relative to the air at the end of the time step may be written U, At
to derive (25). We modify their equation only slightly by substituting the calculated

slip over the previous time step, arriving at
N T . 9/3
T = Ti[1/(+Appe(32) ) (2.26)
@

Note that the Hunt and Nalpanis form is recovered if alip =U,; At. Equation 26
yields higher correlations between velocities than the Hunt and Nalpanis form; the
calculated slip will always be less than the that calculated from U, At, owing to the
particle’s response to the newly imposed wind velocity at the beginning of the time

step, as represented by equation 2.12.

2.3 SUSPENSION TRAJECTORIES

Suspension trajectories are calculated by coupling the history of air velocities
encountered by the particle, with the analytical expression for the particle response
to a single velocity fluctuation developed in section 2.1 (eqn.2. 12), all of which is
superimposed on the particle’s tendency to settle at a velocity, s, in response to grav-

ity. For a given shear velocity of the wind, ., and grain diameter, D, a time step,

At, is chosen such that é—t-<1. Initial conditions are then chosen for each trajec-

r
tory: initial horizontal and vertical position, z,, and z,; initial particle ejection
speed, V,, and ejection angle, a, are used to calculate initial horizontal and vertical
components of particle velocity, u,, (=V,, cos()), and w,, (=Vp tin (a)). At each
subsequent time step, 4 =i At, wind velocity, particle velocity and position are then

calculated using the following recursive relations:

¢
T ) (2.27a)

At
w; = w;_jezp (—r) + n;oy (1-czp (-

where in the first time step
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W) = N0y (2.27b)

with n, a random number on the interval (0,1), and o, =b,u..

: At

Up(i) = Wpii-) + [{wi ~wp (iy))(1 - ezp (- ral (2.27¢)
At
()= %(-1) ~ 8 At + wy At - (w;~wp )7, (1-ezp ) (2.27d)
i e GG) U Bt

= U(z)) = 2 In P T Zon ] (2.27¢)

At
Up () = Yp(i-n) + (4 = up)(L - ezp (- =) (2.271)

and
At

() = Zp(i-n) + 4 AL — (4 -up gy, (1~ ezp (- r—)) (2.28g)

Calculations continue until 2p(1)<2,, Le. until the particle re-encounters the bed. In
the equation for the mean wind profile (27¢), z, is the Nikuradse roughness ~D /30,

and z,; is the sediment transport roughness, which, following Owen (1964), is

. u.2 . o . .
approximately .02—20—, and uey is the critical shear velocity for sediment transport.

The + outside the brackets requires taking the maximum of the two values, and
therefore represents the matched logarithmic profile used in previous studies (e.g.
Anderson and Hallet, 1986).

2.4 CONCENTRATION PROFILES

The volumetric concentration (volume of particles per unit volume of air) may
be considered the product of a scalar with the probability density of encountering a
particle in the volume element of concern. The scalar includes the volume of a single
particle, and the rate at which particles are ejected from from the bed. In the deter-

ministic treatment of saltation, trajectories are completely characterized by the initial
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conditions of speed, angle and spin at liftoff. Assuming that a set of particles travel
along identical trajectories, the concentration of a particle size fraction,;, with mean
particle volume V;, within the height element (z2-Az,z], is defined such that the ejec-
tion rate, Ny, is one grain per unit area of bed per unit time, and that the initial con-
ditions for each trajectory are identical. This may be written

1 + 1 )
W )> | 4 | <wp (wp, )> |-

c:'(szpo)=NlV)'( [<w, ( (2.28)

(see Anderson and Hallet, 1986, eq.9), where <uw, (w,, )> is the average vertical velo-
city of the particle in crossing the height element, and the + and - subscripts denote

the ascending and descending crossings, respectively (see figure 2.4a).

The total concentration at any specific level is then the weighted sum, over all
possible initial conditions, of such identical trajectory concentrations; the weights are
the probability densities of each initial condition. As the most important initial con-
dition in determining the trajectory shape is the initial vertical velocity of the parti-

cle, w,, , the concentration may be written:
N; %
cy (z) = _—Nl fcj (Z yWpo )P (wpo )dwpo (2.29&)
0

(after Anderson and Hallet, 1986, eq.10), or in summation form:

N, m
cj(z)= -N—’l Y 62,0 )m P (Wpo ) A, (2.29b)

m =0

where N; is the number of particles of size fraction J ejected per unit area of bed per
unit time, m increments the initial vertical particle velocity, m * being its maximum,
and p(wp, )JAw,, the proportion of grains ejected with vertical velocities in the range

(m Aw, ,(m-1)Aw,,]. In the absence of a model for the grain-bed interaction, the

. N; . .
ratio -NL is set by appeal to empirical equations for total mass fiux (Anderson and
1

Hallet, 1986).

This formalism can be extended to the suspension case by making two
modifications. First, while an ideal saltation path may cross a given height incre-
ment either zero or two times, a suspension trajectory may cross it any even number

of times. Second, as the suspension trajectories are stochastic rather than
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deterministic, meaning that for a single set of initial conditions there are many
different trajectories possible, we must ensemble average over many realizations of
the process to determine the average concentrations to be expected from a single set

of initial conditions.

The first simply involves extending the summation of equation 2.28 to become,

for a single suspension trajectory (see figure 2.4b).

. 1
c.!'(z 7wP°) =N, VJ bgl( I <w, (w,, )> T » ) (230)

where the subscripts refer to the k th crossing of the height element, and k* is the
total number of crossings made during this particular trajectory. For fixed time and

height increments, At and Az, respectively, this may be represented as
At &
¢j(z,p) = N, V; Ay 2 ml(z) (2.31)
kol

where n, is the number of time increments spent in the kth crossing of the height

element.

Ensemble averaging over n* suspension trajectories, each with identical initial
conditions, we arrive at the generalized version of equation 2.18 [which reduces to
(2.18) with k*=2 and n *=1]:

i(wn) = N, v RLLL 5 (S (2.32)

Ae=] k]

The extension to total concentration is then perfectly parallel with the saltation case,

meaning equation 2.29 may again be utilized to calculate ¢;j(z).

In the absence of a physical model of the grain-bed interaction, concentration
profiles must be scaled with the use of an empirically derived formula for a reference
level concentration (e.g. Anderson and Hallet, 1986, eqn.22):

A, i .
W =ols (2.33)

Ty —T, . . —_
where the excess shear stress § = —, and the dimensionless coefficient
Te

4= 17X10"" and 7.8%10~° for dust and snow, respectively. This formalism yields
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SALTATION TRAJECTORY

SUSPENSION TRAJECTORY

Figure 2.4. (a) Schematic saltation trajectory. The height element Az is shaded to il-
lustrate the ascending (+) and descending (-) crossings to be taken into account in
calculations of concentration.

(b) Schematic suspension trajectory. Four crossings of the height element Az are not-
ed, making ¥ “=4 in the notation of equations 2.30-2.32.
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N; cq(emp)
N, = ¢q (cale) (2.34)

where Ny=1 is the initially assigned value of the ejection rate, ¢, (emp ) is the empiri-
cally calibrated reference level concentration from equation 2.33, and ¢q(calc) is the

calculated concentration for the interval (z,-Az,z, ).

2.5 SUSPENSION RESULTS

Concentration profiles are calculated from runs with 1000 trajectories, 25 of

which are shown in the corresponding x-z plots (see figures 5a-5d). The power laws

corresponding to the appropriate Rouse number ( =—k:—) are plotted as well. The

concentration profiles show encouragingly good fits for the range of Rouse numbers
associated with suspended grains, i.e. p <2.5, or, equivalently, for particles with set-
tling velocities less than the shear velocity of the air. Best fits are obtained using
bg=1.3, b,=.5, A2==0.5. The results are quite sensitive to both b;and A,.

Interestingly, the fit deteriorates well above the bed, falling off much more
rapidly than the power law appropriate for the near-bed region. This results from
the time limit imposed (for computer-cost reasons) upon the trajectory. calculations:
those trajectories that do not re-impact the bed within this limit, ¢,,,, are not com-
pleted. Given the time constraint, there exists some finite height above which no
grains will have reached. The steady state profile will not have extended into this
region. Recognizing that the process is essentially a diffusive one, we may construct
an approximate "diffusion height scale”, 25, using the mean eddy diffusivity, K, and

the time limit:
2p = /Kty (2.35)

tm

—. A single run with the time limit quadru-

— 2
Taking K ~ ku.-2i leaves zp ~ku.

pled nearly quadrupled the region of near-bed power law behavior, supporting this

development.
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Figure 2.5. (a,c) Suspension trajectories for (a) D=.04mm, u.=0.5m/s, and (¢)
D =.04mm, u,=0.8m/s.

(b,d) Concentration profiles corresponding to suspension trajectories in (a) and (c),
respectively, with corresponding power law fits using the Rouse numbers, (b):p =11,
and (d): p =.44, shown as dashed straight lines. Concentrations are normalized with
respect to a reference level concentration at z—.04m (see Anderson and Hallet, 1986).
See text for discussion of divergence from the power law with height.
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Though this result was expected, it is worth pointing out that the implications
are important in interpreting field data. The implied time dependence of the concen-
tration profile may be translated into spatial dependence through the mean wind
velocity; there should exist a similarly enhanced decay of concentration above some
height at any specific distance downwind from the point where sediment transport
conditions begin. This is the "fetch effect” described in the blowing snow literature
(e.g. Takeuchi, 1980).

2.6 SALTATION, SUSPENSION, AND MODIFIED SALTATION

For a given wind profile, the suspension trajectory algorithm suggested above
becomes invalid for particles large enough to produce particle Reynolds numbers well
beyond the Stokes range (R >10, say). A more general algorithm incorporating the
full functional range'of the drag coeflicient on the Reynolds number (used, for
instance, in the saltation model of Anderson and Hallet, 1986) is then used in the
computations. Otherwise, initial conditions are set, and turbulent velocities are
chosen according to the procedure summarized above. Figures 6a,b,c represent tra-
jectories calculated using a single set of initial conditions, and the parameters giving

the best fits for the suspension profiles.

The trajectories of different grain sizes resulting from ca.lculatioixs incorporating
more realistic fluctuating wind velocities prompt a more formal definition of saltation
and suspension. For a given particle size and shear velocity of the wind, a set of cal-
culated trajectories with identical initial conditions (i.e. realizations of the trajectory
process) gives rise to a distribution of trajectory lengths and times that may be
represented by their mean and standard deviation. Choosing the hop length as an
appropriate, and easily measurable characteristic outcome of the process, we may say

that the particular set of initial conditions gives rise to saltation if
¢ = -%— <e (2.36a)

where X and o, are the mean and standard deviation, respectively, of the hop length,
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Figure 2.6. Saltation trajectories with turbulent wind component included. All trajec-
tories are given identical initial conditions of liftoff angle (90 degrees), and spin (0).
Initial vertical speed is noted. Mean hop length of twenty calculated trajectories is
marked with an arrow; brackets indicate one standard deviation, Note exaggerated
vertical scales.

(2) D =.5mm, u.=.45m/s, Vpe =.6m/s: P, =16.4.

(b) D=.25mm, u,=.75m/s, Vpo =1.0m/s: P, =2.46.

(¢c) D=.1mm, v.=.5m/s, V,,=.6m/s: P, =.66.
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and ¢, is an arbitrary constant much less than unity. Similarly, the initial conditions
give rise to suspension if

2., (2.36b)
A
where ¢, is an arbitrary constant of order one. The region between ¢, and ¢, may

then be called modified saltation, after Hunt and Nalpanis (1986).

Ultimately, we would like to know the proportions of a particular size fraction
likely to be transported in each of these modes. Once the limiting constants ¢, and
cg are chosen, this determination would require a knowledge of the distributions of
initial velocities for each grain size fraction, and extensive trajectory calculations of
the sort described here. Ideally, however, we would like to characterize these frac-
tional transport modes without the complicated trajectory calculations. A predictor
of the ratio ¢ is therefore needed, in the form of a parameter to be composed of grain
size, wind speed, and initial conditions. In the past, this role has been played by the
Rouse number, p, which represents the ratio of the particle settling speed to the
shear velocity of the fluid. When this ratio falls significantly below unity (i.e.
p <<2.5) the particles in this size class are to be considered suspended. Similarly, if
p >>2.5 the grains are to be considered saltating. Note, however, that this parame-
ter does not incorporate the initial conditions explicitly: the entire population of
grains in a certain size class is either saltating or it is suspended. An alternate scal-
ing involves the two important characteristic times in the problem: the response
time, r, (developed in section I), and the particle hop time, 7. In the absense of

nongravitational forces, the duration of a single particle trajectory is , — u;” )

where w,, is the vertical component of the liftoff velocity. A "saltation parameter”,

P, , may be defined as the ratio of the response time to the hop time:

T szp g
P, 7 = 36ps v,y (2.37)

When P, >>1, the grain will not be aloft for long enough to react significantly to
vertical velocity fluctuations of the air, and the trajectory will be a smooth saitation;
conversely, when P, <<1, the vertical velocity fluctuations will dominate the trajec-

tory; the suspension trajectory will diverge significantly from the smooth, single-
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maximum trajectory characteristic of saltation. [*Note that for small particles, the

settling velocity may be approximated by s = gr,. The saltation parameter may

then be rewritten as P, = #—, which collapses to the Rouse number for a specific
po

initial velocity: w,, = 0.2u..]

The trajectory calculations presented in this paper may be used to identify the
relation between the saltation parameter, P,, and the expected variation of trajectory
lengths for a specific set of initial conditions, represented by ¢. This relationship is
presented in figure 2.7 for various wind speeds. Inspection of figure 2.7 reveals a
natural break in the functional relationship, motivating a choice of ¢;=0.3 and
¢2=1.0. Once these limiting constants have been chosen, we may identify the
corresponding saltation parameters, P, (12)r We define the critical vertical liftoff velo-
cities, wp, 1,2, as those giving P, = e (1.2)°

szpg

F6p, v 102 (2.38)

Wpo (1,2) ==

Determination of the fraction of each grain size class expected to travel in each
mode then requires the knowledge of the distribution of the initial velocities, w,, .

This may be expressed as

1 w
P (wpo Jdwp, = ——e2p (-—=)duw, (2.39)
Wpo Wpo )

where @, is inversely proportional to the square root of the particle mass (Anderson
and Hallet, 1986). We may now estimate the fraction, §, of grains of a particular size

that will be suspended in a wind of a given shear velocity:

[}
I p(wp, )dw,, .
§ = 18 = [ p(up)dw, (2.40)
f b4 (wpo ) dwpo r@
0

since p (w,,) is a proper probability density. This is plotted in figure 2.8 for both

quartz and snow and for a variety of shear velocities, with a choice of ¢,==1.0.
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Figure 2.7. Ratio of standard deviation of hop lengths to mean hop length, shown as
a function of the saltation parameter, P,. The scatter indicated by the cross-hatched
region indicates that the particular ratio of hop time and response time does not ac-
count for the entire range of particle behavior; a more complex dependence including

the shear velocity of the wind, acting through an averaged lagrangian time scale,
would perhaps be more appropriate.
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Figure 2.8. Fraction of grains expected to be suspended, S, as a function of grain di-
ameter. Both quartz [dahsed (density 2650 kg /m?®)], and snow [solid (density 917
kg /m3®)] are shown subjected to two shear velocities (labelled, in m/s). The chosen
probability distribution of liftofl velocities is exponential, and depends upon grain
size as proposed in Anderson and Hallet (1986).
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2.7 CONCLUSIONS

We have attempted to address the effects of turbulent fluctuations of the wind
velocity on particle trajectories involved in eolian sediment transport. For a given
wind condition, a broad range of particle behavior, spanning the continuum between
saltation and suspension, results from (1) the distribution of grain sizes in the bed,
and (2) the range of initial velocities with which each particle size may be ejected
from the bed. Several important time scales emerge from the analysis: the particle
response time, r,, the hop time, ,, and the lagrangian auto-correlation time scale, T}
(or its modified version, T, *). For small particles in moderate winds (where the par-
ticle Reynolds number remains in the Stokes range), a simple analysis based upon the
particle response time captures the essense of the particle’s response to fluctuations in
the surrounding air velocity. Using a stochastic model of wind velocity history, based
upon the langevin equation, and modified to account for the particle’s slip relative to
the air parcel, particle trajectories are produced with associated concentrated profiles
that match well with the power law behavior expected from continuum suspension
theory. The region within which the steady (power law). profile accurately describes
the suspension concentration grows in height downwind from the position where sedi-
ment transport conditions are initiated; concentrations fall off very rapidly above this
region. In the absence of a model for the stochastic grain-bed interaction, the ejec-
tion rate that sets the source strength, or the concentration at some chosen reference

level, must be set empirically, as for instance in Anderson and Hallet (1986).

Larger particles require use of the full functional dependence of the drag
coeflicient on the Reynolds number. Modification of a numerical saltation trajectory
model (Anderson and Hallet, 1986) to account for wind velocity fluctuations allows
assessment of trajectory variations as a function of grain size, initial conditions, and
wind velocity. As expected, trajectory variations diminish with grain size, and
increase with both ejection velocity and wind velocity. A means of estimating the
fraction of grains of a particular diameter that will participate in true saltation, true
suspension, and some intermediate transport mode, here called *modified saltation”,

is suggested. Any quantification, however, again requires a knowledge of the
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probability distribution of ejection velocities of each grain size in the bed, re-

emphasizing the importance of the grain-bed interaction.

Clearly, the analysis presented here is a preliminary attempt to incorporate the
complexities of turbulence in the atmospheric boundary layer into a sediment tran-
sport model. The intent is not so much to present an alternative to the much
simpler eddy-diffusion theory as to clarify some of the physics that gives rise to indi-
vidual particle trajectories, and, collectively, to the diffusive nature of suspension
transport. We stress that there is a continuun between saltation and suspension, and
that the "modified saltation” region of this continuum, which for some transport con-
ditions and grain size distributions may be quite important, is made accessible only
by combining the available saltation trajectory models with the sort of wind vvelocity

fluctuation history addressed herein.




CHAPTER 3

MODIFICATION OF THE WIND PROFILE
DUE TO SALTATING GRAINS

Prediction of particle concentration, mass flux, and kinetic energy flux caused
by wind reduires accurate calculation of particle trajectories, which in turn requires a
detailed knowledge of the wind velocity profile. By Newton’s third law, the force
exerted on transported grains by the wind results in an equal and opposite force on
the air, which acts to retard the near-bed air velocities during sediment transport. A
theoretical model for the magnitude and distribution of the resulting stress imposed
upon the wind by saltating grains is necessary to establish the relative magnitude of
the three contributions to the overall drag over a mobile sand bed: saltating grains,
stationary grains on the bed, and form drag due to ripples. In the eolian sediment
transport system, the vertical region within which the velocity profile is modified by
sediment transport is of the order of centimeters, making detailed measurement of
the velocity structure possible. Unfortunately, there is little hope for a comparable
collection of such data for aqueous saltation, as it is confined to within a few grain
diameters of the bed (e.g., Wiberg and Smith, 1985).

In the lowest 10 m of the atmospheric boundary layer the shear stress, r,, is
approximately constant (Tennekes, 1984). Within this region, but well above the
heights of the roughness elements, a logarithmic velocity profile is expected to exist,
dependent upon a single velocity scale, u., and a single length scale, z,. The velocity
scale is the shear velocity, u., defined as \/7, /p., where p, is the air density. The
shear stress, in turn, is governed by larger scale atmospheric circulation, driven by
pressure gradients imposed largely by differential solar heating of the atmosphere. In
the absence of large bedforms, the length scale setting the logarithmic velocity profile

is proportional to the diameter of the grains in the bed: z, =D /30.

Sediment transport alters the effective roughness of the bed in two ways: first,
the horizontal acceleration of transported grains extracts momentum from the wind,
and second, the formation of ripples in the bed imposes a form drag on the wind.
The resulting sediment transport roughness, Z, , measured by extrapolating the velo-

city profile outside the sediment transport region to the U=0 axis (see figure 3.1),
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has been shown to depend on the shear velocity [after Owen (1964, figure 3) for sand

in air; extended by Kind (1976) for snow in air]

2
Ue
2opt = 02—g (3.1)

with @=.02, (ranging from .011-.038 [Owen, 1964)). Since in the absence of non-

Ue
gravitational forces, a grain leaving the bed with velocity u. reaches a height of ETR

the success of Owen’s formulation implies that the roughness is no longer propor-
tional to the size of the stationary roughness elements in the bed, but rather to some

typical hop height of a saltating grain.

Wind velocity measurements within the saltation region, show significant devia-
tions from the logarithmic profile. Velocity gradients nearest the bed are reduced
from those expected by extrapolating the outer flow toward the bed, and result in
In(z) - U plots of wind profiles that are convex upward. This curvature corresponds
to Bagnold’s (1941) "kink” in the profile, which occurs typically on the order of one
to a few centimeters above the bed. As stressed by Gerety (1986), such near-bed
deviations from the logarithmic velocity profile during seidment transport have led to
incorrect assessment of the shear velocity during experimental work in wind tunnels.
All too often, the slope of the least-squares fit to the In(z)-U plot, from which the
shear velocity is calculated, incorporates at least in part the region in which saltating
grains are expected to impose a systematic departure from the simple logarithmic
profile. Correct assessment of the shear velocity is essential, for instance, in the
development of the correct functional dependence of the total mass flux on the shear
velocity (e.g., Bagnold,1941; White, 1979).

A full model of the modification of the wind profile by saltating grains must
therefore be able to predict both this curvature of the profile, and the altered
effective roughness of the bed. As emphasized by Ungar and Haff (1986), a complete
steady state saltatjon model must include iteration through a wind-velocity profile
feedback loop, as the altered wind profile will change the suite of particle trajectories,

which in turn result in a new wind profile, etc.

Although it has long been recognized that the modification of the wind profile

results from the extraction of momentum from the wind by the saltating grains,
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HEIGHT (log scale)

Zost

WIND VELOCITY, U

Figure 3.1. Schematic wind velocity profiles. Note logarithmic scale for height;
straight lines represent logarithmic profiles. Sediment transport modifies the near-
bed profile by extracting momentum from the wind, resulting in alteration of
effective roughness from z, to z,,. The far field shear velocity is calculated from the
slope of the profile well away from the bed: u. = & [U(22)-U(2,))/[In (20)~In (2,)], with
k (=0.4) von Karman’s constant.
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previous attempts to incorporate this effect have suffered from serious
oversimplification of the saltation process. Most notably, Owen (1964) assumed that
all particles trace identical trajectories. It is now clear, however, that the probabilistic
nature of the grain-bed interaction leads to a broad distribution of initial conditions
for particle trajectories, and to large gradients in particle concentration, mass flux,
and kinetic energy flux with height above the bed (e.g., Anderson and Hallet, 1986;
Anderson, 1986; Jensen and Sorenson, 1985; Nalpanis, 1986; Sorenson, 1986; Willetts
and Rice, 1986). This structure is expected to be reflected in the force profile

imposed by the acceleration of transported grains.

Two recent attempts have been made to calculate wind profiles during sediment
transport (Ungar and Hafl, 1986; Sorensen, 1986). Ungar and Haff, in their interest-
ing analysis of the saltation problem, confine their calculations to the simplest possi-
ble case that yet retains all the important elements of the problem. At any shear
velocity, they force their solution to yield only one particle trajectory. As the grain-
bed interaction, characterized by their "splash function”, is independent of wind
speed, i.e. the same liftoff velocity is retained for a particular grain impact velocity
no matter what the wind structure is, the single trajectory allowed at each shear
velocity must have the same impact velocity. This requires that each such trajectory
experience the same net acceleration by the wind. They argue, therefore, that in
accord with Bagnold (1941, p.59) "no matter how hard the wind is made to blow ...
the wind velocity at a height of about 3 em remains almost the same. Moreover, at
levels still closer to the ground the wind velocity actually falls as the wind above is
made stronger.” Ungar and Haff’s computed profiles show this behavior. It remains
. to be seen whether similar results can be obtained for a more realistic range of parti-
cle trajectories, arising from a more realistic grain - bed interaction, or "splash func-
tion.”

Sorenson’s treatment of wind velocities during sediment trasnport allows a real-
istic range of particle trajectories. The principal contrast with the formalism
presented below lies in the nature of the postulated "closure” relation between the

fluid stress and the shear rate, discussed further in section 3.4.

In this paper the equations for the change in the wind velocity due to a given

force profile are first formulated, followed by an assessment of the force profile to be
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expected during transport of a given grain size in a particular wind. The resulting

wind profiles are then compared with the few existing accurately measured profiles.

3.1 MOMENTUM EQUATION FOR THE AIR

Within the saltating curtain, the assumption of constant shear stress breaks
down, as the acceleration of massive grains imposes an additional force on the wind.
Following the formulation of Ungar and Haff (1986), we identify a horizontal body
force on the wind, F,(z), acting in the upwind (-2 ) direction due to the acceleration
of the grains by the air. This appears explicitly in the turbulent Navier-Stokes equa-

tions as an additional force term:
aU '
Pe o TP UvU =-vp +v'17 - p, 9 - F, (3.2)

where p, is the air density, U is the mean horizontal wind velocity, g is the accelera-

tion due to gravity, and rr is the turbulent (Reynolds) shear stress. Given steady

(%zo), horizontally uniform (U-gU ~0) flow, and making boundary layer approxi-

mations (%>>aiz,aiy), the equation for momentum in the downwind (z) direction

collapses to:

=F,(z) (3.3)

0z

In the absence of saltating grains the right hand side vanishes, and the first
integration yields rp = constant. Identifying this constant as the shear stress
imposed by the exterior flow, r, =pu.?2 making the common ”closure hypothesis”

that the turbulent stresses may be identified as the product of an eddy diffusivity,
K, with the strain rate, %, and making the further assumption that the eddy

diffusivity varies linearly with height, K =ku, z, where k is von Karman’s constant, a

second integration yields the well known law of the wall, or logarithmic profile:

U= :‘kL in (ZL). Such conditions should apply throughout the profile in the absence
(4
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of sediment transport, and above the region within which grains are being appreci-
ably accelerated by the wind during sediment transport, the difference between them

being in the value of the effective roughness, z, (see figure 3.1).

Within the saltation region, however, the stress on the wind must vary in the
vertical direction as the force on the wind due to the extraction of momentum by sal-

tating grains varies.

Assuming a constant total stress available for transporting momentum of either
grains or fluid across any level z, the stresses may be partitioned according to (plot-

ted schematically in figure 3.2)

# max

’ Ty, =77 + fF, dz (3'4)
z

where 2, is the maximum height to which a saltating grain travels in the given
transport conditions. The first term on the right hand side represents the stress
available to shear the air at the level z, or the flux of fluid momentum across that
level; the second , also called the "grain stress”, 7, (Sorenson, 1986), represents the
change in horizontal momentum of grains between their upward and downward
crossings of the level z, or the flux of grain momentum across that level. We see
that as the bed is approached from above, the grain stress increases, leaving less

shear stress available to shear the fluid.

Integration of equation 3.3 yields
4
Tr = fF, (z)dz +7y (35)
0

where 7,, is the fluid stress at the bed, or the skin friction, part of which may be

taken up by form drag due to ripples, as discussed further in section 3.4.

By combining equations 3.4 and 3.5, we see that the skin friction, or the shear
stress exerted on the bed by the wind, is simply the far-field shear stress minus the
total change in horizontal momentum of all grains ejected from a unit area of bed in

a unit time:
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HEIGHT, Z
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Tot T
SHEAR STRESS

Figure 3.2. Schematic diagram of shear stress as a function of height. Well above the
bed, the shear stress is approximately constant, at 7, . As the bed is approached, the
stress imposed by the acceleration of transported grains, 7, , increases monotonically,
resulting in a monotonically decreasing stress available to shear the fluid, 7. The
skin friction, 7, , is the fluid stress at the bed.
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 max

Ty =Tp — f F, dz (3.8)
0

For a given exterior wind condition, characterized by 7, , as the body force diminishes
in magnitude, more fluid stress is made available at the bed for aerodynamic initia-
tion of saltation, and conversely, as body force increases, the shear at the bed
decreases. Owen (1964) hypothesized that the self-regulatory nature of eolian salta-
tion arose from such a feedback, with skin friction held near the threshold shear
stress necessary to entrain particles aerodynamically. It remains to test this

hypothesis quantitatively.

We now seek an equation for the velocity gradient as a function of height,
which when integrated will yield a velocity profile in equilibrium with sediment tran-
port. Given the above relations between far field shear stress, skin friction, and grain
stress, we need a constitutive relation between the turbulent stresses and the velocity

gradient, and we need the body force profile, F,(z). For simplicity, we again postu-

late an eddy diffusivity closure: rp = p, K%}-, and retain the linear dependence of

the eddy viscosity with height, ' —=ku. z, that gives rise to the logarithmic velocity
profile in the absence of sediment transport. However, referencing u., to the total
stress, 7,, is no longer appropriate. We define a local, or effective shear velocity,

referenced to the local turbulent stress, rr, as sy = /Tr/ps. Rearranging (3.5),

and writing rp = p, kus, ig, yieldé:

0z
masz 1/2
n — | F,(z)dz
w o - J Fala)as) 6
8z kp, 1/2 z

Note that above the region within which grains accelerate, i.e. 2>z, or in the

absence of sediment transport altogether, i.e. F,=0 everywhere, the numerator

becomes /7, , and the rate of shear becomes % = —:—;—, which again yields the loga-

rithmic profile, as required. Given the form of the force profile, derived in the next
section, equation 3.7 is numerically integrated for a given shear velocity and grain
size to yield the wind velocity profile throughout the saltation region. Note, however,

that irrespective of the actual form of the force profile, the fAuid stress, and hence the
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effective shear velocity, will increase monotonically with height, giving rise to the

convex upward U-In(z) plots.

3.2 FORCE ON THE WIND DUE TO SALTATING GRAINS

Following the formalism established in previous work (Anderson and Hal-
let,1986; Anderson,1986), the force due to identical trajectories with unit ejection rate
is first calculated; the distribution of initial conditions and the actual ejection rate

are then incorporated to yield a total force profile.

By Newton’s third law, the force exerted on a particle by the wind must be
equal and opposite to the force on the wind. Figure 3.3 illustrates the horizontal
component of the force of the wind on a particle as a function of position along the
trajectory, f,(z)=M/(a,(z)), where 4, is the instantaneous horizontal acceleration of
the grain, and M is the particle mass. The highest instantaneous force is attained
early in the ascending limb of the trajectory, before the particle has been appreciably
accelerated by the wind, and where the relative velocity between the particle and the
air is greatest. The force on the particle becomes negative shortly before impacting

the bed, indicating that the particle there is travelling faster than the wind.

Summing over the ascending and descending limbs of the trajectory, and assum-
ing a single particle is ejected per unit area of bed per unit time, i.e. N,=1, with ini-
tial vertical velocity w,, we obtain the "identical trajectory” force on the wind:

a; o a, )
w)>14 | <w(w)>]_

F,(Z Iw,,Nl)=N,M( |<w( (3.8)

where w is the mean vertical particle velocity in crossing the height element
(2-dz,z], and the + and - denote upward and downward limbs of the trajectory,
respectively. The upwind direction of the force is left implicit, and is taken into
account by the sign convention in equation 2. The identical trajectory force profile
displays a distinct maximum at the top of the trajectory (figure 3.4), similar to the

maxima in particle concentration, mass flux, and kinetic energy profiles reported




90

[
03}
€
~ .02
-
X
c |
w
T / f
001 i
o A 1 ' I
-4.0 4.0 8.0

o -7
(x10 ')
FORCE ON THE PARTICLE (NEWTONS)

Figure 3.3. Force on the particle as a function of position within its trajectory, for
D=25mm, u.=.45m /s, and vertical liftoff velocity, w,, =.80m /s. Up and down ar-
rows denote ascending and descending segments of the trajectory.
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earlier (Anderson and Hallet, 1986; Anderson, 1986). Although the instantaneous
horizontal force on the particle peaks approximately one third of the way up the
ascending limb of the trajectory, most of the particle’s horizontal acceleration occurs
near the top of the hop, where its vertical velocity is very low, and therefore where it

spends the most time.

The "height of the effective fluid thrust” referred to in the saltation literature
(Bridge and Dominic,1984; Abbott and Francis,1977; Schmidt,1984; Bagnold,1966)
may be interpreted as the "center of gravity” of this body force profile, marked with
the arrow in figure 3.4. Effective heights deduced from our trajectory calculations
correspond to 80-85 percent of the trajectory height, in close agreement with calcula-
tions made from observed saltations in water (Abbot and Francis,1977); in their nota-

tion, y, =.836y pax.

The probability density of the vertical liftoff velocity, p (w, )dw,, and the actual
number of particles ejected per unit area of bed per unit time, N, are now introduced
to yield an integral equation for the total horizontal body force per unit volume on

the wind due to the presence of saltating particles:

F:(z)= %{p(w,)p,(z Iwo WNy)dw, [= % (3'9)

This is illustrated in figure 3.5, along with its integral, the grain stress, 7, .

This force profile may be closely approximated by an exponential function:
F, =F,, ezp(z/z°). Hence, the total grain stress may be expressed as
(g Jmax = 2° Fy,, and the fluid stress may be written: rp—r, ~F,,z'ezp(-z/2"). A
series of numerical calculations demonstrates that F,, is a strong function of both
grain size and shear stress, as expected, and that the height scale, z°, is on the order
of 1-3cm, implying that the effect of transported grains on the wind profile should
vanish by 5cm, as is observed. The scale height is a reflection largely of the probabil-
ity distribution of initial velocities, which is a strong function of grain size. Accord-
ing to Anderson and Hallet (1986), the mean vertical liftoff velocity, @, , goes
inversely as the square root of the particle mass, and hence as D-'% a similar inverse

dependence is postulated by Sorenson and Jensen (1986).
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Figure 3.4. Force per unit volume on the air as a function of height. Same conditions
as in figure 3.3. A single identical trajectory is initiated per unit area of bed per unit
time, i.e. N=1. Arrow denotes the calculated "center of mass” of the force profile, at
approximately 80 percent of the hop height.
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Figure 3.5. Profiles of (a) force on the wind due to saltating particles, and (b) the
resulting “grain stress”, r,, for Walker’s (1981) run number 47: wu.=—.45m /8,
D=25mm. Note the strongly decaying force as a function of height and its rapid
decrease to approximately zero within a millimeter above the bed. The grain stress
increases monotonically to a maximum at the bed, but is not sufficient to reduce the
fluid stress to the calculated critical shear stress, 7., given the ejection rate used, N.

See text for discussion.
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3.3 RESULTS

Wind velocity profiles were calculated for conditions matching those reported
for experiments by Walker(1981), and by Belly (1963). To evaluate u., two meas-
ured wind velocities were used, both well above the majority of the saltating grains,
but below the top of the turbulent boundary layer in the wind tunnel (typically .10
and .20 m measurements were used from the Walker (1981) experiments). Saltation
trajectories were then calculated using White’s (1979) mass flux relation to determine
the ejection rate, N, and a probability density of liftoff velocities, p (w, )dw,, chosen
according to the formulation detailed in Anderson and Hallet (1986). The resulting
wind velocity profiles are plotted in figure 3.6. In general the agreement with the

measured velocities is encouraging.

Note that the curvature of the log profiles occurs over a broader region for
smaller grains than for larger (contrast Walker’s runs 7 and 55), reflecting the change
of the scale height with grain size, already discussed. That the region within which
the curvature occurs is relatively well simulated implies that the probability distribu-

tion of initial velocities is well captured by the Anderson and Hallet formalism.

3.4 DISCUSSION

As the magnitude of the force profile is directly proportional to the ejection
rate, N, (see equation 3.9) the resulting wind velocity profiles are highly sensitive to
the accuracy of the mass flux relation used to calculate N. Greeley and Iversen (1985,
p.100, table 3.5) list many such relations that purport to capture the transport rate’s
dependence on both grain size and wind speed. To illustrate this sensitivity, figure
3.6b shows two velocity profiles that appear to be better fit by doubling the ejection
rate above that calculated using the White (1979) mass flux formula. At present,
without a theoretically based transport law, or a full physical description of the

grain-bed interaction that gives rise to the steady state ejection rate, further testing
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Figure 3.6. (a) Measured (symbols) and calculated (dashed lines) wind velocity
profiles for representative runs from Walker’s (1981) data set. Grain sizes are noted
above each profile, in millimeters. Shear velocities calculated from measured wind
velocities at .10 and .20 m heights.
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(b) Measured (symbols) and calculated (lines) wind profiles for Belly’s (1964) data set,
as reported in Gerety (1986). All runs use D =.40mm. Solid lines represent calcula-
tions using the ejection rate, N » from White’s (1979) transport law; dashed lines
represent doubling of this ejection rate for the higher shear velocity runs.
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of the wind velocity profile formulation presented in this paper can only be made

with data sets that include simultaneous mass flux and detailed wind velocity data.

Although extrapolation of both measured and calculated wind velocities made in
the more accessible region well above the bed indeed tend to "focus” at a height on
the order of millimeters, in accord with- Bagnold’s (1941, p.130) findings, note that
neither measured nor calculated velocity profiles corresponding to increasing shear
velocities over the same bed actually cross in these data sets. Of the available data
sets [summarized in Gerety (1986)], less than half show such crossing of velocity
profiles. The present model fails to predict this behavior, given the transport law
used to set the ejection rate, N. This implies that Bagnold’s "focus” is possibly an
artifact of the inaccuracy with which both wind velocities and anemometer heights

can be measured within a centimeter or so of the bed.

It can, however, be stated categorically that the those profiles showing
inflections in semi-log space, as some of Bagnold’s (1941) early profiles do, are
suspect; given the physics of the problem, the stress available to shear the fluid, and
hence the effective shear velocity, should increase monotonically away from the bed,
yielding convex-upward wind velocity profiles in semi-log space. Inflections resulting
from an initial decrease in effective shear velocity, followed by an increase in shear

velocity, should not exist.

The additional reporting of the ripple dimensions in equilibrium with the meas-
ured profiles would help constrain calculations of their effect on the flow. In his
experiments on the effect of sand movement on the surface wind, Bagnold (1941,
p.57-58) produced wind profiles over a wetted sand bed that was previously "not only
pitted with tiny bombardment craters a few grain diameters in size, but was made to
undulate in the usual flat transverse ripples”. The resulting U- In(z) profiles for
u.=.20-.62m/s (p.58, figure 17) show little or no curvature between 2mm and 10cm
above the bed, and all yield roughness heights closely approximately by z, = 2D /30,
where 2D is approximately the mean height of the impact craters (Bagnold, 1941,
p.59).

It may be argued that the small surface slopes presented to the wind by these

typically low aspect ratio bumps on the bed will tend to minimize the pressure
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differences over the rippleform that result in form drag. The ripple index of eolian
ripples, defined as the ratio of wavelength to height (RI =M\/H), is very high: both
Bagnold and Walker measured mean ripple indeces of 30 to 70 in experiments with
uniform grains. The shear stress exerted by a transverse ripple field with mean

height, &, and mean wavelength, X, may be written:

1 J—
Iy 'é'Pc Cy HWUn/ 2

e _ (3.10)
A "W

where W is a unit width parallel to the ripple crest, Cy is a drag coefficient, and U, /
is a reference velocity. This reduces to:

Upes (3.11)

1 1
Ty = _2'/’0 Od(ﬁ)

where the inverse dependence on the ripple index is now apparent.

The choice of a linearly increasing eddy diffusivity within the saltation region
follows more closely the treatments of Ungar and Haff (1986) and of Sorenson (1986),
and diverges from that of Owen (1964), who claimed a constant\eddy diffusivity
would be appropriate. Owen made the plausibility argument that the intensity of
turbulence and the mixing lengths of the turbulence were both dominated by wakes
cast by saltating particles, and would be roughly constant within the saltation cur-
tain. However, the concentration of particles in the flow is on the order of 1072 to
10 near the bed (Anderson and Hallet, 1986; Gerety, 1986; Sorenson, 1986). It may
therefore be expected that the nearby presence of a continuous rough bed will dom-
inate over the wakes cast by these sparsely distributed particles in setting the length
scale of the turbulence. The use of a linearly varying eddy diffusivity also allows a
much simpler feathering of the saltation region with the constant stress region
above, rather than requiring an abrupt change in the nature of the turbulence as sug-
gested by Owen. This explicitly recognizes that the saltation region is neither physi-
cally isolated, nor even easily identified in the real world. The character of the salta-
tion curtain is such that all profile quantities, including the force on the wind
imposed by the accelerating particles, fall off rapidly away from the bed, as a conse-
quence primarily of the heavily skewed nature of the probability density of liftoff

conditions resulting from the complex grain-bed interaction.
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That the shear velocity be tied to the local fluid stress, rr, rather than the total
or far-field stress, 7,, makes our treatment different from those of both Ungar and
Haff (1986), and Sorenson (1986). Such a hypothesis has proven fruitful in aqueous
systems, where the form drag due to multiple sets of bedforms is modelled with a
corresponding number of matched logarithmic profiles, each characterized by a shear
velocity referenced to the spatially averaged form drag associated with that particu-
lar bedform scale (e.g. Smith and McLean,1977). The présent model identifies both
the magnitude of the stress due to saltating grains, and its profile, allowing a

smoothly varying wind profile rather than a matched logarithmic profile.

A further difficulty with Owen’s formulation of the wind profile within the sal-
tation region is that the ﬁo—slip condition is left unsatisfied. Using his formula, wind
velocities at the bed remain of the order 7-8u.. Though this has prompted earlier
workers (e.g. Tsuchiy2,1972) to justify use of a constant wind velocity (=8.5u.) in
the saltation layer, thereby simplifying trajectory calculations, we argue that the
present formulation is considerably more realistic, is not computatioqally taxing, and
provides a profile valid through the entire region of interest in sediment transport

mechanics.

3.5 CONCLUSIONS

The formalism presented here for the modification of the wind velocity profile
during sediment transport appears to be quite successful in fitting the few data sets
available. We stress, however, that high quality data sets that would allow a full test-
ing of the theory are scarce; highly accurate, and closely spaced simultaneous mass
flux and wind velocity measurements are necessary to avoid the dependence of the
model on transport laws developed previously. In addition, measurement of ripple
cross-sectional shapes, perhaps using the simple shadow-based device reported else-
where (Werner and others, 1986), would aid in assessing the role of form drag due to
ripples in reducing the aerodynamic stress available for initiating saltation at the
bed.
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The method of modifying the wind velocity profile during sediment transport
presented here is an integral part of the full sediment transport problem. Given
aerodynamic initiation of sediment transport immediately following a rise in the far-
field wind velocity, the resulting trajectories not only impact the bed with sufficient
energy to produce a cascade of ballistically induced saltations, but they modify the
wind velocity field experienced by these new trajectories. An iterative scheme similar
to the one proposed by Ungar and Haff (1986), wherein both the grain-bed interac-
tion and the grain-wind interaction are properly addressed, is necessary to close the

problem entirely.




CHAPTER 4

EROSION PROFILES DUE TO PARTICLES ENTRAINED BY WIND:
APPLICATION OF AN EOLIAN SEDIMENT TRANSPORT MODEL

Erosion by wind-driven mineral particles is responsible for the development of
unusual geomorphic phenomena ranging from centimeter-sized ventifacts, to
kilometer-long yardangs. Important observations of large scale erosion features
include (1) the re-entrant vertical profiles that occur in the ” prows” of some yardangs
(for instance those at Rogers dry lake, California (Blackwelder,1935; McCauley and
others,1977; Ward and Greeley,1984)), and in large ventifacts (see cover photograph,
Greeley and Iversen,1985), that reflect maximum erosion well above the ground, and
(2) fan-like fluting of upwind surfaces on large ventifacts (e.g. Sharp,1949; Lancas-
ter,1984) (figure 4.1).

Profiles of erosion in lucite rods exposed to wind for 15 years (Sharp,1964,1980),
and in fenceposts eroded in 24 hours during the December 1977 San Joaquin
duststorm (Sakomoto-Arnold,1981; Wilshire and others,1981) display erosion maxima
.10-.12m, and .10-.55m (average .24m) above the ground, respectively. Figure 4.2
illustrates Sharp’s final reported profile, and two particularly well constrained exam-
ples of erosion profiles in San Joaquin fenceposts (B.Hallet,1981,pers.comm.). Though
other fencepost profiles display more complex patterns of erosion, and the height
measurement of the erosion maxima is surely complicated by the local deflation of
the surface during the dust storm (H.Wilshire,1985,pers.comm.), most posts do
display a single pronounced maximum. Wilshire and others (1981) report that wind
velocities may have locally exceeded 300km/hr in the San Joaquin storm. Though
collection of meteorological data has been ”consistently defeated by the elements” in
the Coachella Valley (Sharp,1980), 100-150km/hr winds probably occurred within the
15 year span of the experiment. Akerman (1980), working in Spitzbergen, reports
similar profiles of erosion in plexiglas tubes and clay disks, with maxima 0.5-1.0m
above the ground, and argues strongly that they result from impacts of snow grains

during high winter winds.

The modelling of such erosion profiles has two principal scientific merits: (1) to

understand better the erosion of natural objects, and (2) to test quantitatively the
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Figure 4.1. 1 metre wide ventifact on Garnet Hill, Coachella Valley,

showing prominent radial fluting at the upper edge of the upwind surface.
faces downwind.

California,

View
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Figure 4.2. Erosion profiles measured in a lucite rod (upper figure, after Sharp,1980),
and in two cedar fenceposts eroded during the 24-hour long San Joaquin dust storm
of December 1977 (Hallet, unpublished data), measured parallel to wind direction.
Note difference in the scales for abrasion depth. Fencepost profiles were measured
from the original ground level, preserved as the upper limit of soil stain, and the
lower limit of charring from grass fires, both still visible on the lee sides of the posts.
Erosion below this level occurred as deflation on the order of .1 metre proceeded dur-
ing the storm.
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general model of eolian sediment transport (Anderson and Hallet,1986). This test of
the transport model is an exacting one as it involves calculation of quantities very
sensitive to the initial conditions in both saltation and suspension analyses. Natural
obstacles are geometrically complex, and difficult to model without resort to calcula-
tions of three-dimensional air and sediment trajectories. In contrast, artificial obsta-
cles in which the measured erosion profiles occur have a nearly cylindrical geometry
that lends itself to simple quantitative analysis of the obstacle-flow interaction. In
addition, while the erosion history of a natural object is difficult to decipher, that of
manmade objects is often confined to one or several extreme events whose meteoro-

logical characterisitics can be inferred.

Several recent experiments have established the precise relation between erosion
and impact parameters: grain diameter, D, density, p,, speed, V, and angle of
incidence, o (defined such that 90 degrees is a perpendicular impact). The mass of
target material removed per impact, 4, may be expressed as (Routbort and others,
1980; Scattergood and Routbort, 1983):

A =S, p,(V sina-V,)"(D-D, )" (4.1)

where S, is the ”susceptibility” of the material to erosion, dependent upon the den-
sity, hardness, and fracture-mechanical properties of the target and impacting
materials, and V, and D, are the threshold particle speed and diameter needed to
initiate erosion. Experiments on rates of target surface lowering yield values of n=2
and m=3 (Suzuki and Takahashi,1981; Greeley and others,1984), suggesting that the
. mass of material removed per impact is roughly proportional to the kinetic energy of
the impact. In a more comprehensive study, Scattergood and Routbort (1983) show
that the available data for erosion of a single silicon crystal at various impact angles
collapse neatly using equation 1, with n=2.6, m=3.6, D, =20um , and V, essentially
zero. Though these relations for erosion of single crystals are more complex than a
simple function of kinetic energy, it is reasonable to assume that the mass removed
per impact on most polycrystalline geological materials scales roughly with the
kinetic energy of the impact. Note that in this case the susceptibility, S,, becomes
simply the mass of target material removed per unit kinetic energy. The model

readily accepts alternate erosion "laws”.
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Sharp (1984,p.798) states ”the zone of maximum wear does not correspond to
the median saltation height, so it must represent the level at which grain size,
number, and velocity combine to give the greatest energy of impact.” We may now
more precisely formulate this proposition by recognizing that it is the flux of kinetic
energy to a surface that appropriately combines these variables. Defining the instan-
taneous horizontal flux of kinetic energy to a unit surface area perpendicular to the
wind in unit time, g, , the mass of target material removed per unit surface area per

unit time, A, is taken to be simply
A =g Gke (423')

and the lowering rate of an impacted material surface, L , is

C A St .
[=A _ 2¢O (4.2b)
Pe Pt

where p, is the density of the target material.

The actual delivery of kinetic energy to a surface also depends upon particle
diameter in that particles of differing sizes are variously deflected by the complicated
airflow around an obstacle. Large particles with sufficient inertia effectively diverge
from the flow and will more likely impact the surface than small particles, which fol-
low more faithfully the flow streamlines that tend to parallel the surface. Theoretical
studies of the paths of particles entrained in fluids around obstacles are numerous
(e.g., Langmuir and Blodgett,1946; Morsi and Alexander,1972). They have been
motivated by an assortment of both engineering'and natural science problems, rang-
ing from abrasion of propellor blades and of bird wingtips (Burtt,1981), to ice rime
growth (e.g., Minsk,1980; Makkonen,1984), the collection of pollen by early seed
plants (Niklas,1981;1985), and the capture of food by zooplankton (Strickler, 1982;
Emlet and Strathman,1985).

Eolian abrasion, then, depends on four factors: (1) the distribution of kinetic
energy flux due to both saltating and suspended grains in a steady, uniform wind; (2)
the interaction of the wind with an obstacle and the relative decoupling of particles
from the wind, allowing delivery of kinetic energy to the obstacle surface; (3) the
temporal variations of the wind, and (4) the material properties of both the impac-

tors and the exposed surface.
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This report addresses the first two factors, providing a model for the instantane-
ous pattern of erosion of uniform materials. The magnitude of erosion depends on
material properties, but the pattern of erosion does not. Full analysis of the abrasion
of any specific obstacle would obviously entail integration over variable winds, and
should allow the surface geometry of the obstacle to evolve. However, the erosion
pattern will be shown to reflect closely the instantaneous profile inflicted during the

highest winds.

As in the development of the general model of eolian sediment transport
(Anderson and Hallet,1986), the saltation and suspension fluxes are treated
separately. The kinetic energy flux due to a single saltation trajectory is first
presented, followed by a summation over all particle trajectories, whose initial condi-
tions are distributed in accord with experimental data (White and Schulz,1977).
Suspension is treated first analytically, leading to general conclusions about the
dependence of kinetic energy flux on both wind speed and particle size; then, a
numerical simulation of a reference case is presented, wherein the kinetic energy flux
is calculated for a realistic distribution of grain sizes subjected to a mcderate wind.
We then briefly analyse particle paths around a vertical cylindrical obstacle, to assess
the relative efficiency of kinetic energy delivery to such obstacles by the various grain
sizes. We conclude with a simulation of an instantaneous erosion profile due to both
saltating and suspended particles expected during peak winds in the San Joaquin

dust storm, and a discussion of the implications of the model regarding ventifaction.

4.1 KINETIC ENERGY FLUX DUE TO SALTATING GRAINS

We first calculate the vertical profile of kinetic energy flux due to a single salta-
tion trajectory. The trajectory height is divided into equal increments, dz, and aver-
age horizontal and vertical particle velocities are recorded as it traverses each incre-
ment on both ascending and descending limbs of the trajectory. (See definition

sketch, figure 4.3.) The "single trajectory kinetic energy flux” may then be written:




107

Y4
t v,
1Wp
: —p U
E Urel
ro_V, Urel
!
@ i Up Wp v
@: v,

Figure 4.3. Definition sketch, showing particle velocity, V, air velocity, U, and hor-
izontal and vertical components of particle velocity, u, and w, , respectively, at two
positions along a saltation trajectory. The velocity, U,,, of the particle relative to
the air is also shown.
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) (4.3)

1 Viu, Vu,
q*“—2NlA[P(|wp|+ [w, |-

where the subscript ”1” refers to the single trajectory case, the arrows refer to
upward and downward portions of the trajectory, M, is the particle mass, V is the
particle speed (=+/u, *+w, %), and N, is the number of grains ejected per unit area of

bed per unit time (=1 in the single trajectory case).

The total flux of kinetic energy due to saltating grains is the sum of the single
trajectory flux over all possible trajectories, weighted by the probability density of
each trajectory. Approximating the probability density of trajectories with the proba-
bility density of vertical liftoff velocities, p(w,) (Anderson and Hallet,1986), the

expression for kinetic energy flux becomes:
N 00

Qe (2 )=N_IP (wo ) 1dw, (4'4)
1%

where N is now the actual ejection rate. Assuming that all particles travel identical
trajectories is equivalent to approximating the probability density as a delta function.
The kinetic energy flux profile then becomes simply the product of the ejection rate,
N, with the single trajectory profile. More realistic probability densities are charac-
terized by very high probability of small liftoff velocities, with progressively declining
probability as liftoff velocity increases. Constrained by liftoff velocities reported by
White and Schulz (1977), both exponential and gamma functions were tested (Ander-
son and Hallet,1986), the best fits to measured mass flux profiles being obtained with

exponential distributions of the form

1 w,
?(wp )= ezp (-—=) (4.5)
Ypo Wpo

where @, is the mean vertical liftoff velocity. The ejection rate, N, is set by equat-
ing the ratio N /N, with the ratio of the total mass flux computed using White’s
expression (1979), to the integral of the mass flux profile calculated assuming N =N,.
Calculated kinetic energy flux profiles for both the simple single trajectory case and
the more realistic multiple trajectory case are shown in figures 4.4a and 4.4b, respec-

tively.
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Figure 4.4. (a) Kinetic energy flux profile for single saltation trajectory case, with
1

shear velocity u.=1.0m/s (u.=(;—°-)2, where 7, is the boundary shear stress, and p,
[ ]

is the air density), D =.25mm, and liftoff velocity V,=1.4m/s. White’s (1979) form
of the mass flux relation was used to set N =1.6x10%/m%.

(b) Kinetic energy flux profile for multiple saltation trajectory case, with
ve=10m/s, D==25mm, and an exponential distribution of liftoff velocities
prescribed in equation 6, with V, =.63u.=.63m/s, and N =4.7x10%/m %,
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As with the single trajectory concentration and mass flux profiles (Anderson and
Hallet,1986), the single trajectory kinetic energy flux peaks sharply at the top of the
trajectory, reflecting the large proportion of time the particle spends near the top of
its trajectory. Summing many such profiles in the more realistic case - correspond-
ing to good fits with the observed mass flux profiles -- yields a less distinct maximum
near the bed, above which the kinetic energy flux declines smoothly with height. Of

course no erosion due to saltation occurs above the maximum trajectory height.

Multiple grain sizes in saltation may be incorporated using the grain size frac-
tions in the bed, i,, and assuming that the distribution of mean vertical ejection
velocities, @, for each grain size class, can be approximated from a simple kinetic
energy argument (Anderson and Hallet,1986). Each grain size class is assumed to
have identical mean initial kinetic energy, implying that large grains are ejected from
the bed at lower velocity than small grains. Such a simple model provides good fits to
mass flux profiles reported by Williams (1964) for multiple grain size saltation wind
tunnel experiments. Resulting kinetic energy flux profiles for individual grain size
classes, and the total kinetic energy profile due to saltation of a moderately well
sorted sand are presented in figure 4.5. The shape of the resulting total profile peaks

weakly near the bed, and declines smoothly above this.

4.2 KINETIC ENERGY FLUX DUE TO SUSPENDED GRAINS

In this section we develop an analytical expression for the kinetic energy flux,
and analyze the height and strength of kinetic energy flux maxima due to each
suspended grain size class. We then present a numerical calculation of the kinetic
energy flux profiles for the entire range of particles mobilized by the peak winds

observed during the San Joaquin dust storm.

Assuming the horizontal particle velocity roughly equals that of the wind, U(z),
(i.e. that the grains are in suspension), the kinetic energy flux due to grain size class

n is:
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Figure 4.5. Multiple trajectory and multiple grain size calculations of the kinetic en-
ergy flux for saltation over a moderately well sorted bed with D=.25mm, o0=.6¢,
subjected to a shear velocity of 1.0m/s, using the exponential distribution of liftoff
velocities, and White’s mass flux relation. Grain sizes and fractions in the bed are:
D =.707,.353,.176, and ==.05,45,.45, respectively. The curve labelled ”SUM”
represents the summation of the contributions from all grain size fraction. Compare
with figure 4.4b, calculated using only the mean grain size.
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ke =%pp e (2 )Us(z) (4.6)

where again ¢, is the volume concentration of grains of size class n. As the wind
velocity increases with height, whereas concentration decreases with height, there
must be a maximum g, for each grain size class at some height above the ground.
Substituting expressions for concentration and for the wind velocity profile during
sediment transport (Anderson and Hallet,1986), and neglecting minute stratification

eflects, gives
1 2 Py, Us 2 3
he =5 Pp(Cn)a (?) (Tln:-) (4.7)

where (¢, ), is the concentration at a reference level Z4, pa is the Rouse number,

defined as ﬁ—, with s, the settling velocity of size class n, ¥ von Karman'’s constant

(=0.4), and u. the shear velocity of the air. Neglecting substantial deviations from
spherical shapes, particle settling velocities increase rapidly with diameter, from
approximatel.y .1m/s for quartz grains of .04mm diameter, to 10m/s for 2mm grains
(Walker and others,1971; Anderson and Hallet,1986). The sediment transport rough-
ness, z,, is given by Owen(1964)

Yo 2
z, -—=.0207(—2g—) (4.8)

Calculated kinetic energy flux profiles, using a non-dimensionalized form of

equation 7 (with g, '=T—q'"—u5-, and z'=zi), are presented in figure 4.6 for
o) '
. . . . 0
p» =0.5,1.0,2.0. The height of the maximum g, is obtained by setting ;:’ =0
Brloadete o (a2 ™ (o= puin () = 0 (49)
2k 2 2,

Three solutions exist: z = z,, z =00, and z =z, ezp (3/p4). The first two clearly
correspond to minima, the first where the velocity vanishes, the second where concen-
tration vanishes. The third solution corresponds to the expected maximum, and is
strongly dependent upon both the shear velocity (through both p, and z, ) and grain
size (through the settling velocity in p,). Substituting Owen’s form for the
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Figure 4.6. Non-dimensional form of the kinetic energy flux due to suspended grains,

,:J )=0.5,1.0, and 2.0, corresponding to D =0.05,0.07, and

0.12mm, with v.=1.0m/s, and z, =.04m.

for Rouse numbers, p, (=
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roughness, z,, the height (in meters) of the kinetic energy Aux maximum is:

U
Zmax = 102X u. 2ezp (1.2-6——) (4.10)
L]

The sensitivity of the kinetic energy flux maximum to both shear velocity and
grain size is illustrated in figure 4.7. Having determined the heights of the maxima,
however, we must now evaluate the relative strengths of maxima corresponding to

each grain size in a given wind. Equation 4.7, with 2 =2zpx=2, czp (3/p, ), leads to:

u, 3z, P
the mae = 505 (00 )a (57 —) (55) (4.11)

The relative strengths of the kinetic energy maxima for various grain sizes are
thus critically dependent upon u.. Moreover, three terms are grain size dependent.
The cubic term implies the maximum kinetic energy should increase dramatically as
P», and hence grain size, decreases. Since the reference level z, is typically an order
of magnitude greater than the roughness height z,, the last term decreases rapidly
with grain size. Reference level concentrations, (ca)s, also decrease strbngly with
increasing grain size. Following work on aqueous suspension (Smith,1977), previous
modelling of eolian suspension (Anderson and Hallet,1986) has shown that reference
level concentrations may be parameterized using the weight fraction of sediment of
size cl‘ass n in the bed, i,, and the excess shear stress, §, as expressed in the follow-

ing equations:
. 45
(ea)e = crin 7= v (4.12)

where ¢, is the total sediment concentration in the bed, a constant typically taken to
be .65, and ~ is an empirically derived constant. The excess shear stress may be writ-

ten either as

_f .
§ =T (4.13a)
Tei
or
§ =27t (4.13b)
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Figure 4.7. Height of the kinetic energy maximum, z,,, expected from suspension as
a function of grain size and shear velocity, u. (labels in m/s).
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where 7, is the shear stress at the bed, and r; and Tey are, respectively, the impact
and fluid threshold shear stresses (Bagnold,1941) necessary to entrain particles of size
class n. Values of v from first order eolian transport modelling (Anderson and Hallet,
1986) are 2.2x10°%, and 1.7x107, for impact and fluid forms of the excess shear stress,

respectively, with z, = .04m .

The relative strengths of the kinetic energy maxima are plotted in figure 4.8, for
both forms of the excess shear stress, using again the reference case with u. =1.0m/s,
and log-normal grain size distribution with D=.25mm and a standard deviation
0=.6¢, representing a moderately well sorted sand. Independent of the form of
excess shear stress chosen, particles smaller than approximately .1mm (very fine sand)
are responsible for the strongest kinetic energy maxima due to suspension. Combin-
ing these results with those for the grain size dependence of the heights of kinetic
energy maxima, presented in figure 4.7, we expect that erosion due to suspended
grains should peak meters off the ground during major wind storms characterized by
shear velocities of 1-4m/s (corresponding to wind speeds of 11-64m/s 10m above the

ground).

4.3 DEFLECTION OF PARTICLE PATHS:
COLLECTION EFFICIENCY

Thus far we have neglected the deflection of both air and particle paths by the
obstacle, In general, we might expect small suspended particles to be deflected more
than large particles, thereby reducing their relative importance in the kinetic energy
fluxes analyzed in the previous section. This should effectively reduce the calculated
height of maximum erosion due to suspended particles. We develop in this section a
simple model of particle paths around a vertical cylindrical obstacle, approximating
the air streamlines by those predicted from inviscid flow theory. Both the separation
expected at the lee of the obstacle, and the boundary layer of some finite thickness
on the upwind side are neglected. The latter will be very thin owing to the presence

of the favorable pressure gradient imposed by the obstacle, and hence should not
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Figure 4.8. Maximum kinetic energy flux expected from suspension of different grain
sizes, for u.,=1.0m/s, and a grain size distribution characterized by D =.25mm,
0=.64. Only grains <.15mm (settling velocity = 1.0m/s=u.) are considered
suspended. Two forms of the reference concentrations are shown: impact form of ex-
cess shear stress (dashed), using v=2.2x10"%; and fluid form of the excess shear stress
(solid), using v=1.7x10"". Note logarithmic scale.
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strongly affect the particle paths.

From inviscid flow theory (e.g., Morsi and Alexander,1972) the stream function

Ua?y

Yv="Uy - [Ty (4.19)

where U is the free stream velocity at some height z in the flow, y is the horizontal
distance perpendicular to the mean flow direction, and x is the distance downwind
from the center of the vertical cylinder of radius a (see definition sketch, figure 4.9).

The downwind and crosswind air velocity components may then be written, respec-

tively:
a¢ a2 y2—22
LA A 4 § 1_—(———1 4,15
¢ dy ( (z%+y?)? ) (4.15)
and

zy

m) (4.16)

=% _ ous?
v=-o= = 2Us*(

Given this wind field and a particle of diameter D and density p,, its path may
be calculated for any intitial position and speed. Morsi and Alexander (1972, p.198)
show that ”lift” forces due to shear in the flow may be neglected for a wide range of
particle sizes and densities, leaving only the drag force to deflect particles. The equa-

tions of motion in both x and y directions may be written:

du 1 A
d: = ?p. Og 'ﬁ l Urel I (u —u,,) (417)
and
dv 1 A
-ﬁ = Epa Cq ’M:f | Usa | (v '”p) (4-18)

where A, and M, are the cross sectional area and mass of the particle, respectively,

| Urt | =V/(8-u,)*+(v-v, )% and the drag coefficient C, is a well known function of

l Urcl l D
14

the particle Reynolds number, Re = , as tabulated in Morsi and Alexander

(1972) for spherical grains. Suspended particles are assumed to be travelling at the

free stream velocity as their initial condition.
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Numerical integration of particle paths is carried out using simple forward time
stepping, with instantaneous drag coefficient, particle acceleration, velocity and posi-
tion calculated at each step. Representative particle paths are shown in figure 4.9 for
two grain sizes and a free stream velocity representative of the winds recorded in the
December 1977 San Joaquin dust storm. The 41m/s velocity corresponds to that
expected at a 1.0m height, during a wind regime characterized by u.=4.0m/s,
corresponding to an amemometer reading at 4m of approximately 200km/hr
(Wilshire and others,1981). The collection efficiency, E,., is defined (Langmuir and
Blodgett,1946) as the ratio of the number of particles that actually impact an obsta-
cle surface with the number that would pass the cross section in the absence of the
obstacle. This may be expressed simply as the ratio of linear measures B and a,
shown in figure 4.9, such that E, =B /a (Stallabrass and Hearty,1687). In figure 4.10
the collection efficiency is presented as a function of D for these two free stream

’

velocities.
In an early study of ice riming, Langmuir and Blodgett(1946) proposed the
expression of E, in terms of a non-dimensional "inertia parameter”, K, defined as

P D*U

" 18p, va (4.19)

It conveniently expresses the ratio of the response time of a particle to changes in

. . D e e . .
wind velocity, rp =Tp-;7—;, with a characteristic time arising from the flow geometry,
[ ]

Te =%. As K becomes large, a particle cannot react in time to deflect appreciably

from its path, while at some sufficiently small K (<1/8, Langmuir and Blodgett,
1946), the collection efficiency effectively vanishes. For quartz particles entrained in
air and impinging on a cylindrical obstacle with radius .05m in a free stream velocity
of 41m/s, this corresponds to grain diameters of 4.4um (see figure 4.10). Particles
smaller than .025mm deliver only half of their available kinetic energy to the surface
of the obstacle at the Im height. The collection efliciency for a particular particle
size varies with height, with relatively low efficiencies very near the bed, where the
characteristic time available to deviate around the obstacle, r,, increases, while the

particle response time, r,, remains constant.
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Figure 4.9. View from above of representative paths of two particle sizes around a
0.05m radius vertical cylindrical obstacle, with a 41m/s free stream velocity,
representing wind speeds at 1.0m in a wind storm characterized by .=4.0m/s (4m
anemometer velocity of 200km/hr). Grain density is that of quartz (2650kg/m?).
Collection efficiency is simply the ratio of lengths B and a.
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Figure 4.10. Collection efliciency as a function of grain size for 27m/s and 41m/s
wind velocities and .05m obstacle radius, corresponding to .25 and 1.0m heights on
fenceposts in the San Joaquin dust storm peak winds; and for 13 and 17m/s wind
velocities and .015m obstacle radius, corresponding to probable peak winds of the

Coachella Valley experiment (Sharp,1980).




122

Suspension kinetic energy flux profiles, calculated using 4.=4.0m/s, and a grain
size distribution as measured by H.Wilshire (personal communication,1985) in 9.3cm
auger samples taken near the San Joaquin fenceposts, are shown in figure 4.11, with
(solid) and without (dashed) incorporation of collection efliciency . The grain size
dependence of the magnitude and height of the maxima is well illustrated. The col-
. lection efficiency reduces dramatically the contribution from the finest grain size frac-
tion (D =.031mm) by approximately 50%, whereas it reduces the contribution from
the .63mm fraction by roughly 15%; larger fractions are essentially unaffected, in

accord with figure 4.10.

4.4 DISCUSSION

It is clear from the analysis of suspension profiles that the structure of the
observed erosion profiles, characterized by erosion maxima averaging .2-.3m above
the ground, must be dominated by the flux of kinetic energy due to saltating grains.
Again using the reported grain size distribution from the auger samples (detailed in
the figure 4.11 caption), the sum of the saltation-imposed fluxes of 1,2, and 4mm
grains is shown in figure 4.12 (curve A), together with a total flux profile obtained by

adding the total suspension profile.

Two difficulties are evident: (1) the calculated erosion maximum, at approxi-
mately .1m, is too low for most measured San Joaquin profiles (contrast figures 4.2
and 4.12, curve A); and (2) the profile above the maximum falls off too rapidly, and
shows a prominent local minimum not observed in the fencepost profiles. Both of
these objections may be resolved if the mean liftoff velocities during saltation were
underestimated in the original calculations. It is noted by H.Wilshire (personal com-
munication,1982) that the mean height of truncation of San Joaquin fenceposts
immediately downwind of paved roads is significantly higher (.43m; mean of 20 posts)
than on those immediately upwind of the same roads (-28m; mean of 29 posts). The
expression for the mean liftoff velocity used in our original calculations was based

upon wind tunnel experiments in which grain sizes were not greatly dispersed, and
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Figure 4.11. Calculated profiles of kinetic energy flux for suspended particles
(D <.6mm) during the San Joaquin dust storm, characterized by u.=4.0m/s, and
grain size distribution from 9.3cm auger sample: D =4.0,2.0,1.0,.50,.25,.125,.063,.031
mm composing .26,.28,.19,.12,.08,.05,.015 and .005 percent of the bed, respectively.
Curves labelled "SUM” represent the summation of the contributions from all grain
size classes in suspension. Dashed curves represent expected fluxes in the absence of
collection efficiency corrections; solid curves include collection efficiency.
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Figure 4.12. Calculated kinetic energy flux profiles for both saltating and suspended
particles, for wind velocities and grain size distributions described in figure 4.11. Sal-
tation fluxes are the sum of contributions from largest three fractions; suspension
from the five smaller fractions. Curve A: mean saltation liftoff velocities as
prescribed in Anderson and Hallet(1986). Note the marked local minimum in the
kinetic energy flux above the maximum imposed by saltation. Curves B and C: mean
saltation liftoff velocities enhanced two-fold (B) and four-fold (C). Note saltation
peaks higher off the ground and the local prominent minimum evident in case A is re-
duced. In case B the height of the maximum kinetic energy flux and the shape of the
profile both compare well with measured fencepost erosion profiles (see figure 4.2).
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the entire bed was mobile. For this condition, Anderson and Hallet (1986) have
shown numerically that the mean particle ejection velocity must be on the order of
1/4 of the mean impact velocity. If the mean impact is more elastic -- as we might
expect from small grains bouncing off very large grains, off relatively well indurated
deflationary surfaces, and (in the extreme) off pavement -- the mean liftoff velocity
may be enhanced as much as about four-fold. Essentially, this would alter the
effective restitution coeflicient for grain-bed collisions. Figure 4.12 also shows total
kinetic energy flux profiles resulting from incorporation of this effect, with mean

liftoff velocities enhanced two- and four-fold.

We advocate the two-fold case as the most realistic for areas upwind of paved
surfaces, and the four-fold case for downwind areas. The erosion maxima now
correspond better with the observed values, and the shapes now display no prom-
inent mimimum within the 2m profile cut into the fenceposts. The calculated pat-
tern of instantaneous kinetic energy flux now matches remarkably well the pattern of
erosion observed in the San Joaquin fence posts [compare figure 4.12 (curves B and
C) with figure 4.2].

Suzuki and Takahashi (1981) have also obtained what appear to be reasonable
fits to Sharp’s lucite rod erosion profiles. Their assumption that all grains travel at
approximately the local wind velocity is, however, inappropriate for saltating grains,
whose velocity continues to increase throughout the trajectory, and typically obtains
only 50-70% of the wind velocity at the top of the hop (Anderson and Hallet,1986).
When combined with an assumed exponentially decaying concentration profile, this
necessaily gives rise to a'maximum of erosion at some height above the bed, as in the
suspension analysis presented here. It also requires that the erosion vanish at the
bed, where the wind velocity and hence the particle velocity vanish. That saltation
plays an important role in cutting at least the lower portion of the erosion profile is
evident in that significant erosion occurs very near the bed. This derives ultimately
from the large kinetic energy retained by a saltating particle in the last portion of its
descent. The present model of erosion due to saltating grains tracks the kinetic
energy of the particle through its trajectory, weighs this by the time the particle
spends in each height increment of its trajectory to derive the pattern of kinetic

energy flux due to that particular trajectory, and then sums over a realistic
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distribution of initial trajectory conditions to arrive at an instantaneous profile of

kinetic energy flux.

The final erosion profile will reflect the integral over the entire wind record of
the kinetic energy flux, but the peak winds will tend to dominate in setting the ero-
sion maximum. The lowering of an obstacle surface, L, expected in a time interval
T, will be

T_ S T
L = [Ldt = =-fgq, (t)dt (4.20)
0 Pt

If the probability density of shear velocities during this interval is represented as

p (u.), this may be rewritten as
S o0
L = ';‘-quke (th )p (‘u:)dua (4.21)
0

where S, is the susceptibility of the obstacle to abrasion, in mass removed per unit
kinetic energy supplied, p, is the density of the target material, and g, (ue) is the
total kinetic energy flux expected from both saltating and suspended grains (with col-
lection efficiency included) for a given grain size distribution and shear velocity. For
the case in which the excess shear stress, S, is far greater than unity, but 4$ is far
less than unity (conditions typical of high winds), the reference concentrations scale
roughly with the boundary shear stress, or as u,?2 (see eqn.12), and we may therefore
expect the contribution to the kinetic energy flux due to suspension to scale as u,®
(see eqn.7). In addition, a series of numerical saltation calculations in which only the
shear velocity was allowed to vary indicates the saltation contribution to the kinetic
energy flux probably also scales roughly as u.5. This implies that erosion profiles will
reflect very strongly the instantaneous rate of abrasion occurring during the max-
imum winds. A wind of one third of the peak shear velocity would have to be main-
tained for more than 200 times that of the peak wind to produce equivalent erosion.
The influence of the peak winds will also vary with height, as the low wind velocities
fail to mobilize much material well off the bed. The portion of the abrasion profile
above the maximum should therefore fall off relatively smoothly, dominated by the
profile cut during the peak winds, whereas that below the maximum will be more

strongly influenced by the longer duration and more frequent wind speeds.
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4.5 CONCLUSIONS

This analysis of eolian erosion has provided an exacting test of the eolian sedi-
ment transport model, and it provides insights into the evolution of ventifact shapes.
The saltation model required a more or less ad hoc modification of mean liftoff veloci-
ties to accomodate the relatively elastic nature of the bed surface, pointing again to
the need to address the grain-bed interaction explicitly (Anderson and Hallet,1986;
Ungar and Haff,in press). The sensitivity of the suspension results to the chosen
form of the reference level concentrations and to the value of « is high, though it is
encouraging that previous mbdelling (Anderson and Hallet,1986) gives reasonable

relative fluxes of suspended and saltating grains even in these extreme conditions.

As noted by Greeley and Iversen (1985,p.126), "the relative importance of sal-
tating sand versus suspended dust, as agents of erosion, is contentious.” The present
analysis yields a quantitative assessment of the relative importance of saltation and
suspension in performing erosion as a function of wind velocity, height above the bed,

grain size distribution of available impactors, and obstacle size.

Although the present analysis has been restricted to instantaneous erosion
profiles produced in two-dimensional objects, it also provides a firm basis for making
several general statements concerning ventifact formation and morphology. That
erosion rates due to both saltation and suspension increase dramatically with wind
speed suggests that the net erosion pattern will closely reflect the pattern of instan-
taneous kinetic energy flux imposed by the highest winds. This reduces greatly the
time-dependent nature of the erosion problem, and explains why ventifacted surfaces
in any particular locality are so well aligned (e.g. Sharp,1949; Hunter,1979; Lancas-
ter,1984).

Delivery of kinetic energy to small stones (<.1-.2m) is due primarily to saltating
grains that travel paths essentially unaflected by the presence of the obstacle. In
addition, the upper portions of saltation trajectories, representing the greatest flux of
kinetic energy (see fig.4a), are well aligned with the direction of the mean wind,

independent of the three-dimensional nature of trajectories (Anderson and Haff, in
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prep.). The instantaneous rate of erosion of an upwind surface element on a small
stone will therefore depend only upon its height above the bed, and the angle « it
makes with the mean wind at that height. As the number of impacts per unit area
on an upwind surface scales as sin (o), and the mass removed per impact scales as
(Vsina)? (eqn.1, with n=2,V, =0), surfaces normal to the wind will erode much more
quickly than oblique surfaces. In the absence of significant spatial variations in sus-
ceptibility, S,, initial surface irregularities should be highly unstable, and the upwind
surface of the stone should evolve into a facet normal to the strongest winds. The
general upwind dip of this facet, and the common existence of a »ground sill”
representing reduced erosion near the bed (Sharp,1964, 1980), in turn reflect the

expected decrease in kinetic energy flux in close proximity to the bed.

Erosion of stones or outcrops protruding well above the ground will be increas-
ingly influenced by kinetic energy flux due to suspended grains. Therefore, in addi-
tion to imposing a pattern of erosion through the sin (a) dependence of mass removal,
the three-dimensional obstacle geometry affects particle paths and hence impact
points. On large stones, the corners separating eroding and non-eroding surfaces will
be preferentially attacked by deflected particles. Grooves and flutes (Sharp,1949;
Whitney and Dietrich,1973; Whitney,1978,1979; McCauley and others,1979; Lancas-
ter,1984; Greeley and Iversen,1985) occur predominantly around the upwind edges of
large obstacles (see figure 4.1), and often occur in divergent sets displaying symmetry
about the direction of the peak winds. These reflect the enhanced numbers of
impacts of particles small enough to be significantly deflected by the air flow around
the obstacle, and to be spun in local vortices. A stability analysis of local surface
erosion to small initial irregularities, in combination with numerical modelling of
specific test cases, promises to better our understanding of ventifact formation and

morphology.
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A THEORETICAL MODEL FOR EOLIAN IMPACT RIPPLES

Eolian ripples form some of the most regular and esthetically pleasing patterns
in nature, and figure importantly in the interpretation of eolian sandstones (e.g.
Hunter, 1977; Koceruk, 1981). Despite their ubiquity in present-day deserts and coa-
stal regions, as well as in the geological record, no general theory exists for the com-
plex interactions of wind and sand responsible for the formation of this smallest class

of eolian bedforms.

The study of eolian ripples has been largely guided by Bagnold’s seminal work
of the 1930's (Bagnold, 1941), wherein he stressed the causal connection between rip-
ple spacing and a ”characteristic path length” in saltation. This conrection was sup-
ported by several subsequent studies (Ellwood and others, 1975; Wilson, 1972). How-
ever, it has been challenged, most notably by Sharp (1963), and Warren (1983)
emphasized that considerable evidence negates Bagnold’s concept of ripple formation.
Nonetheless, no general and analytically rigorous model has appeared to aid in assess-
ing the relative importance of the various processes that contribute to the
phenomenon. Recent theoretical and experimental work on eolian saltation (Rumple,
1985; Mitha and others, 1985; Anderson and Hallet, 1986; Ungar and Haff, 1986) pro-
vides the foundation for such a framework. When combined with recent formalism
developed for analyzing the stability of Auvial granular beds (e.g., Kennedy, 1964;
Smith, 1970; Smith and McLean, 1977; Engelund and Fredsoe, 1982; Richards, 1984;
McLean and Smith, 1986), a simplified model of the saltation process, which includes
the essense of the grain-bed interaction, yields a reasonable picture of the initial for-
mation of eolian ripples. Following a brief review of the ripple literature, we present
first a qualitative description of the eolian saltation process, emphasizing recent
experimental work on grain-bed impacts that motivates clarifying definitions of suc-
cessive saltation, reptation, and creep. The resulting picture of the grain-bed system
is then simplified by making several important assumptions, in order to make the
stability analysis tractable. After presentation of the results, implications of these

assumptions are briefly discussed, and directions for further research are suggested.
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5.1 LITERATURE REVIEW

Bagnold (1941) introduced the image of a rhythmic barrage of grains from one
ripple to another, creating alternating zones of high and low impact intensity and,
hence, of imposed motion of surface grains. He pointed to a close correspondence
between his calculated saltation path lengths and observed ripple wavelengths. This
correspondence, based upon very rough calculations of trajectories whose heights
were forced to match the height of the observed "kink” in the wind velocity profile,
has dominated the liferature for four decades. The coupling between saltation
impacts and surface grain motion, and the relative importance of these two particle

populations in ripple translation were discussed only qualitatively.

Wilson (1972), and Ellwood and others (1975) extended Bagnold’s model to treat
poorly sorted or bimodal sands. Using an experimentally determined "rebound proba-
bility matrix”, they proposed that the entire range of observed ripple wavelengths
corresponds to the range of mean hop lengths of one size fraction off another. Again,
no explicit model of saltation-imposed surface motion of grains was proposed. The

image of a rhythmic barrage of saltating grains was retained.

Sharp’s (1963) work stands alone in clear dissent. He argued that because rip-
ples begin as small amplitude, short wavelength forms, and grow to their ultimate
steady state dimensions, Bagnold’s concept is at least suspect. Sharp argued qualita-
tively, on geometrical grounds, that ripple wavelength should depend on ripple ampli-
tude and on the angle at which saltating grains approach the bed, both of which are
controlled by air velocity and particle size. 'Later experimental work of Seppala and
Linde (1978) empirically quantifies Sharp’s initial observations of the evolution of rip-

ple dimensions. -

Walker’s (1981) careful experiments, and his extensive review of the eolian rip-
ple literature pointed to serious difficulties in simply relating ripple wavelength to a
"characteristic path length”. A well-defined "kink” in the wind velocity profile dur-
ing saltation, upon which Bagnold based his trajectory calculations, was not

observed. A clear empirical relation was demonstrated between flow velocity at a
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given height above the bed, grain size, and ripple wavelength, height and index; how-
ever, in agreement with Sharp, Walker argued that no recourse need be made to

characteristic path lengths.

5.2 THE ROLE OF IMPACTS --
A CONCEPTUAL MODEL OF EOLIAN SALTATION

Stability analyses of perturbed subaqueous granular beds all begin by assuming
that the pattern of sediment flux is governed entirely by the pattern of fluid shear
stress imposed by the topography of the bed (e.g. Kennedy, 1964; Smith, 1970;
Engelund, 1970; Jain and Kennedy, 1974; Smith and McLean, 1977; Engelund and
Fredsoe, 1982; Richards, 1984). The view adopted here contrasts with these studies
of aqueous ripples, but conforms in general with that of previous eolian studies (Bag-
nold, 1941; Sharp, 1963): the motion of grains in eolian ripples is viewed as resulting
not directly from shear stress imposed by the air, but rather from the impacts of
long-trajectory saltating particles that are themselves accelerated by the wind. As
air is a low viscosity, low density fluid, its ability to lift grains off the bed is quite
poor. For the same reason it does little to reduce the velocities of high density grains
about to impact the bed. Although eolian saltation must be initiated by aero-
dynamic forces, it is the impacts of saltating grains that appear responsible for most
of the mass flux in steady state saltation (e.g. Rumple, 1985; Ungar and Haf, 1986).

5.2a IMPACT EXPERIMENTS

In order to quantify the eflect of a single impact, and to scale properly their
laboratory experiments on impact dynamics, Mitha and coworkers (1985) define an
"impact number”, N,,, to be the ratio of the kinetic energy of an impacting grain

with the energy necessary to raise a similar grain out of its pocket against the force
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of gravity. Extending their treatment to allow for differences in diameter between

the impacting and bed grain diameters, D;, , and D, respectively, the impact number

becomes
D; 3Va‘mz
= () 5.1

where V;, is the speed of the impacting grain. Note the extreme sensitivity of the
impact number to diameter of the bed particles. For typical sediment transport con-

ditions (u.=.5m/s, and D ==.25mm), impact velocities of typical trajectories are of

D
the order 1-5m/s (Anderson and Hallet, 1986), yielding, for B" =1, N,, =400-2000.

Clearly, even if only a small fraction of the impact energy is made available for ejec-
tion of other grains from the bed, such impacts are a major source of energy for

maintaining a large population of small trajectory grains.

Recent physical and numerical experiments help clarify the response of a granu-
lar bed to such pointwise inputs of energy. The only major set of measurements of
the dynamics of single grain impacts into a granular material composed of similar
grains is that produced by Haff and coworkers (Mitha and others, 1985), who used
4mm diameter spherical steel pellets in order to make the grain-bed interactions more
visible. Figure 5.1 represents a typical impact of a single pellet into a bed of similar
pellets, recorded with a double strobe system (from Mitha and others, 1985, figure 1).
A high energy impact characteristically gives rise to two distinct groups of trajec-
tories: (1) a single high-energy trajectory, usually the impacting grain itself, reflected
quasi-specularly off the bed, and (2) a set of O(1-10) low energy recoils with ejection
speeds an order of magnitude lower than the impacting grain. The high energy recoils
represent on average almost 60 percent of the impact energy (Mitha and others, 1985,
table 2). The average ejection angle for these high energy grains is significantly
greater than the impact angle, meaning that a relatively large fraction of the impact
velocity has been redirected upward by the bed collision. The low energy ejecta
emerge shortly after the impact from a region roughly 10 grain diameters across cen-
tered slightly ahead of the impact site. The average ejection angle for low energy
ejecta seems also to be significantly higher than the impact angle, and is typically

inclined "downwind”. A plot of the distribution of the ejection speeds for a specific
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Figure 5.1. High energy impact of a single 4mm diameter steel pellet into a bed of
identical pellets (after Mitha and others, 1986, figure 1). Impacting grain travelling
from right at 21 m/s, 17 degrees from horizontal is shown at successive instants with
high speed strobe. The high energy ejection, probably the same pellet, leaves to the
upper left. Nine low energy ejections are shown at successive instants by a lower
speed strobe. The edge of the .3m wide tray containing the pellets hides the actual
level of the bed (approximated by dashed line).
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set of impact conditions is shown in figure 5.2; the mean ejection speed is over an
order of magnitude smaller than the impact speed; hence even ten such ejections
represent only a few percent of the original kinetic energy. The remaining energy
must therefore induce local dilation and subsequent rearrangements of grains in the

bed, and must eventually be dissipated as frictional heat.

Mitha and others (1986, p.9) report no significant correlation between the mean
ejection speed and either the impact angle or the impact speed over the ranges of
angles (17-31 degrees) and speeds (20-25 m/s) measured in the steel pellet experi-
ments. Numerical simulation using the concurrent processor (Werner and Haff, 1985;
1986) sheds further light on the grain impact process. They show (Werner and Haff,
1985, tables 3,4) that the kinetic energy of the ejected low energy recoils increases
strongly with impact energy, and that the ejected kinetic energy increases monotoni-

cally with increasing angle of incidence.

5.2b MODEL OF EOLIAN SALTATION

The impact experiments described above, and earlier numerical'work on eolian
saltation (esp. Anderson and Hallet, 1986; Ungar and Haff, 1986), lead to the follow-
ing conceptual model of eolian saltation, an idealization of which forms the basis for
the ripple analysis to follow. Saltation transport is initiated by fluid lift and drag
forces, resulting in relatively short trajectories that impact the bed after having been
accelerated by the wind to several times their initial velocities. The kinetic energy of
each impact can be distributed among (1) rebound of the original grain from the bed,
or "successive saltation” [after the usage of Tsuchiya, 1972; Reizes, 1974; and Rum-
ple, 1985], (2) ejection of a number of other grains from the bed, which then comprise
the small trajectory, or "reptating” population [after Ungar and Haff, 1986; Mitha
and others, 1986}, and (3) dissipation by frictional rearrangement of bed grains, We
define the resultant of the many small displacements within the bed to be "creep”, a
term used very loosely in the past. For instance, Greeley and Iversen (1985, p.293)

define creep to be ” slow, forward motion of grains that are too large to be lifted by
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Figure 5.2. Distribution of low energy ejection speeds resulting from many identical
impacts, normalized with the impact speed, for 17 degree, 21m/s impacts of 4mm
steel pellets with a bed of similar pellets (after Mitha and others, 1986, table 2).
Note that the mean ejection speed is on the order of 3 percent of the impact speed.
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the wind, whose motion is produced by impact from saltating grains.” They do not
distinguish between those grains actually induced to hop (our reptation), and those

merely rearranged within the bed (our creep).

The result of any individual impact cannot be known exactly, owing to the local
microtopography and packing of the bed surface, meaning that the description of the
grain-bed interaction can be formulated only statistically. This is the essense of
Ungar and Hafi’s (1986) "splash function”, that returns the number of ejections and
the probability distribution of their ejection velocities for a given input distribution

of impact velocities.

Because the wind accelerates grains to several times their initial velocitiés, and
because higher energy impacting grains both retain a larger fraction of their energy
upon impact, and are more efficient at imparting energy to low energy ejecta, the ini-
tial, aerodynamically generated set of trajectories leads easily to a chain reaction.
Increasing numbers cf grains are mobilized in saltation with a broader distribution of
ejection velocities through time. The largest fraction of this saltating population will

be the low velocity or reptating grains.

The grain-bed-wind system reaches a steady state only when there is no longer
change in the number and velocity distribution of the ejected grains. It is presently
thought that this is made possible primarily by the reduction of near-bed wind velo-
cities due to the acceleration of saltating grains (negative feedback) [Ungar and Haff,
1986; Anderson, 1986b], reflecting the image of the self-regulatory nature of the salta-

tion process first envisioned by Owen (1964).

The following biological analogy is fruitful in that it provides an appropriate
terminology. First generation trajectories, which we here call repatation, can ori-
ginate by either aerodynamic or ballistic forces. Upon impact many of these first
generation trajectories "die”: due to the inelasticity of the bed, the relatively low
impact velocity, and/or to an unfavorable local microtopography of the bed; they
neither reproduce themselves, nor give ”birth” to other trajectories. Those few
grains that do rebound tend to have higher ejection velocities at each successive sal-
tation -- they "age”. After many generations, a stable population is achieved that

may best be characterized by the probability distribution of its hop lengths, hop
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heights, liftoff or impact velocities, analogous to the age distribution in a biological
population. Anderson and Hallet (1986) show that plausible probability distributions
of liftoff velocities are exponential, the lowest ejection velocities being the most prob-
able. Such a bottom-heavy distribution is comparable to the age structure in a bio-
logical population with high birth rate and low survival rate (e.g., Krebs, 1978). The
following generalizations appear justified: (1) high impact velocity trajectories have a
low but finite probability of death, and a high "fecundity” at each impact, whereas
low impact velocity trajectories have a high probability of death; and (2) low energy
grains that make several subsequent rebounds are necessary to replace the small frac-
tion of high velocity grains that do die in any generation, thereby maintaining a
stable probability distribution of trajectories. Ungar and Hafi’s splash function is
closely analogous to the transition matrix, or life tables used in the life sciences to
calculate the evolution of the age structure within a biological population (Keyfitz,
1970; Krebs, 1978, ch.4-5; Vandermeer, 1981, ch.2). To complete the analogy, the
momentum of the wind acts as the ”limiting resource” that ultimately controls the

size of the steady state saltating population.

In the eolian ripple analysis to follow, we idealize this broad steady-state saltat-
ing population as being comprised of its two end-members: the high energy successive
saltations, and the low energy reptations. In essense this assumes that the successive
saltation population has zero probability of death (it reproduces itself perfectly),
whereas the reptations have exactly unit probability of death upon impact. Note

that true creep is ignored in the present model.

Further assumptions may be made to simplify the analysis. Earlier modelling of
eolian saltation (Anderson and Hallet, 1986) has shown that the saltation impact
velocity at a constant wind speed rises monotonically with increasing ejection velo-
city, and that the impact angle of all but the shortest trajectories is essentially con-
stant. This implies that high impact velocity trajectories, comprising a relatively
small portion of the population, supply most of the energy available for ejecting sur-
face grains in a narrow angular band. A set of saltation trajectory calculations for a
single combination of shear velocity and grain size was performed to demonstrate
these relationships. The product of the impact kinetic energy with the probability

density of each trajectory is presented in figure 5.3. Ignoring any dependence of the
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number of ejections or of their velocities on the impact energy, this product reflects
the importance of each trajectory class in ejecting grains from the bed. There exists
a distinct maximum in this product, representing the trajectories most effective in
delivering energy to the bed, and hence in driving reptation. Figure 5.3 also demon-
strates that these high energy trajectories represent a broad distribution of hop
lengths, which tend to be consicierably longer (many decimeters) than the .05 m
Wavelengths characteristic of the existing ripple field. Moreover, the ‘associated range
of impact angles is very narrow. These considerations motivate the simplifying
assumptions that (1) all saltating grains descend at an identical angle, and that (2)
the spatial distribution of their impacts on a horizontal surface would be uniform. No

"rhythmic barrage” of saltating grains is inferred.

The low numbers of high energy grains, and the low probability that they are
incorporated into the ripple surface, allows us to ignore their direct contribution to
ripple transport. Rather, their role in ripple formation and translation is here ideal-
ized as merely an energy supply for initiating and maintaining reptation. Because the
angle of descent of these high-energy trajectories is so well collimated, the spatial
variations in energy available for initiating creep are imposed solely by the local sur-
face topography, the steeper the inclination toward the "beam” of impacting grains,

the greater the number of impacts per unit area of bed.

5.3 RIPPLE MODEL

We assume a two-dimensional flow of air over a granular bed. From continuity
of material in the bed, the relation between the change of height of bed elevation and
the divergence of sediment flux, otherwise called the ”erosion equation”, is

pp 9V,

8z _ 1,0Q |
ot

E— Py \E

+ (5.2)

where z is the local elevation of the bed, referenced to some arbitrary datum, z is
the horizontal coordinate parallel to the wind direction, Q is the local horizontal flux

of sediment per unit width of flow, p, is the bulk density of the sediment in the bed
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(for air, the air density is so small that p, ~pp (1-n), with p, the particle density, and
n the porosity of the bed, generally taken to be 0.35), and V, is the total volume of
sediment in transport per unit area of bed. In the following we will ignore time rate
of change in sediment transport conditions; neither net deposition nor net erosion of
the bed through time is permitted. The fastest rise in the bed elevation will be asso-
ciated with the greatest downwind decline in sediment flux; conversely, the greatest
rate of erosion will coincide with the greatest downwind rate of increase of sediment

flux.

We assume a translating sinusoidal perturbation on an otherwise flat granular
bed (see figure 5.4):

z =z, ¢ls-et) (5.3)

where z, is the initial amplitude of the bedform (half the height from the trough to -

the crest of the form). Taking the phase speed, ¢, to be complex, ¢ =c¢, +i¢;, yields
the following equation for the bed elevation, with the growth or decay in amplitude

now made explicit:
7 — zpckc‘tcik(:-c,t) (5.4)

Note that ¢, >0 now indicates forward translation of the bedform, while the ima-
ginary part of the phase speed determines the growth or decay of the amplitude:
¢; >0 implies growth; ¢; <O implies decay; only if ¢;=0 is the form unchanging
under translation. The results of the stability analysis will be in the form of expres-

sions for the rates of growth and translation speeds as functions of wavenumber.
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Figure 5.4. Schematic diag
tain. The angle a between the descending saltation "beam” and the horizontal is

taken positive. The angle # between the bed slope and the horizontal is positive on
the stoss sides of bed perturbations, and negative in the lee.

ram for the bed topography and impacting saltating cur-




142

5.4 IMPACT DRIVEN SEDIMENT TRANSPORT RELATION

In this section we seek an expression for the local mass transport of sediment
per unit width of flow, and its dependence on position on the waveform. As the sim-
plest possible case, each grain ejected from the bed is assumed to hop a length, a,
with unit probability. Assuming steady sediment transport conditions, the mass flux

per unit width across the plane perpendicular to the flow is then (see figure 5.5):
X
Q (z) = f my Ne:’ (2’ )dz + Q. (5'5)
-8

where m, is the particle mass, N,; is the number of particles ejected per unit area of
bed per unit time (the ”ejection rate”), evaluated at a specific position on the bed,
and @, is the saltation flux due to the long-trajectory grains, assumed independent
of position. The ejection rate is taken to be directly proportional to the impact rate
of high energy grains. In this simplest case, each impacting grain is assumed to pro-
duce n, low energy trajectories; implicitly, this assumes that the ejection efficiency of

an impact is independent of impact angle. We may then rewrite the flux relation as
2
Q(z)=mp"lme(x)dz+Q- (5.6)
3-8

where m, is the mass of an individual grain, and Nim is the local areal density of
impacts on the bed, or the "impact rate”. As stated previously, the impact rate is a
function of position because the bedslope determines the effective cross section of the
descending particle "beam” that will be intercepted. Simple geometric considerations

lead to the relation
———]cosf (5.7)

where @ is the angle the bed makes with the horizontal (defined such that 6>0 where
the bed dips upwind) and a is the incident angle of the impacting grains (defined
such that a>0 when the descent is inclined downwind, in the +x direction) [see
figure 5.4], and (N;,), is the impact rate on a flat (6=0) surface. For small bed

slopes, cosf~1, and we may write
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x'-a x'

Figure 5.5. Two-dimensional schematic diagram of reptation fux. High energy saltat-
ing grains are not shown, but give rise to these low energy ejections, here assumed to
follow identical reptation trajectories. Horizontal flux across a plane perpendicular to
the wind direction is seen to be dependent upon the ejection rate per unit area of
bed, and the hop length, a. In this simple case, no contribution to the flux occurs
from portions of the bed beyond a distance s upwind of the plane perpendicular to
the flow at z' . The reptation length in turn reflects the ejection speed and the wind
velocity profile.
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Nin(2) = (Nim )o [1+cot 2] (5.8)

The expression in brackets is identical to Bagnold’s (1941, p.147-148) ”surface com-
ponent of impact intensity”. Equations 5.7 and 5.8 are plotted in figure 5.6 for a
typical wind ripple geometry, and for different impact angles. As expected, the
impact intensity peaks where the perturbed bed slopes most steeply upwind. For the
lower impact angles illustrated, the impact rate vanishes over a significant portion of
the lee slope, representing Sharp’s (1963) notion of total "shadowing” of the bed.
Combining this relation for the impact rate with the previous expression for mass
flux allows the sediment flux relation to be written as the sum of a spatially varying
quantity, and two mean rates, one associated with reptation, the other with salta-
tion:

2

Q) =m;nu(Niw)ocota [ S2dz + myny(Nim)oa + Q, (5.9)

3-8

Performing the integration, approximating the resulting difference [z (z) ~ z(z-a )] as
a Taylor series, and dropping all terms second order in ¢ and higher, we may write

for our final expression for the mass flux
Q(z)=Q, + Ginm cota[a-ai(;x;al] (5.10) ,

where

Q = Qs + gim @
and

Gim = m1p 1 y(Nim ),

is the "mass ejection rate” from a flat bed. @, is the total mass flux expected over a
flat bed, whereas the integral term in equation 5.9 represents the spatially varying
flux involved in transport of ripples. In accord with our simplification of the coupling
between saltation and reptation, i.e. that all the saltating grains effectively reproduce
themselves by quasi-specular reflection off the bed, and that all reptations land with
insufficient energy either to rebound or to eject other grains, an expression similar to

that for the flat bed reptation flux, (=g;, a ), may be developed for the saltation flux:
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Figure 5.6. Impact intensity, normalized with the impact intensity over a flat bed,
shown as a function of position on a typical eolian ripple of 5mm amplitude, .15m
wavelength. Cases for four impact angles, a, (labelled) are shown.




146

Ql =m, n, (Mm )o a—c- (511)

where n,=1 represents the perfect self-replication of the successive saltation popula-

tion, and " is the mean saltation trajectory length.

5.5 DISPERSION RELATION FOR THE CONSTANT a CASE

Given the physical assumptions and their mathematical expressions above, we
now seek expressions for the growth rate and the translation speeds of bed perturba-
tions of various wavelengths. These arise straight-forwardly from inserting the
expressions for sediment flux (5.10) and bed elevation (5.3) into the sediment con-

tinuity equation (5.2). The complex phase speed, ¢, becomes:
¢ =fBka [i ezp(~ika) (5.12)

Qim cot o

where 8 = has the dimensions of a velocity. The real and imaginary parts

]
of the phase speed, corresponding to the translation speed (or "celerity”), and the

amplification rate, respectively, are

¢, = B ka ain(ka) (5.13a)

¢; = Bka cos(ka) (5.13b)

These are plotted in nondimensional form in figures 5.7a and 5.7b, as dashed and
solid lines, respectively. Two scales are shown to illustrate both the details of the
first (longest wavelength) maximum, and the apparent harmonic behavior at higher
frequencies. A maximum in the growth rate corresponds to the combination of rip-
ple wavelength, \ (=2x/k), and hop length, a, that produces, simultaneously, the
strongest decline of mass flux over the crest of the ripple, and the strongest increase
in mass flux over the trough. The wavelength associated with the first peak in the
growth rate, at ka=.9, corresponds to ripples approximately 7 creep lengths long.
However, faster growing forms can be found associated with every successive ka mul-
tiple of 2. These correspond to bedforms growing in response to hops that originated
on the stoss sides of bedforms one, two and more wavelengths upwind (see figure

5.8). This unrealistic, pathological behavior arises from the strict assumption that all
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Figure 5.7. (a) Normalized growth rate (solid line) and translation speed (dashed line)
for the constant reptation length case, plotted against the product of the wave
number k =2x/)\ with the reptation length, a. The peak in growth rate -- the fastest
growing wave -- at ka =.9 corresponds to wavelengths approximately 7 times greater
than the reptation length.

(b) Same as (a) except for expanded ka scale, showing many faster growing high fre-
quency harmonics. See text for explanation.
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Figure 5.8. Schematic diagram illustrating the origin of the higher frequency peaks in
the growth rate arising from the constant reptation length analysis.
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hops are identical in length. Any breadth in the distribution of a, which arises from
the stochastic nature of the grain-bed impact process, or from small alteraﬁions of
saltation trajectories due to turbulent fluctuations of the wind (e.g. Nalpanis, 1986;
Anderson, 1986c) is expected to damp out the growth of such fortuitous harmonics

by landing with essentially equal probability on the lee and stoss slopes.

Ripple translation velocities predicted from the constant hop analysis show a
monotonic, almost linear increase with increase in wavenumber throughout the region
of the first maximum (see figure 7a). The shorter forms travel faster than the longer
forms. Negative ripple velocities shown in figure 5.7b represent upwind translating
forms. These correspond to undulations for which the maximum rate of increase of
mass flux occurs on the upwind slope of the form, allowing this portion of the form
to increase in height while the lee side of the form deflates. Such behavior has not

been reported in natural eolian systems.

5.6 THE EFFECTS OF A DISTRIBUTION IN REPTATION LENGTH

In order to assess the effects of a realistic distribution in the trajectory lengths
resulting from grain impacts, the foregoing analysis is extended to include a probabil-
ity density of hop lengths, p (a )da. We see that the first case then corresponds to a
delta function for this probability density, or p(a )da = &(a~a)da, where 6 is the
kronecker delta, and @ refers hereafter to the mean hop length. The simple picture
illustrated in figure 5.5 breaks down, as trajectories originating at all positions
upwind that cross the plane of concern must be counted in the local rate of sediment
flux. The flux at a position z therefore becomes a convolution of the slope evaluated
a distance ¢ upwind, with the fractional number of hops of that length, expressed as

a p(a)da:
Q)=+ o pa)in (5.14)

An analysis parallel to that presented above then yields for the phase speed
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¢ =1iBk [a p(a)e™da =ifk aplay (5.15)
0

where the overbar denotes the Fourier transform of the expression.

Two cases were addressed, corresponding to exponential and gamma function

probability densities, both of which may be expressed as

p(a) = Aa® ezp(-da) a >0 (5.16)

p(a)=0 a<0

with b,d real, >0. The most probable hops correspond to @ ==b /d, and the mean is
@=(b+1)/d. Setting b = 0 results in an exponential distribution, while 5 =1 yields
a gamma function with a broadly peaked maximum in the probability density. Per-
forming the Fourier transform (Kaplan, 1981, p.222), the phase speed becomes

. (6 +1) 1
¢ =ik 5T ¢ +1 w1y (5.17)

The real and imaginary components of the phase speed become, for the exponential
distribution (5 =0):
12
S k) (5.18a)
B (1+(k7)Y)? :
& _ ka(1-k@)?

B (1+(ka)?? (5.18b)

and for the gamma distribution (b =1):

‘ SUaa-Luap) 100
g = = .19a
B 3, 2, (3, 1, 32

(l-z(‘a P) + (Tha - (ke )

c‘ k«?(l—%(k?)”) (5.19b)
BT 3, _2f 8. 1.,.aZ% ‘
| (-3 P + (Fha - glka »®)

The results are plotted in figures 5.9a and 5.9b.

The most striking alteration of the pattern of ripple growth resulting from the

introduction of a probability distribution of ejection velocities is the disappearance of
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Figure 5.9. (a) Normalized growth rate (solid lines) and translation speed (dashed
lines) for exponential distribution of reptation lengths (case II), and gamma distribu-
tion of reptation lengths (case III), shown together with the results from the constant
reptation length analysis (case I).

(b) Same as (a) except for expanded k7 scale. Case I is not shown. In contrast with
the patterns in figure 5.7b, there exists a single peak in the growth rate and transia-
tion speed, corresponding roughly to the first maximum in the constant reptation

length analysis,
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the high-frequency fast-growing harmonics. There exists a single fastest-growing
wavenumber corresponding to wavelengths on the order of 15 and 12 times the mean
reptation length, for the exponential and gamma distributions, respectively. The
translation speeds of the fastest growing waves are reduced from those predicted
using the identical reptation-length model, and in both cases all growing waves travel

downwind.

5.7 DISCUSSION

The only previous attempt to incorporate impacts in an analysis of the stability
of eolian ripples (Walker,1981) neglected the finite hop lengths resulting from salta-
tion impacts. The short downwind lag between impact intensity and sediment flux
was therefore not incorporated, leading to the unsatisfying result (correspondiﬁg to

=0 in our constant-hop-length case) that all wavelengths grow (¢; >0), and that

none translates (¢, =0).

It remains to be shown that a fastest growing wavelength on the order of 12-15
reptation lengths is physically reasonable. Assuming that the saltation trajectories
most effective in driving reptation transportcorrespond to liftoff velocities of roughly
twice the shear velocity (see figure 5.3); that saltation impact velocities are roughly
3-4 times the liftoff velocities (Anderson and Hallet, 1986, figure 7); and that the
mean liftofl velocity for reptations is on the order of 3 percent of the saltation impact
velocity (see figure 5.2), the mean liftoff velocity for the repations ought to be a small
fraction of the shear velocity. Calculations of associated reptation hop lengths are on
the order of a large fraction of a centimeter. The corresponding initially fastest-
growing wavélengths of 5-10 centimeters are in rough accord with the wavelengths of
initial surface undulations measured in wind tunnel experiments (Seppala and Linde,
1981), and in field experiments (Sharp, 1963). We conclude by reiterating the
assumptions made in the present analysis, and by discussing the implied restrictions
on the generality of the model.

(1) The granular bed is composed of identical grains. As most eolian sands are well
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sorted, this should not impose undue constraint on the applicability of the model.
Truly bimodal sands, however, would require a more complete analysis of the diver-
gent rates of transport of the various grain sizes. ”Grain jams” of larger particles
near the crests of ripples may be expected; not only does the efficiency of impacts of
the finer, successively saltating grain population d.rop as the cube of the bed particle
diameter, but the effective size of the pocket from which the bed particle must exit
increases with the size of the neighboring grains, giving rise to the D~ dependence of
the impact number in equation 5.1.

(2) There is no spread in the impact angle of high-energy trajectories. Our calcula-
tions demonstrate that this angle should be quite constant; however, the angle varies
slightly with grain size, implying that in natural eolian systems the assumption will
break down somewhat.

(3) The reptation transport is a function of the impact rate only. The probability dis-
tribution of the ejection velocities (which leads to a distribution in the creep lengths),
and the number of grains ejected per impact, n,, are both assumed to be independent
of the angle the impacting grain makes with the local surface [i.e. of the sum (a+0)].
This assumption is based upon results of Mitha and coworkers (1986), but the range
of impact angles they tested (17-34 degrees) was restricted by the experimental setup.
+ Numerical work of Werner and Haff (1985, table 4) indeed indicates a dependence of
the ratio of the mean ejection velocity to the impact velocity on impact angle,
though the difference is only approximately 10 percent between the 15 and 25 degree
cases run. Further experiments, both physical and numerical at the more important
low-incident angles are encouraged. It is anticipated that the character of the granu-
lar splash may become strongly dependent on incident angle at low angles. Such a
functional dependence would complicate the present analysis, but we suspect the
results will not be materially altered. We anticipate that there is a monotonic
decrease in both the number of ejections and in their mean velocities with decreasing
impact angle. This would merely serve to accentuate the pattern of ejection intensity
derived in the present analysis; superposed on the pattern imposed by impact inten-
sity, a systematic increase in ejection rate on stoss slopes, and decrease on lee slopes,
would arise, yielding an asymmetry to the essentially sinusoidal pattern derived in

the present analysis (See figure 5.6.).
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(4) Perhaps most importantly, the present analysis is strictly applicable to
infinitesmal perturbations of the bed, and to the initial growth rates and translation
speeds of incipient ripples. Once the amplitudes become large enough to introduce
other physical effects, 2 more complicated finite amplitude analysis may be required.
Coalescence of rippleforms due to the dispersion of ripple translation speeds should
be expected. All three analyses imply that the shortest wavelength forms should
travel faster than longer waveforms. This leads to a coalescence of ripples, as the
short forms cannot travel as fast in the low impact-intensity zones in the lee of the
larger forms, and should thus be captured by them (P.K.Haff, personal communica-
tion, 1985). The result should be the disappearance of the higher frequency forms
thfough times, as is indeed reported from both wind tunnel (Seppala and Linde,
1978) and natural experiments (Sharp, 1963).

Besides the "grain jams” resulting from a diversity of grain sizes in the bed, the
only other "finite amplitude effect” would be the increased aerodynamic shear over
ripple crests as they grow in amplitude, and the associated pattern in ejection of bed
grains due to aerodynamic lift and drag. The role of fluid shear stresses in ejecting
grains from the bed has been ignored entirely in the present analysis. First order
inviscid” solutions for flow over a sinusoidally perturbed bed display shear stress
maxima over the crests and minima over the troughs (e.g., Kennedy, 1964). A more
detailed fluid mechanical model of the Aow field over a perturbed subaqueous bed
(Smith, 1970) demonstrates that the shear stress maximum is shifted a small fraction
of a wavelength upstream of the topographic crest when "real fluid” effects such as
viscosity and inertia are introduced. Smith argues that only when the downstream
transport distance associated with saltation -- the "sediment inertia effect” -- is
sufficient to compensate for this upstream advance in the fluid stress maximum will a
stable ripple field exist. The stable wavelength is found to be approximately an order

of magnitude greater than the saltaticn hop length (Smith,1970).

The pattern of fluid shear stresses due to turbulent air flow over a low ampli-
tude, low slope sinusoidal bump in the bed might be expected to be similar to that in
water. Relevant detailed flow experiments in air are rare. The results of wind tunnel
experiments over a wooden sinusoidal bed (Motzfeld, 1937) display patterns very

similar to the inviscid solution, with a basal shear stress maximum very close to the
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crest of the form.

Further theoretical and experimental work of a detailed fluid mechanical nature
are suggested. The implication of available information, however, is that the pattern
of ejection rate due to ﬂuid.shear stresses should be roughly in phase with the topog-

raphy, and should increase in amplitude with the height of the bedform.

5.8 CONCLUSIONS

Stability analysis using a simplified model of eolian saltation that retains the
essense of the grain-bed impact process shows that a range of sizes of infinitesimal
initial bed undulations grows; the analysis also yields the wavenumber of the fastest-
growing form. The associated wavelength is indeed scaled by a grain transport dis-
tance, as initially proposed by Bagnold (1941). The relevant length is not, however,
the mean saltation distance (one interpretation of his ”characteristic path length”),
but is rather the mean reptation length. Nor is the relation a simple equivalence
between transport distance and ripple length. The relevant physics is not a rhythmic
barrage of trajectories; it is a pattern of divergence and convergence of mass flux
dominated by reptating grains with a probability distribution of hop lengths. The
pattern of ejection intensity for the reptating population is set by a pattern in
impact intensity that in turn reflects both the local bed slope, and the angle of
impact of the high energy saltations effectively driving the reptation. The resulting
fastest-growing ripple wavelength corresponds to 12-15 times the mean reptation dis-
tance, corresponding well with the observed 5-10 cm wavelengths of initial distur-

bances in laboratory and field settings.

Though the present analysis is restricted by several important assumptions, we
believe the essence of the initial ripple growth is captured. We close by suggesting
further theoretical, numerical, and physical experiments. The present analysis can be
extended by (1) incorporation of different grain sizes, which may require numerical,
rather than analytical treatment; (2) addressing the evolution of an initial spectrum

of bed disturbances, an analysis that would resemble that of Jain and Kennedy
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(1974) for aqueous systems; (3) further experimental and theoretical work on wind
velocity profiles over a rippled bed, in order to determine more precisely the pattern
of fluid shear stresses to be expected [an analysis complicated by the alteration of the
wind velocity field by the presence of saltating grains (see Chapter 3)]; (4) further
numerical and physical experiments of single impacts into granular beds, especially at
the low angles relevant to the saltation problem; and (5) field experiments using sim-
ple ripple measuring devices (Werner and others, 1985) to obtain detailed information
about the evolution of ripple spectra through time, the changes in single ripple
geometries through time (e.g. their asymmetry), and the importance of coalescence in

the growth of ultimate ripple forms.
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