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The physics of wind blown sand and dust is important not only to 

aeolian transport and contribution to ocean sediment, the subject of this 

conference, but also as a source of natural particulates or resuspended 

toxic aerosol from man-made sources. Studies have been made in a wide 

range of related areas from sand storms and erosion {Bagnold, l*jM ; 

Chepil, 19^5) to blown snow (Sommerfeld and Businger, I965; Buslnger, 

1965; Mel lor, 1965) to ocean spray (Bortkovskij, 1972). These examples 

of aerosol suspension can represent hazards which are direct, such as 

resuspension of plutonium particulates (Anspaugh et al., 1973) and in

direct* such as the number of people killed in auto accidents each year 

in dust and snow storms due to visibility reduction. Earlier work in 

dust suspension was oriented toward long term averaged horizontal trans

port of particulates. More recent work has concentrated on the physical 
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processes of vertical transport of aerosols from varying surface types 

(Gillette et al., 1972). 

Our work began in 1972 and has applied fast response aerosol sensors 

{light scattering) aione (Porch, 1973). an I in combination with fast response 

vertical and horizontal wind sensors (Porch And Shlnn, 197**; Shinn et al., 

197'*) and satellite data (Porch and Lovill, 1975). It is the goal of these 

studies to understand the short term microphysical processes Involved in 

small particulate (< 6 urn) suspension transport and deposition by wind. 

This paper describes our most recent experiment in early April of 

1975 in Plainviewt Texas. This work was done in cooperation with the 

National Center for Atrospheric Research (NCAR) research team, headed 

by Dale Gillette. Their work will be described in detail in companion 

papers. They provided size distribution aerosol analysis with longer 

term aerosol and meteorological measurements. This included fluctuations 

of visibility with varying soil conditions and types. Our efforts 

involved fast response measures of aerosol light scattering and wind from 

a vertical pair of nephelometers (Ahlquist and Charlson, 1967) and a 

vectorvane and cup anemometer. From this combination of instrument types 

and fortunate meteorological conditions we were able to determine the 

following: 

1. Aerosol deposition velocity and flux, durinj a dust storm prior 

Lo a frontal passage; 

2. Aerosol suspension flux, following wind directional change 

(increasing surface drag coefficient) after frontal passage and 

prior to onset of rain; 
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3. Associated meteorological measurements, during frontal passage 

with change in magnitude and direction of momentum flux, associ

ated with the passage of the front; 

k. A comparison of the aerosol exchange coefficient (Ka) and the 

eddy viscosity (Km) for these two periods; 

5. Spectral analysts of the auto and cross spectral densities of the 

vertical and horizontal wind and the light scattering measure

ments of dust. 

These data can then be compared to previous measurements made under 

different sampling, soil characteristic, and meteorological conditions. 

THE EXPERIMENT 

In order to accurately reproduce the time variations of importance to 

turbulent transport, two factors are important: the height of the instru

mentation and response time In *:he relation 

3T = § . (1) 
u 

where T is the sampling time, z the height of the instrumentation and u 

the mean wind speed. In an attempt to meet these ideal criteria the upper 

most instrumentation (from which vertical flux was determined) was placed 

at heights jusc over 5 m and run with no averaging. The data were collected 

on analog tapes, which were subsequently digitized at l/20th of a secor.H. 

The wind instrurnentation was designed for these kind of measurements and 
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had no difficulty achieving the 0.1 and 0,2 sec time constant, required 

for this height and mean winds which w.e encountered. The nephelometer 

was another matter, however. The air flow system had to be increased 

from 2.5 to 10 cfm in order to circulate the aerosol through the light 

scattering chanber in less than 0.1 sec. The system was run on test mode 

and at a flash lamp rate of 8 flashes/sec In order to approach the 0.1 sec 

time constant ideal. Temperature measurements were also made at 5 m. 

Another nephelometer and anemometer were located at ).h and 1 m, 

respectively. These instruments were set up on a tower 30 m west of 

a dirt road (which ran north-south) in a farmer's field, which was mostly 

bare, smooth and slightly furrowed soil. The soil was clay, so that it 

consisted of very small particles, which are difficult to loft by wind, 

even when the ground is very dry and the wind is strong. 

The meteorological situation is described in Fig. 1, which shows the 

movement of the front and our measurement of the temperature drop associ

ated with it. This figure is reconstructed from weather maps generated 

prior to, and after the passage of the front. 

Two factors combine to complicate the relationship between the light 

scattering coefficient measured at the nephelometer and the aerosol mass 

concentration and visual range outside the nephelometer. These factors 

are: 

1. The effective loss of large particles, which pass the vertically 

oriented sampling tube, because of their inertia. (The aspiration 

ratio* as defined as the ratio of aerosol concentration measured 

directly and perpendicular to the air flow, is less than 1 for 

larger particles and lower neohelometer sample flow rates 

(Laktionov, 1967)0 
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2. The truncation angle effect in the integrating nephelometer, due 

to the finite size of the instrument and the attendent inability 

to integrate the light scatter all the way to 180° from an angle 

of exactly 0°. (This effect discriminates mostly against par

ticles larger than 1 urn by effectively cutting the larger particles 

scattering efficiencies by about 1/2 (Ensor and Waggoner, 1970).) 

Laktionov (1967) has derived and tested a formula for the aspiration ratio 

for perpendicular sampling 

Ad - 1 - 3k d , (2) 

where Ad is the aspiration ratio as a function of particle diameter (d), 

k. is the Stokes number for the nephelometer sampling tube as 

a function of particle diameter (d), 

v, is the sampling flow velocity, and 

v_ is the perpendicular wind flow velocity. 

This equation would imply that for wind speeds between 10 and 20 m/sec for 

particles above 6 vim diameter, Ad is practically zero. Ad grows steadily 

for particles smaller than 6 um, reaching values of about 0.8 for 1 um 

and O.g for 0.5 um size particulates (with a 10% effect, associated with 

wind speed variations of 5 m/s). The equation was tested in the laboratory 

by Laktionov with an arrangement sampling through a 1 cm diameter tube, 

rather than the '•*.6 cm tube from the nephelometer, so that A may be a 

little larger in our case. But we can see that we have, through this 

sampling arrangement, effectively eliminated the effects of large par

ticulates, which are not respirable and settle out quickly by sedimenta-
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tion. The combined effect of aspiration and nepheloiieter truncation angle 

effects were tested by alternately sampling directly into the flow and 

perpendicular to it and increased scattering was found due to the larger 

particles, which ranged from 30% to 60S, depending on the wind speed. 

RESULTS 

The results of this experiment are expressible in three general forms. 

These are: 

1. Long term averages, repi esent.ing wind shear and aerosol concen

tration differences and interpretable Parameters* such as the 

roughness height {z ) and the friction velocity (u.,.) ; 

2. Covariances of short term deviations from the mean of light 

scattering and vertical velocity, b 1 w 1, and horizontal velo

city and vertical velocity, u'w', equal to the light scattering 

aerosol flux and the shear stress, respectively, with inter

pretable parameters, such as the aerosol exchange coefficient 

(it ) and the eddy viscosity ('•'*_.); 

3. The auto and cross spectral density of the vertical and horizontal 

wind and aerosol concentration, interpret^ble as the power of 

the wind and the differentiated covariance of wind and dust with 

frequency. 

Figure 2a through 2g shows d^ta taken before and after the front 

shown in Fig. 1 passed ti-e observation site- The front arrived at ^ *»20 
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seconds into this record at Ij8 p.m. local time. The effect of the front 

is more dramatic in the. lower-.nepbelometer data than in the cup anemometer 

data (Figs. 2a and 2b, respectively). This is because the soil type in 

the field resisted suspension until the direction of wind changed from 

south to west-southwest (Fig. 2c). This apparently was due to the increased 

surface drag, as the wind changed from perpendicular to the furrows in the 

field (from an old plowing) to approximately parallel to the furrows. This 

change in direction, associated with the front, is shown in Fig. 2e. 

Figures 2d and 2e show the difference between the upper and lower nephel-

ometers and anemometers, respectively. The negative values in Fig. 2d 

correspond to the case where the upper nephelometer reads a higher value 

than the lower (I.e., deposition). The positive values correspond to 

suspension. Figures 2f and 2g show scatter plots of the difference versus 

wind speed at 1 metre foi the deposition and suspension part of the record, 

respectively. The light scattering aerosol flux, F., can be related to difference 

between the nephelometric light scattering coefficients for the upper and lower 

nephelometer by . 
- - v scat 
rA " "KA Tl 

where p is the air density. We can see only a general bunching of values 

in Fig. 2f for deposition. However, for suspension, illustrated in the 

logrithmic scale plot in Fig. 2g, we see that for differences above 0.1 x 

;0 a very noisy relation appears to exist between wind speed and 

difference between the two nephelometers, as a measure of the flux. This 

relation is much more difficult to resolve than the ^th to 7th power 

relation derived the previous year on more erodable sandy soil (Porch ant' 



Shinn, 197*0 « It also should be remembered that we hove only about (00 

seconds of data for the suspension event, associated with the cold front. 

Figures 2f and 2g would imply a threshold wind velocity for suspension of 

over 20 m/s for wind perpendicular to the field furrows and between 10 

and 15 m/s for winds almost parallel to the furrows. These values for clay 

soil compare to a value of about 8 m/s for the previous year in the highly 

erodable sandy soil field. Table 1 summarizes the mean values of the 

parameters measured during the deposition period and suspension event* 

following the frontal passage. A slight complication arose when the 

horizontal wind sensor at times broke electrical contact with the sensor, 

during this period. These breaks were easily identified by suciden drops 

to zero. The data were replaced by data from the lower anemometer scaled 

up to the height of the vectorvane. These breaks occurred in less than 

\Q% of the record and lower anemometer and upper anemometer variations 

correlated by 0.7* 

The covariances of the parameters discussed above can also be used 

ai, an independent measure of many of the parameters described above 

through the equations: 

T = pu'w' = ck^ -d- (3) 

scat 

The length of record of the deposition period is just sufficiently long 

to use the covariances to determine T and F.. By combining these values 

with the differences shown in Table I, it is possible to obtain a measure 

of k and k. independently. However, compensation must be made for the 



TABLE I. Mean values for light scattering coefficients (b }, hoi i-
zontal wind veiocity (u), vertical wind velocity (•*), vector-
vane elevation (6), and azimuth (•) with temperature ( T ) . 

Instrument Parameter Kilght 

Mean Value fo.' Per 
Depos i t i on 
(320 sec) 

lod Representing 
Suspension 
(100 sec) 

Nephelometer b . 1 -If m 1.15 x 10"V 4.48 x 10'V 1 

5.1 m 2.36 x 10"V 3.60 x lo'^m"1 

Vectorvane u 5.4 m 18.9 m/sec 16.8 m/sec 
Anemometer 

Cup Anemometer 

Thermistor 

Vectorvane 
Anemometer 

I m 

5.3 m 

5.4 m 

14.23 m/sec 

20.3°C 

*• 0 m/sec 

- 5° angle 

45° angle 

13.0 m/sec 

lS.7°f. 

•>> 0 m/sec 

- 3° angle 

105° angle 



-10-

fact that z is almost <t m and we are taking meas'irsments in a highly 

sheared wind and aerosol case. This cotrpjnsation can be accomplished ky 

rationing k , determined by u/ z to k , determined from 

ku.z (5) 

s the eddy viscosity at 5 metres, 
"5 
k is von Karmon's constant (.*»), 

s the height (5 metres), and 

s the friction velocity defined as A'/p . 

With this ratio determined, k and k. can be approximated, and therefore m A r r ' 

velocity (u ) for the aerosol, defined as f,./b , of 9.8 cm/sec. 

k /k. determined. In this case u'w' and b r ,. w' were determined to be m A scat 
2 2 -2 

0.1 m /sec and .03 sec , respect Wely, which results in a correction 
factor of 6.7 and a ratio of k /k„ equal to 1.02 (a value of 1.0 is m A 
usually assumed (Gillette et al., 1972)). These numbers imply a depo

sition 

The time period was too short for a comparable analysis to be v-ilid 

during the suspension period. It is interesting to note, however, *„hat 

the light scattering (vertical velocity, depicted as (u'w 1) and (b 1 w 1^ 

(because of the short time period)} reversed sign with corresponding values 
2 2 ~2 

of -0.36 n /sec and -0.1 sec , respectively. This apparently implies 

not only a brief upward flu., of aerosol, but of momentum as well, as the 

air moved upward into the convective cells, associated with the front. 

The time lag for maximum covariance, associated with the amount of time 

the aerosol takes Co flow through the sampling tube and entre the scat

tering chamber, was increased From 0.^5 of a second for the deposition 
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case to S.* seconds for the short suspension event, which also Indicates 
upward air flow opposing the sampling flow of the nephelometer. 

Spectral ai.alysis of the wind and dust data also reveals much about 
the physical process we ar& observing. The theory of spectral analysis 
and application to meteorological parameters have been described in nony 
papers (Bendat and dersol, 1966; lovill, 1972). The digital analysis 
technique we used was developed by Blackman and Tukey (1958) for numeri
cally solving for the autospectral density (cross spectral density) from 
the Fourier transform of the autocorrelation function (cross correlation 
function). Since the auto and cross correlation functions sre simply the 
functional covariances previous discussed and normalized by their standard 
deviations, the autospectral densities can be Integrated to derive the 
fluxes, discussed in the previous paragraph, or plotted to show Its 
distribution with frequency. This information is useful In evaluating 
the following: 

1. Instrumental time constants. In that as the Instrumental time 
constants are approached, the spectra flatten to that char
acteristic of noise; 

2. Mechanical, Instrumental and recording resonances, which show 
up as sharp peaks at resonance and harmonics; 

3. Real -pectral peaks and gaps related to terrain modulation 
effects on the wind and dust spectra and; 

<i. Variation of slope of the spectra beyond tiw inertial subrange, 
indicating increased or decreased rate of turbulence cascade, due 
to meteorological or surface characteristics. 
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Figure 3 shows the autospectral densities for parameters measured 

during the 5 minute deposition period before passage of the front. Fiqure 

3a is the spectrum for the vectorvane horizontal wind speeds at 5.k meter 

(v), Features which are immediately noticeable are the sharp peaks at 

200 and 400 per minute frequencies, strong peaks at 30 and 50 per minute 

and a general slope close to the Kolmogorov slope of -5/3 derived for the 

inertial subrange. Similar features are observable in cup anemometer wind 

speeds at I m (WINOCUP) with a generally higher energy density (Fig. 3b). 

The higher (NEPHUP) and lower (NEPHLW) nephelometer data of Figs. 3c and 

3d, respectively, show a peak at 35 per minute with no peak at 50 per 

minute* but otherwise similar characteristics. The spectrum of the vertical 

velocity at 5.4 metres (w) peaks at higher frequencies and shows the general 

shape found from other studies of this spectrum. The sharp peaks at 200 

and 400 per min are the result of recorder noise. Their sharpness* how

ever, precludes serious contrit-ution ot the total spectrum. The peaks at 

around 30 and 50 per minute seem to be real frequency variotions, associated 

with the wind. There also appears to be a change in slope in the nephel

ometer data at about 40 per minute frequency. 

The cross spectral densities for the same period as Fig. 3 are plotted 

in Fig. 4. Figure 4a shows the cross spectrum for v and w and Fig. 4b shows 

the cross spectrum between NEPHUP and w at 5.4 metres. Note in Fig. 4b a 

significant spectral peak at 13 per minute frequency and a broad spectral 

gap, centered at a 10 per minute frequency. It is interesting to observe 

that the cross spectrum in Fig. 4a indicates: (1) a flat energy spectrum 

at a frequency from 50 to 20 per minute* (2) a very sharp slope increase, 

towards the ''wer frequencies, at 6 per minute, and (3) a maximum in V.he 

spectrum at a frequency of 1.2 pc minute. 
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CONCIUSIONS 

It Is important to understand deposition and suspension of aerosol 

by wind as separate phenomena. This is especially true for the case of 

a >. laminated area of land, contributing toxic aerosol. Once the toxic 

particulates have left the contaminated area, they can only deposit, evan 

though new non-toxic particulates are being suspended all around them. 

A fortunate meteorological situation and a site with fast response aerosol 

and wind instrumentation, allowed us to analyze deposition and suspension, 

as separate phenomena on the same data record. The major results of this 

analysis can be summarized as follows: 

1. The size distribution of the soil particulates and the geometrical 

orientation of plowed furrows to the wind are Important to the 

threshold velocity, beyond which particles will be suspended from 

bare soil. Thresholds this year for clay soil were almost double 

that for the previous year for sandy soil. 

2. The relationship between aerosol flux 3nd wind speed above thres

hold was less well defined than the sandy soil data. The relation 

ship does seem to involve a lower exponent than the sandy soil 

data, which showed a flux that varied as about the sixth power 

of the wind speed (Porch and Shinn, \ST<). 

3- Application of both the difference and covarlance measures of the 

upward momentum and dust flux allows: 

a. a comparison of the aerosol exchange coefficient (k„) and 

the eddy viscosity ( k ) ; and 
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ts, find a ratio of k./k = 1.0, and an aerosol deposition velo-
A m 

city of about 10 cm/sec at 5 metres in 20 m/sec winds; 

k. The frequency response and spectral density comparisons of the 

wind and dust data has proven to be a valuable tool In under

standing the physical properties of dust suspension by wind. 

Much future work remains to be done. Principle among these is to 

combine the efforts of the NCAR measurements of total particulate size 

distribution and average flux iieasurements with our data to determine how 

our measurements of small particle flux relates to total aerosol distribu

tion and m-iss concentration. 
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FIGURE CAPTIONS 

FIGURE 1. Movement of a cold front concurrent with the period of 

measurement near Plainview, Texas on 7 April 1975. during 
a dust storm. The graph in the upper rlgnt hand corner 
shows the rapid drop in temperature associated with the 
front. 

FIGURE 2. Comparison of data taken during the period illustrated in 
Fig. 1. (a) nepheiometer data in 10 m at 1.^ metre; 

(b) cup anemometer data In metres per second at 1 metre; 
(c) difference between data in (a) with nep!elometer data 
at 5.1 metres; (d) analogous difference bet;.-een anemometers 
at 5.5 and 1 metre, respectively; (e) and (f) show Llie dif
ference values in (c) and (d) plotted against the wind speed 
plotted in (b) for deposition and suspension psrt of the data, 
respectively. 

FIGURE 3. Autospectral densities for measured aerocd and wind 
parameters measured during a 5 minute per'.od of d^posl tior.. 

FIGURE k. Cross spectral densities for vertical wind w and (a) upper 

nepheiometer and (b) horizontal wind at 5 metres for same 
period as Fig. 3. 
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