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INTRODUCTION

During the past decade, considerable interest has been focused on the
emission, transport, deposition and climatological effects of natural and
anthropogenic aerosols {(e.g. Gillette gt al. 1982; 1978; Delulsi gt al.
1977; Pewe, 1981). Several studies have also considered the effects of mass
particle concentration on light extinction (Pilat and Ensor, 1971), climate
{Idso and Brazel, 1974), human health hazards (Leathers, 1981), wvisibilicy
{Patterson and Gilliette, 1977b) and ambient air quality (Hagen and Woodruff,
1973). In addition a large volume of literature has developed on the
atmospheric, textural and surface conditions which interact to produce
atmospheric aerosols.

Despite this, few studies have atﬁempted to identify and classify, in a
quantitative manner, the relative aerosol production potential of natural
and anthropogenic surfaces. Information of this nature is needed in our
understanding total suspended particulate loadings especially in areas such
as thé U.S5. Southwest where dust storm frequencies and T.S.P. loadings are -
relatively high (Nickling and Brazel, 1984; Brazel and Nickling, 1986).
Moreover, the recent declsion by the Environmental Protection Agency to
modify the current T.5.P. standards to a limitation based on particulates
having a mass mean aerodynamic diameter of less than 10 micrometres,
requires a better knowledge of the potential sources and land-use activities
which result in high aerosol fluxes so that appropriate environmental
standards can be established.

In order to evaluate the aerosol preoduction potentlal of wvarious

surface types, field wind tunnel tests were carried out at 13 sites in



Arizona during May and June 1986. The selected sites are representative of
both undisturbed and disturbed surfaces that are typical of large land areas
in the state. The selected sites included: disturbed and undisturbed scrub
desert, fluvial chamnnels, active and abandoned agricultural fields as well
as mine tailings.

The following report presents the results of the study including a
brief discussion of the factors affecting the entrainment and transport of

particulates.
THE ENTRAINMENT AND TRANSPORT OF PARTICULATES
The Wind Profile

The wind shear near the ground has a direct Influence on the suspension
or resuspension of soll particles. It is well establicshed that a wind
strong enough to cause the movement of scil is always turbulent. The change
in velocity with height in the turbulent boundary layer above a non-eroding
surface is traditionally described by a logarithmic equation first proposed

by Schmidt (1925) and Prandtl (1932). This equation has the form

w, = (ug/k) In{z/z,) el

in which u, is the average horizontal velocity at a height z above the
surface, k is the von Karman constant having a value of 0.4, z, is the
roughness length, and is the height above the surface where the wind
velocity is zero. The zero-velocity plane is not obvious from an inspection
of the ground surface, but is estimated by plotting the velocity above the

ground against the height above the average ground surface on an arithmetic
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scale and projecting the curve to the ordinate,
The parameter us is known as the friction velocity and is an index of
the rate of increase of wvelocity with height. The stronger the wind, the

greater uy. The friction velocity is defined by the equation

r/p = uxl ...2
where r 1s the shearing stress at some height z above the surface and p is
the air density.

Above an eroding soil surface the wvelocity gradient undergoes a
significant change in which Eq. 1 does not strictly apply. Bagnold (1936)
and Chepil and Milne (194]1) were the first tc show thét sand and soil
movement in saltation reduces the momentum and, therefore, the surface
velocity of the wind (see Fig. 1). This figure is reproduced from Chepil
(1940) and represents data obtained from a portable wind tummel designed for
use in the field. The solid lines indicate velocity gradients obtained over
a surface which was "fixed" by spraying it with water. The dashed lines
indicate the velocity gradient over the same soil surface with soil movement
in progress. Note that an eroding soil surface reduces wind velocities to a

considerable height. Chepil (1%40) shows that the wind profile under

eroding conditions conforms to the equation

u, = 5.75 u} log(z/k') + ug ...3
In which u, is the velocity at height z, u} is the drag velocity above an
eroding surface, k' is the height above z, to which all drag velocity curves
merge and u, is the velocity at height k'. Chepil found ﬁhat, within the
limitations of his data, u; remained constant independent of the wind speed.

It is evident from Fig. 1 that the higher the drag velocity uy (i.e.
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the stronger the wind blows) the lower is the velocity below the height k’'.
This condition arises because of the larger concentrations of saltating soil
grains in the stronger winds which tend to lower the wind velocity below the
height k’. Chepil and Milne (1941) found that the height k' was
considerably below the average height of saltation. Owen (1964) suggests

that the height of the saltation layer (§) can be defined by
§ = ukl/2g A

Initiation of Particle Movement

The initiation of particle movement by wind has been investigated by
numerous authors. The majority of this work has focused on the effects of
atmospheric and textural variables, which in general control fluid threshold
shear wvelocity by_altering particle Reynolds number and/or particle fluid
drag. Complimentary studies have also been concermed with the role of
various interparticle forces, such as capillary water tension (Belly, 1564;
Azizov, 1977), soluble salts (Gillette et _al., 1980; Nickling and
Ecclestone, 1981; Nickling, 1984), or cohesive forces such as electreostatic
charges (Iversen and White, 1982) which tend to bond individual grains
together, thereb& increasing fluid threshold and decreasing the supply of
grains to the airstream.

When air blows across the surface of dry loose sand a critical fluid
shear stress (r.) must be achieved in order to initiate motion. This
¢ritical shear stress can be expressed as a function of the shear velocity

(Ugy) of the air moving over the surface by



U*t_ _-E_E ...S
p

where p is the density of the air. The shear wveloclty can be determined
empirically from the wind velocity profile above the eroding surface (Eq.
1.

The critical shear wvelocity mnecessary to initiate motion has been

termed the fluid threshold by Bagnold (1%41) and can be eXpressed as

Uyr = Pp - pa . g . Dp .6
op

where Pp and pg are the particle and air densities respectively, g
acceleration due to gravity, Dp the particle diameter and A an empirical
coefficient equal to approximately 0.1 for particle £riction Reynolds
numbers (B) > 3.5 (i.e. an equivalent grain diameter > 0.01 em). Bagnold
(1941) suggests that when particle friction Reymolds number is > 3.5
individual grains protrude intec the alr stream carrying the fluid drag and
causing small eddies to form downwind from the particle. He also argues
that for Reynolds numbers < 3.5 all particles lie below a viscous sublayer
resulting in the fluid drag being distributed more evenly over the entire
surface rather than being carried by a few more isolated grains. Under
these conditions when particle size becomes relatively small (< 0.2 mm) the
value of the coefficient A begins to rise, resulting in a sharp upturn of
the threshold curve as grain size decreases (Fig. 2).

Grains initially entrained into the air stream by fluid drag may begin
to bounce or saltate downwind. During the downwind movement the velocity

and hence momentum of these grains is increased before they fall back to the
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surface. On striking the surface the moving grains may ricochet off other
grains and become re-entrained or altermatively may become embedded in the
surface. In both cases, momentum is transferred to the surface In the
disturbance of one or more stationary grains. As a result of the impact of
saltating grains, the fluid drag required to move the stationary surface
grains 1s significantly reduced. This new, lower threshold required to move
stationary grains after the initial movement of a few particles has been
termed the dynamic or impact threshold (Bagnold, 1941). Wind tunnel
experiments By Bagnold (1941) indicate that the dynamic threshold for a
given sediment follows the same square root function as the fluid threshold
(Eg. 6) but with a lower coefficient A of 0.08 instead of 0.1.

Although the threshold wvelocity can be closely defined for a uniform
sediment size greater than 0.1 mm, it can not be defined for most mnatural
sediments because of several complicating factors. Natural sediments, no
matter how well sorted usually contain a wide range of grain sizes that
cause variation in fluid and dynamic threshold (Nickling, 1986). Moreover,
non-exrodible roughness elements, such as vegetation, pebbles and boulders
which absorb momentum being transported to the ground, decrease the momentum
felt by individual soil particles thereby increasing the shear velocity
required to initiate motion. Similarily other surface effects (i.e.
moisture, soluble salts, organic residues and clay crusts) tend to stabilize

the surface decreasing entrainment.



Entrainment of Find Grained Sediment

As indicated in Bagnold’s (1941) threshold curve, the shear wvelocity
(ug) reguired to entrain particles < 0.1 mm increases rapidly as grain size
decreases negating the use of Eq. 6 for threshold determinations. Bagnold
(1941) suggested that this results from the fact that particles in this size
range are too small (i.e. low particle friction Reynolds number) to protrude
above the laminar sublayer close to the surface.

Miller and Komar (1977) and Iversen et gl. (1976) however, suggest that
the upturn in the threshold curve may be more directly controlled by
interparticle cohesive forces (i.e. moisture films, van der Waal's forces,
and electrostatic charges) rather than by Reynolds number effects. In
support of this argument IQersen et al. (1976) and Iversen and White (1982)
have developed and tested modified threshold equations which take into
account interparticle forces for small grains. Their detailed wind tunnel
data also indicate that the wvariation in threshold shear velocity for small
particles is a function of particle-size distribution and particle density.

Iversen et _al. (1976) argue that the forces on an erodible particle

include the drag D, the 1lift L, the aerodymamic overturning moment M, the
weight W and an interparticle force I,. At the threshold conditlon the
particle forces are assumed to be in equilibrium about the point P. Thus,

the moments about the point P are:

Da +1b +M="Wb + Ipc

Based on this assumption Iversen ef al. (1976) derive an expression for Uk,



of the form

3 1/2
D [14a.I DAl
Ugp = A {;ngl' 4p/ppgp ...8
D ,—1+ABB

The coefficients A1, A3, A4 are unknown, but have been approximated using an
ewpirical set of values derived from detailed wind tummel tests. TUsing
these wvalues and assuming that the interparticle force, Ip, is proportional

to a power of the particle diameter they derive the following expression for

0.837 5} 1/2
D 1+ 0.0314(D D
u,. = 0.174 |%p8% (Bp) " /opB T
P 1 -+ 0,588B J

where the constant 0.0314 has the units of g.cm0'163/sec2 and B is the
particle friction Reynolds Number. This relationship has been more
thoroughly tested by Iversen and White (1982) and McKenna-Neuman (1984) and
appears to adequately describe and predict the observed upturn in Bagnold's
(1941) threshold curve for small particles.

The rapid increase of threshold shear velocity with decreasing size for
small particles is of considerable importance when one considers the
entraimment of fine grained sediment under natural wind conditions,

Patterson and Gillette (1977a), based on field studies, suggest that
particles transported long distances typically have particle diameters
ranging from 0.1 to 20 um. Using the Iversen et al. (1976) threshold
equation the threshold shear wvelocity (us.) required to entrain a 20 um
particle is approximately 34 em/s which corresponds to a wind velocity of 35
km/h (22 mph) at 10 m if a logarithmic wind profile is assumed. In contrast

the threshold shear velocity of a 1.0 pum particle is 180 ecm/s which is
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equivalent to a 10 m wind speed of 190 km/h. Thus, for very small particles
(<10 pm) it is unlikely that they can be entrained by the direct force of
the wind under normal meteoroclogical conditions. The relative immobility of
fine particles has been noted by many authors in both field andé laboratory
wind tunnel experiments. In almost all cases these authors conclude that it
is the saltation of larger particles impacting the surface that is the
dominant mechani;m by which suspended particles are ejected into the

airstream and not the direct action of the wind.

Thresheld Velocitv of Natural Sediments

The work of Bagnold (1941), Chepil (1950) and Iversen et a). (1976) has
greatly increased our understanding of the threshold velocities,required for
the initiation of particulate movement in simple soil systems. However,
relatively little is known regarding the thresholds of natural soils., The

most extensive work to date is that of Gillette et _al. (19280; 1982) who have

investigated the .threshold wvelocities required to entrain particles for a
variety of undisturbed and disturbed desert soils. Their work indicates
that natural solls have considerably higher threshold velocities than those
predicted by traditional models because of the grain size distributions,
presence of surface roughness elements, surface moisture effects and the
presence of surface crusts caused by variation in mineralogy, clay content
and precipitated salts. In general, they found that threshold velocity for
the studied soils correlatad mnegatively with percentage of sand and
positively with increasing percentage and size of aggregates and particles >

1 mm. Their results also clearly demonstrate that surface disturbance
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Table 1. Summary ¢f Sall Characteristlcs and Threshold Veloclties (Gillette et al., 1980)

€T

CRUSTAL ROUGHHESS MODE OF DRY AGGREGATE SIZE THRESHOLD VELOCITY
GROUP numsen  CEOMORFIOLOGICAL DESCRIPTION AL THICKNESS  HEIGHT 2 {cin/s)
FT {cm) {em) © UNGISTURBED  DISTURBED  UNDISTURBED DISTURBED
1 Sailt Hard salt crust with a
. 000 W >250{HR HR
Crusts Center of playa molst soll below. Hard 0.6 o.18 >100,00 [14 So{HR)
11 Desert Alluvial stresm Fine desert pavements, Slightly 271 56
Pavemants depasit no varnish, not matura. hard-hard .5 0.% 15,000 &6 7
Alluvial stream Coarse desart pavement, Slightly o 6 2 66
2 dupasit no varnish, not mature, hard-hard 2.5 0.48 15,000 6 L
Hature, varnished SHight!
3 Alluvial fan desert pavement, gLty 1.5 0.0% 35,000 175 154 59
hard
raunded cobbles.
Immature pavement, Skightiy o 1 6 42
§ Atluvial fan a0 varnlsh. hard 2.5 0.15% 35,00 715 3
18! Crusted i  Centar of playa Cracked, curied clay Hard 1.3 0.19 35,000 15,000 >285 (NR) 182
Solls crust.
2 Center of playa Cracked, carled clay Hard 2.5 0.24 15,000 i,500 >339(NR) 158
3 Edge of playa Sty crust. s';g?;" 1.3 0.006 35,000 too > 154 (HR) 4o
L] Edge of playa Smooth crust. s';g?;'v 0.5 0.006 15,000 750 265 29
Clay crust broken inte  Extremely 0 204 5
5 Edge of playa 2-5 mw peilets. bard 0 0.002 15,000 15 3
Thin peeis of clay on Slightly : >270{HR i
6 Centar of playa thick flat crust. hard 3.8 0.016 >106,000 275 30{NR) 3
7 Flat near playa - S:;:; soil near desert o 0.0} Tt 375 35
8 Center of playa Thick, hard clay crust, Extremely , . 0.0l >100,000 175 >191 (HR) 35
no cracks. hard
Sty crust, more tlightl
9 Edge of playa eas|ly broken than at hgrd Y 1.9 0.00% 15,000 750 >200(NR) 27
center of playa.
o Center of playa Cracked clay crust. Slégt;ly c.6 0.016 15,000 5,850 >30G(NR} 51
] Center of playa Hard clay crust; Very 0.6 0.016 35,000 375 >317 (NR) 101
narrow cracks. hard
Curled clay peels on Shightly o 21
12 Edge of playa hard clay cruse, hard 0.03 0.004 3,00 175 I 33
13 Center of playa tard clay crust; Slightty 3 0.008 35,000 3,000 >339(lR) 28
narrow cracks. hard
Hard clay crust; 0 - 3
4 Center of playa narfom eracks. Hard 2.5 0.0000) 35,000 {1,500 222(HR} 9
Is Pralete, Flat Thin clay crust; flat Slightly 0.3 0.3 35,000 750 261 93
and sofr. hard

% HR means Threshald Vetocity not reached.

Lontinued ««--=
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Jable 1. Suamary of Soll Characteristlcs and Threshold Veloclties (Glilette et al., 1980) - contlnued.

CRUSTAL ROUGHHESS HODE OF DRY AGGREGATE SHIE THRESHOLD VELBCITY
GROUP wonpgr  CEOHTAPHOLAGICAL DESCRIPTION CRUSTAL 101 cKNESS  HETGHT 2 {ym) {cn/s)
HARDHESS {em) {em) © UVDISTURBED ~ DISTURBED  UNDISTURBED DISTURBED
IV Dther Aeclian deposit on Mear mountalns; Fine
Solls 1 a fan; thin coat- sand under thin Vayer Soft 0.6 0.35 315 - 750 191 43
Ing of grus. of grus.
Aeclian deposkt on Lower of fan; Flne
2 a2 luvial Fan; thin sand under thin layer Soft 0.6 0.06 175 irs 157 1
coating of grus. of gros.
Lower alluvial fan Veslicular crust; sandy SlHightly 2
3 near playa soll. hard 1.3 0.003 315 s e 6
&4 Flat, Pralrle Loose, sandy soil 0 0.0005 750 175 26
5 Flat, Prairle Loose, loamy flne sand 0 0.0006 1,500 175 T 25
6 sand dune Sand dune wlth very Soft 0.6 0.0l 1,500 750 4o 28
soft crust.
? Sand dune Sand dune with very soft 0.6 0.0t 1,500 750 59 3
sofy crust.
b
B Alluvial Fan Gravel cover. Sofr 0.3 0.003 1,500 irs 31-56 b b4
9 Alluvial fan Gravel cover. Sofr 1.3 0.02 3,000 1,500 134-237 89
10 Desert flat Gravel cover. Soft 1.3 0.04 175 375 78 7z
1 Desert flat Gravel cover, Mard 1.3 0.061 750 375 &7 3
12 bry wash s::;::, thick loase saft 0.6 0.0k 750 75 89 64
13 Desert flat Gravel cover. Sl'l‘g:;ly .3 0.03 3,000 375 15 40
b
L] Alluvial fan Gravel cover. Soft 0.3 ¢.003 750 750 57-73 LY
15 Pediment Gravel cover. 0 0.00] 1,500 "o 50
16 Dry wash Soft 0.6 0.006 750 750 61 47
17 Flat Lravel cover. Soft 2.5 0.0% irs 315 8o 61
12 River bottom Gravel bed. 0.02 1,500 &0
b

Some tests were done In several nearby locations. Ranges are given for those tests.
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and Shinn et _al. (1976). It is evident that all profiles fit a power law

with an exponent ranging between -0.25 and -0.35. Similar results have also
been reported by Gillette (1977) and Nickling (1978).

Gillette et _al. (1972) and Shinn et al. (1976) suggest that the

established power-law relationship found in the concentration profiles

allows the vertical dust flux, F, to be described by

F = K dn/dz ... 10

where z is height and X is the eddy diffusivity. Under neutral conditions

K = Usikz ... 11
where K is the von Karman constant (= 0.4).

Assuming the dust concentration follows a power-law distribution

dn/dz = P n/z ...12
where P = -0.3 (the average slope of the normalized concentration vs. height
relationship).

Combining Egq. 10, 11 and 12 gives

F = kPUsn R
which can be used to calculate the vertical aerosol flux (F) from a point
concentration. It should be noted however, that the saltation process
directly affects the magnitude of n (Gillette, 1977; Nickling 1978) and thus
is directly affected by surface textural properties, surface roughness
elements, moisture content and the presence of surface crusts.

The most detailed wvertical aerosol flux data available is that

16



presented by Gillette (1877). In this study tests were conducted over a-
three year period on relatively flat fields consisting of erodible scils
with uniferm textures. Aerosols were collected using specially designed

membrane filter samples (CGillette gt al. 1974) placed at heights of 1.5 and

6£.0mor 1.0 and 6.8 m. Mean wind velocity was measured at the same heights
using cup anemometers.

The observed particle fluxes (F) as a function of shear wvelocity (Uy)
for nine sites are shown in Fig. 4. The sandy soills show a fairly uniform
trend of increasing vertical particle fiux with shear velocity. In
contrast, the loamy scils show & greater scatter in F, most likely because
of their widely different dry aggregate structures. The relatively low
values of vertical particle flux associated with the clay soil results from
its high threshold shear wvelocity and the resistance of aggregates to
brezk-up due to the presence of montmorillinitic clay.

On the assumption that the production of zerosols is related to the
total horizontal soil fluwx, Gillette (1977) also measured the movement of
soil in saltation and creep using a modified Bagnold type catcher. To
compare the horizontal soil fluxes (g'} with the vertical dust fluxes (F),
Gillette (1877) plotted the ratio F/q’ agsinst shear velocity (Uy). The
results are reproduced in Fig. 5. As can be seen little relationship exists
between the ratio F/q’' and Uy. The sandy solls in particular show no trend
between the two parameters. There is however, a pronounced increase in F/g’
with Uy for the loamy soils which Is proportional to Us. It is also evident
that the ratio F/q’ is wvery low for the clay scil which results from the
high resistance of this soil to abrasion.

Although it would seem logical to suppese a relationship between the

17
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vertical dust flux and horizonta soil movement in saltation, the-
relationship is not a simple one as is clearly indicated in Fig. 5. Despite
the data scatter Fig. 5 does suggest that soil characteristics play an
important role in determining aeroscl production. Gillette (1977) suggests
that more detailed investigation is required and cautions against the use of

the present data as a predictive tool.

FIELD MEASUREMENT OF AEROSOL FLUXES

A fundamental problem In identifying and evaluating the aerosol
production petential of surfaces 1s the need for the direct menitoring of
sediment loss under a wide range of atmespheric (wind speeds and directions)
and surface conditions (surface molstures, salt contents, undisturbed wversus
disturbed). However, direct field cbservations using specialized monitoring
equipment, (e.g. Gillette, 1977; Nickling 1878; 1983) despite their
usefulness, do have several serious drawbacks:

1) they are extremely costly in terms of the instrumentation and the

logistic support necessary to investigate several sites

2) field studies are wvery much dependent on the wvagaries of the weather
and as a result one often spends considerable time waiting for the
right weather or surface conditions that in the end may severely limit

the guality and gquantity of data obtained.

35 data obtained in such studies are often extremely complex because of

the lack of control on the many atmospheric and surfaces wvariables

20




involved In the wind ercsion process. -

The Portable Field Wind Tunnel

In order to overcome some of these serious limitations of direct soil
loss monitoring under natural wind conditions a portable field wind tunnel
was designed and constructed for in =ity testing. The wind turmel Iis
similar in design, although considerably larger than portable wind tunnels
reported by Wooding (1%968) and Gillette (1578). The tunnel has a 0.75 x 1.0
x 11.0 m open floored working section constructed of fiberglass with
plexiglass viewing/access windows (Fig. 6). The tunnel uses a two
dimensional molded fiberglass inlet bell with a honeycomb flow straightner
and a conical fiberglass diffuser. Alr flow for the wind tunnel is provided
by & 95 cm centrifugal fan powered by & 35 h.p. diesel engine. The fan and
engine are transported and operated from the bed of a three guarter ton
pick-up and connected to the main working section by 1.0 m diameter flexible
hosing. The inlet bell, working sections and diffuser are transported on a
10 m flatbed trailer (Fig., 6).

The wind tumnel has been successfully used for the past two years in a
detailed study evaluating the effects of tillage and cropping systems on
soil less by wind on agricuitural fields. The tumnnel has proven to be
extremely efficient and provides a valuable alternative to other

instrumentation previously used iIn the evaluation of soil leoss by wind.
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Figure 6 Mesa Agricultural Site .

Figure 6a Suspended sediment samplers and Bagnold type trap installed
in the wind tunnel.



SAMPLE SITES

A total of thirteen representative sample sites were selected for the
evaluation of dust emission factors through wind tumnsl testing. The types
of surfaces investigated were:

Surface Tvpe Location

1) Productive agricultural land University of Arizona
Experimental Farms at
‘ a) Mesa Az.
b} Maricopa Az.
o) Yuma Az.
2) Abandoned agricultural land Casa Grande Az,

3) Natural scrub desert Yuma Az,

43 Disturbed desert a) Yuma Az,
b} Algodones dune flats, Calif.

53 Fluvial channels a) Santa Cruz River, Tucson Az.
‘ b) 8Szlt River, Mesa Az.

£) Comstruction sites a) Tucson Az.
b) Glendale Az.

7) Mine tallings a) Ajo Az.
b) Hayden Az.
A brief description of each sampliling site follows:

Agricultural Field, Mesa Az.

The representative agricultural site for the Phoenix area was located
on the University of Arirzona's Experimental Farm in Mesa (Fig. 6). The
field used for the tests was adjaceqt to Apache Blvd. and the entrance to
the research station.

The soil hed been tilled a few days prior to the testing by disking
twice. This tillage method left a large range of clod sizes on the surface

23



and effectively removed any vegetation. This soil breaks up into blocky and.

angular clods which create a fairly rough surface. The field was previously
levelled for irrigation and consequently was extremely flat. Only the clods
provide any type of impedance to the wind. This site had not received any

appreciable rainfall for several months and was therefore extremely dry.

Agricultural Field, Maricopa Axz.

A field at the University of Arizona's Maricopa Experimental Farm was
used for dust emission testing for agricultural land in the Maricopa region
(Fig. 7). The test field had been laser-levelled and recently tilled using
standard preparatory methods for cotton cultivation. At the time of testing
the cotton crop had not been planted. The soil was extemely cloddy and was

serodynamically rougher than any other of the sites tested.

Agricultural Site, Yuma

A cultivated field on the University of Arizona's Agricultural Research
Station was used as a typical agricultural field in the Yuma area (Fig. 8).
The field had been laser-levelled for irrigation and was extremely flat.
The surface was tilled a few days prior to testing and was very loose and
friable. The size of the clods were much smaller than those of the Mesa and
Manicopa sites. There was zlso much more disaggregated soil between the

clods at this site.
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gricultural site

Mgricopa a

Figure 7

Yuma agricultural site

Figure 8



Abandoned Agricultural Fields, Casa Grande

The Casa Grande area has large tracts of abandoned agricultural lands
which are known sources of blowing dust. The test site was approximately
five miles south of Interstate -10 on Toltec Rd. (Fig. 9). The £field had
been laser-levelled at some time and was extremely flat. There was no
residual ridging apparent in the field from previous tillage operations so
the surface was smooth. Vegetation was sparse with small grassy areas but
the surface was generally clear. The scil in the field was easily disturbed
by wvehicular activity and livestock. The wind tunnel tests were done
primarily on disturbed seoil with no vegetation. However, one test was run

on crusted soil in order to make a2 comparison of the effect of crusting.

Natural Desert, Yuma

An area of relatively undisturbed desert was located for testing, west
of the Gila Mountzins on B.L.M. land (Fig. 10). The arez on which the
testing took place was flat with sparse vegetation cover, The surface had a
typical pebble lag deposit and the soil exposed between the pebbles was
lightly crusted. The soil crust was extremely delicate and broke with the
slightest pressure. Saltating particles easily broke the crust once the

wind tunnel tests were initiated.

Disturbed Desert Yuma

Property within <the University of Arizona's Agricultural Research
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Figure 9 Abandenned agricultural field site at Casa Gfande, Az,




tation, Yuma, was typical of a disturbed desert environment. The natural
vegetation and soil had been disturbed by vehicular traffic (Fig. 11). A
representative area within this environment was chosen for emission testing.

The site was moderately level with some gentle slopes. The surface soil was

very loose and exhibited little cohesive structure. The surface was smooth
except for small clumps of grasses. The protruding bunches of grass were
generally 2 - 3 cm high and 3 - 5 cm in diameter. The grass clumps

occasionally grouped together in larger aggregations and reached 8 - 10 cm
in height. Other typical vegetation such as creosote and sagebrush were
widely scattered. The ratio of wvegetation cover to exposed soll was low,

In general the area was dominated by loose soil.
Algodones Dune Flats .

The Algodones Dune area was suspected as being a source area for
atmospheric dust. However, textural analysis of the sands indicates that
the silt content is less than one percent. Surrounding the dune area proper
are extensive fluvial outwash deposits which are a more likely source of
dust (Fig. 12). A site was chosen on these alluvial deposits on B.L.H. land
off I-10 on Sidewinder Rd. These flats are disturbed regularly by off-road
vehicles which continually renews the supply of wind transportable silt size
particles at the surface. The site was relatively flat with a lag deposit

of small gravel size particles spread over the surface. This area contains

a typical assembledge of desert plants and is sparsley vegetated.
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Figure 12 Algodones dune flats, Ca.



Salt Riwver, Mesa

The emission tests for the Salt River were carried cut in the channel
approximately one guarter mile upriver from the Hayden Rd. Bridge, in Mesa
(Fig. 13). At this location large silt lenmses had been formed in the
backwater zones during flood stages. These silt lenses are slightly
undulating and are quite wvariazble in size. The silt lens tested covered
several tens of square yards. The surface was very loose with no evidence
of crusting. The river channel at this location is heavily trafficked by

off-road recreational vehicles which may account for the loose nature of the

sediment.

Santa Cruz River, Tucson

The river channel site in Tucson was located on the Santa Cruz River
off I-10 at Orangegrove Rd. (Fig. 14). The dry river bed and terraces of
the Santa Cruz are regularly disturbed by off-road vehicles and the silt is
readily available for transport. The area on which the wind tunmnel tests
were run was a terrace above the flowing section of the river. The terrace

was very flat with sparsely scattered vegetation and showed evidence of

vehicular disturbance. The surface was very silty and conteined small

gravel particles which were left as a lag deposit after the surface was

exposed To erosive winds.
At the time of testing Tucson had Dbeen experiencing evening
thunderstorm activity. To ensure the surface was at 1ts lowest moisture

content, testing was done in the afterncon. The rainfall events may have
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Figure 13 Disturbed river channel site, Salt River, Mesa, Az.

ure 14 Disturbed river channel site, Santa Cruz River, Tucsen, Az,

Fig



had some crusting effects on the so0il.

Construction Site, Tucson

The Tucson construction site test area was located on the south side of
I-10, where a major new motel complex iz being constructed (Fig. 15). The
site had been levelled by earth moving equipment and consegquently was flat
and devoid of vegetation. The surface soil had been heavily pulverized as a
result of heavy wvehicle traffic. The fetch lengths over this one half mile
square area were completely uninterupted in all directions.

The site of the wind tunnel testing was on the loose disturbed soil
from which the majer dust emissions can be expected. The susceptibility to
wind transport of this soil has been amelicrated by watering operations and
one test was run on the stabilized surface for comparison purposes, The
effectriveness of watering the soil is lost i1f wvehicles re-disturb the

suriace.

Construction Site, Glendale Ariz,

The construction site £or the new west campus of Arizona State
University was tested to determine typical emission factors for comstruction
sites "in the Phoenix area (Fig. 16). The secil at this site had been
severely disturbed by earth moving equipment andéd levelled with laser
controlled heavy equipment removing all vegetation. Exposed, uninterupted
fetch lengths apprecach one half mile in length.

The earth moving operations have pulverized the remaining soil on the
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Figure 15 Construction site, Tucson, Az.

Figure 16 Constructicon site, Glendale, Az.



site, and the silt size particles in this soil are continually available for
transport. There is alsc some percentage of gravel in the soil which is
left behind as a lag deposit after an erosion event. Disturbance cf the
surface is especially prevalent where the earth-movers are operating and on
the roadways. Extensive watering operations however, have succeeded in
stabilizing large areas by creating a crusted surface. The watered areas

reduce the potential ercsion but are easily disturbed by vehicular traffic,

Mine Tailings, Ajo

The mine tailing test site in Ajo was on the property of the
Phelps-Dodge Co. The tailings were produced from the copper mining
operation which has now been shut down (Fig. 17). The tailing ponds are
extensive iIn area, up to several sguare kilometres, extremely flat and
devoid of vegetarion owing to the caustic nature of the tailings.‘

The tailings have wvery little cohesive structure at the surface and
with depth. There was no evidence that the surface would become armoured
with non-erodible particles at any time. The tailing particles are
virtually all of transportable size at naturally occurring wind velocities

making this site an extremely productive particulate source.

Mine Tailings, Hayden

The Hayden tailing site was morphologically similar to the Ajo tallings
but there was greater cementation of the tailings in undisturbed areas (Fig.

18). The major reason for this was the textural difference in the sediment
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Figure 18 Mine Tailings at Hayden, Az.




between the two sites. The Hayden tailings have a much higher silt content.
The higher percentage of silt creates greater cohesive forces especially if
the wet tallings are left undisturbed until dry. However, there 1s an
increased potential for increased emission levels upon disturbance because
more silt is available for transport.

The wind tunnel testing was on tailings which had been disturbed by
heavy wehicles and on roadways composed of tailings. To compare the
difference berween disturbed and undisturbed, one test run was done on
undisturbed, cemented tailings and another on a roadway of tallings covered

with decomposed granite, which is another by product of the mining process.

TESTING PROCEDURES

The wind tunnel was carefully placed over the test site surface,
Following this the wind wvelocity sensors and sediment collectors were
installed into the testing section., Velocity was measured with feour N.P.L.
type pitot tubes connected to magnehelic pressure gauges. The pitot tubes
were positioned above the scil surface at heights of 3, 13, 25 and 35 cm.

Suspended sediment was collected In two streamlined isckenetic samplers
mounted downwind and to either side of the pitot tube 50 cm above the
surface (Fig. 6a). The samplers were connected to & high volume wvacuum
pump. Sediment was collected during each run by drawing air iscokinetically
through 3.7 cm diameter membrane filters (0.1 um pore diameter) held in
commercially available sampling cassettes within the samplers. Isokinetic
flow through the 0.64 cm sample orifice was maintained during each test by

means of a needle wvalve and flow meter which was Incorporated into each
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vacuum line.

To collect sediment moving in saltation ané creep, a Bagnold type
catcher was installed 10 ecm behind the suspended sediment collectors along
the centre line of the tunmel. The Bagnold catcher is 50 cm in height wit
a 1.0 cm wide sampling orifice (Fig. ba).

Following Iinstaliation of the Iinstrumentation, wvelocity in the wind
tunnel was slowly raised until movement of particles was noted by observers
positioned at the plexiglass viewing windows. After the threshold test was
completed a predetermined shear ~wvelocity (u,) above threshold was
established in the wind tunnel and the suspended sediment nozzle fliow rate
set to the centre line velocity at the instrument height. The length of the
individual test was dependent on the amount of sedimen; transported and was
longer for surfaces with lower flux rates. Duration of individual tests
ranged from 1C to 30 minutes. At the completion of the test run the
sediment samples were removed ZIrom the samplers and carefully stored for
subsequent weighing and grain size analysis.

Typical wind velocity profiles measured during the tests are shown in
Fig. 18. As can be seen, the profiles closely follow a2 log-linear
relacionship as predicted by the Prandtl equation (Eg. 1).

Since the soil surface may become depeleted of erodible grains during
the test, 1t was mnecessary to move the tunnel to a new location for each
sample run. Subsequent test locations were normally within 10 m of the
original site with the long axis of the tunnel parallel to the initial
orientation. Once the wind tunnel was repositioned the threshold
determination and flux measurements were repeated. In general, five or six

runs were carried out at each of the 13 selected sites. In some cases not
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all runs were conducted on the same surface type. For example at Hayden: 3
tests with increasing shear velocities were carried cut on the disturbed
tailings, one test on the undisturbed crusted surface, one test on the
disturbed tailings roadway which had been armoured with fine granite gravel
in an attempt to decrease particulate emissions, The collected data and
surface conditions for each test are given in Table 2.

Size analysis of the suspended sediment collected during each run wes
done using a Quantimet 720 image analysing computer following the method of
Perrie and Peach (1973). In this technique, a small portion of an aqueous

dispersion of the sample is placed on a gelatin-coated micrescope slide with

a2 pipette. The water is quickly absorbed by the gelatin, leaving the
individual grains dispersed and cemented on the slide. The slide is then
placed under the optical microscope of the Quantimet 720. By setting class

Iimits the instrument can be programmed to measure the total particle area
larger or smaller than any of the given limits. In using this technigue the
class limits are based on the diameter of a circle with an equivzlent arez.
In practice, accuracies c¢f better than 1 percent can be obtained when the
measured area covers more than 5 percent of the viewing area (Peach and
Perrie, 1974). TFor each of the suspended sediment samples analysed, over
2000 grains were counted on each slide. Results of the grain size analysis
for the specified size classes, < 1.0, 1.0-2,5, 2.5-1C.0 and > 10.0 um are

shown in Table 6,
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TABLE 2

THRESHOLD DATA FOR THE TEST SITES

Average
Average Threshold
Threshold Velocity of o o
Shear Velocity 10 metres Roughness % Silt and
U g U Length Clay of
* e *10m 2o Surface
Location Site {cm/sec) {cm/sec) {cm) Sediments
Mesa A 56.9 1562.7 0.0331 18.6
Agricultural
Site
Glendale B 53.0 1469.0 0.0301 24,7
Construction Site
Maricopa C 57.8 1382.3 0.1255 11.2
Agricultural Site
Yuma 5] 3z2.0 B11.3 0.0731 3.2
Disturbed
Desert
Yuma E 58.2 1658.9 0.0224 8.8
. Agricultural Site
+ Algodones F 62.5 1831.3 0.0166 15.2
Dune Flats
Yuma G 38.6 1132.¢ 0.0163 17.2
Scrub Desert )
Santa Cruz H 18,0 517.5 0.0204 20.9
River, Tucson
Tucson 1 25.1 726.1 - 0.0181 14.3
Construction Site
Ajo J 22.8 664.5 0.0176 8.9
Mine Tailings
Hayden K 17.2 511.4 0.0141 27.3
Mine Tallings
Salt River, L 21.8 668.2 0.0100 27.7 o
Mesa
L
Casa Grande M 24.6 ' 780.2 0.0067 26.6
Abandoned

Agricultural Land
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TEST RESULTS

Threshold Shezar Velgocitwv

Results of the threshold tests for the study sites are presented in
Table 2. Threshold shear velocities for the sampled surfaces vary markedly
but are similar to threshold wvalues found by Gillette et al {1980) for a
variery of undisturbed and disturbed desert sites in the Mojave Desert
(Table 1). Also included in Table 2 are the associated 10m wind velocities
required to initiate particle motion. The 10 m wvelocities were computed
using the Prandtl equation (Eq. 1) and the roughness lengths found during
the wind tunnel tests.

Although there is considerable overlap between the threshold wvalues of
the undisturbed and disturbed sites, the disturbed surfaces in general have
considerably lower threshold wind speeds. This finding is consistent with

the data of Gillette et sl (1980).

The 10 m threshold velocities indicate that wind. erosicn could be
initiated at all sites wunder most normally occurring mnatural wind
conditions. However, the relatively high threshold values found at the
Algodones dune flat site and the three active agricultural sites would
suggest that major wind ercsion events would be relatively infrequent
considering the range of naturally occurring wind velocities.

Chepil (1951) and Gillette et al. (1980} have shown a general increase
in threshold shear velocity with an increase in the modal size of the
surface aggregate size distribution. It should be mnoted, however, that
these relationships are relatively weak and demonstrate the Iinherent

variability in natural sediments. Despite this known variability no clear
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relatlonship appears to exist between modal size and Uy, for the 13 Arizona

sites. This most likely results from the similarity of modal diameters for
the sampled sites and the complicating effects of other surface parameters
such as vegetation and surface crusting which are not evaluated in a simple
bivariate relationship.

A significant relationship however, was found to exist between
threshold shear wvelocity and the percentage of aggregates > 0.84 = (20

mesh) (See Fig. 20). This best fit least sguares relationship is

Uge = 20.09 (% aggregates > 0.84 mm)0'202 L1k

r = 0. 58

Larger particles at the surface effect the threshold shear velocity in

-—

cO0

m
rt

least two ways. First, larger grains or aggregates which may be

arge to be transported at a given velocity protrude above the surface and

-1

absorb a large proportion of the shearing stress exerted by the wind. This
effect ic noticeable even when the concentration of these non-erodible units
is relatively small (Chepil, 1931). Second, larger stationary particles
tend to shield smzller, more easily entrained particles from the wind shear,
Consequently as the concentration of non-erodible wunit increases the
threshold shear velocity also increases.

Chepil (1951, 1855) has shown a similar relationship between soil
erodibility and percentage of aggregates greater than 0.84 mm. Although the
relationship shown in Fig. 20 is relatively weak it does provide an
alternative to the Bagnold equation (Eg. 6) for threshold determination of

aggregated natural desert soils. Despite the fact that the Bagnold equation
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e,

is frequently used by investigators to determine threshold velocities of

natural soils, it is often used inappropriately. As discussed previously,
the Bagnold equation in the strictest sense, only holds true for relatively
well sorted dispersed grains greater than approximately 0.1 mm in diameter.
The potential error in using the Bagnold equation for aggregated soils with
high silt content is clearly shown in Fig. 21. In this figure measured Uy
values for the 13 sampled sites are plotted against Uy values calculatad
from the Bagnold equation using the mean grain size of the surface
sediments. Irn general the Bagnold eguation tends to over-estimate the
measured shear velocity but with no consistent pattern.

Gillette et =21. (1980, 19B8B2) have also addressed the guestion of
threshold veloclity of natural soils in a detailed study of 37 sites located
primarily in the Mojave desert. These authors present a series of empirical
relationships derived from field wind tummel tests relating threshold shear
velocity (Uyy) and various textural parameters., A summary of their results
are given in Table 3. These formulae, which are derived from z wide range
of soil types, can be used in conjunction with the formula derived from the

Arizona data for the prediction of threshold shear velocity.

Vertical Aerosol Fluxes

The mean suspended sediment concentration at the sampling height (50

cme) in the wind tunnel during each test was calculated by:

W
FR.t
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TABLE 3

THRESHOLD SHEAR VELOCITIES FOR VARIOUS SOIL TYPES ' .

Undisturbed Soils

Clay content > 20% Upp > 200 cm/s
Clay content < 20% U*t = 390 - 3.3 (% sand)
or
U*t = 53+ 5.1 (% silt)
DisturbedVSoils
Sand content > 90% 20 < U*t < 60 cm/s (variable)
Clay content < 10% U*t = 14.5 + 0.0071 (Mode)

+ 1.59 (% colloidal clay)

Undisturbed and Disturbed

It

Clay content < 20% U 64 + 0.0055 (Mode)

*t

N.B. Mode (um) is the most fregquently occurring aggregate size in the
dry aggregate size distribution of the soil.

after Gillette et 21 {1980).



where n is the mean concentration (g/ms)g, FR (m3/sec) is the flow rate

through the sampler nozzle and t (sec) is the sampling time.

Knowing the mean point concentration at the 50 cm height, the vertical
aeroscl flux during each test was computed using the equations derived by
Shinn gt =21. (1976) discussed above (Eg. 13). In the calculations it is
assumed that the gradient of dust concentration with height follows a power
law with an exponent of -0.3. The mean vertical aerosel fluxes (T,
g/cmz.sec) measured at the thirteen selected sites are given in Table 4. The
measured fluxes range from 1.0 x 1077 to 6.5 x 1077 g/cm2 sec and show a
wide inter-site wvariability. ©Shear wvelocities zssoclated with the vertical
fluxes range from 17.7 .to 80.1 cm/sec.

The relationship between the wvertical flux and shear wvelocity for all
sites is shown in Fig. 22. As can be seen, there iIs a general increase in
vertical flux with increasing shear wvelocity. Although <the overall
relationship is somewhat weak, it can be described by the following least

sguares regression formula which is significant at 99% confidence level:

F=2.33x 10711 y,1.885 ...16
r=0.42 n = 67
It 1s - noteworthy that the data shown in Fig. 22 compares very
favourably with that presented by Gillette (1977) (Fig. 4 in this report) in
terms of both the range of wvertical fluxes observed and the degree of data
scatter. (Gillette's data were collected in West Texas during a four year
periecd over 8 agricultural fields with wvarying textural characteristics.

The great degree of data scatter in Fig. 21 most likely results from widely
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Glendale
Constructiocn
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Table ¢

Aerosol and Surface Soil Flux Data

VERTICAL
AEROSOL
FLUX
F
(G/CM2 S)

6.80E-09
8.70E-~C8
4.30E-09
4.80E-08
1.17E-08
7.30E-08
1.20E-09
3.70E-09
8.13E-08
1.1BE~-07
7.83E-08
1.07E-08
2.84E-08
i1,B8E~Q8
3,37E-08
2,B0E-02
2.02E~08
4.78E-08
8.D4E-0B
$.21E-08
2.04E-07
2.01E~08
2.84E-CB
5.11E-08
7.69E-08
&.66E~-08
1.69E-C8
4.90E~00
1.8SE-08
3.3BE-0B
4.70E-08
3.07E-08
3.68E~07
5.40E-08
4.35E-08
1,.76E~0B
5.10E-0C9
6.40E~08
3.0BE~O7
4.35E-08

 6.00E-10

5.65E-08
1.80E~08
1.03E-08
4.57E~Q8B
6.52E-07
2.44E-08
1.12E-08
2.44E-08
4.87E~D8
6.11E-C8
1.92E-07
1.681E-08
2.13E-08
S.69E-08
1.29E-07
2,0DE-0¢%
8.81E~08
4.00E-10
1.052-08
&.17E-08
4.73E-08
4.49E-08
2.9CE~0S
1.BR2E~DB
1.00E-08
4.77E-C8
7.838E~08

47

HORIZONTAL

S0IL

MOVEMEKT

Q

(G/CM S)

0.0545
0.0657
0.0191
0.0133
0.0191
¢.0331
0.0514
0.0588
0.0685h
D.1655
©.0365
0.0170
0.0284
0.0318
0.0234
0.0036
0.09E83
0.4247
1.0408
0.3324
0.4015
0.4818
0.0245
0.0350
0.0536
0.1246
D.0552
0.0793
¢.0381
0.0587
0.0857
0.0:224
C.0587
0.24223
0.0216
0.0797
0.0950
0.1212
0.1338
C.4458%
0.3549
0.11886
0.8516
0.0513
0.1325
C.5730
2.48089
0.0852
0D.0822
0.2208
0.4330
0.93£2
2.2699
0.05827
0.0427
0.38136
0.5137
c.0380
0.32117
0.0535
0.2764
1.3168
0.7504
0.4753
0.04186
0.0712
0.0420
0.3763

HORIZONTAL

SC0IL

FLUX

F

{G/CM2 8}

0.0011
0.0013
C.0004
0.0003
0.0004
L0007
.001C
0012
0014
.0033
L0007
0.0003
0.0006
0.00CB
0.0008
0.000C1
0.0020
0.0085
0.0208
0.0066
0.0D080
0.00096
0.0005
0.0007
0.0011
0.0025
0.0011
0.001¢6
0.,000E
c.o012
©.001¢
0.0008
0.0012
0.0048
C.0018
0.0018
0.001%
0.0024
0.0027
0.0088
0.0071
0.0024
G.0110
0.0D010
C.00z86
0.0118
0.0496
0.0019
0.0018
0.0044
0.0087
0.c1e7
C.0454
0.0011
0.0008
0.0063
C.0103
0.0008
0.0064
Q0.0011
C.0055
0.0263
0.0158
0.0085
0.0008
G.0024
0.0008
0.0075

cOoOoO0OQ00

AERQSCL/SQOIL
FLUX RATIO

(F/Q'}

§.24E-06
6. 62E-06
1.13E-05
1.BDE-0§
3.06E-05
1.10E-05
1.17E-06
3.15E-06
5.85E-05
2.57E-05
1.07E-04
3,15E-05
§.18E-05
2.3GE~-05
7.20E-08
3,61E-05
1.03E~05
5.64E~C6
3.B6E-06
1,39E-05
2.54E-D5
Z.09E-06
E,DQE~OE
7.30E~05
7.17E-05
2.87E-05
1.53E~05
3.08E-06
2.4BE-05
2.88E-05
2.46E~06
3.62E-05
3.09E-04
1.11E-05
2.37E-05
1.10E~05
2.B6BE-0B
2.64E-05
1.15E-04
4.BBE-06
B.45E-DB
2.38B-05
1.45E-07
1.00E-05
1.72E-D5
§.69E-05
4.82E-07
5.88E-06
1.32E-05
1.10E-05
7.06E-06
1.02E-05
3.55E-07
2.02E-05
6.66E-0D5
2.06E~05
2.92E-07
1.30E-04

6.2ZE-08 .

9.8lE-086
1.12E~05
1.BOE-06
2.84E-06
2.05E-07
2.18E-05
7.02E-07
5.68E-05
1.05E-0S
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different textural end surface characteristics Zfound at the sample sites.
This is indicated in Figs. 23, 24, and 25 where the data have been
partitioned on the basis of the percentage of silt and clay measured in the
surface sediments.

Fig. 23 shows the wertical flux wvs Uy for soils having a combined silt
and clay content > 25%. For these silty loams a relatively high correlation
exists Detween iIncreasing wvertical flux and Ui. The relationship is

described by the least squares regression eguation.

F = 6.12 x 10°13 y,%-271 .17

r=0.75 n = 20

A rather weak relationship also exists between F and Uy for scils with
a combined silt and clay content of 15-25% (Fig. 24). This relationship can

be described by

F =238 x 1071 y,1.763 ...18
r = 0.40 n = 21
The variation of wvertical flux with increasing Uy for the sandy soils
(silt and clay < 15%) is shown in Fig. 25. The very poor relationship which
is evident on this plot primarily results from the inclusion of the Maricopa
agricultural site data. This site, although similar in sand content to the
other four sites was considerably different in terms of surface roughness
characteristies. The field on which tests were carried out had been very
recently ploughed and was characterized by well defined ridges 15-20 cm in

height. 1In addition, the surface was covered with very large clods 8-10 cm
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in diameter which most likely resulted from ploughing under somewhat moist
conditicons. These large relatively weak clods were not broken down by
abrasion during the wind tunnel tests, and thus acted as large non-ercdible
roughness elements which tend to protect the finer soil fractions from
deflation (Chepil and Woodruff, 19632). This results in a much less rapid
increase in vertical flux with increasing shear velocity than was observed
at the other four sites.

If the Maricopa data are omitted from the regression (Site C) the T wvs

Uy relationship fer the sandy soils can be described by

F=7.79 x 10°13 y,3.027 .19

r = 0.77 n =19

In comparisen to the above results, Gillette (1577) Zound a faizly
uniform trend of increasing vertical particle flux with incressing shear
velocity for sites with sandy soils (See Fig. 4&). He attributes this
relatively good relatienship te the uniformity of the dry aggregate
structure of the scils investigated in his study. In contrast, the vertical
flux vs shear velocity Zfor the loamy soils showed pgreat variabilitcy which
was attributed to the widely different dry aggregate structures of these
soils. This argument is similar to that used to account for the lower
fluxes found zt the Maricopa agricultural site in the present study.

Since textural data may not be readily available when estimating
emission factors for wvarious surfaces an attempt was made to partition the

data on the basis of surface morphology and/or type of activity carried out.
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Despice the limited data, five classes were established:
1) Natural and disturbed desert sites

2) Sites developed or moc¢ified by fluvial processes
3) Construction sites

4) Mine tailings

53 Agriculture sites

The wvertical zeroscl flux curves for above classes are shown in Fig. 26 to
30. Significant regressions were derived for all classes except
agricultural sites. In general, the regressions are typified by relatively
high correlation coefficients and may prove useful for estimating emission
rates from surfaces when textural data are lacking. A great deal of caution
must be exercised, however, since the criteria on which the classes were
based is somewhat arbiltrary. In most Iinstances 1t would be advisable to
estimate emisgion rates from the textural relationships,

The regression relationships .derived for the morphological/surface
activity classes are:

1) Natural and disturbed desert
F~7.99 x 10°13 y,2.99 ...20

r =~ 0.76 n = 9

2) Fluvial sites
F=1.59 x 10-13 y,3.32 ..21

4 = 0.61 n =15
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3 Constructicn sites
Fe 5.82 % 10719 U k2% .22

r = 0.81 n o= G

4) Mine tailings
Fw 1.59 x 10712 3, 2-93 ..23

r = 0.76 n=238

The wide data scatter and the lack of a significant correlation
coefficient for the agricultural sites again is most 1likely related to
textural and surface parameters (Fig. 30). This is bornme out by the fact
that significant relationships are present for all individual sites except
Maricopa. Although not statistically wvalid, & trend line has been fitrted to

the datz which can be used for flux estimation:

F = 1.445 x 10°18 7, 6.026 2%

In the above relationships, the vertical aerosol fluxes (F) have been
expressed as a function of shear wvelocity (Ug). Similar relationships
expressing vertical aerosol fiux (F) as a2 function of wind veloecity at 10 m
are given in Table 5. The associated wind wvelocities at 10 m for  shear
velocities measured in the wind tunnel during each test were computed using
the Prandtl formula (egq. 1) and the roughness lengths (z,) determined from
the log height vs wind velocity plots.

Although wind velocity is known to be a major factor in the emission of
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TABLE 5

RELATIONSEIP BETWEEN VERTICAL

WIND VILOCITY AT

All sites

Silt and clay content > 25%
Silt and clay content 15-25%

§ilt and clazy conteant < 15%

Natural and Disturbed Desert

Silts developed or modified by
fluvial processes :

Comstruction sites

Mine tailings

where T is vertical aeroscl flux in g/cm

and U is wind speed at 10 m in ¢m/s
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aerosols more detailed research is regquired to further evaluate surface and

—

textural parameters which directly or 1indirectly effect the wvertical

particle flux.

Several authors have suggested that the vertical emissicen of aerosols
is related to the amount of material transported in saltation and creep.
The total amount of soil moving in saltation and creep, q (g/cm sec) was
measured using a Bagnold type catcher. The data can be fit with the Lettau

and Lettau (1978} equation which has the form

g =K . Uf (Up - Ugp) ...25
where K 1s an empirical coefficient with values ranging from & % 1077 for
sandy soils to &4 X 10°7 for sandy loam soils.

A horizontal soil flux, q (g/cm2 sec) 1s caleulated by dividing the
horizontal transport rate (g) by the sediment trap height. The mnon-
dimensional ratio of wvertical aeroscl flux (F) to horizontal soil flux (q’)
has been plotted against shear velocity in Fig. 30.

Despite the data scatter a statistically significant trend is apparent.

This relationship is expressed by

(F/q') = 3.14 x 10-*0 y,2.851 .26

T = 0.54

A somewhat clearer picture is obtained if the data set is partitioned
on the basis of soil texture. The more loamy textured seils (silt + clay >
25%) show a significant increase in flux ratio with increasing shear

velocity (fig.31)
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(F/g'y = 5.01 x 10712 1,4 012 3

4 = 0,63

This result is very similar to that of Gillette (1977) who also found that
the flux ratic increased with shear wvelocity with an exponent of
approximately 4.0

Flux ratio eurves are also shown for soils with silt and clay contents
of 15 - 25% and < 15% in Figs. 32 and 33 respectively. The regression

equation for scils with silt and clay contents of 15 - 25% is

(F/q') = 3.12 % 10-10 y,2.858 ...28

r = 0.63

end for the sandy soils (silt and eclay < 13%)

(F/q') = 5.37 x 10°9 U42-101 ...29

r = (0,51

The weak relationship of wvertical flux with shear wvelocity for the sandy
soils shown in Fig. 34 is consistent with the observations of Gillette
{(1877) who found ng significant trend (Fig. 5 in this report).

The above relationships demonstrate the importance of soil texture in
the emission of fine particulates, In general, soils with finer textures
produced more fine dust per unit horizontal soil flux than the coarser
textured soils. In addition, the iIncrease of the exponent value of Uy with

increasing percentage of silt and clay indicates that the fine, textured
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soils produce particulaves at a much higher as shear wvelocity

increases,

The Nature of the Vertical Aerosol Flux Relationshinps

All regression eqguations presented above, relating vertical aerosol
flux to shear velocity or wind speed (at 10 m) were derived using the method
of least sguares. Although all the egquationsz are statistically significant
and provide the best fit by the method of least squares, they may not
necessarily represent the overall trend of the data as one might expect.
This is clearly demonstrated in Fig. 22 which shows the wvertical aerosol
flux wversus shear velocity £for all sites, In this plot, the best £fit
regression line would appear te have a slope which is scmewhat greater than
would- be expected by the overall trend of the data. This situation results
from the relatively large data scatter and the fact that both parameters zare
plotted on z log axis. In regression analysis logging of the parameters and
in particular the independent wvariable, gives pgreater weight to the smaller
values which Iin some cases results in a f£it which seems somewhat ancmolous.
The situation is exacerbated by large data scatter,

Although not statistically correct a better representation of the data
trend might be obtained by fitting 2 trend line by eye. An ‘eye-ball’ fit
of this nature may in some cases provide a better estimation of the vertical
aerosol flux than the statistically correct least squares regression line.
This observation should be considered when considering the flux curves
present in Figs. 22 to 34. This would alse allow for the estimations of

emissions for specific surface types (e.g. agriculture).
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Aerosol Lrsin Size Characteristics

Frequency size distirbutions of the aerosols collected during the wind
tunnel tests are shown in Table 5. Thg mean sizes and standard deviations
of both the aerosols and the associated surface sediements are also
included.

In general, the aerosols are characterized by unimodal size
distributions with weak to moderate positive skewness (i.e, tail of coarser
grains}. The most striking feature of the size distriburions is their
similarity. Almost all the distributions have modal diameters in the 2.5-
10.0 pm size range, The one major exception to this is the Mesa
agricultural site which has strong modes in the < 1.0 pm and 1.0 - 2.5 pm
size classes reflecting the relatively high silt and clay content (18.6%)
of the parent soil (Table 6).

The mean size of the serosols range Zfrom 1.28 to 6.62 pm with =z
remarkable uniformity of mean sizes. The aerosols are rather poorly sorted
with standard deviations ranging from 1.6%9 to 3.65 pm with the majority
being from 3.253 - 3.55 pum. The relatively poor sorting (i.e., flat
distributions) of aerosols has alsc been reported by Gillette et al. (1972),

Patterson and Gillette (1977b) and Nickling- (1983). It is suggested that
the rather poor sorting associated with fine grained aerosols (1-20 um)
results from the low sedimentation velocities of these particles.

Gillette (1977) suggests that since particles have a finite settling
velocity (Ugpg) they must be supported by the upward fluctuations (vertical
velocity component) qf the wind in order to remain in suspension.

Conseguently, a particle must have a ratio of approximately one upward to
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SITE

MESA
AGRICULTURAL

GLENDALE
" COHSTRUCTION

HARLCOPA
AGRICULTURAL

DISTURBED
DESERT, YUMA

TUMA
AGRICULTURAL

ALGODONES
DUNE FLATS

_ SCRUB DESERT
YUMA
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TABLE 6

GRAIN SIZE CHARACTERISTICS OF SUSPENDED AND SURFACE SEDIMENTS

GRAIN SIZE DISTRIDUTION OF AEROS0LS MEAN STANDARD SHEAR SURFACE SEULIMENTS
{X FREQUENCY) 518 DEVIATION VELOCITY HMEAN SIZE STANDARD
DEVIATION
1.0 ym 1.0-2.5 um - 2.5-10.0 ym 10.0 um (um) (um) {cm/Bec) (pm) (1m}
24.81 40.88 30.30 4.01 i.n 2.74 62.9 1077.0 1844 .0
33.32 3A.61 24.01 B.05 3.23 3.04 53.7
28.96 35.09 28.75 7.20 3.44 3.00 43.4
58.24 27.20 18.66 5.88 2.59 2.88 50.3
44.95 31.41 21.91 1.73 2.45 2.52 53.4
36.78 26.63 28.17 B.42 3.39 3.16 55.5
42.00 31.68 21.61 4,70 2.?2' 2.79 2.1 1275.1 2499.0
32.16 . 37.13 23.68 7.02 3.15 1.95 36.7
65.53 30.65 1.19 2.63 1.28 1.69. 9.4
17.48 21.3) 42.38 18.80 5.15 3.33 62.6
14.2) 21.) 38.76 23.71 5.43 3.41 58.9 749.3 1003.45
24.76 26.92 - 31.59 18.73 4.55 3.53 66.1
19.68 i, Y 27.302%, 38,565 7 14,48/ ;¢ 4.59 3.281 51.1
21.46 - 17.64 35.61 25.28 5.30 3.60 80.1
27.12 32.68 29.46 10.73 3.78 3.21 72.3
16.88 15.75 43.56 29.90 6.19 3.27 27.5 591.8 1145.5
14,28 16.79 36.98 31.95 6.01 3.49 3s.3
.49 21.62 52.69 16.20 5.54 2.97 59.6
9.42 13.11 45,15 32.32 6.548 3.1¢6 36.6
14.36 23.81 44.00 17.83 5.19 3.23 55.9
17.17 21.54 50.99 20.30 5.21 3.37 29.6 642.6 1686.6
14.03 27.5% 45.69 13.69 4.89 3.12 31.9
14.15 20.41 h3.42 22.01 5.50 3.3 34.6
13.19 20.31 4B.16 18.3% 5.44 3.16 57.0
10.91 18.14 h6.12 24.83 5.89 3.21 51.7
231.22 23.10 29.55 24.13 4.9 3.67 16.7 2794.0 2819.4
16.15 16.72 41.64 25.49 5.67 1.41 34.3
11.45 24.45 49,33 12.77 5.04 1.04 50.4
20.04 32.24 37.74 9.98 4.19 3.1 49.7
27.42 32.488 25.33 14.17 1.87 3.37 h8.7
10.93° 11.20 41.31 36.56 6.62 3.27 40,4
&6.77 1.74 29.84 2L.65 §5.37 3.91 50.5 1038.8 1897.4
31.09 30.12 17.18 21.60 4.04 3.72 4004
15.09 17.33 hi  hb 23.12 5.62 3.12 41.3
23.00 21.3) 40,41 15.26 5.6% 3.35 46.7
30.95 23.11 30.92 15.03 4.13 3.47 1.4
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5LTE GRAIN SIZE DISTRIBUTION OF AEROSOLS MEAN STANDARD SUEAR SURFACE SEDIMENTS

¢4 FREGUENCY} S1ZE DEVIATION VELOCITY HEAN SIZE STAMDARD
DEVIATION
1.0 pm 1.0-2,5 um 2.5-10.0 um 10.0 m (um) (Lm) {cm/aec) {um) (m)

SANTA CRUZ 1 31.75 29.12 25.36 13.76 3.77 3.39 34.8 1950.7 3251.2
RIVER, TUCSON 2 26.99 25.99 33.30 14.72 4.27 3.41 41.7

3 6.88 i3.31 50.09 29.72 6.53 2.97 34.5

45 9.48 20.47 4B.61 21.43 5.76 3.10 18.9

5 10.78 16.51 47.90 24.82 5.97 1.16 35.1
TUCSON 1 26.70 . 36.49 30.74 6.07 3.47 2.92 18.5 1010.9 2001.5
CONSTRUCTIOR 2 12.36 17.87 45.12 24,64 5.82 3.26 30.9

3 22.07 13.80 30.33 23.80 4.94 1.64 30.4

L] 13.43 . 18.56 47.11 - 20.90 5.59 3.21 50.2

5 36.71 27.44 23.68 12.16 1.49 3.35 49.1
AJO, MINE 1 22.15 21.02 35.7¢6 19.07 4,80 3.48 26.8 335.3 202.4
TALLINGS 2 28.68 20.02 30.46 20,84 461 1.65 31.2

3 16.85 22715 46.13 14.27 4.96 3.17 25.9

5 31.05 27.13 21.12 18.40 4.06 3.60 51.4
HAYDEN, MINE 1 15.85 22.99 §7.10 14.06 5.01 3.14 331.2 _271.8 5:8.1
TAILINGS 2 27.90 22.37 25.85 23.88 4. 66 3.75 25.6 :

3 15.64 14.98 33.28 36.10 65.15 3.60 7.5

4 14.66 15.33 J6.03 33.98 6.11 3.52 41.7 .

5 30.02 26.79 32.72 10.47 - 3.86 3.25 34.6

] 30.35 30.90 21.31 17.44 3.89 3.54 41.7
SALT RIVER, 1 23.07 10.98 56.75 9.20 L.94 3.04 17.7 398.7 693.4
HESA 2 13.36 16.65 ) 47.16 22.84 5.75 3.23 2.2

3 30.05 26.67 22.89 10.39 4,21 31.67 41.7

4 .59 18.62 42 .47 29.15 6.11 3.26 35,2

5 2B.17 24.8) 25.78 21.22 b 44 3.68 29.6
ADANDONED 1 25.25 531.73 27.42 3.60 3.14 2.67 36.7 234.4 n7.a
AGRICULTURAL 2 32.82 28.19 ' 29.37 9.63 3.5% 3.21 22.0
CASA GHANDE 3 12.16 16.64 45.60 25.60 5.92 3.25 35.5

4 9.31 20.18 50.63 19.88 5.73 3.03 34.5
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downward movements to remain suspended. The probabilicy distribution of the
turbulent vertical air wvelocity is QGaussian with a mean of zero and a
standard deviation egual to the shear velocity {Lumley and Panofsky, 1964}.
Using the non-dimensional ratic Uggg/Usx, Gillette (1977) was able to derive
an indicator of the upward to downward motions of a particle in air having a
normal vertical wvelocity distribution. For example, a particle with a
settling welocity of Ug,r = 0.4 Uy has a ratio of upward-to-downward
movements of 0.5. Since in this case for every upward air movement there
are two downward particle movements, the probability that a particle will
stay in suspension and rise to any great height is relatively small.
Gillette (1974) suggests that particles small than 20 gm are sufficiently
small that their sedimentation velocities are usually less than 0.1 Uy for
almost all ercding winds and remazin in suspension for great distances.
Since all perticles (< 20 um) that are ejected intc the zir stream tend to
remain in suspension, the size distributiens tend to become more uniform

i.e. poorly sorted) as a result of turbulent mixing regardless of the shear

—

velocity or textural characteristics of the parent seoil.

As previously indicated, there is a great similarity in the mean sizes
of the suspended sediment despite a considerable difference in the textural
characteristics of the surface sediments from which the aercsols were
derived. Moredver, no consistent relationship is evident between the mean
size and the shear wvelocity at which the suspended sediments were
transported. The lack of consistent relationships between the mean size of
aerosols in the 1 - 10 um size range with shear velocity and textural
characteristics of the parent soils has been noted by severzl authors.

Willeke and Whitby (1975) distinguish three modes or ranges of
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particles transported in suspension. The mode iInvelving particles having a
mean diameter of the order of 0.01 pm is called the "TIransient Nuclel Mode"
and is only observed when fresh combustion azerosols are present. This mode
has a2 lifetime of less than one hour. 4 second mode in the range 0.1 to
1 pm is named the "Accumulation Mode" because it comnsists mainly of
particles which grow from smaller sizes by coagulation or condensation.
Particles formed in this manner tend to remain in this size range and have
the longest lifetime of any group of particles. The third mode is termed
the "Mechanical Aeroscl Mode" which occurs in a size range from
approximately 1 to 100 pm. Aerosols in this range originate from mechanical
processes such as wind blowing over z soil surface, ocean spray, or Ifrom
mechanically-produced aerosols such as fly ash being introduced into the
atmosphere. Because the large particles in this range settle rapidly the
number of large particles in the air is highly wvariable in terms of both
maximum size and mass.

Patterson and Gillette (1977a), from their study of aerosols over
eroding surfaces, suggest that the distributions are characterized by three
distinct medes which may mnot all be present under a given set of
conditions. The authors have labelled the characteristic modes A, B and C,.
Mode A, which contains z majority of particles having a radius between 1 and
10 pm, is characteristic of soll derived but does not appear to be related
to the size distribution of the parent soil Zfrom which the aerosols were
derived. Mode B is centered between 10 and 100 um. t is characteristic
of the particle-size distribution of the parent soil. This mode is present
only under conditions of heavy-to-moderate dust loading. Mode C i1s centered

in the range of radii between 0.02 and 0.5 pm. In general, it is not
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related to the other modes in composition or origin but is characteristic of
a background aercsol concentration related to the transient nuclel mode of
Willeke and Whitby (1975).

Gillette and Goodwin (1974) suggest that mode B is characteristics of
particles derived from loose scil aggregates while mode A results from the
break-up of aggregates by the saltation process (sandblasting) and the
subsequent injection of disaggregated material into the atmesphere. As the
wind speed increases over the thresheld for ercsion, the first particles to
be set in motion are those with radii between 20 and 50 um. The initial
movement is primarily due to saltatien in which the particles bounce along
close to the surface. These particles collide with other particles on the
surface, dislodging and disaggregating smzller particles which are injected
into the aztmosphere and produce mode A. The larger particles which form
mode B (10 - 100 pm), guickly settle out because of their high sedimentation
velocities. As & result, a relatively ﬁar;ow range of particle sizes is
kept aloft in suspension by the verticzl wvelocity fluctuations.

This selective <traznsport process related to the turbulent nature of
most eroding winds would account for the narrow range of mean sizes and

poorly sorted distributions associated with samples collected during the

wind tunnel tests.

Use of the Wind Tunnel Derived Aerosol Flux Relstionships

The wvertical aerosol Zfluxes determined £rom +he wind tunnel tests
provide a useful method for the estimation of emissions from various land

surfaces. Use of the flux curves reduces the number ¢f assumptions often
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made in emission inventories of mnatural surfaces. An approach to the use of
the derived aerosol flux curves 1s outlined below.

In any given area several different types of surfaces capable of
producing aerosols may be prasent. A common method of delineating and
organizing surfaces in emission inventories is the use of grid networks
overlaid on detaliled maps cor airphotographs. Using this procedure the
zerial extent and relative position of the wvarious surface types in each
grid cell are computed. Although this can be done manually it i1s much more
efficient to use cne of the many available mapping programmes that have been
developed for the analysis of digitized surfaces (e.g. maps, air
photographs). This type of software allows one to identify the wvariocus
surfaces within a given grid cell as discrete polygons and generate useful
parameters (i1.e. area, pesition, centroid) which can be used in subsequent
celculations.

Once type surfaces of the study area have been identified it is
necessary to estimate the threshold shear velocity or velocity at 10 m that
would iniftiate sediment transport. With scme knowledge of the textural,
morphologicazl and wvegetative characteristics of the surface, threshelds can
be determined using the formulae derived from this study or those presented
by Gillette et al. (1980).

The most appropriate aerosol flux curve for each surface type is then
selected on the basis of the textural and morpholegical characteristics of
the surface. As previously shown two sets of curves have been derived. The
first is based on the shear velocities recorded during the wind tunnel tests
(Eg. 16 - 24). The second set of eQuations relate the vertical aerosol flux

to the wind velocity at 10 m. These were obtained by estimating the wind
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velocity at 10 m using the Prandtl equation (Eq. 1) and the roughness
lengths (zgy) recorded during the wind tunnel tests,

Although the veloeity at 10 m curves can be used with some confidence
there is an inherent error, in that the aeresol flux is more directly
related to the shear wvelocity which itself is a function of the surface
roughness. However, to use the shear velocity flux equations, shear
velocity must be estimated from the Prandtl equation wusing standard
meteorclogical wind velocity data which is usually recorded at 10 m. This
necessitates the estimation of a characteristic roughness length (zp). This

is commonly done by use of the following expression

ZO=_<_i__ .30
30
wnere & i1s the average height of the surface protuberances (Bagnold, 1841).
It should be noted that the emission factors derived from the wind
tunnel tests provide limiting values for emission rates since they assume an
infinite fetch length. Chepil and Woodruff (1957) has shown that the rate
of soil movement is zerc on the windward or leading edge of =n unprotected
field and increases with distance downwind until a maximum is reached. AHe
also argues that the distance required for soil flow to reach & maximum on a
given soill is the same for all wind velocities and is solely & function of
the erodibility of the soil, although Chepil and Woodruff (1957) has shown
that limiting fetch distances can be up to several thousand metres for some
soils, However, in most cases, maximum flow is reached within & few hundred
metres. TRW (1982) in their emission inventory of the Ajo non-attaimment

area have used a limiting fetch distance of 1000 feet (304.8 m) which is
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typical of many non-crusted soils (Craig and Turrelle, 1564). For fetch
lengths less than 1000 feet, the fraction of the limiting emission rate
achieved i1s estimated by 1/3 log £, where f is the fetch length in feet.

Estimates cof total emissions for any given area can be computed by
considering the numerocus wind excursions which would occur over the surface
in question. For each delineated surface type, in each grid square, the
fetch lengths across the surface along the principal compass directions are
determined. This would normally be done by running all fetch directions
through the centroid of the identified surface unic. This procedure is
easily dome if appropriate computer mapping software is used in conjunction
with 2 digitized map of the study area.

Following the fetch length determinations a detailed wind velocity
distribution for the principal compass directions is established Ffrem
standard meteorclogical records. To do this the total duration of winds for
a given wind speed class along each prinecipal compass direction is computed
{see Tanle 7). Using the wind speed class mid-point the mean zerosol flux
for each class is determined from the appropriate flux curve (Table 5). If
the fetch length for a given surface is less than 1000 fr. the computed fiux
rate (F) 1s adjusted by the fetch length factor (i.e. (1/3 log £)F). The
estimated emission for each wind class is computed by multiplying the
adjusted fiux rate by the surface area and duration. The total emission for
each wind speed class is computed by summing the calculated emission for
each principal direction in that class. Total estimated emission for the
surface is calculated by summing the emission for each wind speed class.

This procedure 1is subsequently carried out for each surface type in

each grid cell using the appropriate flux curves and fetch corrections. The
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N

total aerosol emission from the total map area is obtained by summing the

emissions for zll type surfaces in all grid cells.

A hypothetical example for omne surface using only the four cardinal

directions 1s shown in Table 7.
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TABLE 7

HBYPOTHETICAL EMISSION CALCULATIONS

Type of Surface: Scrub Desert
Area of Land Surface: 295,000 n? {72.9 acres)

Textural Characteristics: 20% silt and clay
: % aggregates > 0.84 mm = BY

Wind Regime:

Wind Speed at 10 m (m/sec)

< 6 6=-9 9-12 12-15 > 15
Mid Point {4.3) (7.35) (10.5) (13.5) (16.5)
 Total Hours 7570 580 365 145 35
From: N 345 - 30 27 9 3
E 485 50 54 19 7
5 790 87 B0 22 8
1%} 3850 395 204 95 17
Fetch Lengths Fetch Correction Factors*
N-80mn 1.00
E - 350 nmn ) 1.00
S - 16Cm 0.91 v
W= 825=n 1.00

*Fetch correction factor = 1/3 log (3.281 d)
where d = fetch length in metres
I

e

(used if fetch < 305 mm (1000 ft.)).

Thresheld Velocity

Assuming 20% silt and clay content and 8% aggregates (.84 mm,
Uu, = 30.5 cm/sec (Eg. 14).

continued...
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Assuring & logarithmic profile (Eg. 1) and 2 roughness length (ZO) of
0.073 the associated threshold veloclity at 10 m (U10> = 7.2 m/sec.

Most Appropriate Flux Rate Curve is:

19 U3.614 _ Fetch correction factor

F= 3,51 x 10 1f required.

where U is the class mid=point windspeed (cm/sec) (measured at 10 m)
if >1U,.
t

Emission for each direction-wind speed class is: -

—_ . = .
St e A -
-

E =F x (Fetch Correction) x Duration {sec) x Area (cmz)

Wind Speed (m/sec)

6 6~9 9-12 12-15 15
N W41 - . 3.66x100 %=  .8.34x10° “6.89%x10° 4.75%10°
E  Kil . 4.58x10% __ 16.68x10° 14.56x10° 11.08x10°
s Nii 7.25x10° 22.,49x10° 15.34x10° 11.52%10°
W ONilL 35.26x108 63.04x10° 72.80%x10° 26.91x10°
50.75x10% . 110.55x10° 109.59x10° 54.26x10°

Total Emission = 325.15 x 10° g
(= 358 tomns)
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