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N. Mirzamostafa, L. J. Hagen,* L. R. Stone, and E. L. Skidmore

ABSTRACT
Many detrimental impacts are caused by the suspension-size

(<0.10-mm) dust (SSD) generated during wind erosion. Prediction
models of SSD are needed to assess SSD magnitudes and also aid in
design of controls. Current models tend to lump together all sources
of SSD from the soil surface, and their overall structure is best suited
for use on large, uniform source areas. We reviewed equations devel-
oped to simulate generation of SSD on a subfield scale from individual
structural components of the soil. These sources include direct emis-
sion of loose SSD, abrasion of SSD from surface clods by impacting
saltating aggregates, and breakdown of saltating soil aggregates to
SSD. The main objective of this study was to experimentally determine
the effects of aggregate structure and soil texture on the individual
SSD sources for a range of Kansas soils. Periodic sampling of 11 soils
showed that the fraction of loose SSD in the upper 20 mm available
for emission ranged from 0.7 to 80% of soil mass. However, variation
in the mean SSD fraction in these soils was directly related to soil
texture (r2 = 0.87). Content of SSD in the total mass abraded from
clods in a wind tunnel ranged from 14 to 27%. This range was relatively
narrow, but related to parent soil clay content (r2 = 0.69). Saltation-
size aggregates were about nine times more stable than target clods
of the same soils. However, the production of SSD based on breakage
coefficients of saltating aggregates was also related to clay content of
the parent soils (r2 = 0.96).

WIND EROSION is a significant problem on agricul-
tural lands throughout the USA as well as in many

parts of the world (Oldeman, 1991). Wind erosion is
particularly severe in arid and semiarid areas, which
constitute one-third of the world's total land area and
include about one-sixth of the world's population
(Dregne, 1976; Gore, 1979). In the USA, wind erosion
is the dominant problem on >28 million ha of land area.
In the Great Plains, where severe wind erosion occurs,
total land damaged annually ranges from 0.5 million to
6.0 million ha (U.S. Department of Agriculture, 1989).

Many detrimental impacts from wind erosion are
caused by the SSD generated during erosion events.
Adverse effects include depletion of soil fertility, visibil-
ity reduction leading to airport closures and road acci-
dents, contamination of food and drinking water, air
pollution, and economic losses (Clark et al, 1985; Hagen
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and Lyles, 1985; Lyles and Tatarko, 1986; Piper, 1989;
Pye, 1987; Zobeck and Fryrear, 1986). The finest portion
of SSD with an aerodynamic diameter of <10 u,m (PM10)
is regulated as a human health hazard in the USA. Initial
studies show wind erosion can generate significant
amounts of PM10 from Kansas soils (Hagen et al., 1996),
as well as from soils in other areas (Cahill et al., 1996).

To improve prediction of on-site and off-site erosion
impacts, the suspension component of wind erosion
needs to be quantified. Although many have studied
transport and deposition of fine particles (e.g., Pye,
1987), few have studied the specific sources and magni-
tude of the total SSD component created during wind
erosion.

Two main methods have been employed to estimate
dust generation by wind erosion. One is use of the
USDA Wind Erosion Equation (WEQ; Woodruff and
Siddoway, 1965) to estimate total soil loss and then
assign a fraction of that loss as dust generated by wind
erosion (California Air Resources Board, 1991). Cur-
rently, the WEQ is the most widely used method for
predicting average annual soil loss by wind from agricul-
tural fields and for designing control practices. The
WEQ is an empirical equation, however, so it is difficult
to extend its use beyond regions where is has been cali-
brated.

A second approach has been to use an equation of
the following general form:

[1]
where FD refers to a vertical dust flux (kg m~2 s"1),
which is generally some portion of the total suspended
dust component, such as PM10, or <0.02 mm (Gillette,
1977), or the portion <0.06 mm, which engages in long-
range transport (Marticorena et al., 1997).

The function f ( q ) represents a horizontal discharge
near the surface (kg m"1 s"1) and may include all of the
horizontal discharge (Gillette, 1977). However, most
recent models (Shao et al., 1996; Marticorena and Ber-
gametti, 1995) have restricted f ( q ) to only the saltation
discharge in recognition of the significance of particle
impacts in driving the dust generation process. The value
of f ( q ) may be raised to an empirical power,/?. Typically,
modelers have selected p equal to one, but based on a
suggestion of Owen, a value greater than one also has
been used (Gillette and Passi, 1988). The dimensional

Abbreviations: PMi0, dust with an aerodynamic diameter of <10 |xm;
SSD, suspension-size dust; WEPS, Wind Erosion Prediction System;
WEQ, Wind Erosion Equation.
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Fig. 1. Schematic of a control volume for the suspension component

of the WEPS EROSION submodel (Hagen, 1995).

generation function, f(A), has been used both as a con-
stant (Gillette and Passi, 1988) and as a variable depen-
dent on either aggregate-size distribution (Shao et al.,
1996) or clay content (Marticorena and Bergametti,
1995).

In general, Eq. [1] has been applied to large source
areas, with only minimal inputs of surface conditions
by users. Equation [1] could also be applied at the indi-
vidual field scale. But, because it treats the soil as a
lumped source of SSD, it has little potential to allow
updating surface conditions in response to wind erosion.
It also ignores the effect of nonerodible field boundaries
on SSD generation, which is probably significant on
small fields.

In order to improve understanding of SSD generation
at the individual field scale, this study on the suspension
flux from wind erosion was carried out as part of a
larger project that seeks to develop a new Wind Erosion
Prediction System (WEPS). The overall objective of the
project was to develop replacement technology for the
WEQ (Hagen, 1991a).

In the WEPS, a mass conservation equation is used
to calculate the suspension fraction of soil loss (Fig. 1).
The suspension sources contribute SSD to successive,
individual control volumes and are then advected down-
wind. In addition, the vertical suspension flux predicted
by various source terms changes with both surface con-
ditions and saltation discharge rates in successive down-
wind control volumes. Trapping of the suspension com-
ponent is assumed negligible, except over nonerodible
surfaces that may serve as sinks.

An examination of wind erosion processes led to the
hypothesis that SSD produced during wind erosion
comes from three possible sources (Fig. 2). The first
source is emission of small soil aggregates that are al-
ready in the SSD range, which move directly into sus-
pension. The second source is from the abrasion of sur-
face clods and crust by impacting saltating aggregates.
The third source is from breakdown of soil aggregates
as they move in saltation. Assessment of these individual
sources appears essential to improve estimates of the
contributions of various soils to SSD during wind ero-
sion events. We examined quasi-steady-state equations
designed to simulate SSD generated by individual soil
structural components on a subfield scale. The major

Fig. 2. Sources of suspension-size particles during wind erosion.

objective of this study was to experimentally determine
the effects of soil structure and texture on the individual
SSD sources in a range of Kansas soils. The results of
this study, combined with others, will be used in WEPS
to predict the suspension component of wind erosion.

THEORY
First, a qualitative overview of the soil structure representa-

tion used in WEPS is presented, and then equations to simulate
the suspension component that are compatible with that struc-
ture are discussed. Two basic structural states of bare field
soils are simulated in WEPS (Hagen, 1995). After tillage, a
typical surface may be composed of loose aggregates with
parameters such as aggregate-size distribution, density, and
dry stability simulated for the aggregates. After precipitation,
the soil may evolve to a crusted surface with loose, erodible
aggregates on the surface. The size distribution and total mass
of these aggregates are simulated. Measurement techniques
and field measurements for the latter have been reported
(Potter, 1990; Zobeck, 1989).

Crust properties such as thickness and dry stability are also
simulated. Strong crusts without loose material on top or an
upwind abrader source are considered stable. Various pro-
cesses, such as cultivation, may cause the soil surface to be
composed of fractional areas of the two basic states. Modeling
for WEPS of flat and standing cropland vegetation effects on
wind erosion has also been reported (Hagen, 1996).

In WEPS, the temporal soil structural state is supplied to
the erosion submodel by other submodels, while in most other
models it is supplied by the user. However, the challenge is
still to identify and quantify the total SSD. Loose suspension-
size particles are one source of SSD. The smallest of these
soil structural units, particles <0.01 mm in diameter, may
comprise 2 to 3% of soil mass, but are typically <1% (Hagen
et al., 1996) or may not be present as loose particles (Alfaro
et al., 1997). These particles are characterized by interparticle
cohesive forces that exceed the gravitational forces on the
particle. Nevertheless, these cohesive forces are relatively
weak and easily broken by saltation impacts to allow rapid
entrainment into the air stream as demonstrated by wind tun-
nel experiments on clay particles (Shao and Raupach, 1993;
Alfaro et al., 1997). Aggregates 0.01 to 0.10 mm in diameter
comprise the bulk of the loose suspension-size soil available
for the direct emission caused by saltation impacts, aided by
aerodynamic forces. While the upper size limit on the total
suspension component depends strictly on friction velocity
and particle terminal velocity, we selected 0.10 mm for nominal
use because in typical events these are only slightly effective
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as surface abraders and only a minor portion are trapped in
drifts at field boundaries (Chepil, 1957).

Potential additional sources of SSD include material from
breakdown of saltating aggregates and material from abrasion
of clods and crust. We made a distinction between these
sources because saltation-size, water-stable aggregates have
much higher dry stability than clods and crusts (Chepil, 1953).
In addition, clods and crusts may be absent or covered with
flat residues, while saltation-size particles are usually present
during wind erosion. The total suspension component from
wind erosion is modeled as the sum of the three sources:
emission of loose SSD, breakage from saltating aggregates,
and abrasion from clods and crust.

Suspension Flux from Emission of Loose Aggregates
In WEPS, the direct emission of SSD is calculated as a

fraction of the net emission of total loose aggregates plus
additional entrainment caused by mixing of the loose surface
aggregates:

GsSen = SFsSen Cen(^en ~~ ?) + Cmq [2]

where Gssen is the net vertical flux of suspension from emission
of loose soil (kg m 2 s '), SFssen is the soil fraction of suspen-
sion in emitted loose soil, Cen is the emission coefficient (m"1),
qm is the transport capacity for saltation (kg m l s ') calculated
using dynamic threshold friction velocity, q is the saltation
discharge (kg m ' s l ) , and Cm is a mixing entrainment coeffi-
cient (m"1). A typical value of the emission coefficient for a
bare, smooth, loose, and erodible soil is 0.06 m"1, and values
for other conditions have been reported (Hagen, 1995). The
transport capacity for saltation can be expressed as (Greeley
and Iversen, 1985)

qm =C,W(U.- U,t) [3]
where Cs is the saltation transport parameter (kg s2 m~4),
with a typical value of about 0.3, which increases for surfaces
armored with stones (Bagnold, 1943); U* is the friction velocity
(m s"1); and {/., is the dynamic threshold friction velocity (m
s"1), the threshold at which particle movement is sustained,
described as (Bagnold, 1943)

U,t = 0.8 f/,ts [4]
where f/.u is the static threshold friction velocity (m s"1), the
velocity at which numerous aggregates begin to move; for
nonvegetated soil, it is a function of aerodynamic roughness
and the soil areal fractions covered by both erodible soil and
immobile fractions such as clods and crusts or rocks (Hagen,
1995; Marticorena et al., 1997). For a highly erodible surface,
the threshold is =0.3 m s"1.

An assumption inherent in the first term on the right-hand
side of Eq. [2] is that the loose components of suspension and
saltation- and creep-size aggregates occur as a uniform mixture
in the field surface soil. As a consequence, we further assume
that during simple net emission of these particles, the suspen-
sion fraction (SFssen) remains the same as the suspension frac-
tion in the soil. Hence, the suspension fraction of soil in the
emitted loose soil can be estimated as (Hagen, 1995)

SFssen = SFss
SFer [5]

where SFssen is the soil fraction of suspension in emitted loose
soil, SFss is the suspension fraction of soil, and SFer is the
erodible fraction of soil.

When saltation- and creep-size aggregates are ejected by
saltation impacts at such low energy from the surface that

they do not become part of the general saltation discharge,
the term reptation has been applied to the movement of these
aggregates (Anderson et al., 1991). However, when suspen-
sion-size particles are ejected at low energy by similar impacts,
some of them probably move into suspension because trans-
port capacity for this component is generally not limiting. The
suspension rate of these aggregates is modeled in the second
term on the right-hand side of Eq. [2]. The result of the latter
process is to gradually deplete the loose suspension-size parti-
cles in the near-surface layer and leave coarser materials on
the surface. Because the remaining small aggregates have rela-
tively large surface area per unit mass, they tend to absorb
most of the energy from saltation impacts. Thus, the process
is rather self-limiting. Based on scaling considerations, an esti-
mate for Cm is

Cm = 0.0001 SFssen [6]
However, additional experimental research is needed to verify
this estimate.

Generally, the soil fraction with aggregates <0.84 mm in
diameter is considered the erodible fraction, and the fraction
<0.10 mm is considered the suspension fraction. Hence, to
estimate the erodible (SFer) and suspension (SFss) fractions
of a selected soil for a range of conditions, the aggregate-size
distribution of the soil should be determined. In this study, a
modified four-parameter (Irani and Callis, 1963; Wagner and
Ding, 1994) and a two-parameter (Hagen et al., 1987) lognor-
mal distribution were compared for estimating the suspension
fraction of soil samples. In a four-parameter, modified lognor-
mal distribution, the percentage of mass greater than a speci-
fied diameter, d, is given by

[7]

[8]d,-d
where d is the aggregate diameter (mm), dt is the geometric
mean diameter (mm), ds is the modified aggregate size (mm),
d0 is the minimum size of aggregates (mm), d^ is the maximum
size of aggregates (mm), and <rg is the geometric standard
deviation. Replacing dK with d in Eq. [7] results in the two-
parameter lognormal distribution, which provides the percent-
age of mass greater than d (Hagen et al., 1987).

Suspension Flux from Abrasion of Clods and Crust
A second source of SSD is from abrasion of surface clods

and crust by impacts of saltating aggregates that create and
eject a range of aggregate sizes. Laboratory studies show that
the total, vertical flux from abrasion of clods and crust can
be described as (Hagen, 1991b)

2

Gan = 2 (FiaiCsrndq [9]
i=l

where Gan is the vertical flux of aggregates abraded from clods
and crust (kg m~2 s"1), Fan, is the fraction of saltating aggregates
impacting the rth target, Can/ is the abrasion coefficient of the
(th target (clods or crust) (m^1), and q is the saltation discharge
(kgm 's '). The value of Can,is independent of both the wind
speed and magnitude of q (Hagen, 1991b). While the surface
may be composed of additional impact targets, such as vegeta-
tion or rock, the Can, for these is assumed negligible, so in
most cases only the exposed clods and crusts need to be consid-
ered. A practical method to obtain Can, from field soil samples
was reported in an earlier study (Hagen et al., 1992), which
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Table 1. Location, description, dispersed particle-size distribution, and organic matter content of 11 Kansas soils (Skidmore and Lay-
ton, 1992).

Location

Riley County
(Manhattan)

Geary County
(Topeka)

Riley County
(Manhattan)

Ellis County
(Hays)

Ellis County
(Hays)

Sherman County
(Goodland)

Geary County
(Topeka)

Ellis County
(Hays)

Riley County
(Manhattan)

Riley County
(Manhattan)

Riley County
(Manhattan)

Soil
mapping unit

Carr sandy loam

Eudora silt loam

Haynie silt loam

Harney silt loam

Inavale loamy sand

Keith silt loam

Kinin silty clay loam

New Cambria silty clay loam

Reading silt loam

Smolan silty clay loam

Wymore silty clay loam

Taxonomic
classification

Coarse-loamy, mixed (calcareous),
mesic Typic Udifluvent

Coarse-silt), mixed, smectitic
Fluventic Hapludoll

Coarse-silt), mixed (calcareous),
mesic Mollic Udifluvent

Fine, montmorillonitic, mesic Typic
Argiustoll

Sandy, mixed, mesic Typic
Ustiflnvent

Fine-silty, mixed, mesic Aridic
Argiustoll

Clayey over loamy, smectitic mesic
Fluvaquentic Hapludoll

Fine, montmorillonitic, mesic
Cumulic Haplustoll

Fine-silty, mixed, mesic Typic
Argiudoll

Fine, montmorillonitic, mesic
Pachic Argiustoll

Fine, montmorillonitic, mesic
Aquic Argiudoll

Particle-size distribution

Sand

588

291

337

98

815

196

200

143

64

67

78

Silt

————— %
355

545

584

611

126

583

440

466

701

601

638

Clay
,___,

55

164

87

293

59

221

360

391

236

329

284

Organic
matter

11

15

19

14

8

9

22

26

23

19

24

demonstrated that abrasion coefficients could be predicted as
a function of dry aggregate stability. Other work also showed
that the mean and variance of the dry stability can be predicted
from clay content (Skidmore and Layton, 1992). The value
of Fmi is predicted using surface cover and roughness. The
suspension flux from abrasion of clods and crust can be ex-
pressed as (Hagen, 1995)

Gssan = SFssanGan [10]
where Gssan is the suspension flux from abrasion of clods and
crust (kg m~2 s"1), and SFssan is the soil fraction of material
in suspension created during abrasion of clods and crust. In
this study, the effect of soil textural properties on SFssan of
some Kansas soils was investigated.

Suspension Flux from Breakdown
of Saltating Aggregates

A third source of suspension-size particles is from break-
down of saltating aggregates on impact at the soil surface
or by collisions with each other during erosion events. The
suspension flux from breakdown of saltating aggregates is
simulated as (Hagen, 1995)

Gssbk = -Cbk (q - [11]
where Gssbk is the suspension flux from breakdown of saltating
aggregates (kg m"2 s"1), Cbk is a breakage coefficient (m"1),
q is the saltation discharge (kg m~' s~')> and qs is the saltation
discharge in the form of primary sand particles. Solving Eq.
[11] for q and Cbk gives

= (Is + (<7o - <7s) exp(-Cbk X)

X ln[(q - qs)/(q0 - qj]

[12]

[13]

where qa is the initial saltation discharge (kg m"1 s"1) and X
is the cumulative distance traveled by saltating aggregates. In
this study, the effect of soil textural properties on Cbk was

investigated. Finally, the total suspension flux is equal to the
sum of the individual components:

Gss = Gssen + Gssan + Gss;'bk [14]

MATERIALS AND METHODS

Suspension Fraction Available for Emission
Eleven Kansas soils with a wide textural range were sam-

pled in the spring and fall of 1991 through 1994. The soil
samples were taken from a surface layer of 0 to 20 and 20 to 200
mm. The samples were a 10-kg composite from five locations in
each sample field. The descriptions and dispersed particle-
size distribution of soil samples (Table 1) were adapted from
Skidmore and Layton (1992). After air drying the soil samples,
the fine fraction (<0.42 mm) was separated using 302-mm-
diameter flat sieves. A sieve cover was used to ensure that
fine particles did not escape into the air. A soil subsample of
2.0 g was then sieved using micromesh sieves (ATM Corpora-
tion, Sonic Sifter Division, Milwaukee, WI) to determine the
fine end (<0.42 mm) of the aggregate-size distribution. The
remainder of the soil samples were then sieved using a rotary
sieve (Lyles et al, 1970) to determine the coarse end (>0.42
mm) of the aggregate-size distribution. The sieve cut fractions
of both rotary and micromesh sieves were 0.010, 0.020, 0.030,
0.053,0.075,0.106, 0.150,0.250, 0.420,0.840,2.0,6.4,19.0,45.0,
and 76.0 mm.

The sieving procedure was designed to overcome the weak
interaggregate forces, but not the intraaggregate forces. In
general, the large aggregates are the weakest and also sub-
jected to the largest impact forces in the sieves. Hence, most
breakage during the relatively short sieving times occurs in
aggregates generally above the saltation size. While sieving is
not perfect, it is a standard method used to successfully size
aggregates down to =0.01 mm (Syvitski, 1991). For every soil
sample, the four parameters, d0, d, dv and crg were estimated
by curve fitting Eq. [7] and [8] to the measured aggregate-size
distribution. The four parameters then were used to predict the
SFss (<0.10 mm) of soil samples. A two-parameter lognormal
distribution was also used to predict SFss (<0.10 mm) of soil
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Fig. 3. Diagram of wind tunnel and sampling equipment used for clod abrasion tests.

samples. The soil fraction of suspension in emitted loose soil
(SFssen) was calculated by using the ratio of SFss to SFer. The
relationship between dispersed particle-size distribution and
loose suspension fraction of soil samples also was investigated.

Suspension Flux from Abrasion of Clods
This experiment was conducted using a nonrecirculating

push-type wind tunnel equipped with paniculate sampling
equipment as denoted by item numbers and illustrated in Fig.
3. The wind tunnel was powered by a gasoline engine driving a
constant-pitch fan (Fig. 3, no. 1). A short convergence section,
screens, and a honeycomb after the fan were connected to
a working section 12.2 m in length and 0.92 by 0.92 m in
cross section.

Soil samples from the Ap horizon of Carr sandy loam,
Haynie silt loam, Keith silt loam, and Wymore silty clay loam
were collected from tilled fields in spring 1994. The descrip-
tions of soil samples are given in Table 1. The soil samples
were air dried, then their large aggregates (15-25 mm) were
separated by rotary sieving (Lyles et al., 1970) and used as
target aggregates. A 40 to 50% cover of soil aggregates (Fig.
3, no. 5) was placed on a 0.3 by 2.0 m wire mesh located 10.7 m
downwind from the abrader inlets and in the front of the
vertical particle sampler (Fig. 3, no. 7) in the wind tunnel.
Nonabradable aggregates (lava rocks) were placed around the
target aggregates (Fig. 3, no. 6).

Next, saltation-size sands, 0.29 to 0.42 mm in diameter, were
washed, dried, and then placed in the hopper (Fig. 3, no. 2)
located on top of the wind tunnel. After the fan in the wind
tunnel was turned on, saltation-size sands were released down
through the feeding tubes (Fig. 3, no. 3), which were extended
from the hopper to 0.04 m above the tunnel floor. The feed
rate of saltation-size sands was regulated by varying the size
of adjustable openings (Fig. 3, no. 4) at the bottom of the
hopper. Saltating sands were blown across the target aggre-
gates at a free stream air velocity of 15 m s"1.

A subsample of all soil moving down the tunnel was col-
lected by a 3.8-mm-wide and 900-mm-tall vertical particle sam-
pler (Fig. 3, no. 7) mounted at the tunnel outlet. Tests of the
vertical particle sampler showed that the flow in the sampler
was nearly isokinetic and the sampler was collecting suspended
particles with >98% efficiency (Mirzamostafa, 1996). Where
necessary, the data were corrected for sampler efficiency. A

variable-speed blower (Fig. 3, no. 12) was adjusted to obtain
isokinetic flow at the vertical particle sampler inlet (Fig. 3,
no. 8) as indicated by four paired, interior and exterior, static
pressure ports (Fig. 3, no. 10). Coarse particles were collected
in the sampler pan (Fig. 3, no. 9), whereas fine particles moved
upward through the sampler outlet (Fig. 3, no. 11). An isoki-
netic subsample ranging from 30 to 35% from outlet flow of
the vertical particle sampler (Fig. 3, no. 11) was drawn into a
high-volume PMi0 sampler1 (Fig. 3, no. 13; Andersen-Graseby
Model 1200, Graseby Andersen, Atlanta, GA) fitted with a
cone-shaped inlet (Fig. 3, no. 14). Particles larger than PM10
were collected on a lubricated collection shim (Fig. 3, no. 15),
and PMio particles were collected on a filter (Whatman quartz
microfiber filter, Fig. 3, no. 16). Filters were dried and weighed
before and after collection runs of 10 to 20 min. A flow control-
ler (Fig. 3, no. 17) and an attached blower (Fig. 3, no. 18)
ensured a constant flow to the sampler.

After each run, the target aggregates on the wire mesh were
reweighed, and the abraded loss per unit of tunnel floor area
was calculated. There were two replications for every soil
sample. The results were used to investigate the effect of soil
textural properties on the abrasion coefficient (Can) and soil
fraction of suspension created during abrasion of clods
(SFssan), which were calculated as follows

[15]

m = Magi - Ma

SFsSan =
s( " target/ "sampler)

Man

[16]

[17]

where Lan is the length along the wind direction of the target
area with 40 to 50% aggregate cover (m), Magf is the final
mass of target aggregates (g), Magi is the initial mass of target
aggregates (g), Man is the abrasion mass from target aggregates
(g), Msf is the mass of saltating sands fed into the wind tunnel
(g), Ms, is the mass of saltating sands passing the target aggre-
gates (g), MjUS is the mass of SSD abraded from target and
caught by the vertical particle sampler, Wsampler is the width of

1 Mention of product names is for information purposes and does
not imply endorsement by the authors.



1356 SOIL SCI. SOC. AM. J., VOL. 62, SEPTEMBER-OCTOBER 1998

Four-parameter
log-normal
Y = -0.35 + 0.96X

Two-parameter
log-normal

-0.17+1.14X
r2 = 0.87

0 10 20 30 40 50 60 70 80 90 100

MEASURED SUSPENSION FRACTION
Fig. 4. A comparison of measured and predicted suspension fractions

(<0.106 mm) in 11 Kansas soils using four-parameter and two-
parameter lognormal distributions.

the vertical particle sampler (3.8 mm), and Wtarge, is the width
of the target aggregates (300 mm).

Suspension Flux from Breakdown
of Saltating Aggregates

In this experiment, four soil samples from the Ap horizon
of Carr sandy loam, Haynie silt loam, Keith silt loam, and
Wymore silty clay loam were collected from the surface of
tilled fields in spring 1994. The soil samples were air dried
and rotary sieved to prepare saltation-size aggregates with
sizes of 0.15 to 0.42 and 0.42 to 0.84 mm.

The wind tunnel setup (Fig. 3) in this experiment was similar
to that described above, except no target clods were used.
Each type of saltating aggregate was fed into the upwind
hopper tubes and exited near the bare plywood floor of the
wind tunnel. The saltating aggregates then moved along the
bare plywood floor and were collected on a tarp in the outlet
bin, weighed, and again recycled down the tunnel at a free
stream air velocity of 13 m s~l. This process was repeated
until the saltating aggregates had traveled about 300 m down
the tunnel. Fine particles created during breakdown of saltat-
ing aggregates in the wind tunnel were collected by the vertical
and PMIO sampler located at the end of the tunnel. Regression
on Eq. [12] was used to calculate the coefficient of breakage
(Cbk) of saltating aggregates in the wind tunnel. The effect of
soil textural properties on Cbk also was investigated.

RESULTS AND DISCUSSION
Suspension Fraction Available

for Direct Emission
The measured suspension fraction obtained by sieving

vs. the suspension fractions estimated by both lognormal
distributions are plotted in Fig. 4. The hypotheses that
the intercept equals zero for both regression equations
were not rejected at P < 0.05. The hypothesis that slope
equals one for the regression equation of four-parame-
ter lognormal distribution was not rejected at P < 0.05.
However, the hypothesis that slope equals one for the

- Prediction by four-parameter
log-normal distribution

- - Prediction by two-parameter"
log-normal distribution

AGGREGATE SIZE (mm)
Fig. 5. Measured and predicted aggregate-size distributions of Can-

sandy loam and Keith silt loam using two-parameter and four-
parameter lognormal distributions.

regression equation of two-parameter lognormal distri-
bution was rejected at P < 0.05. Additionally, the r2 for
the suspension fraction estimated by a modified, four-
parameter lognormal distribution (0.99) was higher than
the r2 for the two-parameter lognormal distribution
(0.87). Thus, the loose suspension fraction of a soil can
be estimated more accurately from the modified, four-
parameter lognormal distribution. This result occurs be-
cause soils with a significant sand content tend to deviate
from a true lognormal distribution, as illustrated by data
from the Carr and Keith soils in Fig. 5. Hence, when
evaluating soils to determine the available, loose sus-
pension component and other components, it is impor-
tant to sieve the entire size range and then select a
distribution capable of describing the size range when
reporting the data.

These results also agree with the earlier conclusion
by Wagner and Ding (1994) that aggregate-size distribu-
tion of a soil can be simulated by a modified, four-
parameter lognormal distribution. However, their find-
ing was based on evaluation of only one soil (Reading
silt loam).

The use of an aggregate-size distribution is necessary
to model a variable suspension fraction as a function of
wind friction velocity. To implement this procedure,
however, additional research is needed to accurately
simulate the four parameters of the distributions based
on intrinsic soil properties, soil management, and
weather.

A less stringent approach is to select a single size
cut for the available suspension component and then
develop predictions for it. The mean suspension frac-
tions (<0.1 mm) of 11 Kansas soils ranged from 0.05
(Kimo silty clay loam) to 0.64 (Carr sandy loam) in the
0- to 20-mm layer, and from 0.03 (Kimo silty clay loam)
to 0.51 (Carr sandy loam) in the 20- to 200-mm layer.
The mean suspension fractions in the 0- to 20-mm layer
was significantly higher than the mean suspension frac-
tion in the 20- to 200-mm layer at P < 0.05. The mean
suspension fraction of soil samples was observed to be
directly proportional to the ratio of (silt + sand [0.05-0.1
mm])/clay, with r2 = 0.87 for 0 to 20 mm and r2 = 0.84
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Depth = 0-20 mm
Y = - 0.65 + 4.45X
^=0.87

Depth = 20 - 200 mm
Y = - 2.0 + 3.36X

= 0.84

0 2 4 6 8 10 12 14 16
[%SILT + %SAND < (0.05 to 0.1 mm)] / %CLAY

Fig. 6. Relationship between suspension (<0.106 mm) and ratio of
(silt + sand <0.10 mm)/clay in 11 Kansas soils.

for the 20- to 200-mm soil layer at P < 0.05 (Fig. 6).
This result suggests that the dispersed particle-size dis-
tribution can be used to estimate a single-valued, loose,
suspension fraction of a soil.

However, the linear prediction equations in Fig. 6
represent only part of the range of soils and do not
account for deviations from the mean caused by freeze-
thaw and other effects. Thus, the predictions illustrated
in Fig. 6 should not be extrapolated beyond the range
of the data. Many additional soils are currently being
tested to extend the data range, which will probably
result in a nonlinear function. In WEPS, intrinsic soil
properties are used to establish a predicted mean and
variance of the dependent temporal soil variable for
each soil layer; then simulated management and weath-
ering processes are used to drive the dependent variable
within the predicted range.

The mean suspension fractions in the loose erodible

Measured Data ——Regression Eq. 19

0.1 0.5 0.60.2 0.3 0.4
SOIL FRACTION CLAY

Fig. 7. Fraction of suspension-size aggregates created during clod
abrasion of four Kansas soils.

fractions (SFssen) of four Kansas soils ranged from 0.19
(Keith silt loam) to 0.69 (Carr sandy loam) (Table 2).
The SFssen represents nearly the minimum ratio of sus-
pension discharge to downwind saltation discharge be-
cause other processes also contribute to the suspen-
sion component.

Suspension Flux from Abrasion of Clods
The abrasion coefficients (Can) for four Kansas soils

are shown in Table 2. The abrasion coefficients ranged
from 0.1064 m'1 (Carr sandy loam) to 0.0018 m'1 (Wy-
more silty clay loam). The abrasion coefficients of Carr
and Haynie soils exceeded those of Keith and Wymore
soils by 13 to 59 times.

The mean soil fractions of suspension created during
abrasion of clods (SFssan) for four Kansas soils are also
shown in Table 2. The range of the mean SFssan was
from 0.14 (Haynie silt loam) to 0.27 (Wymore silty clay
loam). Analysis of variance showed a statistically signifi-
cant difference (P < 0.001) in the mean values among
the soils. The data on the suspension fraction from clod
abrasion (Fig. 7) suggest that, as clay content increases
(Carr to Haynie), the suspension fraction of abrasion
decreases. However, with a further increase of clay con-
tent (Haynie to Wymore), the suspension fraction of
abrasion increases.

The range of Can measured on the four tested soils

Table 2. Measured values of emission, abrasion, and breakage coetticientst for four Kansas soils.

Soil
mapping unit

Carr sandy loam

Haynie silt loam

Keith silt loam

Wymore silty clay loam

Sfett

0.92
(0.06)t
0.72

(0.12)
0.45

(0.41)
0.44

(0.19)

Emission

SFss

0.64
(0.14)
0.47

(0.15)
0.09

(0.09)
0.11

(0.05)

Abrasion

SFsstn

0.69
(0.12)
0.66

(0.09)
0.19

(0.03)
0.24

(0.03)

c.

0.1064
(0.0237)
0.0508

(0.0029)
0.0038

(0.0001)
0.0018

(0.0002)

SFss.n

0.23
(0.01)
0.14

(0.01)
0.16

(0.00)
0.27

(0.07)

Breakage

cbkl

0.0139

0.0091

0.0029

0.0027

Cbt2
_,

-§

0.0088

0.0013

0.0014

t SFer, erodible fraction (<O.S4 mm); SFss, suspension fraction (<0.10 mm); SFss,.,,, suspension fraction in the loose erodible fraction; €„„, abrasion
coefficient; SFssm, suspension fraction created by clod abrasion; Cbkl, brakage coefficient for aggregate size of 0.15 to 0.42 mm; Cbk2, breakage coefficient
for aggregate size of 0.42 to 0.84 mm.

$ Means with standard deviation in parentheses.
§ Data are not available.
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was wide and covered the range typically observed in
soils (Hagen et al., 1992). In contrast, the measured
suspension fractions of abraded soil fell within a rela-
tively narrow range, but varied nonlinearly with clay
content. A regression equation with reasonable behav-
ior across a wider range, but fitted to these limited data
(r2 = 0.69), is
SFssan = 0.40 - 4.825SFcla + 27.185SFL

- 53.695SFL + 42.209SFjla - 10.7081$, [18]
where SFcla is soil fraction clay.

One possible explanation of the result may be that
coarse-textured soils such as Carr sandy loam, which
contain a large fraction of fine sands (47%), have the
most unstable aggregates, which are most susceptible
to abrasion. Thus, during abrasion of these soil aggre-
gates, a significant fraction of abraded materials would
be in the form of suspension-size fine sand particles. As
the soil texture becomes finer, like Haynie silt loam,
the aggregates become more stable. Thus, during abra-
sion of these soil aggregates, the abraded material would
be in larger fragments, so the suspension fraction of
abrasion (SFssan) will be smaller than that of the Carr
sandy loam soil. However, with a further increase in
clay content (Wymore silty clay loam), the total abrasion
from aggregates decreases, but the abraded material
tends to be in smaller fragments, thus producing an
increase in the fractions of SSD.

Suspension Flux from Breakdown
of Saltating Aggregates

The breakdown of saltating aggregates during wind
erosion is a complex process. However, prior laboratory
chamber studies on effects of impacts on saltation-size
aggregates demonstrated that they break down and
yield significant amounts of SSD (Hagen and Lyles,
1985; Singh et al., 1994). Another variable in the field
is that the saltation impact sites may range from other
loose aggregates to desert pavement. To assess the im-
portance of the impact surface, preliminary breakdown
tests were conducted using rocks, straw, and plywood
as impact surfaces. The results showed no differences
in breakage among these surfaces at P < 0.05 (Mirza-
mostafa, 1996). In the case where loose aggregate is the
impact surface, the WEPS model (Hagen, 1995) assumes
that the SSD from breakage of both impacting and sur-
face aggregates equals the breakage from impacts of
saltating aggregates on solid surfaces. However, this
assumption may require additional validation.

A further complication occurs because wind tunnel
tracer tests over loose surfaces demonstrate that saltat-
ing aggregates frequently are replaced by new saltating
aggregates from the soil surface (Willetts and Rice,
1985). Hence, saltating aggregates moving at any point
in a field probably have traveled various distances and
been subjected to a different number of impacts. Al-
though travel distance of saltating aggregates was con-
trolled in the present wind tunnel experiments, to cope
with the general field case of unknown travel distances,
a constant breakage coefficient for each soil was postu-

otr
cr

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Carr r2 = 0.98
Haynie r2 = 0.99
Wymore r2 = 0.93

- Predicted

0 50 100 150 200 250 300 350
DISTANCE (m)

Fig. 8. Predicted and observed saltating aggregate discharge (0.15-
0.42-inm diameter) vs. distance for Carr sandy loam, Haynie silt
loam, and Wymore silty clay loam.

lated above (Eq. [11]). Fortunately, the measured data
supported this assumption.

A series of constant breakage coefficients (Eq. [11])
provided good fits to the measured breakage data, with
r2 > 0.93 for all the tested soils (Fig. 8). The range of
breakage coefficients of saltating aggregates with sizes
of 0.15 to 0.42 mm was from 0.0139 m"1 (Carr sandy
loam) to 0.0027 m"1 (Wymore silty clay loam). The
breakage coefficients of Carr and Haynie soils (0.15-
0.42 mm) exceeded those of Keith and Wymore soils
by three to five times (Table 2). The range of breakage
coefficient of saltating aggregates with sizes of 0.42 to
0.84 mm was from 0.0088 (Carr sandy loam) to 0.0013
m"1 (Keith silt loam). The breakage coefficient of Carr
(0.42 to 0.84 mm) exceeded those of Keith and Wymore
soils by six times (Table 2).

We observed that the breakage coefficient of saltating
aggregates is inversely proportional to clay fraction, with
r2 = 0.961 (Fig. 9), and directly proportional to the
abrasion coefficient, with r2 = 0.989 at P < 0.05 (Fig.
10). The results show that abrasion coefficients are
about nine times higher than breakage coefficients for
the tested soils.

The dispersed particle-size distribution of saltating
aggregates was determined using the pipette method
(Gee and Bauder, 1986) before and after saltation in

•f 0.015
E,

5 o.oio
£ZLL
LU
O
° 0.005
O

DCm
0.000

• 0.15-0.42 mm
A 0.42-0.84 mm

Y = -0.001 + 0.065 / X
r2 = 0.96

0 305 10 15 20 25
CLAY CONTENT (%)

Fig. 9. Relationship between clay content and breakage coefficient
of four Kansas soils.
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Fig. 10. Relationship between breakage coefficient and abrasion coef-

ficient of four Kansas soils.

the wind tunnel (Table 3). The results showed that Carr
and Haynie soils, which had the highest breakage coeffi-
cients, had 175 and 269 g kg"1 reductions in the silt
fraction and 194 and 301 g kg"1 increases in the sand
fraction, respectively. However, the change in texture
of finer textured soils, such as Keith and Wymore, was
not as great as the change in coarser textured soils, such
as the Carr and Haynie soils. The preferential break-
down of silt particles from soil aggregates during erosion
also was observed by Lyles and Tatarko (1986).

In this study, a nominal diameter of 0.10 mm was
selected as the boundary between saltation and SSD
aggregates. However, we would reiterate that the
boundary diameter between transport modes is a func-
tion of friction velocity. Hence, the ratio of suspension
flux to saltation discharge may also vary with friction
velocity. The SSD model presented here could be easily
extended to accommodate this change to improve model
accuracy. However, to make the improved accuracy a
reality, we must first improve our ability to predict and
measure the short-term aggregate-size distributions
both at the surface and above it during dust storms for
a wide range of soils.

Overall, the suspension component of wind erosion
is particularly important on large, uniform fields. On
these fields the saltation discharge often approaches
transport capacity and then does not increase downwind
over much of the field. However, the transport capacity
for the suspension component is much larger than that
for saltation and is generally not exceeded. Hence over
the entire field, breakage of saltating aggregates and, if

they are present, abrasion from clods and crust contrib-
ute to the suspension component. These processes cause
the suspension component to continually increase
downwind. Measurements of the vertical suspension
profiles in dust storms (Chepil and Woodruff, 1957)
confirms that the suspension component of discharge
often exceeds the saltation discharge. Relatively large
source areas, such as Owen's (dry) Lake, California,
generate large suspension components. Based on verti-
cal flux measurements at Owen's Lake, one may con-
clude that, at the downwind boundary, discharge of even
the finest component of suspension, the PM10, readily
exceeds the saltation and creep discharge (Gillette et
al., 1998).

CONCLUSIONS
Three major sources of the suspension component of

wind erosion were identified: emission of loose suspen-
sion-size aggregates, abrasion from clods and crust, and
breakage of saltating aggregates. Based on conservation
of mass and other physical principles, model equations
were presented that can be used to account for the
SSD from each of these individual sources. There are
potential advantages in simulating SSD from individual
sources as opposed to treating the soil as a lumped
source. These include the ability to develop physically
based equations to update soil surface conditions in
response to erosion, distinguish differences in SSD gen-
eration as soil structure or cover of flat residues change,
and better understand the relationships among the phys-
ical processes. One example illustrates the latter point.
Breakage and subsequent suspension of the saltation
and creep aggregates forces a continual need to emit
additional saltation-size aggregates from the surface to
satisfy equilibrium conditions. There are then two con-
sequences usually not considered: saltation discharge
must remain below transport capacity in order to drive
the emission, and net emission of saltation-size aggre-
gates occurs over the entire field.

In portions of a typical eroding field where saltation
transport capacity far exceeds local saltation discharge,
direct emission of loose aggregates is the dominant sus-
pension source. In 11 Kansas soils tested, the suspension
fraction (<0.10 mm), of the loose erodible fraction
(<0.84 mm) ranged from 0.19 (Keith silt loam) to 0.69
(Carr sandy loam). These values probably represent
the minimum values of downwind suspension discharge
relative to saltation discharge for these soils because

Table 3. Effect of saltation on dispersed primary particle-size distribution of soil abraders.

Before saltation

Soil
series

Carr
Haynie
Keith
Wymore
Haynie
Keith
Wymore

Abrader
size

mm
0.15-0.42
0.15-0.42
0.15-0.42
0.15-0.42
0.42-0.84
0.42-0.84
0.42-0.84

Sand
>0.05
mm

778
639
189
110
550
160
85

Silt
0.002-0.05

mm

179
298
631
644
375
673
687

Clay
<0.002

mm

43
63

179
246
76

167
228

Sand
>0.05
mm

973
940
157
104
780
156
83

After saltation

Silt
0.002-0.05

mm

— g kg-1 ———
4

29
653
658
162
644
676

Fraction changed

Clay
<0.002

mm

24
31

191
238

58
200
241

Sand
>0.05
mm

194
301
-33
-6
231
-4
-2

Silt
0.002-0.05

nun

-175
-269

21
14

-213
-29
-11

Clay
<0.002

mm

-19
-32

12
-8

-18
33
13
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additional suspension components are generated by
other sources.

The mean fraction of loose, suspension-size soil can
be predicted (r2 = 0.87) from the dispersed particle-size
distribution of Kansas field soils. However, additional
data on other soils are needed to expand the range.
Ultimately, in order to model a variable suspension frac-
tion as a function of wind friction velocity or degradation
of aggregates by abrasion, simulation of the complete
aggregate-size distribution is needed. For this purpose,
the results demonstrated that a two-parameter lognor-
mal distribution was not adequate, and that a four-para-
meter, modified lognormal distribution was needed to
accurately represent the loose suspension component
in Kansas soils.

In wind tunnel tests, the surface clods from four Kan-
sas soils were much weaker than the saltation-size aggre-
gates of the same soils. Tests showed that the clod abra-
sion coefficients were about nine times higher than the
breakage coefficients of saltating aggregates, but di-
rectly proportional to them. Although the clod abrasion
coefficients covered a wide range, the suspension frac-
tion of the soil abraded from clods remained in a surpris-
ingly narrow range of 0.14 to 0.27. Hence, for a surface
covered with at least 30 to 40% immobile clods, the
suspension flux from clod abrasion will exceed the sus-
pension flux from breakage of saltating aggregates.

The results also demonstrated that constant breakage
coefficients could be used to represent breakage of sal-
tating aggregates, at least for downwind travel distances
of 300 m. On portions of an eroding field armored with
rock or covered with loose saltating aggregates, this
source can become dominant. During breakage, deple-
tion of the silt fraction from the saltating aggregates
was significantly higher in the sandy soils than in the
finer textured soils. The latter result suggests that wind
erosion will deplete the productivity of sandy soils faster
than it will deplete the productivity of fine-textured
soils.

The suspension flux from each of the three sources
will vary, depending on the particular field. However,
the transport capacity for suspension discharge is gener-
ally not exceeded on cropland fields. Hence, on a uni-
form field the suspension component of discharge
should continually increase downwind because break-
age of saltating aggregates, emission, and, if they are
present, abrasion from clods and crust contribute to the
suspension component over the entire field.
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