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ABSTRACT

Fast-response light scattering measurements at two heights during a Texas dust storm are combined with
horizontal and vertical wind data to derive and compare aerosol flux estimates using three techniques. The
major result of this study is that a relative equivalence exists between the fine-particle (0.1 pm <radius<1
um) exchange coefficient and the eddy viscosity of the wind. The data also shed some light on the complex
dependence of wind speed threshold for suspension and aerosol flux in high winds for different surface con-
ditions and soil types. These results show the value of the experimental technique to studies of toxic par-

ticulate suspension and deposition by wind.

1. Introduction

Studies of windblown particles have a rich history
with a wide variety of motivations. These studies in-
clude agricultural and geological investigations of
erosion and sand and mixed soils (Bagnold, 1941;
Chepil, 1957; Skidmore, 1974), nuclear hazards investi-
gations of resuspension of radioactive particles
(Anspaugh et al., 1973; Sehmel and Lloyd, 1976),
windblown snow (Businger, 1965; Mellor, 1965),
dispersion of biological material (Raynor, 1976; Aylor,
1976), ocean spray (Bortkovskij, 1972; Heathershaw,
1974), and even refloatation of urban pollution particu-
lates (Newman et al., 1974; Harrison et al., 1976). In-
vestigations have been made in wind tunnels (Punjrath
and Heldman, 1972) and in the open environment
(Carlson et al., 1973; Patterson et al., 1976; Hagen
and Woodruff, 1973). Despite these efforts the fine-
particulate fluxes from soil surfaces remains a difficult
parameter to measure and relate to wind speed, soil
type and condition, and the turbulence parameters of
the wind.

Our approach to this problem was to combine fast-
response aerosol light scattering instrumentation and
anemometers with filter samples to resolve the turbulent
fluxes of aerosol and wind momentum. The basic
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W-7405-Eng-48.
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experimental design consisted of a vertically displaced
pair of integrating nephelometers (Ahlquist and
Charlson, 1967) along with several anemometers and
at least one measure of the vertical velocity at the
height of the nephelometer. Filter samples were also
taken at several heights. The principal experiment was
conducted in a farm field with loamy soil near
Abernathy, Tex., during April 1975. Some measure-
ments were also taken the previous year in a sandy soil
field near Plains, Tex. (Porch and Shinn, 1976; Shinn
et al., 1976; Gillette, 1976). From the information
derived from the above-mentioned instruments we
were able to determine the following:

1) A comparison of the aerosol exchange coefficient
(K4) and the eddy viscosity (Ku) for the deposition
period.

2) Aerosol deposition velocity and flux, during a
dust storm prior to a frontal passage.

3) Spectral analysis of the auto- and cross-spectral
densities of the vertical and horizontal wind and the
light scattering measurements of dust.

These data can be compared to previous measurements
made under different sampling, soil and meteorological
conditions.

2. Theory

a. Eddy correlation

The eddy-correlation technique is the most direct
technique of turbulent flux determination and involves
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following the variations of wind speed and light scatter-
ing to determine

, dbscat
Fa= bscatwl =—Ky4
dz
and
du
r=pu'w’ = —pK yr—, (1)
dz

where /, w’, b, represent the instantaneous deviation
from the mean of horizontal and vertical wind speed and
aerosol light scatter, respectively, r is the shearing
stress and p the air density. In order to determine fluxes
with this technique care must be taken to-insure that
all frequencies important to turbulent transport are
detected by the sensor. If a nondimensional frequency
is defined as

f=nz/a (lor ideal frnax>1.5 and frin>0.001), (2)

where #, 2 and % are the sampling frequency, the sensor
height and the mean wind, respectively, then the range
of values of f should be higher than 1.5 and lower than
0.001 for stress and fluxes with the same spectral
density as stress (Kaimal, 1973). We will see subse-
quently from spectral analysis of the data that these
criteria were met. When the profile and eddy correlation
techniques are combined, Eq. (2) implies that the ratio
of K4 to Ky can be determined.

b. Profile method

The second and perhaps simplest technique for flux
determination is to use the vertical pair of nephelom-
eters and anemometers to define the profile to derive
the light scattering aerosol flux as

Ab;cat
Fa=Ky4 \ (3)
; Az

where bseas is the integrated light scattering coefficient
and z the instrument height. F4 can be related to the
total (number) flux of particles by the measured size
distribution on the filter samples. By assuming equiva-
lence between K, and Ky, F4 can be determined
through the drag coefficient C; (Gillette et al., 1972).
This technique no longer requires the assumption of
steady state, but does require the speed of response
necessary for the application of the eddy-correlation
technique.

¢. Calculation of deposition velocity

A third method of determining the vertical flux of
aerosols is to use the deposition velocity concept in
which the vertical flux of an air additive is equal to the
average concentration at a given height multiplied by
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a deposition velocity. The deposition velocity is com-
puted from

-

Fu =C'qw] xF (x) P (x)dx, 4)

where €' is the mean concentration at the sampling
height z; o, is the standard deviation of the vertical
velocity fluctuations,

wW—10
x= ,
Ow

where w is the instantaneous value of the vertical
wind; and

C(x)

- b

F(x)=

where C(x) is the mean value of a concentration for a
given value of the vertical wind expressed in terms of
x, and P(x) is the probability distribution of x.

In the present treatment the assumption used was
that o, = Auy, where u, is the friction velocity and 4 a
constant (Lumley and Panofsky, 1964 ; Wyngaard et al.,
1971). The time series of vertical wind w(-+) and
bscat(+) were used to construct the functions F(x) and
P(x). The approximation was used that ‘

bscat

©)

bscat

That is, bscas was assumed proportional to mass loading
of aerosol. The probability distribution for w was
nearly Gaussian, and the value of the integral

Ca= / i 2F (x) P(x)dx (6)

was determined numerically. The vertical light scatter-
ing aerosol flux can then be determined as

Fa=Cu,AC,, ' Q)

where A is usually close to unity. That is, the light
scattering particle flux is a product of mean concentra-
tion multiplied by a deposition velocity that is equal
to a friction velocity times a constant C4. The results
of this and the previous two techniques will be
developed after a description of the experimental
conditions.

3. Experimental conditions

The primary experiment was located on erodible soil
in a farm field near Abernathy, Tex. The land was de-
nuded of vegetation with vegetative residue.in the
amount 144 g m™2 The soil was dry with 1.9% soil
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moisture by weight and was relatively loose with 519,
of the mass in aggregates smaller than 0.84 mm. The
soil was a flat exposure of Estacado loam with a surface
texture sandy clay loam determined by the Buoycous
method (Buoycous, 1951). A slightly furrowed structure
of the soil remained with furrow-to-ridge-height
differences averaging about 3 cm. The instrumentation
was located on a 5 m tower west of a north-south dirt
road on the same Estacado soil having a smoother sur-
face and less coherent aggregates structure. Filter
samples were collected about 40 m south of the tower.
The fetch-to-height sampling ratio was greater than 10
for the conditions of this experiment.

The instrumentation on the tower consisted of two
integrating nephelometers (Ahlquist and Charlson,
1967) with cup (Teledyne Geotech model 51.B) and
vectorvane anemometers (Meteorological Research
Inc. Model 1053) at heights shown in Table 1. Most
of the results presented will be from the 5 m nephelom-
eter and vectorvane, yielding the lowest maximum
sampling frequency of ~5.25 Hz with an average wind
of 19 m s! from Eq. (3). The nephelometer air flow
system was modified to give a flow rate of 472 cm? s~!
in order to circulate aerosol through the light scattering
chamber in less than 0.1 s. The system was run on test
mode with aerosol scattering sampled over eight times
per second. The subsequent spectral analysis of the
nephelometer data shows that the high-frequency
response is close to the ideal high-frequency response
of 5.25 Hz. A vectorvane provided the wind data. With
the distance constant of ~1 m the vectorvane, in 19
m s~! winds, also proved to have a maximum frequency
response close to ideal. The data were collected on
analog tapes, which were subsequently digitized at
1/20th of a second.

The experiment took place on 7 April 1975. After
several days of waiting, wind speeds were sufficient to
erode the soil of the road which was more erodible than
the field soil. Since winds were southeasterly along a
flat area, we were able to sample dust which had blown
from the road and which was settling by turbulent
diffusion. The high winds averaging about 19 m s

TABLE 1. Mean values for light scattering coefficients (b.cas),
horizontal wind velocity (u), vertical wind velocity (w), azimuth
(¢) and temperature (T).

Mean value for period
representing

Height Deposition Suspension
Instrument Parameter (m) (320 8) (100 s)
Nephelometer bycat 1.4 1.1 X1074 m™! 4,48 X10~* m™
5.1 2.08 X107 m— 3.60 X10"t m™1
Vectorvane u 5.4 189 m s~} 16.8 m s~
anemometer
Cup
anemometer [ 1.0 1423 m s 13.0 m s
Thermistor T 5.3 20.3°C 15.7°C
Vectorvane
anemometer W 5.4 ~0 m s~ ~0m g1
Direction ¢ 45° 105°
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¥16. 1. Movement of a cold front concurrent with the period of
measurement near Abernathy, Tex., on 7 April 1976, during a
dust storm. The graph in the upper right hand corner shows the
rapid drop in temperature associated with the front.

were accompanied by a thick cloud cover and we
inferred a nearly neutral atmosphere for the time of the
experiment. A wind shift and temperature drop occurred
after about 6 min of measurements of dust deposition
of previously suspended particles from local and distant
roads and fields (our field was not emitting particles).
After the wind shift caused by the frontal passage,
aerosol began to be raised from our field (see Fig. 1).
This reverse in the direction of aerosol flux is evident
from the sign of the difference between the light scat-
tering values from the nephelometers at the two heights
shown in Fig. 2. Fig. 2 shows the pulse of aerosol from
the surface after the wind changed direction (Fig. 2a)
along with the wind speed at 1 m (Fig. 2b) and the
difference between the upper and lower nephelometers
(Fig. 2c). After about 1.5 min a torrential rain and hail
storm halted all wind erosion and our experiment. The
criterion expressed in Eq. (3) shows that although the
sampling period for the eddy-correlation technique was
long enough (6 min) for the deposition period, the
suspension period was too short for proper application
of this technique.

Two factors combine to complicate the relationship
between the light scattering coefficient bsc.y measured
at the nephelometer and the aerosol mass concentration
and visual range outside the nephelometer. These
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Fic. 2. Comparison of the data taken during the period illus-
trated in Fig. 1: (a) nephelometer data in light scattering units
at 1.4 m; (b) cup anemometer data in meters per second at 1 m;
(c) difference between nephelometer at 5.1 m and nephelometer
at 1.4 m. The negative values are associated with aerosol deposi-
tion and positive values with aerosol suspension.

factors are as follows:

1) The effective loss of large particles, which pass
over the vertically oriented sampling tube, because of
their inertia. The aspiration ratio, defined as the ratio
of aerosol measured through the vertically oriented
tube to the ambient concentration, is less than 1 for
larger particles and low sample flow rates.

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
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scatter completely to 180° from an angle of exactly 0°.
The forward angle truncation reduces the sensitivity to
large particle light scatter (to 509 in the limit of very
large particles) (Ensor and Waggoner, 1970).

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

Ag=1-3K,uvore 8)

where K, is the Stokes number for the nephelometer
sampling tube as a function of particle diameter d, Vr is
the sampling flow velocity and V, is the horizontal
wind flow velocity. Care should be taken not to apply
Eq. (8) to Stokes numbers greater than the tested range
of between 0.003 and 0.2. (Lundgren). With a 4.6 cm
diameter tube and sample flow rate of 472 ¢cm s in
high winds, the over Stokes number range allows us to
apply Eq. (8) to particles with radii between 0.5 and
Sum. Because the sampling efficiency varies as a
function of horizontal wind speed, a correction had to
be made to the light scattering values associated with
winds less than or greater than average.

The net effect on the sampled aerosol distribution
of the factors mentioned in the previous paragraph is
shown in Fig. 3. Curve (a) shows a lognormal approxi-
mation to the particle size distribution measured with
filter samples. This distribution has a geometric mean
and standard deviation of 2.5 and 0.6 um, respectively.
Curves (b) and (d) illustrate the effects of the aspiration
and truncation angle, respectively. Curve (c) illustrates
the combined aspiration and truncation angle effects.
These effects were tested directly by alterately sampling
straight into the wind and perpendicular to it. Increased
scattering was found for horizontal sampling due to the
larger particles, which ranged from 309, to 609
depending on the wind speed.

1.0

RELATIVE dm/d logr

100

r (um)

F1c. 3. Effect of anisotropic vertical sampling and angular
truncation in the aerosol size distribution sensed by the nephelom-
eter: (a) the “ambient” size distribution; (b) the size distribu-
tion “‘seen” by vertical-pointing nephelometer for the mean wind
speed; (c) the size distribution “‘seen” by the nephelometer for
the mean wind speed, corrected for particle size sensitivity of the
integrating nephelometer due to the truncation angle effect;
(d) the equivalent size distribution due to truncation error reduc-
tion of the ambient size distribution.
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The time lag for maximum covariance, associated
with the amount of time the aerosol takes to flow
through the sampling tube and enter the scattering
chamber, was about 3 for the deposition period and
5.4 s for the suspension period, which may be caused by
the upward aerosol flow opposing the sampling flow of
the nephelometer. Also, a slight complication arose
when the horizontal wind sensor broke electrical contact
at times during this period. These breaks were easily
identified by sudden 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 fewer than 109, of the record and lower anemometer
and upper anemometer variations correlated by 0.7.

Figs. 2a-2c show data taken before and after the
front shown in Fig. 1 passed the observation site. The
front arrived at about 420 s into this record at 1358
local time. As previously mentioned, local suspension
did not take place until the front passed and the wind
changed from south to west-southwest (Fig. 2¢). How-
ever, Fig. 2b shows that the total wind speed did not
increase and in fact decreased slightly during this
period. This is the result of increased shearing stress
due to the change of wind direction from perpendicular
to almost parallel to the field furrows and possibly the
increased turbulent energy associated with the front.
The increase in shearing stress implies an increase in
the friction velocity #, and turbulent energy has been
shown to be important in the suspension process by
Punjrath and Heldman (1972).

4. Results
a. Kyvs Ky

The covariances of the wind and dust can be used as
independent measure of many of the parameters de-
scribed in Eq. (2), using the eddy-correlation technique.
The length of record of the deposition period is just
sufficiently long to use the covariances to determine 7
and F4. Table 1 summarizes the mean value of the
parameters measured as a function of height during the
deposition and suspension periods before and after the
frontal passage. It is possible to obtain a measure of K
and K4 independently by combining these values for
7 and F4 with the differences shown in Table 1 and the
equation

Ki  bocarw' Au
- ©
Ky u'w Abgeas

For the deposition case #'w’ and b,,’ were determined
to be 0.15 m? s and 0.03 (X10~* s7%), respectively,
which results in a ratio of Ky/K4 equal to ~1.0 (a
value of 1.0 is usually assumed without measurement)
(Gillette et al., 1972).

The time period was too short for comparable analysis
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to be meaningful during the suspension period. During

the suspension period both #'w’ and &,,,,w’ increased in
magnitude to 0.23 m? s72 and —0.08 s7!, respectively.
This implied an increase in surface shearing stress and
an upward flux of aerosol associated with the frontal
passage.

b. Mean profile data

Fig. 4 shows scatter plots of the difference between
upper and lower nephelometer by versus wind speed
at 1 m. Figs. 4a and 4b are for the deposition and sus-
pension part of the record, respectively. Fig. 4a shows
only a general bunching of values for deposition with
wind speeds as high as 20 m s~ The logarithmic scale
plot in Fig. 4b for suspension shows a very noisy relation
between wind speed and differences above 0.1X10~%,
Fig. 4c shows an analogous record recorded the previous
year with sandy soil conditions rather than loam. The
two nephelometers that year were closer to the ground
at 35.5 and 166 cm (Porch and Shinn, 1976). This
scatter plot represents an hour’s worth of data with a
30 s filter. The data are much more closely clumped and
have an exponential relationship to wind speed for
values between 4 and 7 m s These differences are
related to the aerosol flux as a function of wind speed
through Eq. (1). This high exponential relationship
between wind and dust flux has been observed by
Gillette (1974) and Sehmel and Lloyd (1976) from
filter samples where much longer averaging times are
involved. The data in Figs. 4a and 4b 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 s7! for the more turbulent winds almost
parallel to the furrows. These values for loamy soil
compare to a value of about 8 m s~ for the previous
year in a highly erodible sandy soil field.

¢. Computation of deposition velocities

The probability distribution of the vertical velocity
was then determined for inclusion in Eq. (6) by using
the deposition velocity technique. The one-dimensional
probability densities for horizontal by, and vertical
wind, using the wind at 5 m during the deposition
period, are shown in Fig. 5. The form of F(x) is shown
in Fig. 6. C4 was found to be

Ca=0.01. (10)
With 4 determined equal to 3.5, Eq. (7) takes the form
F 4=~0.04u,C. (11)

The above expression can be compared to the work
of Hicks (1976) and of Sehmel and Hodgson (1976).
Hicks approached the calculation of deposition veloc-
ities by considering the vertical flux to be a product of
a deposition velocity times the difference of concen-
trations at two heights. An expression given by Hicks
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for deposition velocity is

ku,
Ve= s
nl: (s _dp)/z:n:l ¥

where d, and z, are the zero-plane displacement and
the roughness length of the quantity p, and z is the
height of the measurement; ¥, is a correction term
which becomes important for a non-neutral atmosphere.
Since our sampling took place in a nearly neutral
atmosphere, we used values given in Hicks’ paper for
2, for particles between 0.1 and 1 um to give approxi-
mately

(12)

F4=0.04u,[C(2)—C(0)], (13)

where C(0) is the zero-plane concentration. Since the
difference C(z)—C(0) is less than C(z) [possibly 309,
of C(z)] (Gillette, 1974}, comparison with Eq. (11)
shows qualitative agreement. Indeed, the dependence
of the expression of %, agrees with our expression. How-
ever, the dependence of Vg on z/L, where L is the
Monin-Obukhof length, and on z, would indicate that
our F(x) should vary also with z/L (i.e., with height
and atmospheric stability) as well as with roughness

height. That is, F=F(x,3/L,z,).

Sehmel and Hodgson also approached the deposition
velocity problem by the profile method. They computed
deposition velocities as a function of atmospheric sta-
bility, ronghness height, u, and height. Their value for
the deposition velocity for the conditions u, =50 cm 57,
2=0.5 cm, 2/L=00, z=1 m and particle diameter
~1 um is about 0.5 ¢cm s~ OQur value for the deposition
velocity at 5.4 m for #,=40 cm s (approximately our
observed value for u,) with similar values for the other
parameters is ~1.6 cm s~ which is higher than the
Sehmel and Hodgson values.

d. Spectral analysis

Spectral analysis of the wind and dust data also
reveals much about the physical process we are ob-
serving. The theory of spectral analysis and application
to meteorological parameters have been described in
many papers (Bendat and Piersol, 1966; Lovill, 1970).
The digital analysis technique was developed by
Blackman and Tukey (1958) for numerically solving
for the autospectral density (cross-spectral density)
from the Fourier transform of the autocorrelation func-
tion (cross-correlation function). Since the auto- and
cross-correlation functions are simply the functional
covariances previously discussed and normalized by
their standard deviations, the autospectral densities for
parameters measured during the 6 min deposition
period before the passage of the front. Fig. 7a is the
spectrum for the vectorvane horizontal wind speeds at
5.4 m. Features which are immediately noticeable are
the sharp peaks at 100 and 200 min~! frequencies, a
general slope close to the Kolmogorov slope of —5/3
derived for the inertial subrange, and high-frequency
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F1G. 5. Probability density versus sigma units for the three parameters #, bscat and w
measured at 5 m during the deposition period for the conditions shown in Fig. 1.

flattening at ~350 cpm (cycles per minute). Fig. 7a
shows a very similar slope for the autospectral density
of the light scattering data with a high-frequency flat-
tening at ~300 cpm. The similarity of the shapes of
these curves and the high-frequency flattening at ~35

Hz imply the speed of sampling criteria were met. The
peaks at 100 and 200 Hz are due to data system effects
and appear even on a disconnected channel. Their
sharpness, however, precludes serious contribution to
the total spectrum.
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5. Conclusions

A fortunate meteorological situation and a site with
fast-response aerosol and wind instrumentation allowed
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in Fig. 5 measured during the 5 min deposition period.
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us to analyze deposition and suspension as separate
phenomena on the same data record. The major results
of this analysis can be summarized for particles with
radii between 0.1 and 1 um as follows:

1) Application of both the profile and covariance
techniques for flux determination allows us to determine
an approximate equivalence between the aerosol
exchange coefficient K4 and the eddy viscosity Ky for
the size distribution sampled.

2) The deposition velocity technique for flux deter-
mination yielded results comparable to values found
from earlier work.

3) The size -distribution of the soil particulates and
the geometrical orientation of plowed furrows to the
wind are important to the threshold wvelocity for
suspension of particles from bare soil. '
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