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Abstract: 
Wind erosion modeling efforts, both field and wind tunnel studies, have traditionally focused on 
saltation-based processes for estimating dust emissions from high wind events. This approach 
gives generally good results when saltation-sized particles, 90 μm to 2 mm mean diameter, are 
prevalent on the exposed soil surface. The Columbia Plateau, located in north-central Oregon 
and south-central Washington, is a region with extensive loess deposits where up to 90% of 
sieved particles (by mass) are less than 100 μm mean diameter. During high wind events, large 
amounts of soil and fine particulate matter are suspended. However, field surfaces typically show 
little evidence of surface scouring or saltation, e.g. soil drifts or covered furrows. Velocity profile 
analysis of two high wind events and additional data from a third event show evidence of direct 
suspension process where saltation is not a major mechanism for eroding soil or generating dust 
emissions. Surface roughness heights are less than saltation roughness height estimates during 
peak wind speeds.  
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Introduction 

Wind erosion and dust emissions from arid regions cause land degradation, pose environmental 
health hazards, affect local, regional, and global climate patterns, and influence the earth’s 
radiation/energy balance. Because of the dispersive nature of aeolian transport processes, 
suspension of particulate matter (PM) from relatively small emission source areas can impact 
much greater surface areas downwind. Understanding the emission and transport processes for 
soil and mineral particles with mean diameters < 60 μm (dust) is especially important to 
agricultural air quality issues because these soil particles can contain significant amounts of soil 
nutrients (Zobeck and Fryrear, 1986), contaminants (Pye, 1987), and pose respiratory hazards 
from particles < 10 μm mean aerodynamic diameter (PM10) (U.S. Environmental Protection 
Agency, 1990). 
  
Entrainment of dust particles (and subsequent suspension) is controlled by several factors 
including: 1) impacts by rolling or bouncing particles (saltation), 2) momentum drag produced 
by the wind, 3) aerodynamic lift, and 4) vehicle or pedestrian traffic on an erosion area (Pye, 
1987). A vast majority of the experimental and modeling work related to dust entrainment has 
focused on the role of saltation to generate dust emissions (e.g. Gillette and Walker, 1977; 
Borrmann and Jaenicke, 1987; Kind, 1992; Shao et al., 1993; Cahill et al., 1996; Houser and 
Nickling, 2001). Such an approach is logical when dealing with soils and sands where saltation 
layers are easily established. The saltating particles, with mean diameters generally between 70 
to 500 μm, typically have smaller threshold shear velocities (u*t) (Bagnold, 1941; Chepil, 1945; 
Zingg, 1953) and are less subject to cohesive forces that dominate the transport of smaller 
particles (Sagan and Bagnold, 1975; Iversen et al., 1976).  
 
Wind erosion/dust emission research has therefore primarily focused on the saltation process as 
being necessary to entrain smaller dust particles via surface collisions and particle abrasion 
(Shao, 2001). Field evidence of saltation has been documented several ways including 1) direct 
observation (e.g. Bagnold, 1941), 2) analysis of sediment trap data (e.g. Gillette and Walker, 
1977; Nickling, 1983; Leys and McTainsh, 1996), and 3) particle collisions with impact 
recording devices such as Sensits® and saltiphones (e.g. Stout, 1990; Gillette et al., 1997; Sterk 
and Spaan, 1997). However, these methods have limitations when dealing with soils dominated 
by dust-sized particles including 1) lack of a highly defined saltation layer during high wind 
events, 2) low efficiency of sediment traps for small particles, and 3) low sensitivity of impact 
sensors to small particles. 
 
An alternative method to document saltation is by analysis of wind velocity profile modification 
(Owen, 1964; Gillette et al., 1996; Gillette et al., 1998). Particle mass flow near the eroding 
surface increases drag and friction velocity (u*) with increasing wind speed. Gillette et al. (1997; 
1998) presented field data that demonstrated modified velocity profiles due to saltation as 
suggested by Owen (1964) and documented by several wind tunnel studies (Bagnold, 1941; 
Zingg, 1953; White, 1982; Anderson and Haff, 1991). Raupach (1991) presented a related 
analysis of saltation layer effects on surface roughness parameters and proposed a formula for 
estimating a saltation roughness height (z0s). 
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Much less theoretical and applied research has focused on aerodynamic lift as a mechanism for 
dust generation and suspension. This was likely the result of early wind tunnel studies which 
showed that particles smaller than 80 μm required much higher wind speeds to provide adequate 
momentum drag and/or aerodynamic lift to initiate particle movement (e.g. Bagnold, 1941). 
Loosmore and Hunt (2000) recently examined the suspension of fine particles (Arizona Test 
Dust: alumino-silicate particles < 10 μm, with a modal particle size of 5 μm) from a uniform dust 
bed with a small laboratory wind tunnel. They found that dust emission was continuous 
throughout their experiments, although particle concentrations quickly dropped from relatively 
high levels to below visible levels once wind tunnel runs commenced, similar to other 
experiments they cite.  
 
The Columbia Plateau, located in north-central Oregon and south-central Washington, is a region 
with extensive loess deposits where up to 90% of particles (by mass) may have diameters less 
than 100 μm (U.S. Department of Agriculture, 1967). Wind erosion and dust entrainment has 
been monitored for several years (Saxton, 1995; Saxton et al., 2000). Stetler and Saxton (1996) 
observed that significant soil deposition was rarely observed along field boundaries, fence lines, 
or roads except for stable, prehistoric dunes scattered throughout the area. In addition, little 
evidence of surface scouring or large-scale deposition was seen in fields after high wind events 
and analyses of horizontal soil transport and vertical dust flux did not follow expected trends 
based on conventional soil transport models. Use of piezoelectric impact sensors has been 
limited due to the small particle sizes found on the soil surfaces (Stockton, personal 
communication; Stout and Zobeck, 1997). These observations strongly suggest that minimal 
saltation occurs during wind erosion on these regional soils and entrainment by direct suspension 
processes is dominant. 
 
The objective of this paper is to present field evidence of dust entrainment by direct aerodynamic 
suspension in the absence of significant saltation. We propose to examine whether saltation was 
occurring by utilizing actual u* and z0 measurements. Wind velocity data were analyzed in 
conjunction sediment trap particle size analysis and limited continuous PM10 measurement from 
individual events. The data were from high wind dust storms on the Columbia Plateau of 
Washington state, a region where prevalent farm practices expose large areas of bare soils to 
high winds.  

Analysis 
Wind velocity profile analyses provide information on surface parameters such as friction 
velocity (u*) and roughness height (z0). These parameters can confirm the effect of saltation 
(Owen, 1964; Gillette et al., 1997; Gillette et al., 1998) due to the additional particle load on the 
lower part of the velocity profile. The saltating particles produce more near-surface drag for the 
wind to overcome and increase u* and “saltation” roughness height (z0s) (Raupach, 1991). 
  
The coefficient of drag (Cd) for a surface may be defined: 
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where uz is wind speed (m s-1) at a particular reference height z. A constant ratio of u*/uz under 
varying wind velocities indicates that neither Cd nor z0 are changing. This is demonstrated 
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graphically if a plot of u* versus uz results in a linear relationship of constant slope (Gillette et 
al., 1997; Gillette et al., 1998) and indicates no saltation is occurring.  
 
The logarithmic wind profile for neutral conditions can be described by the equation: 
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where k is Von Karman’s constant (0.4). Both u* and z0 were determined using equation (2) by 
regression analysis of several velocities versus the natural log (ln) of the corresponding 
anemometer heights for an individual time-step. The u* term was the product of the linear 
regression slope and von Karman’s constant k (0.4) and z0 was the exponential of the slope 
intercept divided by the negative of the regression slope.  
 
In order to verify stability conditions, a simplified Richardson’s number (Ri) was calculated 
based on wind speed and temperature measurements at two heights (Kaimal and Finnigan, 1994): 
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where g is the gravitational constant (9.81 m s-2), T is mean temperature (ºK), γd is a constant  
(-0.0098 ºC m-1), and ∂T (ºK) and ∂u (m s-1) are the temperature and wind speed differences over 
the distance between measurements, ∂z (m). The stability regimes were determined using the Ri 
intervals found in Thom (1975). 
 
Ideally, conditions for determination of valid u* and z0 values require a high degree of linearity 
(e.g. coefficient of correlation (r2) ≥ 0.95 or greater) depending on the number of measurement 
heights comprising the individual wind velocity profile (Stull, 2000). No corrections were made 
for roughness displacement height, due to bare, fallow conditions, or atmospheric stability, due 
to strong surface winds. At least two averaging times and/or height intervals within the velocity 
profile were examined for each event. For 10-minute averages, several wind velocities from 0.1 
to 5 m were used. When 1-minute averages of velocity measurements were available, wind 
velocities from the two lowest anemometers were utilized to calculate a separate set of u* and z0 
values. It was felt that 1-minute averages, though unconventional, were capable of displaying 
possible short-term, surface-level effects that might occur in the wind velocity profile. Data for 
analysis were selected based on sustained high wind speeds of 5 m s-1 or 6.4 m s-1 at heights of 2 
m or 3 m, respectively, and screened for wind direction, increasing wind speed with height, 
debris influencing lower anemometer heights, and general operation. 
 
Change in u* due to saltation may be indicated by a change in z0. Estimates of z0s (roughness 
height when a saltation layer is present) were made with the equation (Raupach, 1991): 
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where A is a constant with a suggested field value between 0.2 and 0.3 (following Raupach, A = 
0.22 was used for our calculations), u*

2/2g proportions the additional roughness height to a 
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simplified, ballistic path followed by a saltating particle, and z0u is an undisturbed roughness 
height determined when no saltation is occurring. The √r factor is defined as: 
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where u*t is the threshold friction velocity (m s-1). The value u*t refers to the wind friction 
velocity required to initiate particle movement. This was estimated for the representative modal 
surface soil particle diameter (Dp) using the formula of Marticorena and Bergametti (1995): 
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where Dp is the particle diameter (cm), ρp is particle density (2.65 g cm-3), g is gravitational 
constant (980 cm s-2), ρa is air density (0.00123 g cm-3), and a (1331), b (0.38) and x (1.56) are 
non-dimensional constants.  
 
To aid in comparing z0s values with other observations and models, equation (4) may be 
rearranged to yield a non-dimensional variable C (Raupach, 1991): 
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where Cobs and z0-obs are field-based observed conditions and Cest is an estimated value for a 
realistic set of A, z0u, and u*t parameters. If saltation is occurring during a field experiment then 
Cobs ≥ Cest and z0-obs ≥ z0s. In this paper, the z0-obs represents roughness heights determined during 
dust storms. 
 
Materials and Methods 
The Columbia Plateau region of central Washington is typified by numerous large fields in 
dryland wheat production managed in a crop-fallow rotation (i.e. one year the field is 
planted/harvested and the next year it is left dormant and bare). The predominant soil type is 
Ritzville silt loam (Andic Aridic Haplustoll), a mixture of loess, volcanic ash particles, and very 
low (< 1.0%) organic matter. As such, the primary particles in the soil do not include a large 
population of saltators or similarly sized aggregates. The bare fallow fields are subject to a 
variety of machinery operations such as disking, to incorporate organic residues, and rod-
weeding to reduce parasitic water-use by weeds and develop a soil surface moisture barrier. 
Seeding operations for winter wheat occur in August and September when surface soils are 
typically dry and strong west and south winds are likely. Each of these farming operations 
progressively breaks down the surface soil structure and aggregates which results in large areas 
being highly susceptible to wind erosion.  
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Three relatively level, fallow fields were selected for instrumentation. Large field sizes allowed 
for ample fetch (300+ m) in the predominant wind directions (west and south). The instrumented 
sites were typically changed every year. Therefore, the following convention was used to 
identify fields during different years:  R-99, the 1999 site, W-01, the first 2001 field site, and IS-
01, a second field site of 2001. Both R-99 and W-01 had undergone deep furrow seeding 
operations just prior to the high wind events. The location of the W-01 site was 1 km east of 
several large, vegetated sand dunes (Sand Dunes State Park, Washington).  The IS-01 site was on 
a research field site selected for ongoing intensive wind erosion and dust emission field studies. 
This site was a 9 ha corner of a larger, 300+ ha field that was harvested in the summer of 2001. 
The field containing the IS-01 site had been disked once prior to 09/25/01, leaving 
approximately 50% crop residue, both standing and flat. The 9 ha zone was disked once more 
before 10/12/01, leaving approximately 30% predominantly flat residue.  
 
Meteorological stations for R-99 and W-01 sites consisted of the following components: cup 
anemometers at 5 heights (0.1 m, 0.75 m, 1.5 m, 3.0 m, and 5.0 m) (Model 014A , Met One 
Instruments, Grants Pass, Oregon); air temperature profile (0.1 m, 1.5 m, 5.0 m) with type T 
thermocouples (TCs); solar radiation (LI200X , LiCor Instruments, Lincoln, Nebraska); relative 
humidity/air temperature sensor ( 207 Probe, Campbell Scientific, Inc., Logan, Utah); tipping 
bucket rain gauge (TE525, Texas Electronics, Dallas, Texas); wind direction sensor (Model 025, 
Met One Instruments, Grants Pass, Oregon); datalogger (Model 21x, Campbell Scientific, Inc., 
Logan, Utah). Data were continuously recorded at 15-minute averages. Collection of 1-minute 
averages was started when wind speed at 3 m height exceeded 6.4 m s-1 for a period of 10 
minutes. The averaging time returned to 15-minute intervals when winds at 3 m were less than 
5.75 m s-1 for 15 consecutive minutes.  
 
The IS-01 site included a slightly different array of meteorological sensors: cup anemometers at 
heights of 0.1 m, 0.5 m, 1 m, 2 m, 3 m and 5 m; fine-wire TCs at the same heights excluding 2 
m; datalogger (Model 23x, Campbell Scientific Inc., Logan, Utah). Wind direction and relative 
humidity/air temperature sensors were at 2 m height. Additional instrumentation included soil 
temperature and heat flux information, radiation measurements, and rainfall monitoring. 
Frequency of data sampling was 0.1 Hz. Under normal conditions, 30-minute and 24-hour 
climate data were recorded. When wind velocity exceeded 5 m s-1 for 10 minutes at the 2 m 
level, surface temperature, relative humidity (RH), solar radiation, air temperature profiles and 
differences, and wind speed profiles were recorded every 10 minutes. Recording returned to 
normal increments when wind velocity became less than 5 m s-1 (at 2 m) for 15 consecutive 
minutes. 
  
Event-averaged measurements of streamwise soil erosion and PM10 concentrations were made at 
the R-99 and W-01 sites via 12 clusters of BSNE traps (Fryear, 1986), a cluster contained five 
BSNEs at heights of 0.1, 0.2, 0.5, 1.0, and 1.5 m, and three high volume, constant-flow air 
samplers (General Metal Works, Village of Cleves, Ohio) with PM10 inlet heads deployed at 
heights of 1.5, 2.5, and 5.0 m. Dynamic PM10 concentrations at the IS-01 site were monitored at 
10-minute intervals with two tapered element oscillating microbalance (TEOM) units (Model 
1400ab, Rupprecht & Patashnick Co., Inc.; Albany, New York) fitted with 10 μm particle cut-off 
inlets. Inlets were placed at heights of 1 m and 3 m (TEOM1m and TEOM3m). During field 
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installation of the TEOMs in the early part of October 2001, both units were monitored during 
calm wind periods to ensure similar readings.  
 
Aggregate size distributions (ASD) for the Ritzville silt loam were determined to identify a 
representative surface particle size using two techniques: dry sieving and dispersed laser 
diffraction. Sieved soils were collected in 1999 from three separate fields and results averaged. 
Samples were initially hand-sieved through a 4 mm screen to remove large aggregates. The 
remaining soil, approximately 75 g., was shaken sequentially through two stacks of eight-inch 
diameter, wire sieves for 10-minutes per stack. The sieve shaker (RoTap®, W.S. Tyler, Mentor, 
Ohio) was operated to oscillate sieves horizontally at 5 Hz and tap the sieve stack at 2.5 Hz. 
Sieve openings of 2000, 1400, 1000, 710, 500, and 355 μm were part of the initial sieve stack. 
The remaining, finer-than-355 μm sample was then sieved through screens with openings of 250, 
180, 125, 90, 63, and 45 μm. Sub-samples of the < 4 mm soil samples were taken with a small 
soil splitter, hand-sieved through a 250 μm standard sieve, and run through three-inch diameter 
sonic sieves (Gilson Company, Inc., Worthington, Ohio). Again, two stacks of sieve sizes were 
used; 150, 100, and 63 μm in the initial stack and 45, 30, and 10 μm in the sequential stack. A 
latex bag collected particles that passed the 10 μm sieve. The sonic sieve oscillated a column of 
air through the sieve stack at 60 Hz while alternately tapping the stack horizontally and vertically 
at 1 Hz.  
 
The sonic sieve was also used to analyze ASD for BSNE catch from the 09/25/99 storm to 
examine particle size distribution and height relationships. Soil trapped by several BSNE 
samplers were bulked by sampler height and subsampled with a mechanical splitter. The 
subsamples were sieved with the same protocol as surface soils however sieve sizes of 100, 45, 
and 10 μm were utilized. 
 
Laser diffraction particle size analyses were performed on 1999 and 2001 soil samples. The 1999 
samples were pretreated to remove carbonates and organic matter, and dispersed in a sodium 
hexametaphosphate solution prior to analysis (i.e. strongly dispersed). The 2001 samples were 
run through a 125 μm wire sieve via a Ro-Tap® operated for 2 minutes. Samples from the finer-
than-125 μm fraction were placed in de-ionized water and analyzed (i.e. weakly dispersed). The 
laser-sizer had particle size ranges of 0.01 to 800 um (Mastersizer S, Malvern Instruments, Inc., 
Southborough, Massachusetts).  

 

Results 
Meteorological data for three high wind dust events were analyzed. The first two events 
(09/25/99 and 09/25/01) were large regional storms resulting in several fatal vehicular accidents 
and numerous road closures. These large storms are observed to occur once every 1 to 5 years. 
The third event (10/12/01) was much smaller in scale, not as intense, and did not result in any 
regional road closures. Storms of that magnitude may occur several times a year.  
 



 7

Wind Velocity Profiles: 
The first wind event analyzed occurred on September 25, 1999, from approximately 02:30 to 
21:30 (PDT), with scattered periods of high winds a few hours before and after. A valid series of 
1-minute averages for velocity profile analysis occurred from approximately 03:00 to 14:00 
(PDT), when the strongest winds were blowing out of the southwest (232˚± 7˚ based on true 
north). The wind direction shifted at approximately 5:30, with prior winds from 197˚± 5˚. 
Following 14:00, and for a 40-minute period between 8:00 and 9:00, one or more of the 
anemometers measured zero velocity, indicating obstruction by a blowing weed. These periods 
were not included in the analysis. Event-averaged PM10 concentration was approximately 1500 
µg m-3 at 1.5 m height determined by the high volume air sampler. 
 
Average values, based on 10-minute data, of u* and z0-obs were 0.631 ± 0.133 m s-1 and 0.005 ± 
0.0006 m, respectively, with wind speeds between 4 to 12 m s-1 at 1.5 m height. Approximately 
90% of the velocity profiles analyzed with Eq. 2 had regression coefficients (r2) greater than 0.99 
and average Ri was 0.002 ± 0.005, indicating neutral atmospheric conditions. For 1-minute 
results, all the profiles from approximately 3:00 am to 14:00, except for 40 minutes between 8:00 
and 9:00, were used to calculate velocity profile slopes and intercepts. Plots of 10-minute and 1-
minute u* versus u1.5m are shown in Figs. 1a and 1b, respectively. Both plots show clear, linear 
response of u* to increases in u1.5m with r2 values of 0.98 and 0.91, respectively, and the 95% 
confidence intervals (dotted lines) indicate an excellent fit of the regression lines. Noting that the 
wind profile method may not produce precise values of z0 (Gillette et al., 1998), an analysis of z0 
was also done following the method of Ling (1976); an identical value of z0-obs was produced, 
0.005 m. 
 
Wind velocity profiles from the second high wind event (09/25/01) were analyzed with quality 
checks identical to those done on the 1999 HWE data. High winds began at approximately 06:00 
from the northeast which caused interference between the support tower and anemometers. By 
09:15 winds had shifted to the southeast (from 164˚± 14˚ based on true north) and no tower 
interference was noted. After 13:00, winds were primarily out of the south (184˚± 10˚).  Velocity 
profiles were analyzed using only four anemometers due to a faulty connection at the 0.75 m 
height. Precipitation late in the event (approximately 18:00 PDT) suppressed all erosion and dust 
production from the site. Therefore, a valid series of 1-minute averages for velocity profile 
analysis occurred from approximately 09:15 to 18:00 (PDT). Prevailing winds were from the 
south during the event. No evidence for substantial surface creep, saltation, or deposition was 
seen at the W-01 site immediately after the dust event ceased. Overall, the duration of the 
09/25/01 event was several hours shorter than the ’99 wind event. However, the event-averaged 
PM10 concentration was approximately 2800 µg m-3 at 1.5 m height. 
 
The 09/25/01 10-minute velocity data, utilizing anemometer heights from 0.1 to 5 m height, 
produced event-averaged u* and z0-obs values of 0.426 ± 0.201 m s-1 and 0.001 ± 0.0006 m, 
respectively. Over 90% of the velocity profiles analyzed with Eq. 2 had regression coefficient of 
error (r2) greater than 0.99 and average Ri was 0.009 ± 0.013, indicating neutral to near-neutral 
atmospheric conditions.  The relatively low z0 confirmed field observations that the winds were 
closely aligned with the planting furrows surrounding the meteorological tower. The plot of 10-
minute and 1-minute averaged u* versus u1.5m are shown in Fig. 2. The 1-minute calculations of 
u* used velocity readings from 0.1 and 1.5 m, the two lowest operating anemometers. Linear 
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relationships between u* and u1.5m are shown over the entire range of wind speeds (4 to 14 m s-1 
at 1.5 m); r2 was greater than 0.98 for both 10-minute and 1-minute data. Both plots showed 
narrow 95%-confidence intervals. The overall z0-obs value did not change when the velocity 
profiles were analyzed following Ling (1976).  
 
The third high wind event occurred on 10/12/01 from approximately 06:00 to 23:30 (PDT). 
Wind velocities at 2 m height ranged between 4 to 14 m s-1, predominantly out of the west and 
northwest. Data from the W-01 site was not analyzed due to failures of the 0.1 m and 0.75 m 
anemometers throughout the duration of the event. However, the IS-01 site was operational and, 
by that time, had been disked twice, leaving approximately 30% residue and a dust-mulch on the 
surface. Wind velocity profile analysis (Eq. 2) for 10-minute averages produced average u* and 
z0-obs values of 0.462 ± 0.158 m s-1 and 0.003 ± 0.002 m, respectively. A plot of u* versus u2m is 
shown in Fig. 3. The linearity of the relationship (r2 > 0.86; 95% confidence intervals shown) is 
clearly evident. Field observations verified soil was moving across the field but no defined 
saltation layer had developed. Residue conditions produced more scatter in the data compared to 
the 09/25/99 or 09/25/01 plots (Figs. 1 and 2) and likely due to increased turbulence and flexing 
of isolated, standing stubble. In addition, the IS-01 site had an additional degree of freedom (i.e. 
an extra anemometer in the velocity profile) used in the regression analysis. Confidence intervals 
indicate a good fit of the linear regression. The logarithmic wind profile conditions were 
confirmed in that over 90% of the profiles analyzed with Eq. 2 had r2 values greater than 0.95 
and average Ri was 0.0002 ± 0.007, indicating neutral conditions.  
 

Saltation Roughness Height (z0s): 
Calculations of saltation roughness height (z0s) and associated parameters by Eqs. 4, 5, 6, 7, and 
8 required several pieces of information including an undisturbed z0u (measured with no saltation 
occurring) and an estimation of available surface particle sizes most likely to saltate. Field soil 
ASD analysis resulted in a particle mean diameter of 45 μm, which was chosen to represent the 
modal surface particle size available for saltation. While this particle size is normally considered 
part of the suspended component for soils, it was selected to produce a conservative value for u*t 
utilizing Eq. 6 (u*t = 0.223 m s-1); the u*t for a 45 μm particle is slightly larger than for a 90 μm 
particle (u*t = 0.206 m s-1). Table 1 shows the size distribution results of the Ro-Tap® and sonic 
dry sieve analysis for Ritzville silt loam field samples. These values along with the laser 
diffraction results are represented in Fig. 4. Each size distribution curve indicated that the 
predominant particle size range was approximately between 30 μm and 60 μm. The largest 
particle size ranges for the sieved samples (1400 to 4000 μm) comprised nearly 10% of the 
sample by mass. This accounts for the shift of the sieved ASD curve to the right of the laser 
diffraction results. The sieved and laser-sized fractions smaller than 90 μm were approximately 
66% and 80%, respectively. This is probably due to field variability and less than the +90% level 
seen from published soil surveys. The laser diffraction results produced more fine dust fraction 
due to the sample treatment methods used; fully dispersed for 1999 samples and wet suspension 
for 2001 samples.  
 
Using the estimates of u*t developed from the surface particle size analysis (Eq. 6), 10-minute 
values of z0s were calculated with Eqs. 4 and 5. A representative value of z0u for the 09/25/99 
event was determined from a short period of high winds on 09/23/99 (16:00 to 20:15, PDT) 
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where wind directions was similar to the 09/25/99 event and no soil erosion or dust emissions 
were reported. For undisturbed conditions, the 10-minute average wind velocity at 1.5 m was 6.1 
± 1.1 m s-1, and average u* and z0u were 0.409 ± 0.055 m s-1 and 0.004 ± 0.0004 m, respectively. 
The values of u* used in Eqs. 4 and 5 were those calculated during the dust storm. Comparisons 
of z0-obs, estimated z0s, and u1.5m over the course of valid velocity profiles for the 09/25/99 wind 
event are shown in Fig. 5a.  Early in the event and during decreasing wind speeds, z0-obs is 
slightly greater than z0s. This behavior reflects the dynamics of Eq. 4 when z0 values are 
relatively large (> 1 mm) and u* values are realistic (Raupach, 1991). However, it may indicate 
that the velocity profile was experiencing a larger particle load than estimated with Eq. 4 and 
saltation was occurring. But z0s consistently exceeded z0-obs for wind speeds greater than 10 m s-1. 
This implies drag due to particle loads on the velocity profile was less than expected even though 
winds were stronger during that time. Later, when winds decreased, z0-obs and z0s return to similar 
values, indicative of no saltation load (Raupach, 1991).  
 
Values of z0u for the 09/25/01 event were available from 18:00 to 22:00 (PDT) due to a very light 
rain (< 1 mm) that stopped all dust emissions after 18:00. The 10-minute average wind velocity 
for that period at 1.5 m was 6.8 ± 1.4 m s-1, and average u* and z0u were 0.402 ± 0.088 m s-1 and 
0.001 ± 0.0002 m, respectively. Field observations confirmed little modification of the overall 
surface roughness due to the storm. Again, the values of u* used in Eqs. 4 and 5 were 10-minute 
values calculated during the dust storm. The comparisons of z0-obs, z0s, and u1.5m for the 09/25/01 
wind event are shown in Fig. 5b. Results are similar to the ’99 event except that the wind speed 
at which estimated z0s exceeded z0-obs had decreased to 7.5 m s-1, most likely due to the lower 
roughness of the W-01 site. Both graphs show z0s generally exceeded z0-obs, especially during 
periods of highest wind speeds, indicating that no substantial saltation was occurring during 
periods of highest wind speeds. Both events exhibited shifts of z0 values during the storms. 
However, this was attributed to noticeable changes of wind direction, common when 
weather/pressure fronts pass. 
  
In order to statistically test the differences between z0s and z0-obs, the corresponding values were 
sorted based on wind velocities at 1.5 m and the upper 10% from each event, 6 pair of values 
from the 09/25/99 event and 8 pairs from 09/25/01, representing the periods of highest wind 
speeds, were selected for analysis. This was justified by numerous research results showing that 
particle transport is intermittent in nature (Lee, 1987; Stockton and Gillette, 1990; Stout and 
Zobeck, 1997) and that field measurements of saltation activity have been well correlated with 
horizontal wind speeds (Stout and Zobeck, 1996; Sterk et al., 1998). Therefore the greatest wind 
speeds should correspond with the greatest saltation activity assuming no lack of saltator supply, 
a reasonable assumption for our field sizes. Although the total duration of the 09/25/99 event was 
longer then the 09/25/01 event, the number of valid wind velocity profiles was less and hence 
fewer readings represented the upper 10% for ’99 data. An inspection of wind speeds over the 
entire course of the ’99 event showed that the period examined contained the greatest sustained 
wind speeds. An F-test implied unequal variances and a paired T-test examined the null-
hypothesis that there was no difference between the mean values of z0-obs and z0s (Ott, 1993). The 
values of u, u*, corresponding z0s and z0-obs, and the results of the statistical tests are shown in 
Table 2. For both events, the probability was < 0.002 that the differences between variable means 
was zero (i.e. the mean z0-obs did not equal mean z0s). The Cobs values (Eq. 7) for the selected  
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z0-obs from each event are shown in Fig. 6 along with Cest (Eq. 8) for several roughness heights 
over a range of u* (A = 0.22 and u*t = 0.22 m s-1). For each event, the Cobs were less than Cest for 
the observed surface roughness, approximately 0.005 m for 09/25/99 and 0.001 m for 09/25/01. 

BSNE Mass Distribution: 
Sonic sieve analysis of the BSNE catch from the 09/25/99 storm is shown in Fig. 7a. Few 
particles larger then 100 µm were trapped in the 0.1 or 0.2 m BSNEs and the particle size mode 
did not noticeably shift with height. The size distributions from Fig. 7a were applied to the 
averaged trapped BSNE mass from 12 BSNE clusters (Fig. 7b). Both the total mass and the 0-45 
µm particle masses at 0.1 m were slightly less than the corresponding masses at 0.2 m. However, 
best-fit, two-parameter power law regressions were fitted through the 0.2 to 1.5 m data 
(Nickling, 1978). Mass distributions for particles larger than 45 µm allowed a two-parameter 
power relationship to be fit through 0.1 to 1.5 m data. The semblances of mass-height 
distributions for the different particle size ranges is clearly evident and indicates that similar 
transport processes affected the various particle size ranges.  

TEOM PM10 Concentrations: 
Continuous ambient PM10 concentrations were acquired during the 10/12/01 event at the IS-01 
site. A time-series of 10-minute values of wind velocity at 2 m height and TEOM PM10 
concentrations are shown in Fig. 8 (TEOM1m readings were only available after 11:30 PDT and 
readings from 14:40 to 15:20 PDT were deleted due to personnel activity at the site). From Fig. 
8, it is apparent that wind speed and PM10 concentrations were well correlated. Correlation 
coefficients (r) were calculated for PM10 readings and velocities at each anemometer height 
(Table 3) from 11:30 to 16:30 PDT, the time when PM10 concentrations were rapidly increasing. 
The r values for the TEOM1m ranged from 0.60 to 0.75 and TEOM3m r values ranged from 0.55 
to 0.68. All correlations were highly significant with 27 observations (Taylor, 1982). Spearman’s 
rank order correlation coefficients (rs) were > 0.91 for each TEOM at all anemometer heights 
(Ott, 1993). Correlations with the velocities from the lower anemometers and the rapid changes 
in TEOM1m PM10 readings suggest that a significant portion of the PM10 came from the IS-01 
site. However, TEOM3m output lagged the velocity spike at 14:00 and both TEOMs lagged the 
latter velocity peak (approximately 17:20) by about one hour, indicating some influence from 
upwind PM10 sources.  

Discussion: 
Observation and verification of the saltation effect on velocity profiles has been previously 
documented theoretically, experimentally in wind tunnels, and in the field. Therefore, modified 
velocity profiles should be observed in our research field sites if significant saltation loads were 
occurring. As noted earlier, prior field studies have documented intermittent saltation (Lee, 1987; 
Stockton and Gillette, 1990; Stout and Zobeck, 1997). However, the constancy of the drag 
coefficient (Cd: Eq. 1) displayed by the similarity and linearity of u* versus u for 10-minute and 
1-minute results of the 09/25/99 and 09/25/01 wind events (Figs. 1 and 2) indicate that little 
saltation took place. In addition, the location of the W-01 site (bordering large sand dunes) 
would be expected to have sand-sized particles available for saltation. 
  
Velocity profiles may also be affected by atmospheric stability conditions due to heating and 
thermal gradients (Frank and Kocurek, 1994). However, the low Ri values and dominance of 
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logarithmic velocity profiles indicates that neutral conditions prevailed during substantial 
portions of the high wind events analyzed. This was expected because the events occurred under 
generally cloudy conditions and high turbulence.  
 
Plots of z0-obs and z0s for the 1999 and 2001 wind events (Fig. 5) show substantial periods where 
estimates of z0s were greater than z0-obs, indicating that saltation increase of z0 was not observed. 
There are periods when the trend is not sustained, notably at slower wind speeds. Considering 
that Gillette et al. (1998) recommended a larger coefficient A (= 0.38) for Eq. 4, it could be 
argued that z0s were generally underestimated. In that case, there would be longer periods when 
estimated z0s were greater than z0-obs, also indicating that little saltation occurred. The 1999 event 
showed a slight increase of z0 when comparing z0u (undisturbed conditions) and z0-obs. However, 
the increase could easily be attributed to other factors including slight changes in wind directions 
or surface conditions. Arguments could also be made that the modal surface particle size (45 μm) 
was too small to represent saltating particles. However, numerous studies have shown minimum 
u*t values occur with particles approximately 80 μm in diameter, with higher u*t values for larger 
and smaller particles (Greeley and Iversen, 1985). The 45 μm u*t also corresponds to u*t for 
particles 130 μm in diameter, a common saltator-sized particle over a wide range of erodible 
soils (Gillette and Chen, 1999). Therefore, the estimation of z0s holds for saltator-sized particles.  
Additional estimations of z0s, with u*t (Eq. 6) and r (Eq. 5) calculated for particles in the 45 to 
130 μm range, showed little change of trends shown in Fig. 5. A limited supply of saltator-sized 
particles (Lopez, 1998) could explain some of the early trends seen in Fig. 5a but, as noted 
earlier, was unlikely due to the large field size. The comparison of Cobs and Cest (Fig. 6; Eqs. 7 
and 8) also shows that the observed roughness heights were less than predicted and that little 
saltation took place. 
  
The particle size distribution with height analysis displayed further evidence that suspension 
processes dominated particle transport. Although the resolution between size ranges was less 
than ideal, the modal size peak remained at 10 to 45 μm (Fig. 7a) for all BSNE heights. This 
contrasted with other studies that noted large modal shifts in particle sizes with height (Leys and 
McTainsh, 1996; Gillette et al., 1997). Limited laser sizing (weakly dispersed) of BSNE catch 
from more recent storms showed a similar trend (Kjelgaard, unpublished data) with median 
particle size ranging from 39 to 25 μm and unimodal particle diameter peak shifting from 
approximately 60 to 30 μm as sampling height increased from 0.1 to 1.5 m. Scanning electron 
microscope (SEM) images of loose surface particles up to 125 μm mean diameter revealed flat, 
platy, and angular particle structures consistent with the glacial and volcanic sources of the loess 
material (Kjelgaard, unpublished data). Rice (1991), in wind tunnel studies, found that particles 
with reduced sphericity were more likely to be aerodynamically entrained, less likely to saltate, 
and if saltation occurred, less energetic in subsequent rebounds with the surface (i.e. reduced 
sand-blasting effect).  
 
Overall, the percentages of particles with mean diameters larger then 100 μm was extremely 
small at all sampling heights and displays an overall lack of traditional saltation-sized particles 
on the surface. The low percentage of particles with diameters < 10 μm can be attributed to 
inefficiencies of the BSNE with small particles (Shao et al., 1993; Goosens and Offer, 2000). As 
noted, the resemblance of particle distributions from 0.2 to 1.5 m for different diameter ranges 
supports the notion that the transport processes were similar (Fig 7b). Leys and McTainsh (1996) 
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found separate functions described total particle mass and mass for particles smaller than 90 μm, 
respectively, for erosion-prone soils in Australia. The similarity of total mass caught at 0.1 and 
0.2 m was not noted in prior field studies on the Columbia Plateau (Stetler et al., 1994; Stetler 
and Saxton, 1996). However, all the wind events they examined, with one exception, had 
average BSNE catch < 1.3 g at 1.5 m, much less then the 09/25/99 (approximately 6 g average in 
1.5 m BSNE) or 09/25/01 (approximately 9.5 g average in 1.5 m BSNE) events. Assuming the 
direct suspension of larger particles would still limit their maximum trajectory height to < 30 cm 
(Gillette et al., 1997), the 0.1 m BSNE would sample a smaller “footprint” area for particles to be 
emitted from compared to the 0.2 m BSNE. 
 
Examination of TEOM measurements from the 10/12/01 wind event (Fig. 8) showed 
concentrations of PM10 increased rapidly when wind velocities were above 8 m s-1. A value of u*t 
for PM10 (0.579 m s-1) was calculated with Eq. 6 and z0-obs (0.003 ± 0.0022 m) were substituted 
into Eq. 2. The corresponding threshold velocity (ut) at 2 m was 9.4 m s-1 with a range, based on 
z0-obs, of 8.6 m s-1 to 11.3 m s-1. Though the data is limited, these results indicate that direct wind 
energy was likely the primary entrainment force because larger particles available for saltation 
would have required a lower u*t than that estimated with Eq. 6. For example, a 90 μm particle 
has a u*t = 0.206 m s-1 and a corresponding ut ≈ 3.4 m s-1 at 2 m (Eq. 2) under identical roughness 
conditions. If larger particles had been saltating, abrading, or ejecting smaller particles via 
surface collisions, rising PM10 levels would be expected at much lower threshold wind speeds 
than those observed, especially with a loose, disaggregated field surface. Kjelgaard and Rude 
(manuscript submitted for review), using TEOM data, found that residue cover had a minimal 
effect on the apparent threshold velocity for PM10 on Ritzville series soils. They examined PM10 
emissions from the IS-01 site from the 10/12/01 event and a subsequent event approximately one 
year later. Despite significant reductions in residue and surface clods, substantial increases in 
PM10 occurred at approximately 8 m s-1 for both years, although there were large differences in 
relative PM10 concentrations. 
 
Conclusions: 
The Columbia Plateau, located in north-central Oregon and south-central Washington, is a region 
with extensive loess deposits where up to 90% of particles (by weight) have diameters less than 
100 μm. The most susceptible soils, Ritzville series, contain few saltator-sized particles by dry 
sieve analysis (70-500 μm mean particle diameter) readily available on the soil surface and little 
evidence of observed saltation layers or deposition during high wind events. This suggests that 
saltation is not likely a major erosion or entrainment process. 
  
Velocity profile analyses of two major high wind dust events and one minor dust event provided 
evidence that there was little modification of the wind profile due to saltation loads. Graphs of u* 
versus u were very linear, indicating little change in surface roughness for the wind events. The 
linearity is quite different from the curvilinear relationship found at Owens Lake by Gillette et al. 
(1997 and 1998) where a strong saltation layer existed. For our fields, comparisons of an 
estimated z0s and z0-obs, based on wind velocity profiles, showed extensive high wind periods 
when z0-obs was less than z0s, indicating little or no saltation load on the velocity profile.  
 
Examination of particle mass and size distributions with height from event-averaged BSNE 
measurements for the 09/25/99 wind event showed no shift of modal particle range with height 
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from 0.1 to 1.5 m. The distribution of mass based on mean particle diameters were similar for the 
diameter size ranges examined. 
 
Data from continuous PM10 monitors (TEOMs) located on an intensive wind erosion study site 
showed minimal elevated PM10 concentrations prior to their expected threshold as estimated with 
the equation of Marticorena and Bergametti (1995). Had there been a significant amount of 
larger particles in saltation, finer particles would likely have been dislodged through surface 
bombardment or particle abrasion and increased PM10 levels at lower wind velocities.  
  
The detailed analysis of wind velocity profiles, surface roughness, BSNE catch, and TEOM data 
substantiates that saltation is a very small component of wind erosion for fine, silt loam soils of 
the Columbia Plateau. Soil entrainment is dominated by suspension processes. Wind erosion and 
dust emission algorithms need to account for this when modeling or measuring soil losses in this 
region. 
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Kjelgaard J 
Top, Table 1 
Particle Diameter Range 

(μm) 
Average Mass 

(%) 
Standard Deviation 

(%) 
< 10 1.0 0.5 

10 – 30 14.0 6.3 
30 – 45 20.6 11.4 
45 -63 16.6 12.1 
63 – 90 13.5 7.0 
90 – 125 8.6 0.7 
125 – 180 7.0 2.0 
180 – 250 2.5 2.9 
250 – 355 3.1 2.1 
355 – 500 0.9 2.0 
500 – 710 0.4 1.9 
710 – 1000 0.1 2.0 
1000 – 1400 0.0 2.0 
1400 – 2000 0.4 2.0 
2000 – 4000 4.7 1.5 

> 4000 6.2 0.3 
Table 1. Percentage of mass for particle size ranges averaged for 3 sites of Ritzville Silt Loam 
surface soils using Ro-Tap® and sonic dry sieve analysis. 
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Kjelgaard J 
Top, Table 2 

09/25/99 Event 
 u @ 1.5m 

(m s-1) 
u* 

(m s-1) 
z0-obs 
(mm) 

z0s 
(mm) 

 11.7 0.803 4.8 6.1
 11.6 0.804 5.0 6.2
 11.5 0.803 5.1 6.1
 11.4 0.831 6.1 6.5
 11.4 0.787 5.1 5.9
 11.2 0.773 4.7 5.8
Average 11.5 0.800 5.1 6.1
St. Dev. 0.2 0.019 0.5 0.2
F-test probability that variance z0 = variance z0s < 0.12 
T-test probability that mean z0 - mean z0s = 0 < 0.002 

09/25/01 Event 
 u @ 1.5m 

(m s-1) 
u* 

(m s-1) 
z0-obs 
(mm) 

z0s 
(mm) 

 13.8 0.874 2.3 5.4
 13.4 0.843 2.1 5.0
 13.4 0.854 2.4 5.2
 13.1 0.823 2.2 4.8
 12.8 0.798 2.1 4.5
 12.7 0.782 2.0 4.4
 12.2 0.754 1.9 4.1
 12.2 0.756 2.1 4.1
Average 12.9 0.810 2.1 4.7
St. Dev. 0.6 0.045 0.2 0.5
F-test probability that variance z0 = variance z0s < 0.007 
T-test probability that mean z0 - mean z0s = 0 < 0.001 
Table 2. Upper 10% of 10-minute, 1.5 m wind speeds (u) from the 09/25/99 and 09/25/01 wind 
events (representing the events’ greatest wind velocities), corresponding friction velocities (u*), 
observed roughness heights (z0-obs), estimated saltation roughness heights (z0s), and results of 
statistical tests. 
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Kjelgaard J 
Top, Table 3 
 Anemometer Heights (m) 
 0.1 0.5 1.0 2.0 3.0 5.0 
TEOM1m 0.60 0.70 0.68 0.68 0.71 0.75 
TEOM3m 0.55 0.63 0.62 0.61 0.62 0.68 
Table 3. Correlation coefficients (r) between 10-minute interval TEOM PM10 concentrations and 
wind velocities, IS-01 site, between 11:30 and 16:30 PDT (n = 27), 10/12/01 wind event. 
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 Figure Captions 

Figure 1. Friction velocity (u*) versus wind velocity at 1.5 m (u1.5m) from 09/25/99 dust event,  
R-99 site: a) 10-minute averaged values, b) 1-minute averaged values, u* based on analysis of the 
lowest 2 anemometers, 0.1 m and 0.75 m. 
 
Figure 2. Friction velocity (u*) versus wind velocity at 1.5 m (u1.5m) from 09/25/01 dust event, 
W-01 site: a) 10-minute averaged values, b) 1-minute averaged values, u* based on analysis of 
the lowest 2 anemometers, 0.1 m and 1.5 m. 
 
Figure 3. Ten minute averaged values of friction velocity (u*) versus wind velocity at 2 m (u2m) 
from 09/25/01 dust event, IS-01 site. 
 
Figure 4. Aggregate size distribution for Ritzville silt loam surface soil samples by mechanical 
sieving and dispersed laser diffraction.  
 
Figure 5. Wind velocity at 1.5 m (u1.5m), roughness height (z0), and saltation roughness height 
(z0s), over time (PDT) a) 09/25/99 dust event, R-99 site, b) 09/25/01 dust event, W-01 site. 
 
Figure 6. Values of Cest (Eq. 8) for selected roughness heights and friction velocities (A = 0.22, 
u*t = 0.22 m s-1), and values of Cobs (Eq. 7) from measurements during 09/25/99 and 09/25/01 
wind events, based on Table 3 results. 

Figure 7. a) Particle size distribution of loose surface soils and BSNE catch from 09/25/99 wind 
event, b) BSNE mass distribution with height for all particles, particles with mean diameter > 45 
µm, and particles with mean diameters < 45 µm. 
 
Figure 8. Wind velocity at 2 m (u2m) and PM10 concentrations at 1 m and 3 m over time (PDT) 
for the 10/12/01 dust event, IS-01 site. 
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