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ABSTRACT 

Airborne dust is the air pollutant most frequently observed to exceed 

National Ambient Air Quality Standards in rural areas. This pollutant (also 

referred to as suspended particulates) may originate from point sources 

(e.g., large areas of bare soil or pollen-producing vegetation.) Most sources 

of atmospheric particulates, whether natural or anthropogenic, are difficult 

to quantify by means of a source strength (i.e., mass of particulates emitted 

.per unit time). A numerical model has been developed for calculating the 

source strength and quantifying the atmospheric transport and deposition of 

dust generated on unpaved roadways. This model satisfies the second-order 

differential equation for the diffusion process and also the equation of mass 

conservation. Input to the model includes meterological variables, surface 

roughness characteristics, and the size distribution and suspended particulate 

concentration of dust as sampled downwind of an unpaved roadway. By using 

predetermined tolerance levels of airborne concentrations or tolerance levels 

of deposition, roaximum allowable vehicular traffic volume can be established. 

The model also may be used to estimate reduction in photosynthesis resulting 

from fugitive dust from point or line sources. The contribution to sedimentation 

in aquatic bodies, resulting from airborne particulates also may be assessed 

with this model. 
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I. INTRODUCTION 

State and federal environmental agencies occasionally 

receive complaints from persons living in the vicinity of un­

paved roads concerning the amount of dust generated by vehic­

ular traffic, especially during dry conditions. Heretofore, 

there has been little concerted effort to establish a method 

to quantify the level of dustiness that is judged to be a 

nuisance by the population at large. According to Hancock, 

Esmen, and Furber (1976), dustiness is a visually perceived 

phenomena. However, the judgment of whether or not a surface 

is.dusty is based on an individual's past experience or some 

other personal guideline. At present, there are no known 

standards or methods related. to the quantification of these 

subjective .evaluations; thus, if a dust problem really does 

exist, it is essentially impossible to assess its magnitude. 

The goal of this study is to develop a procedure for quantify­

ing the short-range transport and deposition of dust for.a 

continuous particle-size distribution at various locations 

downwind of frequently traveled roadways. 

To begin, we consider the historical development of 

several concepts that are necessary for understanding the 

diffusion-deposition process. We also review some of the 

milestones of diffusion modeling and the ability of certain 

diffusion models to conserve mass. fiinc:P. rnr~n P.missionliii 
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usually take place in what is frequently .known as the atmo­

spheric surface layer (sometimes referred to as the surface 

layer or the microscale) , surface-layer concepts alone are 

used to describe most of the atmospheric transport and dif­

fusion processes and the accompanying deposition. This study 

specifically considers the close-in deposition for a ·rural 

environment over flat terrain. After combining the above 

concepts with an extension of Ermak's (1977) model, we develop 

a possible quantification procedure for determining the enviion­

mental impact of particulate deposition from dry unpaved road­

ways. 

The·procedure consists of establishing a mathematical 

model which predicts the downwind concentration and deposition, 

while also conserving mass. It_ incorporates an experimentally 

determined particle-size distribution measured at some close-in 

downwind distance. This, in turn, is extrapolated to obtain an 

est~mate of the initial source strength and its particle-size 

distribution •• The estimated source strength is substituted 

into the mathematical model, whereby the deposition is cal­

culated for various downwind distances. These deposition 

calculations are converted to.an effective area coverage and 

are compared with a preliminary dust-deposition level that is. 

taken as a tentative standard. ·At this point, it is possible 

to estimate (as a ·function of the downwind distance) the number 

of vehicle passes permitted before exceeding the tentative 
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standard. Unfortunately, the procedure does not possess a 

simple analytical solution of the diffusion-deposition equa~ 

tions; consequently, numerical methods are used to evaluate 

definite integrals .. 

We also examine the model sensitivity to atmospheric 

stability, surface roughness, deposition height, source height 

and wind speed, and include a synopsis·of the relative 

influence of each of the modeling parameters. In addition, the 

particulate deposition due to roadways is compared with that 

which occurs under typical road conditions and normal ambient 

suspended-partic~late concentrations. Other possible exten­

sions of the proposed methodology are briefly considered. 

Finally, inherent assumptions of the modeling procedure and 

recommended improvements are.discussed. 
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II. HISTORICAL BACKGROuND 

A. Definitions and Concepts 

· The purpose of this ·section is to establish definitions 

and outline the concepts describing the diffusio.n-deposi tion 

process. 

1. Coordinate system 

The coordinate system used is similar to that described 

by Turner (1969). This system considers the origin at ground 

level at or beneath the point 6f emission~ The x-axis extends 

horizontally in the direction of the mean wind, U, which is 

assumed uniform and steady. .The y-axis is in the horizontal 

plane, and the.z-axis extends vertically. A plume with·an 

initial h~ight, h; is tran~pbrted alon~ or parallel to.the 

x-axis as shown in Figure 2.1. 

2. Settling velocity 

If the particulate plume considered is assumed passive 

and nonreactive, then in the absence of chemical reactions~ 

coagulation, resuspension, arid static .electribal forces, the 

particulate siz~ spectrum:will change only by sedimentation at 

the earth's·surface. A particle's fall velocity is dependent 

upon gravitational and aerodynamic drag forces. For spherical 

particles, the relationship between the terminal settling 

velocity (Vt), the. particle diameter (D), and particle density 
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Figure 2.1. Coordinate system for a continuous point-source 
J?lume · 
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(p) is given by Stokes equation (Slade, 1968): 

2 = gp D 
18 ll 

c ( 2 .1) 

The constant g is the gravitational acceleration assumed to 

be 9. 81 m/s, and ·l.l is the dynamic viscosity of air which is 

approximately 1.85 x 10-4 g/cm-sec at 299 K. For particles 

less than 10 l.lm, the Cunningham slip factor (C) is appreciable 

and accounts for the effect of slip flow upon: the fall velocity. 

The degree of slip is a function of the ratio of the mean free. 
·. . . 

path of the air molecules, A., to the particle size. (Slade, 

1968) • The Cunningham slip factor is given by 

c = 1 + 2A n 

where. for the atmosphere at standard conditions (298.K, 

(2.2) 

1.0 atm), A. = 0. 0667 microns (Crawford, 1976). Crawford (1976) · 

states most particulate. settling can be described by the Stokes 

relation· since most particles are small enough that the termi-

nal velocity is reached at very small_Reynolds numbers. Slade 

(1968) considers the appliqable range of Reynolds numbers for 

atmospheric particulates to be 10-4 to io. 

3. Surface ·and atmospheric characterizations 

a. Fricti_o!!.~_elo~i ty Lumley and Panofsky (1964) 

state that stress in·the atmospheric surface layer is constant 
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in direction and magnitude. Within the constant stress layer 

it is possible to define a 'friction velocity', constant with 

height, by u* = (T/p)~, where T is the magnitude of the 

surface stress, and p is the density of air (Lumley and 

Panofsky, 1964). Under these conditions the vertical wind 

shear (au;az) is related to the stress by 

T/p (2.3) 

where K is the scalar eddy diffusivity~ Johnson and Ruff 
m 

(1975) suggest the thermal component of diffusivity is small 

compared to the momentum component; so too is the contribution 

due to molecular diffusion. 

b. Roughness length For the case of neutral 

stability, the vertical wind shear can be obtained from 

similarity theory, and is given by 

d U (z) = dz ( 2. 4) 

where k is Von Karman's dimensionless constant, assumed to be 

0.40. This applies to fully turbulent flow over a rough 

surface (Slade, 1968). Integrating Equation 2.4 yields the 

wind profile near the surface in the constant-stress layer: 

u* 
U(z) = ~ in(z) + constant ( 2. 5) 
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The constant of 1ntegration typically is defined to introduce 

the effect of surface roughness by requiring the mean \vind 

speed to become zero at z = z
0

, whe~e z
0 

is the roughness 

height. According to Slade (1968), z
0 

is called the ioughness 

length because it delineates the effect of varying surface 

roughness on the wind profile. Thus, .. · 

. u. ·rz ] U(z) = K in zo (2.6) 

Typical roughness heighto have been publishe6 by several 

authors (Slade, 1968, p. 73; Stern, 1976, p. 409; Seinfeld, 

1975, p. 239; Pasquill, 1962, p. 72; Sutton, 1953, p. 233) for 

various surfac~ configurations. Lettau (1969) developed the 

foll.owing equation.for estimating z
0 

in terms of dimensions 

and distribution elements (Stern, 1976) .: 

( 2. 7) 

. where H is the average height of the roughness elements, a* is 

the cross-sectional (silhouette) area normal to the wind, A 1s 

the.total ground area per element (total horizontal area/number 

of elements} and 1/2 is the average drag coefficient (U.S. 

E.P.A., 1974). 

c. Monin~obukhov length For nonneutral conditions, 

the vertical velocity profile is described by the log-linear 

form: 
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( 2. 8) 

where L is the stability-dependent Monin-Obukhov length; and 

8 is an experimentally determined constant. Busch (1972) 

lists 8 values from 4.7 to 7. Slade (1968) states that 8 = 

6.0 results in gobd agreement with experimental evidence for 

moderately stable and unstable conditions. Under extremely 

stable conditions, the log-linear profile seems to fail. 

According to Seinfeld (1975) the Monin..:obukhov length is 

simply the height above the ground at which the production of 

turbulence by both mechanical and buoyancy forces is equal. 

Hence, L.provides a measure of the stability of the atmospheric 

surface layer. Shir and Shieh (1974) presented an empirical 

expression for calculating the Monin-Obukhov length as a func-

tion of the Pasquill-Gifford stability class (described in 

Appendix A) and surface roughness height, based on experi-

mental surface-layer data published by Golder (1972). The 

empirical relation. is 

1/L = S [0.216586 1n(l.2 + 10 )] 2 lOf($) TST z 
0 

f(s) = -4/(1 + 1.3 1s1°· 85 > (2. 9) 

where S is the stability class (-3, -2, -1, 0, 1, and 2) which 

corresponds to Pasquill's discrete stability categories 
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(represented by A, B, C, D, E, and F). The sign of L must be 

the same as s, and S = 0 denotes neutral conditions. Shir and 

Shieh (1974) state, "Since this method is much easier to use 

than measuring vertical temperature distributions, its merits 

should not be overlooked. Certainly it may require further 

improvements such as continuous. insolation classification, non-

uniform spatial stability distributions, and effects of pre-

cipitations." 

d. Eddy diffusivity If both the wind speed and 

roughness height are known, then Equation 2.8 can be solved to 

obtain the friction speed: 

.tn 

k u (z) 

. ('!.:..._] + ~ z. L .o 

Yo·rdanov (1972) used a two-layer formulation of the 

(2.10) 

vertical exchange coefficient i Kz '· for neutral conditions. 

This relation is given by 

( 2. 11) 

where f is the Coriolis parameter, and a 1 is a dimensionless 

constant approximately equal to 0.1. Yordanov (1972) used the 

following relations.for Kz for unstable stratification: 



K = z 

il 

for z < a 2L. 

{2.12) 

where a 2 is an experimentally determined dimensionless constant 

ranging from -0.16 to -0.04. For stable conditions, Yordanov 

{1972) used the· interpolation formula 

K = z for 

for (:l.l3) 

in which the value of the dimensionless constant a 3 is close 

to·unity. Kz reduces to the following common expression for 

all stabilities near the surface: 

{2.14) 

Close to the source, the effects of stability are 

frequently overshadowed by mechanical turbulence generated by 

flow over rough surfaces or large ctrueture:s. According to 

Johnson and Ruff {1975), these effects are particularly 

pronounced in the case of near-surface sources. Thus, only 

the kinematic eddy-viscosity coefficient is considered, and 

not the eddy heat conductivity coefficient. 

As a.further simplification, the turbulence field near 

the surface is assumed to bP. r~pproximatcly isutropic~ hence, 
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the horizontal eddy diffusivities have been assumed to be 

equal to Kz. Sutton (1953) states that this condition is 

applicable to the atmosphere above the surface layers. This 

approximation is used exclusively in the diffusion-deposition_ 

equations and calculations which appear in subsequent chapters. 

4. · Deposition velocity 

As gas.es or particulates approach the ground, a fraction 

will be deposited on the surface or on vegetation by direct 

sedimentation, inertial impaction; adsorption, chemical .reac­

tion, and other mechanisms (Overcamp, 1976). This rempval 

causes the downward flux of airborne gases or particulates to 

decrease in the downwind direction. Without considering the 

details of the deposition mechanism, Chamberlain (1953) pro­

pcised the depositi~n ra~e w(x,y~ was proportional to the 

ground level concentration x(x;y,O). ·calder (1961) proposed 

both the gravitational •ettling flux and the ground deposition 

should be proportional to the local air concentration x<x,y,z). 

The constant of proportionality has the dimens.ions of length/ 

time, and hence the term velocity. Here the deposition 

velocity, Vd' is determined either experimentally or from 

theory. Thus the surface deposition flux is 

w(x,y) = vd x<x,y,O). (2.15) 
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According to Overcamp (1976), the deposition velocity for 

particulates need not equal the terminal settling velocity, 

Vt; however, this is no doubt true for larger particles with 

greater settling velocities. Experimental field data of the 

deposition velocity over a variety of different surfaces have 

been published by Slade (1968, p. 207). 

Recent wind tunnel experiments (Sehmel and Hodgson, 1976) 

suggest the deposition velocity is a function of the measure­

ment height above the surface, roughness height, friction 

speed, particle size and atmospheric stability. They con­

sidered a one-dimensional mass transfer model where particles 

diffuse at a constant rate from a uniform concentration. 

Additional .assumptions were that a relationship for particle 

eddy diffusivity could be determined, that the effect of 

gravity could be described by the terminal settling velocity, 

and finally that particle agglomeration and resuspension would 

not occur. The resulting deposition flux, w, to a surface is 

then given by 

( 2 .16) 

where B is the Brownian diffusivity, and KE is the particle 

·eddy diffusivity. In most cases, B is small compared to KE 

and is neglected, while KE is assumed equal to the eddy 

di.ffulS.i.vi.Ly or dir momeiYtum (3ehmel Qnd Hodgson, 1976). Thic 
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formulation can be extended to an infinite instantaneous.line 

source by consideri!lg the deposition flux as a finite nuinber 

of approximately steady-state fluxes (G. A. Sehrnel ~. Battelle, 

Pacific Northwest Laboratories, Richland, Washington, private 

communication, 1977). Thus the approximate deposition flux 

for the jth time interval resulting from an infinite 

instantaneous line source is given by 

(2.~17) 

Integrating Equation 2.16 and solving for w yields 

( 2 0 18) 

where 

(2.19). 

and INT is found by 

INT = INTl + INT2 (2.20) 

where INT1 and INT2 are defined below. The deposition velocity 

is defined in terms of a reference concentration Xz at z ern. 

Thus, 

-w 
Xz 

(2.21) 
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and substituting Equation 2.18 into Equation 2.21 yields 

(2.22) 

In the overall deposition process, the plume approaches 

and interacts with the air layer immediately above the surface 

elements. INT1 is a measure of the diffusional resistance of 

the plume mass transfer described by the micrometeorological 

eddy diffusi vi ties. Sehmel and Hodgson ( 1976.) ·standardize the 

re.sisLa.H~.;t:!::> t:u a height of l em, since above this height the 

Brownian diffusivity is small compared to the particle eddy 

diffusivity. Similar techniques have been used in researching 

pollutant transport over the Grea·t Lakes (Hicks, 1977) • Values 

of INT1 are stability depende11t and. a.re determined for a 

specific deposition height, zd' as follows: 

Stable Atmosphere (L > 0) : 

(2. 23) 

Neutral Atmosphere (L = ±oo) : 

-1 [ zd ] INTl = k R.n rCm (2.24) 

Unstable Atmosphere (L < 0) : 

(2.25) 
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where 

$ = 2 ~n[~ : ::] + ~ 

(2.26) 

Values .of ~d and ~0 are g~ven by 

(2.27) 

If zd is less than 1 em, then INT1 is set equal to zero 

(G. A. Sehmel, Battelle, Pacific Northwest Laboratories, 

Richland, Washington, private communication, 1977). This 

allows prediction of deposition.velocities below 1 em. As a 

word of caution, this method has the disadvantages in that Vd 

is not differentiable at 1 em, and that this arbitrary height 

has no substantial physical basis. 

using a least-squares technique on some wind tunnel data, 

Sehrnel and Hodgson (1976) obtained a.dimensionless correlation 

for INT 2 . The dimensionless correlation of. INT 2 is given by 
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+ 0.9722 in[~:] + 0.03799 in2 [~:] 

- 2. 254 in [-'iJ-] u ... z .. 0. 
(2.28) 

where D is the particle diameter, ~ is the viscosity of air, 

and pis the particle density of 1.5 g/cm3 • According to 

Davies (1973), the coefficient of diffusion, 'V, is related to 

the particle diameter by Einstein's theory of Brownian motion. 

Values of 'iJ can be calculated from 

(2.29) 

where K* is Boltzmann's constant, and T is the absolute 

temperature. Sehmel and Hodg~on suggest that if a particle 
. 3 

density different from 1.5 g/cm is used, then INT2 should be 

assumed independent of particle density. 

Despite shortcomings, the method of resistance integrals 

is the best-available procedure for predicting dry-deposition 

.velocities. ~ased on wind-tunnel studies and theoretical 

conside~ation, Hicks (1977) states,· "it ~eems best to adopt 

some particle-size dependence, even though the magnitude of 

the.effect remains unknown." He warns against blind usage of 

the method because, as of yet, there are no field experiments 
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that unquestionably support this. Therefore despite 

deficiencies, the techni~ue su9gested by Sehmel and Hodgson. 

(1976) will be us~d in determining dry-deposition velocities. 

Additional research.is obviously needed. 

B. Diffusion Models 

Most atmospheric dispersion models are based on the 

molecular-scale Fickian diffusion equation: 

a a a a a a a ~= B.2.X,+ B~+ B~ at ax ax . ay· ay az az , (2.30) 

where x is the· concentration at some point (x, y, · z) ·and B is 

the Brownian diffusivity. In a turbulent atmosphere, the 

Brownian diffusivity is orders of magnitude less than the 

turbulent counterpart known as the eddy diffusivity, K. 

Extending Equation 2.30 to a turbulent atmosphere where advec-

. tion is. permitted in the . x-direction, the gravitational 

settling is significant, and· ·Brownian diffusion is negligible, 

the material transport may be described by the semi~empirical 

second-order advection-diffus·ion equation·: 

·.~ + U ~ = a K 2.x_ +. _L. K 2.x_ + a K. 2.x_ + V ~ (2. 31) 
at ax ax X ax ay yay az Z az t·az 

Here U is the mean wind which is assumed steady a·nd uniform~ 

K·, K, and Kz are the eddy diffusivities in·the x-, y-, and 
.· X y . , 

z-directions, respectively~ and Vt, is the gravitational settling 
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velocity and is positive in the downward (negative z) direction 

(Ermak, 19 77) • 

Historically, various model designs and assumptions have 

been used to simplify Equation 2.31, thus allowing approximate 

solutions of the general diffusion-deposition process. Further-

more, the eddy diffusivities can be related to the statistical 

2 concept of variance (say, a = 2Kt); thus, solutions may be 

expressed in a form which contains the power and elegance of 

statistical theory. This approach has been used by Sutton 

(1953), Pasquill (1962), and others. 

Sutton.· (1947, 1953) was one of the first to develop a 

statistical theory for describing the concentration field down-

~ind of a continuously-emitt1ng point source in a uniform and 

steady wind. His approach was simplified ~n that gravitational 

settling and ground absorption were assumed to be zero, and is 

applicable to an inert gas. The model has the desirable 

property that mass is conserved. Csanady (1955) extended 

Sutton's equation for a continuous point source to the case of 

particles with a nonzero settling velocity with the boundary 

condition that the dust-fall rate equals the settling velocity 

times the ground-level concentration. He incorporated a 

sloping plume to allow for the appreciable settling velocity 

and applied a reflection multiplier to the image source term 

which aided in approximately conserving mass. Overcamp (1976), 

using a modified version.of Csanady's model for a continuous 
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point source, attempted to incorporate the definition of 

deposition velocity into a conservation-of-mass relation where 

the decrease in the downwind flux equals the crosswind­

integrated deposition. Overcamp claims his modified model 

conserves mass; however a few simple cases seem to suggest 

otherwise. Tang (1969) formulated a second-order ·differential· 

equat{on with constant coefficients for an unsteady infinite 

crosswind line source. The-equation is solved by applying 

Laplace transformations and finding .a Green's function. Ermak 

(l977) U3ed a simildL technique. fOr the case Of a COntinUOUSly 

emitting point source in a uniform and steady wind. Both the 

Tang and Ermak models satisfy their appropriate conservation of 

mass equation for specific cases. 

1. Sutton's model 

Sutton (1953) considers a continuously emitting poirit 

source in a steady and uniform wind, where the plume is not 

subjected to buoyancy forces .and the particles are not 

permitted to fall out. Allowing for reflection at the surface, 

the resulting spatial concentration, x<x, y, z), is given by 

_ · Q -·~ -y
2 ~ [ · ~ (z-h) J · - · 2-nEXP 2 2-n EXP 2 2-n . 

TIC CZUX C X C X . . y y z 

. -~-·(z+h) 2 J ]· + EXP 2 2-n ' 
czx . 

X(x,y,z) 

(2.32) 
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where Q is the time rate of material emission (i.e., source· 

strength) , and U is the mean wind speed that is assumed 

constant with height. The generalized diffusion coefficients 

C and C are given by y z . 

. n 
(1-n) (2-n) U 

(2.33) 

(1-n) (2-n) un 

where v is the kinematic viscosity of air: v' and w' are the 

eddy velocities in the crosswind and vertical direction, 

respectively. The dimensionless number n is between 0 and 1, 

and is a parameter related to the diffusing capability of 

atmospheric turbulence. 

If Equation 2.32 is integrated over y from-~ to +00 , the: 

result is the concentration field for a continuously emitting 

crosswind line source of infinite extent. Thus, 

x<x,z) = 
[
EXP G ( z-h) J + EXP G (z+h) J J · 2 2-n . . 2 2-n C X · C X z . z 

(2.34) 

where u.t is the total amount of material emitted per unit length 

from the line source. 
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If mass is to be conserved, then the flux of material 

across an infinite plane must be equal to the source strength 

at all distances downwind. Mathematically, the conservation 

of mass is given by· 

oo· oo 

I I u x<x,y,z) dydz = Q 
-oo 0 

for a continuous point source, and 

00 

I U x<xjz)dz = Q! 
0 

for a continuous infinite crosswind line source, where 

(2. 35_) 

(2.36) 

x(x,y,z) is given by Equation 2.32, and x(x,z) i~ ~iveh by 

Equation 2.34. 

2. Csanady's model 

Csanady's (1955) extension of the Sutton equation for a 

continuous point source includes a nonzero settling velocity 

with the boundary condition that the dust-fall rate equals 

the settling velocity times the ground-level concentration. 

The equation of the concentration is 

x<x,y,z) = Q 
iTC C ux2-n 

y z 

(2.37) 
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where 

cx.(x,z) = 1 - 2 , . (2.38) 

and x = x (x,z) is found from g g 

V 1-n/2 

(h - --$] [~gl + z - h = 0. (2.39) 

Here cx.(x,z) is the dimensionless degree of reflection on the 

ground which varies With the distance from the SOUrCe 1 and X . g 

is the point of reflection whic~ determines the strength of 

the reflected beam. 

Integrating Equation 2.37 over y from -oo to +oo gives the 

concentration field for a continuous infinite crosswind line 

source, which is 

x (x, z) 
QR- t (z-h + vtx/U)j 

2 

= ------~~~~~2 EXP 2 2-n 
v'7f C UXJ.-n C X · 

z z 

. ~ j · . . -(z+h - V x/U) 
+ ~(x,z) EXP c;x2-nt , (2.40) 

csanady (1955) cautions that the introduction of the · 

a. ( x, z) rnul tiplier on the . image term allows for· only approxi-

mate mass conservation. 
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3. Overcamp's model 

Overcamp (1976) improved upon the Csanady (1955) model 

for a continuously emitting point source in a uniform and 

steady wind. He contends that, in contrast to Csanady's 

definition, x is the downwind distance where the streamline, . g 

passing through the point of interest and the image source, 

crosses the x-axis at the surface. The Csanady and Overcamp 

definitions of x are equal only at the ground surface. With g 

this modification, Overcamp's form of the equation for the 

concentration is 

Q x<x,y,z) - 2 u · Ticrycr z 

·where 

1 -
2 

Uh - Vtx 
cr (x) 

z 

.and where xg -.x (x,z) is determined from 
g . 

cr (x) z. 
cr (x ) • 

z CJ 

dcr z (x) 

dx 

-

(2.42) 

- x=x. . . g 

(2.43) 
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Here cry and crz are the standard deviations of the width and 

thickness of the plume •. The remaining variables· are as 

previously defined. 

Ov~rcamp incorporates the definition of deposition 

velocity into the following form of the conservation-of-mass 

equation: 

oo ·oo 00 

J J ux(x,y,z)dzdy = J vdx(x,y,o)dy ·(2.44) 

-oo 0 -oo. 

where Vd is the deposition velocity. This expression states 

that the decrease in the downwind flux equals the crosswind­

integrated deposition for all distances downwind of the 

continuous point. source. 

For an arbitrary cr , Equation 2.44 cannot be put into ·an . z 

explicit, analytical form (Overcamp ,· 1976) • Unfortunately, a 

simple test case where crz = ax (i.e. linear plume growth) 

seems to suggest that Equation 2.41 approximately conserves 

mass according "t7o Equation '-•44 only when h >> Vtx/U,.Where h 

is the effective stack height re~ulting from a buoyant plume. 

Thus, it is essential that the plume initially be "sufficiently". 

high above the surface, relative to the downwind distance, if 

mass is to be approximately conserved. 
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4. Tang's model 

Tang (1969) solved the advection~diffusion equation in 

the two-dimensional vertical plane for an unsteady infinite 

crossw"ind line ·source. The resulting second-order differ­

ential equation is 

2 . 
·~ + u ~ = Kz i__x.+ V ~ 
at ax a;z t az (2.45) 

where t is .the time, and Kz is the vertical eddy diffusivity. 

Values of U, Vt' and Kz are all constants. Here Tang iqnorP~ 

the diffusive transport in the x-direction, and considers 

only the advection.· The initial and boundary conditions 

accompanying Equation 2.45 are 

lim x - 0 , 
t-+o · 

lim x = 0 
z-+oo 

lim·ux 
x-+o 

= QR.(t) tS(z-h) 

z-+o 
lim {K ~ z ·az + = 0 

(2.46) 

where QR. is the source strength of a crosswind line source at 

height h, and c is the Dirac delta function, which is defined 

to have the properties 
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o(t) = o, t :j 0;. 

_00 

J o(t)dt == 1. (2.47) 
-co 

Using Laplace transforms, Tang arrives with an equation 

for the downwind concentration for an unsteady infinite cross­

wind in a uniform and steady wind, which is 

x (x, z) 

x<x,z) = 0, for t < x u 

[

t (h-z) 
EXP 2K 

z 

[
-u ( z+h) 

2 ]~ v t -
2v d + EXP 4K x + 2K U · 

z z 
. . 

. ~ 

E. RFC ~~ [....!!_] + · 2 K X · 
. z . 

2Vd-vt 
2 [K:u]j] . X 

for t > u (2.48) 

If Q£ is steady, then Equation 2.48 conserves mass according 

to 
00 

-a J ax u x<x,z)dz = vdx(x,o) (2.49) 

0 

which relates the decrease in the downwind flux to the rate of 

deposition at all downwind distances. 
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5. Errnak's modei 

Ermak (1977) presents a modified Gaussian plume model for. 

the case of a continuously emitting point source in a uniform 

and 'steady wind. By assuming a steady source and neglecting 

diffusion in the x-direction and considering only its advec-

tion, Ermak redpces the problem from Equation 2.31 to 

~ u ax 
2 2 

= KY 4 + Kz 4 + vt -~ 
a-y az 

(2.50) 

where Ky' and Kz are the eddy diffusivities in they_-, and z­

directions, respectively; and are at most functions of x. 

Here Vt is the pollutant particle gravitational s~ttling 

velocity and is positive in the downward direction.. Ermak 

points out that both the vertical diffusivity Kz(x) and the 

settling velocity Vt(x) are assumed to approach the limiting 

values of Kz and Vt' respectively, for large downwind distances. 

The accompanying boundary qonditions are 

lim X = 
Q o (y) o (z-h) , u x-+o 

lim X = 0, lim X = o, (2.51) 
y-+-oo y-+oo_ 

lim X =. 0, 
z-+oo 

lim ~ 2..A.+ (Vt - vd~~ = o. fl7. 
~"""U .. 
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The solution to Equation 2.50 is expressed in terms of 

the Gaussian plume parameters for the standard.deviation of 

the plume width and height, cr and crz. These parameters, . y . 

defined in terms of their respective diffusion coefficients, 

are 
X 

2 . 2 I .K(x' )dx' (2.52) cr (x) = u· . 
0 

Here they can be used to describe the non-Gaussian plume which 

occurs in· the .general situation when settling and, deposition 

are included. 

Ermak's solution uses separation of variables and Laplace 

transforms to obtain a general equation for the concentration 

downwind of a continuous point source~ Thus, the general equa­

tion for the concentration is 

x<x,y,z) 

.lv 1 (z+h) 
EXPL K 

v cr 
M'::' 1 z 
l'~7T - K 

+.vicr~2 ERFCtlcrz + z+hj·] 
K 2 12 K 12 cr . · ' . . z . . 

(2.53) 
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defined in Equation 2.52. All other variables are as 

· previously described. 

For the special case of cr~ = 2Kx/U, {i.e. Kz = K = 

constant) the conservation of mass equation 

-a 
ax 

00 00 00 

J J u x{x,y,z)dzdy = r vd x<x,y,o)dy 
-oo 0 -oo 

is also satisfiP.rl. T.f th& general form a i~ u~eu (i.e. z 

{2.54) 

Equation 2.52), then mass is conserved·only in the limit as 

Kz{x) approaches K. 

Integrating Equation 2.53 over y from -oo to +oo yields 

the solution for a continuous infinite crosswind line source 

which satisfies the following second-order differential equa-

tion: 

2 

U ~ = Kz :z~ + V t ~ • {2.55) 

Th~ solution to Equation 2.55 is 

x {x, z) 
ilicryQJ, 

= x{x,y,z) Q EXP~;;] {2.56) 

where x(x,y,z) is the solution for the continuous. point source 

given by Equati6n 2.53. Due to the similarity between Equa­

L.iuns 2.53 and :.:!.56, the continuous infinite crosswind line 
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source conserves mass in a manner not unlike the continuous 

point source, with the same restrictions on o z st.ill applying. 
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III. QUANTIFICATION METHODOLOGY 

This chapter describes the methodology used in quanti­

fying the particulate deposition which results from vehicular 

traffic on dry unpaved roadways. 

The dispersion and transport of a particulate plume is 

described by a mathematical model in which the effects of K­

theory diffusion are superimposed on the horizontal advection 

of the plume by the mean wind field. For simplicity, the 

vertical and horizontal eddy diffusivities are assumed to be 

constant both with respect to height and the downwind distance 

from the source (see section II.A.3). This pretense, though 

very crude, is used by several authors as a first approxima­

tion. This approach greatly simplifies the mathematics, while 

still retaining the qualitative features of the physical 

processes involved. Furthermore, these assumptions, together 

with the surface and atmospheric characterizations discussed 

in section II.A.3, give the necessary machinery with which to 

u3e genera~ diffusion-deposition concepts. 

A particulate plume resulting from a vehicle traversing 

a dry unpaved roadway, may be considered as originating from 

a moving point source, or it may be treated, approximately, 

as an infinite instantaneous line·source. For short sampling 

periods the latter is less desirable in estimating the down­

wind deposiLlur1 because ot spatial and temporal variations in 
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the concentration field and their influences on the associated 

deposition flux. However, if the sampling period is suf­

ficiently large, relative to the tr.end time of the plume to 

the receptor, then the downwind deposition may be calculated 

using an infinite instantaneous line source. The assumption 

here is that, .for large .sampling periods, the difference in 

deposition between a moving point source and an infinite 

instantaneous line source is negligible. The result is a much 

simplified model with which to predict deposition and its 

associated visual impact (without the additional complexities 

qf temporal'and spatial dependencies from crosswind turbulent 

diffusion fluxes) .• 

Information on the particle-size distribution is 

obtained using a cascade impactor placed downwind of a road­

way. The sampler measures the time-averaged concentration 

which results from both the source and ambient conditions. 

From theoretical considerations (and the s.e:f.lsiti vi ty tests 

describ.ed in ·chapter V) , :the ambient contribution at close- . 

in dista~ces is usually less than 10% of the total time­

averaged concentration. when the vehicle ~requency is in excess 

of approximately one pass per minute; consequently, the 

ambient contribution may be neglected as a first approximation 

at close-in distances. 

The particle-size information, together with .the surface 

roughness and atmospheric dispersion potential, permits the 
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estimation of downwind concentration and deposition as a 

function of particle size. The deposition surface, which acts 

as a sink term for the particulate. plume, is assumed to be a 

flat horizontally homogeneous surface. Here, only a single 

layer of particles is assumed to exist· (i.e. no overlapping 

is permitted). Thus, the actual·area coverage by the parti­

cles is based on the number and size of the particles. 

Furthermore, maximum visual contrast is assumed to exist 

between the deposition surface and the single layer of dust 

particle~. Together, these assumptions allow for a conversion 

from the mass deposition to the.actual area coverage by the 

particles, without the additional complexities associated with 

conditional probabilities and multiple receptor heights. When 

less than maximum contrast occurs between the particulates and 

the deposition surface, it is donventional to speak of an 

effective area coverage; this is described in section III.D. 

Finally, if the effective area coverage estimates are 

compared with some predetermined standard of.dustine~s, then 

it is possible to predict and quantify the environmental 

impact of particulate deposition resulting from vehicles 

traveling dry unpaved roadway. This is described in sections 

VI. A a.nd VI. B. 

In Rmnmary, the quantificat.i.on methodology consists of 

the following: (1) establishing a mathematical model which 

predicts the downwind concentration and deposition, while also 
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conserving mass, (2) experimentally determining the particle-

size distribution at some close-in downwind distance and then 
. . . 

extrapolating this information to obtain a source strength 

estimate, (3) incorporating the extrapolated source strength 

into the model to estimate the deposition at various down­

wind distances, and (4) converting the mass deposition to an 

effective area coverage and comparing this result with some 

predetermined stand9-rd. · 

A. The Mathematical Model 

In this section a mathematical model is developed to 

predict the concentration downwind of an infinite instanta­

neous line.source by integrating Equation 2.53 over y from-~ 

to+~, and then. multiplying by. (2'1Tcr~)-:'~ EXP[-:-~(x-Ut) 2 cr~2 ]~ 

Th~ resulting equation for the downwind conce~tration, 

x<x,z,t), is given by 

x(x,z,t) = 

. jvl(z+h). 

EXP L K + [v a l J ~ cr ·. j l ~ ERFC ..1___! + z+}) 
2 K 12 K flo . . z 

'· 
(3.1). 
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2 
where crx 

. 2 
= 2K t and a = 2K t for constant K and Kz. 

X Z Z X 
As 

before, Qi is the total amount of material emitted per unit 

length, crx and crz are the standard deviations in the x. and z 

directions, U is the mean vertical wind speed, t is the time 

since emission, K.is the vertical eddy diffusivity approached 

at some large downwind distance, and h is 

infinite instantaneous line source. v1 = 

the height of 
vt 

V - -where d 2 

the deposition velocity,. and Vt is the terminal settling 

velocity. 

the 

It is noteworthy thatthe above model for an infinite 

instantaneous line source satisfies two important criteria. 

First, Equati6n 3.1 satisfies the second-order differential 

equation with constant coefficients, 

( 3. 2) 

for Kz = K, where K and K are the eddy diffusivities in the 
. X Z 

x- and z-direction, respectively. The first term on the left-

hand-side represents the rate of change of local concentration, 

while the second term is the concentration advected in the 

downwind direction. ·On the right-hand-side, the terms from 

left to right are the turbulent diffusion in the x and z 

directions, and the gravitational settling. The mathematical 

description of the problem is completed by the following 

initial and boundary conditions: 
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lim X = 0, lim X = 0 
t+o z+oo 

lim ux = QR.(t) o (z-h) , (3.3) 
x+o 

lim [Kz .£.x.+ 
Z+O az (Vt - vd>xJ - 0 

where 6 is the Dirac delta function. 

Equation 3.1 also meets the criteria that, in the case 

of long-term deposition (i.e., as t becomes large), the model 

satisfies conservation of mass as follows: 

lim [ooJ oof x (x,z,t)dzdx 
t+oo . 

-oo 0 . 

(3.4) 

where QR. is the .total amount of material emitted per unit · 

length from.an infinite instantaneous line source. On the 

left-hand-side, the first term.represents the amount of 

material remaining in the air, while the second term accounts 

for deposition. Table 3.1 ·shows the various relationships 

between the· two terms for different values of V d and Vt. It 

was not possible to obtain an analytical result of the deposi­

tion term for the case Vd 'I Vt = .o. However, this result has 

no application to a particulate plume and is presented· for 

completene'ss only.· 
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Table· 3.1. Percentage of material remaining in the air and 
·deposited at the surface in the limit as t 
a~proaches infinity 

Case 

vd = 

vd = 

vd = 

. vd 1 

vd = 

vd 1 

vo. 1 

Vt: 

vt = 0 

vt 1 0 

Vt: 

0, vt 1 

o, vt = 

0, vt 1 

0 

0 

0 

Amount of materlal 
remaining in the 

atmosphere 

100% 

0% 

100%. 

0% 

0% 

Amount of material 
deposited at the 

surface 

0%. 

100% 

0% 

Indeterminate 

100% 

B. Source Strepgth Estimation 

In this section a method for determining the upwind 

source ~trength is developed by incorporating an experimentally 

determined particle-size distribution at some close-in down-

wind distance. 

From conservation of mass considerations, the instanta-

neous conc~ntration at a receptor must equal that resulting 

from the source plus 1the ambient concentration. If there are 

~ vehicle ~d~~es and they are treated as a single pass, then 
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the time-averaged concentration measured at a receptor (x ,z ) r r 
is given by 

N 1 
I: T 

n=l 

T 

J Xn(xr,zr•t)dt + Xa 
0 

(3. 5) 

where x ( . t) for the nth vehicle pass is given by Equa~ 
n xr,zr' 

tion 3.1 evaluated at x = xr and z = zr' and where QR. is re-

placed with On • Here x is the ambient concentration \'lhich · · ~P . a 

is assumed constant over the sampling period, T. .Rewriting 

Equation 3.5 _yields 

·X = 
NQR.p_ 

Il + X a r T ( 3. 6) 

where 

T 
Xn(xr,zr,t)dt 

Il I = 
QR,p 

0 

(3.7). 

and· is evaluated by Simpson·• s method of numerical integration •. 

Here QR. = N QR.p' where QR. is the source strength per. vehicle 
.P 

pass. 

The source strength per vehicle pass for an infinite 

instantaneous line source is · obtained by solv-ing Equation · 3. 6 

for QR. , which-is given by 
p .. 

(J. 8) 
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If the data are collected on a finite particle-size 

- -
interval, i, then values for Xr' Xa' Q~p' vd, Vt' v 1 , and I 1 

- -
~re replaced by the interval estimates of Xri' Xai' Q~pi' Vdi' 

Vti' Vli' and Ili' respectively. Thus, the fractional source 

strength per vehicle pass corresponding to the ith finite 

particle-size interval is given by 

Q~pi = 
T Gri - Xa:i> 

N Ili 
(3. 9) 

and the total source strength per vehic]P. pass is given by 

(3.10) 

In order to determine representative values. of. V di and 

Vti' it is necessary to have a single particle-size estimator 

which approximates the entire. particle-size interval. Since 

the particulate distribution is approximately log-normally 

distributed, the geometric mean diameter on a mass basis, D 3 ., g l. 

is chosen as a point estimator for a finite particle-size 

interval, i. Values of D 3 . are· calculated by integrating the g l. . 

weighted log-normal probability-density function· over the 

finite interval, and then dividing by the probability of 

occurrence. The method is outlined in Appendix B. Finally, 

D 3 . is incorporated into Equations 2.1 and 2.2 to compute 
g l. 

Vti' and into Equations 2.22 and 2.28 to compute Vdi" 
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c .. Particulate Deposition Calculations 

The.source strength estimates described in section III.B 

can be incorporated into Equation 3.1 to predict the time-

. dependent concentration and deposition flux at various down­

wind distances, which, in turn, may be used to calculate the 

downwind deposition. 

The. definition of deposition flux given by Equation 2.15 

can readily be extended to allow calculation of the deposition 

per vehicle. pass at any deposiL.iuu height, zd' by integrating 

over time. The resulting. general equation for the deposition 

per vehicle pass is given by 

00 

Qp = vd J xp(x,zd,t)dt 
0 

(3.11) 

where xp (x., zd,t) is given by Equation 3.1 evaluated at z = zd 

and where Qi is repl~cedwith QR.p·· If we·define · 

QQ 

r 2 = J Xp(x,zd,t)dt, 
0 

'then Equation 3.11 becomes 

(3.12) 

( 3. 13) 

where r 2 is ~valuated by Simpson's method of numerical inte~ 

gration. 
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For a finite particle-size interval, i, values of gp' 

Vd and I 2 are replaced with Qpi' Vdi and I 2i' respectively~ 

Thus the fractional deposition per vehicle pass corresponding 

to the ith ~article size interval is. giv~n by 

and the total deposition per vehicle pass is 

Q = r. 0. ·' ps . P~ 
~ 

(3.14) 

(J.l5) 

The same particle-size estimators for a finite interval found 

in section III.B are also applied here. 

D. Particle Effective Area Coverage 

Iri this section the deposition calculations described in 

.section III. C are converted to an effective area coverage. 

These effective area coverages are then used to estimate the 

total and daily number of vehicle passes allowed (as a func:­

tion of the downwin~ d~stance) before exceeding an arbitrary 

standard. 

To obtain the .area coverage of the particles, we must be 

able to convert the deposition, which· is on a mass basis, to 

the percentage· of area covered by the particles, which is on 

an area basis. Fortunately, such a transforrnation·exists 

between a mass basis (i.e., n = 3) and an area basis (i'.e., 
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n = 2) for a distribution which is log-normally distributed, 

·and this is described in Appendix B. A log-P,robability plot 

of the cumulative deposition less than a stated particle size 

reveals the particulate deposition downwind.of an infinite 

instantaneous line source is approximately log-normally 

distributed. The population parameters, og3 and crg, are read 

directly off this graph. Values of D 3 . and cr . are then g l.. gl. 

found by integrating the weighted probability density function 

(which is a function of D 3 and cr ) over the finite particle-
g g . 

size interval, i, dHc.l dividing by the probability of occur.-

renee. Next, the corresponding. geometric mean diameter on an 

area basis, D 2 ., is calculated from D 3 . and crg
1
. by applying . gl. .. gl. 

the transformation which exists between any two bases for a 

log-normal distribution. Finally, D 2 . is used in any equa­g l. 

tion which·requires a representative particle diameter on an 

area basis . 

. The particle area coverage per ·vehicle pass is assumed 

to be equal to the perpendicular surface area per particle 

times the number of particles deposited per unit area per 

vehicle pass, ~ . 
. . p 

For simplicity, we assume a single-layer of 

particles, thereby eliminating the introduction of conditional 

probabilities associated with overlapping conditions. When 

the maximum contrast between the particles and the deposition 

surface is less than 100%, it is conventional to speak of an 

effective area coverage (EAC). .The effective area coverage is 
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just the product of the actual area coverage times a dimen-

sionless contrast coefficient, R. This coefficient is 

experimentally determined and is between zero and one, where 

R = 1 denotes maximum contrast. Thus, the EAC per vehicle 

pass, Ep' for homogen~ous particles of radius, r, is given by 

(3.16) 

An expression for -~p is obtained from the definition of 

deposition.. Deposition, which is just the mass per unit area, 

may be thought of as the number of particles per unit area 

times the mass per particle. Thus the deposition per vehicle 

pass, np' is given by 

(3.17) 

where p is the particle density and r is the particle radius. 

Solving for ~P and substituting into Equation 3.16 yields the 

following expression for the EAC·per vehicle pass: 

. 2 3Q 
= R(7Tr ) P 

Simplifying Equation 3.18 yields 
3Rn· 

E - ____12_ 
p-~ 

whQre D is the pc:u:ticle diameter. 

47Tpr3 (3.18) 

(3.19). 
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For a tinite parti6le-size interval, i, values of E , Q p p 

and Dare replaced withE ., Q . and D., respectively. Thus . p1 p1 l 

the fractional EAC per vehicle pass corresponding to the ith 

particle-size interval is given by 

E . p1 

3RQ . = p1 
2p D. 

1 

and the total EAC per vehicle pass is given by 

= L E .. 
.J.. p1 

(3.20) 

(J.::n) 

Here Dg 2i is assumed to be a valid estimator of Di for 

representing the mean particle diameter on an area basis over 

a finite particle-size interval. 

E. Effective Area Coverage Standards 

Once EAC values have been calculated, it is necessary to 

relate these results to some specified dust-deposition level 

.that quantifies a nuisance level. Earlier quantification 

experiments (Hancock, Esmen., and Furber, 1976) tentatively 

determined detectabie ·and objectionable levels of dust using 

a photometric method and a p~nel survey. These studies found: 

(1) an effective area coverage (EAC) of 0.2% by dust can be 

perceived under maximum cont:..rast conditions, ( 2) the minimum 

perceivable difference between varying ~radations of shadin~ 

was a change of 0.45% EAC, (3) a dust-deposition level of 0.7% 
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EAC was required before an object.so covered was deemed unfit 

to use, and (4) a dustfall rate less than 0~17% EAC per day 

· would be tolerable for the population at large. . The latter 

two results are just the information that is required to 

complete the quantit,ication procedure, since .they set both an 

absolute deposition limit. and a maximum dus.tfall rate . 

. Dividing the .0.7% EAC standard by the total EAC per 

vehicle pass results in a·first approximation of the maximum 

numb~r of vehicle passes permitted before exceeding the 

ubjectionable dust-deposition level~ Similarly, dividing the 

0.17% EAC/day dustfall rate by the total EAC per. vehicle pass 

gives the max.:j.mum number of vehicle passes permitted per day. 

This completes .the quantification methodology for deter­

mining the environmenta~ impact ~f particulate deposition. 

resulting from vehicles traveling dry ~npaved roadways. 



47 

IV. DATA ACQUISITION 

A. Equipment, Measurement Procedures, 
and Data Handling 

·1. Meteorological data 

Meteorological data were collected using instrumentation 

belonging to the Earth Science Department at Iowa State Univer-

sity. Wind speed measurements were taken with a generator type 

anemometer, while ambient temperature and atmospheric moisture 

were measured with a sling psychrometer. The &mount of 

incoming solar radiation was estimated by considering the solar 

angle and degree of cloudiness. TogetJ::ier, ·these were used to 

determine the atmospheric stability by applying the Pasquill­

Gifford stability classification method described in Appendix A. 

2. Partidulate sizihg data 

An ANDERSON 2000 HIGH-VOLUME PARTICLE-SIZING SAMPLER, on 

loan from the State Hygienic Laboratory in Iowa City, aero­

dynamically sized suspended particulate matter into four 

fractionations in the head (1.1, 2.0, 3.3, and 7.0 microns 
. . . 

[lJrtl]), with a submicron back-up filter.. When operated at a. 

flow rate of 20 cubic feet per minute, the five_ groups are 

7.0 lJm or larger, 3.3 lJm to 7.0 }.Jm, 2.0 lJm to 3.3 }.Jm, 1.1 lJm 

to 2. 0 lJm, ·and less than 1.1 llm. These correspond approxi­

mately to particle sizes penetrating to the nasal canal, 

trachea and primary bronchi, secondary bronchi, terminal 
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broncl:li, and alv~oli, respectively (Anderson 2000 Inc. , 1976, 

Mainwaring and Harsha, 1976). For spherical particles with a 
3 density of .2. 5 g/cm , these approximately correspond to 4 .. 5 

~m or larger, 2.1 ~m to 4.5 ~m, 1.25 ~m to 2.1 ~m, 0.7 ~m to 

1.25 ~m, and less than 0.7 ~m. Filters are standardized 

before initial and final weighing by allowing them to attain 

an equilibrium condition in a controlled environment of 75°F 

and less than 50% relative humidity. Samples were then 

weighed on a balance accurate to 0.0001 grams. The results 

are then graphed on log probability paper, with the effective 

cutoff diameter as the ordinate and·the cumulative probability 

·by weight as the abscissa;· If the cumulation distribution 

becomes a stra.ight line, then the data are log-normally 

distributed. Finally, the mass of particulate matter paptured 

by the ith sampling stage (i.e., particle-size range) is con-

·verted to a time-averaged concentration expressed in micro­

grams per cubic meter ( (~g;m3 ) ; this is given by . 

. 6 
X (sample mass - g) (10 ~g/g) 

- (sampling duration- h) (20 ft 3/min) (60 min/h) (0.3048 m/ft) 3 

(4.1) 

which has an assumed flow rate of 20 ft 3/min. 

Log-probability plots of the data suggest that suspended 

particulates are log-normally distributed. The log-normal 

distribution described in Appendix B is frequently used to 

approximate the actual particulate-size spectra and annual 

distributions (Larsen, 1969; ·Hale, 1972)~ Thio ~~ es~~uldlly 

marked for ambient conditions that are not biased by numerous 
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larger particles typically present near particulate sources. 

Furthermore, other studies (Mainwaring and Harsha, 1976) sug­

gest the log-normal distribut~on to be most appropriate for 

characterizing particulate levels in industrial and urban 

areas. 

B. Experimental Data 

1. Ambient conditions 

Before determining the impact of dry unpaved roadways, it 

is first necessary to have ~n overall assessmen~ of background 

suspended-particulate levels. Ambient size distributions and 

associated concentrations were measured on the Iowa State 

University campus and at the Iowa Coal Project (ICP) mine site 

·office. Background levels at the mine site were measured in 

absence of any mining activity (i.e., on Saturday afternoon) 

upwind from the mining pit. Both ambient samples yielded 

comvarable results. 

For comparison purposes, ambient aerodynamic size distri­

bution data of snr;pended par-ticles fur Des Moines, Iowa and 

Iowa City, Iowa are given in _Tables 4.1 and 4.2 ·respectively~ 

These are the only size-distribution data available for this 

part of the state, according to Iowa l)epartment of Environ­

mental Quality personnel. Interpolation between Iowa City and 

Des Moines is not recommended because these two locations are 

predominantly urhr~n and tho ICI' mine :slte is rural. 



50 

Table 4.1. 1975 Ambient aerodynamic suspended-particulate 
sizing data in percent, Des Moines, Iowa - East 
Location (Arthur at Oxford} 

Particulate-size distribution in microns 

Date <1.1 1.1-2.0 2.0-3.3 3.3-7.0 >7.0 

5 Aug 75 23 10 13 19 35 

7 Aug 75 27 6 11 18 38 

10 Aug 75 30 9 11 16 34 

13 Aug 75 23 7 11 18 40 

18 Aug 75 32 8 13 14 33 

20 Aug 75 27 6 11 15 42 

4 Oct 75 27· 5 12 15 40 

10 Oct 75 16 4 10 16 55 

13 Oct 75 24 5 13 15 43 

19 Oct 75 18 2 6 18 56 

23 Oct 75 25 5 13 15 43 

25 Oct 75 29 3 15 16 37 

29 Oct 75 20 6' 10 16 48 

3 Nov 75 20 6 9 15 50 

Average 24.4 5.8 11.3 16.1 42.4 

These data, together with the·fate of inhaled particles 

(see Section IV.A} , indicate that about 33% to 43% bf all 

particulates are 7 microns in diameter or larger, and are 

likely to be collected by nasal hair, the remaining 47% to 57% 

will be deposited deeper within the human respiratory system. 

These data suggest that the approximate expected proportions of 

trapped deposits are 16% to 19% by the trachea and primary 
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Table 4.2. 1976 Ambient aerodynamic particulate-sizing data 
in percent, State Hygienic Lab., Iowa City, Iowa 

Particle-size distribution in microns 

Date <1.1 . . 1 .. .1-.2. •. 0. .2 .•. 0.-.J . .3 . 3.3-7.0 >7.0 

3 Oct 76 28.1 8.3 14.6 21.1 27.9 
9 Oct 76 25.9 6.4 7.8 16.1 43.9 

15 Oct 76 26.0 8.7 12.0 21.4 .31.8 
21 Oct 76 31.7 9.8 11 .. 5 19.3 27.7 
27 Oct 76 24.5 9 •. 9 11.7 20.4 33.5 

2 Nov 76 26.3 8.2 10.5 17.9 37.2 
8 Nov 76 33.3 7.5 10.3 16.8 32.1 

14 l~ov 76 . 15.3 10.9 10.9 21.4 41.5 
20 Nov 76 24.3 6.6 10.0 20.3 38.9 
26 Nov 76 32.1 6.5 8.2 13.6 39.6 

2 Dec 76 30.8 11.5 13.5 17.9 26.4 
8 De.c: 7() 37.6 10.5 12.3 15.4 24.2 

14 Dec 76 31.3 11.1 10. 9. 17.6 29.1 
20 Dec 76 23~3 9.3 12.0 18.7 37.3 
26 Dec 76 23.1 9.2 .11.9 18.6 37.0 

Average 27.6 8.9 11.2 18.4 33.9 
---------------------------------------------------------------

1977 Ambient aerodynamic particulate-sizing data 
in percent, State Hygienic Lab., Iowa City, Iowa 

1 Jan 77 28.8 8.9 11.8 17.4 33.1 
7 Jan 77 23.0 11.6 12.7 18.1 34.6 

13 Jan 77 30.5 14.7 15.5 16.7 22.6 
19 Jan 77 33.9 5.9 14.9 18.1 28.2 
25 Jan 77 19.5 8.8 10.0 13.5 48.2 
31 Jan 77 15.7 6.0 ·8.6 12.7 57.0 

6 Feb 77 31.7 9.7 11.1 15.3 32.3 
12 Feb ·77 30.6 8.9 12.4 18.9 29.2 
18 Feb 77 25.1 8.2 10.8 17.7 38.3 
24 Feb 77 27.3 8.6 10.4 ·r6.2 37.5 

2 Mar 77 26.5 12.3 13.3 17.7 30.2 
8 Mar 77 11.2 10.2 15.1 22.9 40.7 

14 Mar 77 17.6 10.1 13.2 21.9 37.1 
20 Mar 77 41.9 13.0 11.4 13.6 20.2 
26 Mar 77 15.2 11.5 13.9 21.2 38.2 

Average 25.2 9.9 12.3 17.5 35.2 _ .......... ,... ... 
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bronchi, 11% to 13% by the secondary bronchi, 5% to 10% by the 

terminal bronchi·, and 25% to 28% by the alveoli. The above 

percentages provide a. guide to the interpretation of particu­

late size-distribution data. Particles greater than 7 ~m in 

diameter together with those in the submicron group account for 

nearly 60% to 70% of all inhaled particulates. 

Most data pertaining to suspended particulates are 

obtained using a high-volume air flow and gravimetric technique. 

Although these data are not as informative as size distribu-

tions, they are f!n R i.er to obtain c:~.ud analyze; ·hence most 

governmental agenci.es use this method, especially in smaller 
. . . 

urban areas. Table 4.3. gives monthly suspended-particulate 

data for Pella, Iowa from January 1976 through February 1977 

as measured by the high-volume technique. 

2. Unpaved roadway contribution 

High-volume, aerodynamically-sized particle distributions 

were measured in five separate experiments that were conducted 

during August and September 1976. Measurements were taken at 

three gravel-road locations (one in Story County, Iowa and two 

in Mahaska County, Iowa) to estimate order-of-magnitude con-

centrations of suspended particles within 100 ft of a gravel 

roau. Experiments consisted of making 20-50 passes in a 4100-

lb station wagon driven at 40 mph past a sampler 12-50 ft from 

the road centerline. Measurements wP.re taken downw.i.uu of dry 

unpaved surfaces during sunny afternoons with wind speeds of 5 
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Table4.3. Monthly ambient suspended-particulate data, Pella, 
Iowa - 216 Liberty St. (micrograms per cubic meter) 

Arithmetic Standard Geometric Geometric 
Month mean deviation mean standard 

deviation. 

Jan 76 46.90 21.02 43.46 0.4294 

Feb 76 48.83 21.41 44.46 0.5343 

Mar 76 47.35 42.89 33.68 0.8846 

Apr 76 57.18 41.13· 41.84 0.9736 

May 76 109.00 N.A. 109.00 N.A. 

Jun 76 74.25 17.50 72.83 0.2224 

Jul 76 63.85 3.78 63.77 0.0593 

Aug 76 83.64 13.88 83.64 0.1769 

Sep 76 74.22 34.21 68.32 0.4505 

Oct 76 70.08 11.22 69.34 0.1644 

Nov 76 70.76 15.14 69.26 0.2412 

Dec 76 40.68 8.31 40.03 0.1995 

Jan 77 36.54 10.29 35.27 0. 306.6 

Feb 77 35.27 4. 03 . 3.5 .12 0.1110 

to 10 mph. Also available were particle-size distribution data. 

of dirt-road emissions iri Morton County, Kansas and Wallace 

County, Kansas (US EPA, 1974); the Kansas dirt-road data shown 

in Figure 4.1 are similar to the Iowa gravel-road data, though 

biased t.ow;;~.rd smaller particles. 

Figure 4.1 together with Table 4.4 shows that the Iowa 

gravel-road data contain a higher percentage of l~rge particles 



Figu:re 4 •. 1. Particle-size diameter graph of experimental suspended-particulate 
sizing data based on a particle density cf 2.5 g/cm3 
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Table 4.4. Aerodynamic particulate-sizing·dat~ in percent during dry 

Location 

A. Ambient measurements 

ICP mine site· 
:su campus 
Average 

B. Gravel road measurements 

Story County, Iowa 
Mahaska County, Iowa 
Mahaska County, Iowa 
Average 

C. ~irt road measuremen~s 

~orton County, Kansas 
Nallace County, Kansas 
_l\verage 

Date 

18 Sep 76 
23 Aug 76 

31 Aug 76 
27 Aug 76 
11 Sep 76 

6 Jun 73 
12 Jun 73 

Particle-size distribution 

Submicron 
<1.1 

36.1 
36.8 
36.4 

14.4 
20.-9 
11.1 
15.5 

8 
17 
12.5 

1.1-2.0 

8.5 
8.4 
8.5 

4.4 
1.5 
4.6 
3.5 

. 16 
9 

[.2.5 

2.0-3.3 

11.9 
7.4 
9.7 

13.1 
7.5 

10.1 
10.2 

25 
15 
20 

conditions 

in microns 

3.3-7.0 

11.5 
14 .. 2 
12.8 

24.8 
31.3 
21.3 
26.1 

30 
32 
31 

>7.0 

32.0 
33.2 
32.6 

43.3 
38.8 
51.9 
44.7 

21 
27 
24 

lTI 
0'1 
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than the Kansas dirt-road data. These data were collected 

during dry conditions when dust concentrations were above 

normal; no samples were collected during wet periods. Roadway 

surfaces tend to dry off very rapidly if meteorological condi­

tions are conducive or the traffic flow is moderate; the 

results are, therefore, represen'J:ative.of conditions that 

frequently exist. The percentage of particulates greater than 

or equal to 7 ~m is increased approximately 5% to 15% above 

normal ambient levels, and increases of 5% to 10% are observed 

1n the next smaller range. Consequently, smaller~size ranges 

show a decrease. This is expected pecause fewer large particles 

are required to shift the size spectra due tq the greater mass 

per particle. 

Table 4.5 shows the percentage of the total contribution 

below a graphically-determined aerodynamic particle diameter 

for the dirt- and gravel-road studies. Typically, 50% of the 

gravel-road particles generated by passing vehicles have 

aerodynamic diameters of approximately 5.4 to 7.5 ~m whereas 

50% of the dirt-road particles generated by passing vehicles 

have aerodynamic diameters of approximately 3.5 to 4.0 ~m or 

less. Average point concentrations are extremely difficult to 

measure due to the rapidly changing plume characteristics as a 

function of space and time. Here gravel-road measurements also 

seem to be distributed log normally as evidenced by Figure 4.1. 



Table 4.5. Particulate-sizing data--aerodynamic particle diameter in microns 

Percentage less -:.han for- an aerodynamic diameter 

Lo::ation Date 20% 30% 40% 50% 60% 70% 

A. Ambient measurements 

ICP mine site - no 
activity 18 Sep 76 N.A. a 1.5 2.5 4.2 -Sa -0.7 

ISU campus - no 
activityb 23 Aug 76 N.A. a 1.4 2.9 5.0 -a.sa -o. 7 . 

B. Gravel road measurements 

Story County, Iowa 31 Aug 76 2.1 3.1 4.3 5.8 -7.6a N.A. 
Mahaska County, Iowa 27 Aug 76 -0.7a 3.3 4.3 5.4 6.9 N.A • 
Mahaska County, I owe. ll.Sep 76 2.6 3_. 9 5.5 -7.sa . -loa N.A. 

U1 
(X) 

c. Dirt road measurements 

Morton County, Kansas 6 Jun 73 1.8 2.3 2. 8. 3.5 4.3 5.5 
Wallace County, Kansas 12 Jun 73 1.35 2.3 3.2 4.0 5.1 6.4 

a . 
Extrapolated aerodynamic particle diameter. 

bAir pollution advisories were in effect for part of the sampling period. 
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Dust concentrations .from traffic on gravel roads are 

extremely variable over short distances. Dust plumes are 

observed to maintain their original shape for considerable 

dis~ances downwind over open fields •. In the vicinity of farm­

steads, increased surface roughness (i.~.,.trees, shrubs, 

buildings) ·enhances mixing and slows horizontal transport, 

thereby increasing local deposition. No time-averaged concen­

trations are available for the Mahaska County gravel-road 

experiment on August 27, 1976 because of a faulty gasoline­

powered gen8LdluL wh.ic...:h stopped midway during the experiment. 

However it was possible to determine the particle-size distri­

bution (without a knowlec:lge of the sampling duration), but not 

the time-aver~g~d concentration. Hereafter, any reference to 

Mahaska county, Iowa shall refer to the September 11, 1976 

gravel-road experiment only. 
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V. DEPOSITION SENSITIVITY TESTS 

A. Testing Criteria and Limitations 

In this chapter, the methodology described in Chapter III 

is used to ~est the sensitivity of line-source-generated 

particulate-deposition amounts to atmospheric stability, rough­

ness height, deposition height, source height, and wind speed. 

Also explored is the sensitivity of the relative deposition 

contribution for different particle-size ranges to the above 

five parameters. A. cascade impactor at a downwind distance of 

22 m·is used to determine the particulate-size distribution, 

and this measured distribution is extrapolated back to the 

source. The particle-size-distribution statistics, as deter­

mined by the cascade impactor, are also assumed invariant. The 

five modeling parameters are tested to determine how each, with 

all possible combinations of the other parameters, affect the 

·total deposition at the logarithmically-spaced distance of 4, 

8, 16, 32, 64, 128, 256, and 512 m. 

The chosen parameter values represent a wide range of 

observed, but not extreme, conditions. For example, the 

deposition-vel6city algorithm described in section II.A.4 is 

not applicable for roughness heights in excess of about 0 .. 1 ~. 

An order-of-magnitude variation in the roughness height should 

cover a wide range of c.ondi tions, consequently roughness height 

Values o£.0.01 m and ~.10m, correspo~ding to bare solid ground 
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and mature root crops, respectively (Stern, 1976), are tested. 

These limits describe a rural environment, which is the intent 

of this study. Because emissions from unpaved roads originate 

at ground level, a source height of zero meters was the logical 

lower limit:·. However, vehicle-induced turbulence causes a non-

zero effective source height. Observations reveal the initial 

particulate plume has an effective source height in the lowest 

two meters; thus a mean height of 1 m was chosen for a repre­

sentative nonzero value. Although deposition heights are 

uspally assumed to be at gL·uuHu-hnrel, Oehmel a.nd Hodgcon (1976) 

consider a 1-m deposition height. These two values then form 

the lower and upper limits for the deposition heights tested. 

Wind speed-values between 1m/sand 5 m/s occur frequently and 

are representative of a wide range of conditions and hence are 

chosen for· sensi ti vi ty ·testing. Furthermore, particle-: 

resuspension considerations are assumed negligible below the 

5 m/s upper limit. -The log-linear wind profile is most 

reliable where departures from neutral conditions are small; 

thus, deposition sensitivity tests are limited to stability 

classes B, D and E. 

In Table 5.1 and Figures 5.1 through 5.32 particles are 

3 treated as equivalent spheres with a density of 2.5 g/cm • 

The particle-size intervals [i.e., <1.1 ~m, 1.1 ~m to 2.0 ~m, 

2.0 ~m to 3.3 ~m, 3.3 ~m to 7.0 ~m, and 7.0 ~m] are assumed 

to have mass distributed in the ratio of 14.40:4.41:13.10: 

24.77:43.32, respectively; these proportions approximately 
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Table 5olo Downwind-percentage contribution by particle-size 
range (~m) and total downwind deposition (~g/m2) 
from an .infinite instantaneous line source of 
loO g/m during neutral .conditions 

Modeling Particle Downwind distance (meters) 
parameters size range 4. 8 16 32 64 128 256 ·512 

u = 1 m/s <1.1 1 1 1 1 2 3 4 8 

h = 0 m 1.1-2 0 0 1 1 1 1 1 2 ·2 4 

zd = 0 m 2o0-3o3 3 3 3 .4 5 7 10 15 

z = OoOl 
0 

m 3o3-7o0 10 11 12 14 16 20• 27 37 

>7o0 86 . 84 82 80 75 68 56 37 

Total deposition 378 237 142 80 41 20 .8 3 

u = 1 m/s <1.1 4 5 7 9 11 13 

h = 0 m lol-2o0 2 2 3 3 4 4 

zd = 0 m 2o0-3o3 7 9 10 11 12 12 

zo = OolO m 3o3-7o0 20 22 23 24 24 24 

>7o0 67 62 57 53 50 47 

Total deposition 588 254 105 41 16 6 

u = 1 m/s <1.1 1 1 2 2 2 3 4 6 

h = 0 m 1.1..:200 1 1 1 1 1 1 2 3 

zd = 1 m .2o0-3o3 3 4 4 4 5 6 8 12 

z 
0 = OoOl m 3o3-7o0 11 11 11 12 . 14 17 22 32 

>7 o·O 84 83 82 81 78 74 64 47 

Total deposition 41 67 69 54 35 20 .10 4 

u = 1 m/s <lol 8 9 9 9 10 10 12 14 

h = 0 m 1.1-2 0 0 3 3 3. 3 3 3 4 4 

zd = 1 m 2o0-3o3 9 9 9 10 10 11 12 13 

zo = OolO m 3o3..:7o0 19 20 20 20 21 22 23 26 

::.7.0 . GO . 60 59 58 56 54 50 42 

Total deposition 132 138 112 77 47 26 13 5 
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Table 5.1 (Continued) 

Modeling Particle Downwind distance (meters) 
parameters size rang.e .. 4 8 16 32 64 128 256 512 

u = 1 m/s <1.1 1 1 1 1 2 3 4 7 

h = 1m 1.1-2.0 1 1 1 1 1 2 2 4 

zd = 0 m 2.0-3.3 3 3 4 .4 5 7 10 15 

z = 0.01 m 3.3-7.0 10 
0 

11 12 13 16 20 26 36 

>7.0 85 84 83 80 76 70 57 38 

Total deposition 81 128 124 90 54 27 12 5 

11 = l m/s <1.1 4 5 7 9 11 13 

h = 1 m ·.1.1-2.0 2 2 3 3 ·4 4 

zd = 0 m 2.0-3.3 8 9 10 11 12 12 

z = 
0 

0.10 m 3.3-7.0 20 . 22 23 24 24 24 

>7.0 66 62 58 54 50 46 

Total deposition. 689 519 286 131 54 21 

u = 1 m/s <1.1 2 2 2 2 2 3 4 6 

h = 1 m . 1.1-2. 0 1 1 1 1 1 .1 2 3 

zd = 1 m 2.0-3.3 4 4 4 4 5 6 8 12 

z = 0.01 
0· 

m 3.3-7.0 11 11 12 12 14 16 22 31 

>7.0 83 82 82 81 78 74 65 48 

Total deposition 140 101 78 60 42 25 12 s 

u = 1 m/s <1.1 9 9 9 9 10 10 12 14 

h = 1 m 1.1-2.0 3 3 3 3 3. 3 4 4 

zd = 1 m 2.0-3.3 9 9 10 10 10. .ll 12 13 

zo = 0.10 m 3.3-7.0 20 20 20 20 21 22 23 26 

>7.0 60 60 59 58 57 54 50 42 

TuLa.l deposition 19?. 150 120 . 87 56 32 16 7 
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Table 5.1 (Continued). . . ........ 

Modeling Particle Downwind distance (meters) 
parameters size range 4 8 16 32 64 128 256 .512 

u = 5 m/s <1.1 1 1 1 1 2 2 4 ·5 

h = 0 m 1.1-2.0 1 1 1 1 1 2 '2 3 

zd = 0 m 2.0-3.3 3 3 4 5 6 8 11 14 

z = 0.01 m 3.3-7.0 12 13 15 17 21 24 28 31 
0 

>7.0 84 82 79 75 70 63 55 46 

Total deposition 361 217 124 67 34 17 8 4 

u .= 5 m/s <1.1 2 4 5 7 10 

h = n m. l.l-2. 0. 1 2 3 3 4 ·-

zd = 0 m 2.0-3.3 7 9 10 11 12 ·I 

z = 
0 

0.10 m 3.3-7.0 22 24 25 25 24 

>7.0 67 62 57 53 50 

Total deposition 474 196 78 31 12 

u = 5 m/s <1.1 2 2 2 2 3 3 3 4 

h = 0 m 1.1-2.0 1 1 2 2' 2 2 2 2 

zd = 1 m 2.0-3.3 7 7 7 7 8 8 g. 10 

z = 0.01 
0 

m 3.3-7.0 20 20 20 21 21 22 23 24 

>7.0 70 69 69 68 67 65 63 60 

Tota·l deposition· 24 39 42 35 25 16 10 5 

u = 5 m/s <1.1 10 10 10 10 11 11 12 13 

h = 0 m 1.1-2.0 4 4 4 4 4 4 4 4 

zd = 1 m 2.0-3.3 12 12 12 12 12 12 12 13 

zo = 0.10 m 3.3-7.0 24 24 24 24 24 24 24 24 

>7.0 51 so so 50 49 48 47 46 

Total deposition 109 115 94 . 66 42 24 13 6 
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Table 5.1 (Continued) · 

Modeling Particle· Downwind distance (meters) 
parameters size range 4 8 16 32 64 128 256. 512 

u = 5 m/s <1.1 1 1 1 1 2 2· 3 5 

h = 1m 1.1-2.0 1 1 1 .1 1 2 2 3 

zd = 0 m 2.0-3.3 3 4 4 5 6 8 10 13 

z 
0 

- 0.01 m 3.3-7.0 13 14 15 17 20 . 23 27 30 

>7.0 83 82 79 76 71 65 57 48 

Total deposition .73 112 106 75 44 23 11 5 

u = 5 m/s <1.1 3 4 5 7 10 

h - 1 m 1.1-2. 0 ·2 2 .3 3 4 

zd = 0 m ·2.0-3.3 7 9 10 11 12 

z = 
0 

0.10 m 3. 3-·7. 0 21 23 25 25 25 

>7.0 67 63 57 53 49 

Total deposition 694 497 265 120 50 

u = 5 m/s <1.1 2 2 2 2 2 3 3 4 

h = 1 m 1.1-2. 0 2 2 2 2 2 2 2 2 

zd = 1 m 2.0-3.3 7 7 7 7 8 8 9 10 

z 
0 "" 0.01 m 3.3-7.0 .20 20 20 21 21 22 23 24 

.>7.0 . 69 69 69 68 67 65 63 Go· 

Tutal deposition 73 53 42 34 26 18 11 6 

u ·= 5 m/s <1.1 10 10 10 10 11 11 12 13 

h = 1 m 1.1...:2.0 4 4 4 4 4 4 4 4 

zd = 1 m 2.0-3.3 12 12 12 12 12 12 12 13 

z 
0 

= 0.10 m 3.3-7.0 24 24 24 24 24 24 24 24 

>7.0 51 50 50 50 49 48 47 46 

Total d~position 151 119 95 70 47 .28 15 7 
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correspond to the Story County data for aerodynamic particle 

diameters of unit density. 

The calculated depositions for the no-background assump-

tions were compared to calculated depositions assuming a 
3 ... 3 . 

260 ~g/m background. The 260 ~g/m background corresponds to 

the present 24-hour-average primary standard ·for suspended 

particulate matter as specified in the National Ambient Air 

Qu~lity Standa~ds. 
. . 3 

The assumed 260 ~g/m background was 

divided among the particle-size ranges (represented by <1.1, 

1.1-~.0, ?.0-3.3, 3~3-7.0, and >7.0 ~m) lD.Lh~ ratio or 30:~: 

10:15:40, respectively. These proportions approximately corre-

spond to the average ambient particulate-sizing data given in 

3 Tables 4.1 and 4.2. For a 260 ~g/m background, the zero-

background assumption causes an error of about 10% or less in 

the deposition calculations. Since normal background concentra-

tions are usually 25% to 50% of the primary standard (see Table 

4.3), the error from the zero-ambient-concentration assumption 

should be about 5% or less. The final algorithm includes a 

correction for the actual ambient concentration, if it is 

known. 

Due to machine limitations, on the dual system IBM 360 

model 65 and !TEL AS/5, it was impossible to calculate the 

deposition at several large downwind distances, e·specially for 

large particles (greater than 7 ~m) over rough surfaces, see 

Table 5.1. This problem arises in Equation 3.1 when the 
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exponential function in the third term increases almost as 

rapidly as the complementary error function decreases. The net 

result is an approximate balance between the .two functions, 

with the latter dominating. Obviously, deposition calculations 

become erroneous when either function experiences underflow or 

overflow conditions; this is very apparent when deposition is 

plotted as a function of downwind distance. Underflow (which 

~sually precedes overflow) occurs when the complementary error 

function argument exceeds approximately 13.3, ·resulting in a 

sudden incrcal!e by several u1.·U.ers of magni ttide ot the 

calculated deposition. 

A study of the bracketed term in Equation 3.1 revealed 

that the sum of the first two terms is approximately equal to 

the third term; hence a relatively small.nurnber results from 

the difference of two large numbers .. When the third term 

becomes zero an-artificial increase appears. A large argument 

of the complementary error function results from large deposi­

tion velocities-associated with rough surfaces; although suf­

ficiently large source and deposition heights can also 

contribute to the argument. It is fortunate that underflow 

conditions occur.well beyond the deposition peak, making it 

possible to extrapolate the results into regions where machine 

limitations give erroneous results. 

When a significant portion of the ·total particulate-size 

distribution experiences a large gravitational fall velocity, 
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an apparent violation of mass conservation may exist for 

certain source-deposition surface geometries. Normal 

atmospheric-turbulence levels allow upward dif.fusion of smaller 

particles, but· the greater fall velocity of large particles may 

overshadow .their vertical transport. Since large particles 

co~prise a significant percentage of the·total plume mass (see 

Tables 4.1 and 4.2), a significant amount of mass may not be 

deposited on a deposition surface when its height exceeds the 

source height. This is especially likely over smooth surfaces, 

which lack the additional impPtlJ.S of moohanieally imlucec.l 

turbulence •. :In 'summary,. the validity and applicability of mass 

conservation princ.iples are dependent upon the particle-size 

distribution and source-deposition height geometry. 

Recapping, dE7position sensitivity tests are performed on 

atmospheric stability, surface roughness, deposition height, 

source height, and wind speed for the conditions ranging from 

moderately unstable to slightly stable, 0.01 m to 0.10 m, 0 m 

to 1 m, 0 m to 1 m, and 1 m/s to 5 m/s, respectively. Figures 

5.1 through 5.32 show the downwind deposition, for various 

combinations of .the five modeling parameters, which results 

from an infinite instantaneous line source emission of 1.0 g/m. 

Results and discus's ions are bas~d on deposition calculations 

at logarithmically-spaced downwind distances ranging from 4 .m 

to 512 m, inclusive. Table 5.1 shows the 'percentage­

contribution va:r·iabili ty for different particle-size ranges 
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for each modeling parameter over a range of conditions 

typifying a rural environment. 

B. Response to Atmospheric Stability· 

Atmospheric stability does not appear directly in the 

diffusion-deposition model, but it influences the friction 

velocity, which in turn effects the deposition velocity and 

rate of deposition. It will be shown, using Figures 5.1 

through 5. 32·, that the overall deposition sensi ti vi ty to 

stability is weak when compared to surface rou9hness, deposi­

tion height, and source height; whereas only wind speed seems 

to have a comparable influence. Some of the general effects 

displayed by atmospheric stability are also observed for other 

sensitivity parameters, and a discussion is given in the 

following paragraphs. 

When the deposition height and source height are different 

(se~ Figures 5.2, 5.3, 5.6 and 5.7), greater iristability is 

i,nitjr:~~ly more cffeclive in transporting the plume to the 

deposition ~urfacc. Con~equ~ntly, fhere is more deposition 

close to the infinite instantaneous line source during unstable 

conditions than during stable conditions. 
. . 

When the deposition height and source height are the same, 

it is expected that greater deposition should occur. close to 

the source under stable conditions, bec·ause· ·the plume will 

diffuse less rapidly away from the ·common height.· Figures 5.1, 
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5.4 and 5.5 are in e~.greement with this for smooth surfaces. 

Here, t.he thermally induced turbulence (due to atmospheric 

instability) is distinguishable from the normally dominate 

mechanically induced turbulence (due to surface roughness). 

Cases of apparent disagreement with this discussion, such as 

Figure 5.8, result from the overbearing effect of mechanically 

induced turbulence implicit in other modeling parameters (such 

as roughness height and wind speed, which are discussed. in 

sections v.c and V.F, respectively). 

From conservation of mass, t-he relative cout:r:ibution · for 

stability classes B, D .and E at small downwind distances is 

expected to be opposite that of large distances; however some 

of the figures do not contain a crossover point in the range 

of 4 m to 512 m. Several factors could.result in a crossover 

point outside these limits. First, ·if the stability dependence 

is weak. (see Figure 5.1) then the crossover point may be post­

poned for a considerable distance. Second, less deposition 

at small ·distances must be compensated by more deposition down-

.wind; here a peak del:Ju~ition value in ·excess of approximately 

10-4 . g/m2 per unit source strength of 1·. 0 g/m apparently 

increases the likelihood of a crossover point before 512 m (see 

Figure 5.2). Third, a steep deposition fall off rate (see 

Figures 5.1 and 5.5) ·could produce a crossover point either 

less than 4 m or beyond the ·point of machine underflow. The 

question as to whieh region contains the crossover point is 
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indeterminate because of previously described machine limita­

tions; however, a speculation is offered. At small downwind 

distances, greater instability should more rapidly disperse 

the plume causing relatively less deposition close-in, result­

ing in a crossover point further downwind. Figure 5.5 for a 

roughness height of 0.10 m lends support by showing a slight 

convergence at the D and E lines at 64 m. This question could 

be resolved if calculated depositions were available beyond 

64 m. 

overa~l, FiqurP~ 5.1 through ~.8 ~how the sensitivity of 

deposition to atmospheric stability for various conditions. 

The graphs show deposition difference between stability classes 

B and E averaging about 20%, with a maximum of about a factor 

of two. This factor of two is considerably below the order-of­

magnitude variations caused by other parameters. In brief, 

deposition amounts are relatively insemsi ti ve to. atmospheric 

stability. 

Next, consider the relative contribution of different 

particle sizes for different stability classes. It is 

fortunate that, for a given set of conditions, downwind dif­

ferences in the relative contributions of different-sized 

particles for stability classes B, D and E differs by a. 

maximum of only 3%, and usually less than 1%. This allows 

considerable simplification when considering the deposition 

sensitivity to variations in the particle-size spectrum for 
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other modeling parameters. With only one stability case 

requiring consider~tion, the neutral case (see Tabl~ 5.1) was 

chosen. 

In summary, the deposition sensitivity to atmospheric 

stability is limited to about a factor of two, but usually is 

only about 20%. Furthermore, atmospheric stability has a 

negligible effect on the relative contribution of different 

sized particles to the downwind deposition. Consequently, only 

the neutral case (shown in Table 5.1) requires consideration 

when examining the depn1=:d t- ion ~Qnsitivi "ty to other muueling 

parameters. 

c. Response to Roughness Height 

Although the roughness height does not appear explicitly 

in the diffusion-deposition model, it significantly influences 

the deposition by controlling the near-ground-level turbulence 

via the friction velocity and, in turn, the deposition velocity 

and rate of deposition. 

A study of Figures 5.1 through 5.8 shows two pronounced 

features. First, deposition close to the source is .always 

greater over rough surfaces (i.e. the dashed lines) than over 

smooth surfaces (i.e. the solid lines). This probably results 

from more efficient particle transport to and capture by the 

:r:ough surface. As for. stability, roughness height line-cross-

over points are required by the mass conservation principle •. 
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So too, there exist cases when the lines do not cross within 

the 4 m to 512 m range, probably for the reasons previously 

discussed in section IV.A. 

The second pronounced feature of Figure·5.1 through 5.8 

is the much greater deposition sensitivity to surface roughness 

than to atmospheric stability. Recalling from section II.A. 3, 

where for a near-ground-level source the thermally induced 

turbulence is much smaller than the mechanically induced 

turbulence, it should be no surprise that the deposition 

sensitivity due to atmospheric stability is less than that due 

to surface roughness. It can be seen in sections II.A.3 and 

II.A.4 that increasing the surface roughness causes a larger 

friction velocity, which enhances the very influencial deposi­

tion velocity resulting in more deposition. Deposition differ­

ences due to. different roughness heights may be in excess of 

one order of magnitude, but usually differences are only half 

this amount. Therefore, deposition is very sensitive to·· 

roughness height. 

An examination of Table 5.1 reveals that the percentage 

contribution of large particles to the total deposition is less 

over rough surfaces than over smooth surfaces. A tentative 

expl.i:mation is that, over smooth surfaces, the settling 

velocity is of primary importance in depositing the larger 

particles, while the smaller particles are allowed to diffuse 

vertically. Over a rough surface there is a greater amount of 



82 

low-level turbulence near the deposition surface, which 

probably reduces the importance of the settling term. This, in 

turn, reduces the selective size-dependent-deposition contribu­

tion due to large particles; therefore all sizes of particles 

have a more equal chance of becoming deposited over rough 

surfaces .. 

Since the roughness height is a major factor in determining 

the low:-level turbulence, and is independent of the deposition 

height and source height, it is not surprising to find that the 

percentaqe par~i~l~-EiDa conLribution for a given roughness 

height is only slightly dependent upon the source height and 

deposition height. Roughness height enters the diffusion­

deposition model by way of the stability-dependent log-linear 

wind profile. However, the stability influence is minimal very 

clo~e to the ground, and so too is its effect on the relative 

particle-size contribution to the total deposition for a given 

ioughness height. Wind speed has the distinction of directly 

altering the deposition by way of the friction velocity, while 

.:1lso controlling the plume advection. The net result is a 

superpositioning of the two opposing effects. Thus Table 5.1 

shows that ·increasing the roughness height serves to increase 

the percentage of small particles at large distances, whereas 

a decrease is exhibited during stronger winds. 

In summary, the roughness height is a very fundamental 

parameter having considerable impact on the downwind deposition,_ 
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evidenced by the o~der of magnitude variations it produces. 

The ·relative particle-size contribut·ion i·s remarkably insensi-
'· 

tive to the roughness height for different source-deposition 

height geometries, but displays_ greater sensitivity to rough-

ness height when accompanied by changes in wind speed and, to 

a lesser extent, atmospheric stability. In addition, situa­

.tions differing only in roughness height display the common 

feature that the relative contribution of the small particles 

is consistently greater over rough surfaces than over smooth 

curf.::1oco. 

D. Response to Deposition Height 

The deposition height· enters the diffusion-deposition 

model indirectly by way of the deposition velocity, which, in 

turn, ultimately controls the amount of material deposited. 

So while the deposition height may not appear explicitly, its 

impact is observed in a very critical parameter. 

An examination of Figures 5.9 through 5.16 reveals two 

pronounced features~ Fir~t, deposition close-in is usually 

greater for a ground-level deposition _height (i.e. the solid 

line} than for a 1-m· deposition height (i.e. the dashed lines}; 

this is likely caused by particle settling toward the lower 

surface. Notable exceptions are Figures 5.11 and 5.15 which 

have a source height and deposition height both at 1 m. Here 

the common 1-m height allows the dep·osition at 1 m to exceed 
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that at ground level in the first several meters (i.e. the 

particles have not fallen appreciably in the first several 

meters}. Once the particles have had.sufficient time to fall 

an appreciable distance, the lines cross and follow the usual 

pattern. 

The second pronounced feature of Figures 5.9 through 5.16 

is that, as for atmospheric stability and. roughness height, the 

crossing of the deposition lines occurs because ·of mass con-

servation. Here all eight cases seem to have their crossover 

points between 4 rn·nnn 512 m. Furthe1~ore, the ~eposition 

sensitivity to deposition height is considerably greater than 

for atmospheric stability. As for roughness height, deposition 

differences due to different deposition heights may be in 

excess of one order of magnitude. 

The data in Table 5.1 indicate that at small distan~es 

from the infinite instantaneous line source, the percentage of 

large particles contributing to the total deposition is usually . . : 

greater for a ground-level deposition height. This is reason­

able since the relatively large effect of settling (compared·to 

diffusion} assists the particles in reaching the lower surface. 

further downwind the reverse occurs, in that the percentage of 

large particles contributi~g to the total deposition is 

relatively greater at 1 m than at ground level. A tentative 

explanation for this unexpected res·ult is the initial upwind 

depletion ot large particles for a ground-level deposition 
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surface. It is also piausible that the percentage contribution 

to the total deposition due to small particles should behave in 

a manner opposite that of large particles. The data in Table 

5.1 seem to be in agreement with this. 

It is noteworthy that these effects are amplified for. 

greater surface roughness and are diminished for increased wind 

speed. For example, consider a ground-level source in a mean 

wind of 1 m/s. When the roughness height is 0.01 m, the per­

centage of deposition due to submicron particles (<1.1 ~m) at 

4 m ~n~ 512 m range3 from 1% to 8~ and 1% to 6% for a deposi­

tion height at ground level and 1m, respectively; however, 

when the roughness height is 0.10 m, the percentage of submi­

cron particles at 4 m and 128 m ranges from 4% to 13% and 8% 

to 10% for a deposition height at ground level and 1 m, 

respectively. When the roughness he~ght is 0.01 m, the percent 

of deposition due to large· particles (>7.Q ~m) at 4 m and 512 m 

ranges from 86% to 37% and 84%_to 47%-for a deposition height 

at ground level and 1 m, respectively; however, when the 

roughness heiQht_is 0.10 m, the percentages of large particles 

at 4 m and 128 m range from 67% to 47% and 60% to 54% for a 

deposition height at ground level and 1 m, respectively. 

The above seems to indicate that, regardless of particle. 

size or rouqhness height~ the l-m dcpo3ition-l~ight percentages 

always lie within th~ corre~ponding peicent~ge range of the 

ground-level deposition surface;· this is more marked. for rough 
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surfaces. This implies that smooth surfaces have a lesser 

effect on the downwind particle-size-deposition percentages, 

which is plausible since rougher surfaces should be more 

efficient only for close-in particle transport to the deposi­

tion surface, well before the depletion of large particles 

becomes significant. 

The reason for the previously mentioned diminished effects 

during windy periods (at some downwind distance) is apparently 

related.to the greater plume advection. Here .the greater wind 

speed reduces_ the int.Pri=l.t:'tion time. between LlH:::! pc:t.rticulate 

plume and the upwind deposition surface, resulting in less 

change per unit distance. 

In summary, deposition is very sensitive.to the deposition. 

height as evidenced by the order of magnitude variation dis­

played in Figures 5.9 through 5.16. The relative contribution 

of different particle sizes is more sensitive to deposition 

height over rough surfaces than smooth surfaces; similarly, 

it is more' sensitive to deposition height during calm periods 

than 6uring windy conditions. 

E. Response to Source Height 

The height of the infinite instantaneous line source is 

the only parameter of· the source-receptor geometry that is 

permitted to vary. The data in Figures 5.17 through 5.24 

ou~gest Lhc:t.t deposition sensitivity to different source heights 
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Figure 5.18. Downwind-deposition sensitivity to source height 
and atmospheric stability from an infinite · 
instantaneous line srn1r~e of 1.0 g/m 



C\1 

E ..... 
Ol 

z 
0 
L 
(/) 
0 
Cl.. w 

.0 

97 

PARAMETER 

u 
h 

Zcf 
Zo. 

08Sl:1f:C 
I m/s 
I m 
I rri 

0.01 rri 

SCL.IO 
I m/s 

Om 
lm 

0.01 m 

E 

8 16 32 S4 128 256 512 

DOWNWIND DISTANCE <m> 

Figure 5.19. Downwind-deposition s~nsitivity to source height 
and atmospheric stability from an infinite 
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(\1 

E 
. rn 

z 
0 
~ 
<f) 
0 a... 
~ 

r63 

-5 
10 

-

98 

PARAMETER 

u 
h 

Zd 
Zo 

Q8St:IEQ SQL.IQ 
I m/s I m/s 
I m Om 
I m I m 
0.10 m O.IOm 

101~-4~--~8~--~~6~--3~2~--~6~4--~1~28~--2~5~6--~5~12 

DOWNWIND DISTANCE <m> 
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Figure 5.22. Downwind-deposition sensitivity to source height 
and atmospheric stability from an infinite · 
instantaneous line source ~f 1.0 g/m 
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be considered as two separate cases--that for ·a ground-level 

deposition surface and that for an elevated deposition surface. 

For a ground-level deposition surface, we must also con­

sider the effects of surface roughness. Over smooth surfaces 

(see Figures 5.17 and 5.21) ,_deposition differences due to 

diff~rent source heights vary from an order of magnitude at 4 m 

to zero at the crossover point, with differences typically 

averaging a factor of two or less. Over rough_surfaces (see 

Figures 5.18 and 5 .• 22), .order-of~magnitude differences pre­

uumlua.te, with the crossover poine occurring at less than 4 m. 

This is to be expected from continuity considerationssince the 

increased. surface roughness should accelerate the deposition 

process and, in turn,_move the crossover point to smaller down­

wind distances. 

Figures 5.19, 5.20, 5.23 ·and 5.24 show that, for a l~m 

deposition heigpt close to the source, the effects of source 

height with respect to the deposition sensitivity are approxi­

mately a factor of three greater for smooth surfaces than for 

rough surfaces, with downwind differences in both cases 

approachin~ 30%. At large distances deposition is greater for 

a 1-m deposition height than for_ a ground-level deposition 

surface. This is probably due to the downwind-deposition 

source-height lines which do not cross on account of the source­

deposition height geometry discussed in section IV.A. 
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.From 0 m to 1m the source height·does not seem to 

significantly affect the percentage contribution of different 

sized particles. This is shown in Table 5.1, which reveals 

that the maximum difference in the percentage contribution at 

any downwind distance is.about 2%, but usually is within 1%. 

Two tentative explanations are offered. First, the maximum 

difference between the deposition height and the source height 

was limited to lm. If the difference between the two heights 

was significantly increased, then the present uniformity 

(i.e. t.hA ?.~ r'lifferc;mce) might not exi!lt. s~~umlly, the maxi­

mum source height was limited to 1 m. If it .were considerably 

higher, then the importance of the particle fall velocity and 

atmosphe:r;-ic stability could result in significant differences 

in the relative contributions. However, increasing the source 

height might void the present surface-layer treatment and 

require additional study of surface layer and planetary 

boundary-layer interactions. Therefore, th~ line-source 

height was limited to relatively low values to insure the 

validity of surface-layer concepts. 

In summary., deposition sensitivity to source height is 

less for elevated deposition surfaces than for ground-level­

deposition surfaces. Under the range of conditions. tested, 

these differences usually approach about 30% further downwind, 

the exception being: a ground-level. deposition surface with a 

0.01-m roughness he'i'ght, which .displays an order-of-magnitude 
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difference at large distances. The maximum difference in the 

relative contribution of different particle sizes for different 

source heights. is about 2%, but most differences are within 1% .. 

F. Response to Wind Speed 

Wind s·peed is a fundamental meteorological parameter that 

enters into the diffusion-deposition model by way of (1) the 

advection term, (2) the determination of atmospheric stability, 

and (3) the friction velocity. A brief glance.of Figures 5.25 

through 5.32 reveals that deposition usually is quite insensi­

tive to wind speed, except over smooth. surfaces when the source 

height and deposition height are at 1 m (see Figures 5.27 and 

5.31); these exceptions will be discussed later in this section. 

The relative insensitivity of deposition to wind speed 

(excluding F~gures 5.27 and 5.31) results from a balance 

between two factors, namely the advection effect and roughness 

effect. The interaption. time between the particulate plume and 

deposition surface .at some specified location is merely a 

response to the advection component. As the wind speed 

increases, the amount of time the plume may interact with the 

deposition surface decreases; thus, an inverse relationship 

exists for the .advection term. 

The.roughness effect might also be termed the deposition­

velocity effect, because it, being a function of the surface 

roughness, ultimately controls the rate of depos.ition. 
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Figure 5.30. Downwind-deposition sensitivity to wind speed 
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Consider an experimental situation where the roughness height 

and wind speed measurement. height are fixed, and where the· 

log-linear wind profile assumption ·is sufficiently accurate. 

It is observed that increasing the wind speed causes a greater 

friction velocity, which enhances the deposition·velocity 

resulting in more deposition. Thus, the roughness effect 

accounts for a direct relationship between the wind speed and 

the rate of deposition. 

When the advection effect and roughness effect are 

(;uml.J.im~Ll, the net result is a relat.ively low deposit1on sensi­

tivity to wind speed. However, isolating or reducing either 

effect increases the deposition sensitivity to wind speed. 

For example, consider Figures 5.27 and 5.31 for a 1-m deposi­

tion height and a 1-m source height· over a smooth surface. It 

is observed that, close to the infinite instantaneous line 

~ource, the deposition is noticeably greater·for a wind speed 

of 1 m/s; thi~ coincides with a region where the adve6tion 

effect dominates. Close to the source, the slower-moving 

plume has more time ·to interact with the deposition surface, 

and thus its deposition is. greater than the 5 m/s plume by 

about a factor of two. However at approximately 256 m the 

1 m/s plume has experienced considerable depletion, and beyond 

this point the deposition from the 5 m/s plume exceeds that of 

the 1 m/s plume. It is noteworthy that while· it· is possible 

to reduce the roughness effect in wind-speed-sensitivity tests 
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(by increasing the source and deposition heights), it is 

impossible to eliminate· the advection effect. 

Most of Figures 5.25 through 5.32 display the familiar 

and expected deposition line crossover somewhere between 4 rn 

and 512 rn. The notable exception is Figure 5.26 for ground­

level source and deposition heights over a rough surface. 

Because of the close proximity of the lines and lack of results 

beyond the point of machine underflow, it is impossible from 

the data in Figure 5.26 to determine whether the lines cross 

before 4 rn or beyond the point of machine underflow. The 

latter is believed more likely, because of the greater inter­

action tirne.which is.available to the 1 rn/s plume. 

The influences of wind speed on the percentage contribu­

tion of different particle sizes is next shown by considering 

its effect on deposition, both at ground level and at 1 rn. 

Table 5.1 shows that, for .a 1-rn deposition height at small 

downwind.distances, the percentage contribution of particles 

less than 7.0 ]lin is less for a wind speed of 1 rn/s than for 

5 rn/s, while the percentage contribution of particles larger 

than 7.0 Jlin is greater for a wind speed of 1 rn/s than for 

5 rn/s; at large downwind distances the opposite wind speed 

relation is observed. This is reasonable since, close-in, the 

relatively massive particles have more time to interact with 

the 1-rn deposition height, herice 'their contribution td the 

total deposition should be relatively greater for slower wind 
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speeds at small downwind distances and relatively less further 

downwind. 

A ground-level-deposition height is seen to have the same 

particle-size percentage features as the 1-m deposition height, 

except that the percentage of less-than-2-~m particles close-in 

is greater for a 1 m/s wind speed than for a 5 m/s wind speed. 

This deviation from the case of a 1-m deposition height is 

compensated by particles in the 3.3 to 7.0-~m size range. The 

physical significance of this is unknown. For both deposition 

heights, the faster-moving plume experiences less change per 

unit distance due to a shorter interaction time per unit 

distance. 

In summary, the deposition is relatively insensitive to 

wind speed, except over smooth surfaces when the source height 

and deposition height are at 1 m, where a factor-of-two dif­

ference ~xists; The percentage contribution to the total 

deposition from large particles close-in is greater for a 
1 m/s wind speed than for a 5 m/s wind speed, whereas at large 

distances the percentage contribution of large particles is 

less for a 1 m/s wind speed than for a 5 m/s wind speed. 

Furthermore, a 5 m/s plume experiences less charge per unit 

.distance than a 1 m/s plume because of the shorter interaction 

time per unit distance. 
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G. Sensitivity Synopsis 

In sections V.B through V.F the sensitivity of deposition 

calculations was considered for .various modeling parameters. 

Table 5.2 gives an overview of the deposition sensitivity to 

atmospheric stability, roughness height, deposition height, 

source height, and wind speed. Order-of-magnitude deposition~ 

sensitivity estimates are given for both maximum observed 

differences and typically observed differences for each of the 

five modeling parameters, whereas the sensitivity of tne rela­

tive particle-size contribution is subjectively evaluated for 

the same variables. 

Atmospheric stability, followed closely by wind speed and 

source height (excluding a ground-level deposition height over 

a rough surface), is usually observed to have the least 

influence on the total deposition for the range of conditions 

tested. Roughness height and deposition height have a con­

siderable impact on the deposition amounts, as evidenced by 

thf;' 0, 7 order-of-m.J.gnitude diffe:L't:mL:t!l::; that :frequently occur. 

Total deposition apparently is most sensitive to source.height 

for a ground-level deposition surface with a large roughness 

height. 

In general, Table 5.2 shows that a large total deposition 

sensitivity (e.g., 0.7 orders of magnitude) tends to be· 

associated with a moderate or high relative particle-size 



Table 5.2. An assessment of.the total deposition se~sitivity and relative particle­
size contribution sensitivity to various modeling parameters from an 
infinite instantaneous line source of l.J g/m 

Mod: ling 
par:imeter 

Atmospheric stability 

Rou9hness height 

Deposition height 

·Source height 
excluding zd = 0 m, 

exclusively zd = 0 

Wind speed 
excluding z -d - h = 

exclusively zd = h 

. [Values tested) 

:B,D,E) 

:o.o1 m, 0.10 m) 

:o m, 1 m) 

·:O m, 1 m) 
z = 

0 
0.10 m 

m, z 
0 

= 0.10 m 

11 m/s, 5 m/s) 
1 a, z = 0.01 m 

0 

= 1 m, z. = 0.01 m 
0 

Total deposition 
sensitivity 

(orders of magnitude) 

I'-laximum Typical 
difference difference 

.:3 .1 

1.0 • 7 

1.0 • 7 

1.0 .2 

1.0 1.0 

.2 .1 

. 3 .3 

Relative particle­
size contribution 

sensitivity 

Subjective 
· evaluation 

Minor 

Major 

Moderate 

Minor 

Minor 

Moderate 

Moderate 

1-' 
1-' 
00 
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contributic~ sensitivity (e~g., moderate or major). A notable 

exception is the depositio'n sensitivity to source height for a 

ground-level deposition height over a rough. surface. Here' 

order-of-magnitude differences are typical, but the impact on 

the relative particle-size contribution is minor. This is in 

contrast with the deposition sensitivity to wind speed, which 

has significantly less variation in the total deposition, but 

experiences moderate variations in the relative contribution 

by different particle-size ranges. 
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VI. APPLICATIONS OF THE QUANTIFICATION METHODOLOGY 

A. Particulate Deposition from Dry 
Unpaved Roadways 

Ground-level downwind-deposition estimates and their 

corresponding maximum number of allowable vehicle passes were 

calculated using the Story County, Mahaska County, Morton 

County and Wallace County data. Each location had a different 

source-receptor geometry, and different meteorological and 

terrain conditions. The surface roughness for the Kansas loca­

tions was unknown, so it was assumed to be approximately the 

·same as for the Iowa locations, namely about 0. 05 m.· For 

simplicity, a zero-background concentration, and a maximum 

contract between the deposition particles and the deposition 

surface were assumed 

The calculations for Story County, Mahaska County,. Morton 

County and Wallace County yielded, respectively, a 4-m tota.l 
2 . 

deposition of 1010, 16600,104 and 1430 ~g/m -pass which corre-

sponds to 49, 4, 270 and 21 allowable vehicle passes, respec-

tively, before exceeding the 0.7% EAC standard; these are 

~quivalent to 12, 1, 68 and 5 vehicle passes per day before 

exceeding the 0.17% EAC/day standard. At 256 m downwind the 
. . 2 

respective deposition is 27, 352, 5 and 104 ~g/m -pass which 

corresponds to 621, 65, 3200 and 103 allowable vehicle passes, 

respectively, before exceedi~g the 0.7% EAC standard; these are 

equivalent.to 155, 16, 800 and 26 vehicle passes per day before 

~xceeding th6 O.l7i EAC/d~y standard~ 
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Since a given mass of small particles will have a greater 

EAC than large particles (due to the_ greater surface-area to 

volume ratio) , the particle-size dependence of the EAC causes a 

nonlinear relationship to exist between the total mass deposi-

tion and the total EAC and, in turn, the number of allowable 

vehicle passes before exceedi~g some standard. This explains 

why different total deposition values of 352 and 104 ~g/m2 -pass 

(at 256 m for a gravel road and dirt road, respectively) both 

result in more nearly the same number of allowable vehicle 

passes (65 and 103, respectively). In short, large particles 

contribute relatively more to the total deposition while small 

particles contribute relatively more to the total effective 

area coverage. 

B. Particulate Deposition due 
to Ambient· Conditions 

For comparison purposes, we examine the particulate 

deposition due to typical ambient conditions for two case~: 

( 1) Those conditions co.im.:.ident with the four site experiments, 

and (2) a reference case which typifies flat terrain covered 

by prairie grass .. The latter, which acts as a point of compari­

son, defines a 'reference case' that describes the particulate 

deposition experienced by flat terrain for u* = 50 cmjs, z
0 

-

. - . 3 
3 em, and Xa = 50 ~g/m • 
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The four field experiments had a calculated friction 

velocity of approximately 50 cm/s and a roughness height of 

about 5 em. Due to a lack of experimental data at the site 

locations, a 100 ~g/m3 ambient concentration was ·assumed; this 

factor of two above the reference case concentration is in­

corporated because of the exceptionally dry conditions which 

existed during the field experiments. As will be seen shortly, 

this factor-of-two difference in the ambient concentrations has 

a minor influence on the daily particulate deposition in com­

parison with the diffP.r~n~e resulting from a 1~~~ than factor­

of-two variation in the roughness height. Next, we briefly 

consider the conditions representing the reference case. 

According to sutton (1953), z~ is usually independent of 

· U, and u*/U is constant over a wide variety.of surfaces (snow, 

qrassland, root crops) for U (measured at 5 m) varying from 

about 20-500 cmjs. The values of u* vary from 3-12% of the 

me.an wind speed, the lower values being associated with smooth 

surfaces (Sutton, 1953). Thus, the reference case represents 

a mean wind speed .of approximately 10 mph. This moderate 

velocity promotes.rapid surface drying, while still maintaining 

a negligible resuspension rate. If, however, wind velocities 

are considerably greater th~:m 10 mph, then the accuracy of the 

procedure diminishes because of particle resuspension. A. 

roughness height of 3 ern is characteristic of flat open country 

(Ste:r·u, 1976); -this also typifies a dense 10 em stand of grass 
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or a thin 50 em stand of. grass. Finally, an ambient· concentra:­

tion of 50 ]lg/m3 is typical of many rural environinents. 1 

The particulate-deposition calculations for the four site 

locations and the reference case assumed that the ambient 

particle-size distribution was divided into proportions similar 

to the Des Moines, Iowa and Iowa City, Iowa particulate-sizing 

data given in Tables 4.1 and 4.2, respectively. Statistics on 

the suspended-particulate and particulate-deposition distribu-

tions for the site and reference cases are summarized in Table 

6 .1. 

Table 6 .. 1 shows a ·total daily actual . area coverage for the 

site and reference conditions of 10.91 and 3.63%/day, respec­

tively; this corresponds to a total daily effective area 

coverage of 0.55 and 0.18%/day (here we.have followed the 

approach of Hancock et al. (1976), where it is assumed that the 

effective area coverage is about 5% of the actual area coverage) . 

Therefore, the number of days required before exceeding the 

0.7% EAC standard is 1.28 days (i.e., approximately 30 hours) 

for the ::;ite conditions, and 3.86 days (i~e., approximately 92.6 

hours) for the reference case. Here we observe a difference of 

a factor of 1. 5 (corrected for ambient concentration differences) 

between roughness heights of 3 em and 5 em. We conclude that 

1Based on five years of annual geometric mean suspended­
particulate data for several rural locations within the State 
of Iowa. (Iowa Department of Environmental Quality, Des Moines, 
Iowa. Private communication. 1977). · 



Table 6.1. Particulate deposition due to ambient conditions 
(Site conditions: u* = SO cm/s, z - S em, and x = 100 ~g/m3 ) o a 

Particl=-size-diameter range (urn) 

<0.7 0.7-~.2S 1.2S-2.1 2.1-4.S >4.S 

Suspended-particulate statistics 

Percent of total mass 
Geometric mean (mass) diameter (~m) 
Deposition velocity (em/sec) 

Particulate-deposition statistics 

Daily deposition (g/m2-day) x 102 

Geometric mean (area) diameter (~m) 
Daily actual area coverage (%/day) 

30.0 
0.24 
1.0 

2~S9 
.19 

8.21 

s.o 
0~94 
l.S 

.65 

.93 

.42 

10.0 
1. 62 
2.0 

1.73 
1.60 

.6S 

Reference case: u* = SO cm/s , z
0 

= 3 em, and Xa = SO ~g/m3 

Suspended-particulate statistics 

Percent of total mass 
Geometric mean (mass) diameter (~m) 
Deposition velocity (em/sec) 

Particulate-deposition statistics 

Daily deposition (g/m2-day) x 10 2 

Geometric mean (area) diameter (~m) 
Daily a=tual area coverage (%/day) 

30.0 
0.24 
.7 

.91 
.21 

2.S9 

5. 0 
0.9'= 
1.0 

.22 

. 93 

.14 

10.0 
1.62 
1.4 

.60 
1. 61 

.22 

lS.O 
3.06 
2.S 

3 .• 24 
2.97 

.6S 

·15.0 
3.06 
2.0 

1. 30 
2. 98 . 

.26 

40.0 
13.62 

4.0 

13.82 
8.46 

.98 

40.0 
13.62 

3.S 

6.0S 
8.68 

.42 
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the particulate deposition due to ambient conditions is very 

sensitive to the associated roughness height. This is· not 

unexpected in light of the high deposition sensitivity to 

roughness height for an infinite instantaneous line source 

discussed in section V.C. 

In comparing these results with those_frorn section VI.A, 

it is seen that the 1.5-hour actual area coverage du~ to 

ambient deposition is comparable to 49, 4, 270 and 21. vehicle 

·.passes at 4 rn downwind of an infinite instantaneous line 

sourc:A fn:r, thQ Stor:-z· County, Mdhi:iska county, Morton County and 

Wallace County data, respectively. This implies that 49, 4, 

270 and 21 vehdcle passes per hour at these locations have the 
. 3 . 

same effect as a 100 ~g/m background concentration for z = 
0 

5 ern and u* = 50 em/sec.. For similar conditions at 256 rn down-

wind, the number of vehicle passes per hour required to equal 

the ambient contribution are 621, 65 ,· 3200_ and 103. Recall, 

these.data are for a 4100 lb vehicle driven at approximately 

40 mph.· 

If the roadway .were traveled by much heavier vehicles, say 

haul trucks, the road emissions might be as high as ten times 

greater. If the particle-size-distribution proportions remain 

the same, then only 4.9, 0.~27 and 2.~ vehicles passes per 

hour would match the ambient contribution of 4 rn, while at 256 

rn downwind 62.1, 6.5, 320 and 10.3 vehicle passes per hour 

would equal the ambient contribution. 
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In short; these data seem to suggest that, except for very 

heavy traffic conditions at close-in distances~. the effect of 

partic~late deposition due to dry unpaved roadways is usually 

less than that which would occur under normal conditions. How-

ever, an assessment of the specific site conditions is necessary 

before any final decision can be reached. 

C. Additional Applications 

Heretofore, the methodology has been applied to only the 

particulate deposition from a dry unpaved roadway and the 

subsequent nuisance which it creates as determined by the human 

response to dustiness. However, the method can readily be 

applied to other related .situations, such as the possible reduc­

tion of ·photosynthesis. Here an increase in the deposition and 

actual area coverage would reduce the amount of incident solar 

energy available for photosynthesis which, in turn; might 
' ' 

reduce plant growth and crop yield. 

Furthermore, the method could easily be extended to s:Ltua-

tions incorporating noninert substances, such as the aerial 

application of insecticides and pesticides. Here a knowledge 

of the amount of substance deposited outside the target area is 

especially use£ul for vegetation very sensitive to certain 

chemical sprays and powders. 

The procedure might even be incorporated into e~periments 

which determine the influence of dry deposition over water. 
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bodies; a number of such simulations of the transport and 

deposition of air pollutants to large lakes is given by Hicks 

(1977). 

These three examples are by no means an exhaustive compila­

ti.on of possible applications. 
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VII. RECOMMENDATORY DEPOSITION MODEL IMPROVEMENTS 

Almost every stage of the quantification methodology has, 

by necessity, incorporated some type of simplifying assumption 

to allow a workable solution. These include the assumptions of 

horizontally homogeneous t~rrain, a nonprofile assessment of 

atmospheric stability and its characterization, and empirical 

formulas for calculating the deposition velocity and Monin- . 

Obukhov length. In the paragraphs immediately following is a 

discussion of the more important modeling features which should 

be modified as a better understanding and characterization of 

the various processes become available. 

Atmospheric stability is initially categorized by the 

·discrete Pasquill-Gifford classification method described in 

Appendix A; this is then .related to the Monin-Obukhov length by 

an empirical formula. The mathematical form of the empirical 

relation creates an artificial symmetry (with respect to 

neutral stability) of the calculated Monin-Obukhov length. A 

better approach might be to incorporate.a correction term or 

merely assign a representative mean value for each discrete 

stability class. The ideal solution is to return directly to 

the definition of the Monin-Obukhov length, but this approach 

is difficult. 

Another major simplification was the assumption of vertical· 

eddy diffusivities that are constant with respect. to height. 
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This assumption, in turn, was used for the horizontal eddy 

diffusivities. The vertical eddy diffusivity is _known to 

·increase with height near the surface, while the vertical wind 

shear distorts the eddies into an elongated shape with the 

lower portion trailing the upper portion. Some diffusion 

models incorporate these features, but usually at the expense 

of other simplifying assumptions. 

Particles are seldom spherical, although they are often 

assumed to be. This assumption introduces an error into the 

true particle full "'_relocity as well as the actual area of 

coverage by the deposition f>articles. More accurate particle­

sizing methods and particle-size distributions may be available, 

but their increased sophistication further complicates the 

.. overall procedure. 

The complex dependence of the deposition velocity on the 

deposition height, roughness height, atmospheric stability and 

particles -size further complicates the total picture, thus 

necessitating a semi-empirical formula. The deposition 

velocity is most important in de_termining the rate of deposi­

tion, and much additional research is required before a clear 

understanding ot this term is reached. 

It is noteworthy that the entire.set of surface-layer 

modelil)g assumptions is .ill-equipped to handle suurces _con­

siderably· above ground level. Here a study of the surface­

layer and planetary boundary-layer interactions is necessary_ 
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before modeling accuracy can be expected to significantly 

improve. 

The necessary numerical integrations of the concentration 

equation are laborious and require a moderate amount of computer 

time. The.average execution time per downwind distance calcula-

tion, using a WATFIV computer, is about 3 seconds, which corre-

·spends to a cost of about $0.40. Total cost can be reduced 

approxima~ely 50% by operating in either level-G.or level-H 

FORTRAN. Clearly, an analytical solution of the integrals is 

preferahl P, but the eon'lJ:Jl.i.t:ated product of the exponential 

functions and.the complementary error function was beyond 

several·books containing tables of integrals (Abramowitz and 

Stegun, 1965; Gradshteyn and Ryzhik, 1965; Grebner and 

Hofreiter, 1957a; and Grebner and Hofreiter, 1957b). 

Finally, although there are no known standards which 

address particulate deposition, there are the National 

Ambient Air Quality Standards as estaplished by the National 

Environmental Protection Agency. The present primary and 

secondary standards for ~uspended particulates allow for an 

annual geometric mean of 75 and 60 ~g/m3 , respectively, and a 
. 3 

maximum 24-hour concentration of 260 and .150 ~g/m , respectively, 

not to be exceeded more than once per year. In addition, 

warning, emergency,. and significant-harm alerts are issued when 

24-hour ambient concentrations exceed 625, 875, and 1000 ~g/m3 , 
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respectively (Seinfeld, 1975). These·levels may prove helpful 

as guidelines for future research. 
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VIII. SUMMARY 

The proposed methodology sets forth a .su9gested procedure 

for quantifying particulate deposition from dry unpaved road­

ways. This is possible after a coordi'nate· system is defined, 

the particles fall velocity is determined, a workable expres­

sion of the deposition velocity is obtained, .and the surface 

roughness and atmospheric stability have been characterized. 

The problem is further simplified by conside.ring only a· near­

ground source which incorporates only surface-l.::~yer aoneepLs. 

The quantification procedure consists of four stages: 

(1} a formulation of a mathematical model that satisfies 

certain initial and boundary conditions, while also conserving 

mass, (2} extrapolating an experimentally obtained particle­

size distribution to obtain an initial source strength, 

(3} computing the resulting downwind deposition at various 

distances, and (4} converting the calculated deposition to an 

effective area coverage. This is then compared to some pre­

determined standard . to nbt a in a.n es Ll1na te 'of the maximum number 

of vehicle passes permitted for some specified set of condi­

tions and downwind distances. 

It is shown that atmospheric stability, followed.closely 

l>y wind speed and usually source height, has the least 

influence on the total deposition for the range of conditions 

tested; roughness height ann depooitio!l height are observed 
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to have a considerable impact on the total de.position. Further­

more, a low total deposition sensitivity to a given set of 

meteorological and terrain conditions is usually associated 

with a relative particle-size contribution which is also rela­

tively insensitive to the same conditions. 

Finally, the quantification methodology may readily be 

extended to other applications which also require more than just 

a subjective appraisal of the impact of source emissions and the 

accompanying deposition. In short, the overall procedure is 

offered primarjJy a~ il pralimihdry guideline for quantifying 

particulat~ deposition. H~wever, the incorporation of its 

numerous simplifying assumptions and empirical relations require 

. that it be updated as.state-of-the-art improvements become 

available. 
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XI. APPENDIX A: PASQUILL-GIFFORD 

STABILITY CLASSI·FICATION 

The ~asquill-Gifford stability clas• def{niti6ns repre-

sent a simplified method of characterizing atmospheric 

stability as a function of incoming solar radiation, wind 

speed, and the degree of cloudiness. Turner (1969) and 

Seinfeld. (1975) ~resent these definitions in a form similar 

to Table A.l. 

During 9lear conditions, daytime insolation is classified 

as slight, moderate, and strong for solar altitudes of 15° to 

35°, 35° to 60°, and greater 60°, respectively. Nighttime 

conditions apply approximately from one hour before sunset 

until one hour after sunrise (i.e., when the solar altitude . . . .. 

·is less than 15°). The degree of cloudiness is defined as the 

fraction of 'the sky above the local apparent horizon which is 

cove~ed by ~louds (Seinfeld, 1975). 
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Table A.l. Pasqtiill-Gifford stability class definitions 

Da:t:time insolation Ni9:httime conditions 

·surface Thin over:.. 
·wind s·peed · Strong Moderate Slight cast or 

at 10 m, > 4/8 .< 3/8 
(m/s) cloudiness a cloudiness 

<2 A A-B B 

2-3 . A-B B c E F 

3-5 B B-C c D E 

5-6 c c D D D 

>6 -c r. .D D D 
--------------------------------------~----------------------

A: extremely unstable D: neutral stability 

B· .. moderately unstable E: slightly stable 

.C: slightly unstable F: moderately stable 

aApplicable to heavy overcast, ·day. or night. 
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·XII. APPENDIX B: PROPERTIES OF THE 

LOG-NORMAL DISTRIBUTION 

The probability density function of the log-normal· 

distribution is given by 

f(D) = 1 
(B .1) 

ffTI" R. ncr g 

where D and a are the geometric mean diameter and geometric g g 

standard deviation, respectively. The cumulative di&tribution 

function is given by 

. F (D) = 

D 

f .f(D) d[R,n(D)]; 

0 

(:B.2) 

A distribution -is log-normal if a log-probability plot of the 

cumulative.distribution is a straight line. By plotting 

empirical data on this type of graph, it is possible to deter­

mine whether the log-normal distribution is a satisfactory 

inathematic:a.l· model of a particular distribution. (Crawford, 

1976) • 

The 50% point of the log-normal plot of the particle-

size distribution corresponds·to Dg' and crg is given by either 

of the following ratios of distribution pointE• 

84.13% diameter 
0 gl = SO % diameter (B. 3) 
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50% diameter 
15.87% diameter . 

_Whenever these two geometric standard deviations are not 

(B. 4) 

equal, then the size. distribution is not represented by a 

straight.line and hence is not exactly .. log-normally distrib­

uted. A better method of presenting the geometric standard 

deviation (Anderson 2000 Inc., 1976) is: 

. . . 1/2 

[
84.13% diameter) 

.
0 g = 1~.87% diameter . . (B.S) 

For a finite interval, i, the geometric-mean diameter is 

given .by 

02 
f. R.n(D) f(D) d[R.n(D)] 

D.··.· = 
gJ. 

Dl 
(B. 6) . ·o 

J 2 
f(D) d[1n(D)] 

Dl 

and the CO.J;resl?ondinq gp,nmPtric standard deVidLlun is "given by. 

D . 

f. 
2 

[1n (D) ~ in (Dgi) 12 f(D) d [1n.(D)) 

"* a . = gJ. 
Dl 

02 
f . f(D) d[1n(D)] 

01 

for o1 less than o2 , and where og * = EXP(o .). gJ. 

(B. 7) 
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If a particle number distribution (n = 0) is log-normal, 

then the surface area. (n = 2) , and mass and volume (n = 3) 

distributions will also be log-normally distributed. In 

general, if· any moment of the distribution is log-normal, then 

the nth moment is also log-normal, with 

where a isthe same for any basis (S~infeld, 1975.). g 

{B. 8) 

Therefore, for a finite pa~ticle-size interval, i, the 

geometric uu:::!dil diameter 'on an area basis is given by 

· D = EXP[1n o 3 . - (cr~.) 2 ] . g2i . g 1 g1 

where D 3 . is the geometric mean diameter. on a mass basis . . 'g 1 

for the ith.particle-size interval. 




