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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, maximum 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 iiving in the vicinity of un-
paved roads concerning the amount of dust generated by vehic-"
ular traffic,>especially'during dry conditions. Heretofdre,
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
phenomeﬁa. However, the judgment of.whether or not a surface
is dusty is based on an individual's.past experienée or some
other personal guideline. At present, there are no known
standards or methods related. to thevquantificatiqn of these
sﬁbjective‘evaluatiqns;'thus, if a dus£ problem really does
exist, it isAessenéially 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 parﬁicle-size distribution at various locations
downwind of‘frequently traveied roadways.

To begin, welcdnside: the historical'dévelopmént of
several concepts that are necessary for understanding the'
diffusion-deposition process. We also review some of the
milestones of diffusion mddeling and the ability of certain

diffusion models to conserve mass. Sinae rnad emissions



usually take_place in what is frequently_knoWn as the atmo-
spheric surfacé iayer (sbmetimes referred to as ﬁhe‘surface,
layer or the microscale), surface-layer concepts alone are
used to describe most of the atmospheric tfansport and aif-
fusion processes and the accompanyiné deposition. This study
specifically considers the cldsé—in deposiﬁion for a rural
environment over flat terrain. After combining the aboVé
concepts.with an exténsion of Ermak's (1977) model, we develop
. a possible quahtification‘procedure for determining the environ-
mental impact of particulate deposition from_dry~pnpaved road-
ways. |

The~prbcédure consists of establishing a mathematical
model which predicts the downwind COncehtration and deposition,
while also coaserving mass. It incorporates an experimentally
determinéd farticle—éize distribution measured at some close-in
downwind distance._ This, in turn, is extrapolated to obtain an
estimate of the.initial spurcé strengﬁh and its particle-size
distribution.f The estimated source‘strength is substituted
into tﬁé mathematical model, whereby the deposition is cal;
culated for various downwind distancea.‘ These deposifion'
calculations are converted to.an effective area coverage and
are compared wifh‘a preliminafy dust-deposition level that is.
taken as a tentative standard. At this point, it 1s possible
to estimate (as a function Qf the downwind distance) the number

of vehicle passes permitted before exceeding the teatative



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 atmoséheric
stability, surface roughness, deposition height, source height
and wind speed, and include a synopsis- of the reiative
influence of eaéh'of the modeling.parameters. In addition, the
particulate deposition due to roadways is éompared with that
'which occurs uﬂder'typical>r6aa conditions_and normal ambient
suspended—particqlate concéntrations. Other possible exten-
sions ofﬁthe proposea,methodology are briefly considered.
Finally, inherent assumptions of the modeling procedure and

recommended improvements are discussed.



II. HISTORICAL BACKGROUND
A. Definitions and Concepts

The purpose of this ‘section is to'establish definitions
and outline the concepts describing the diffusion-deposition

process.

1. Coordinate system

The coo;ainaté system'used is similar to that described
by Turner (1969). This system'conSidérs the origin at grbund‘
: 1evei at or beneéth'the'point of emission. The x-axis extends
horizontally in theAdirection 6f the mean wind, U, which is
. assumed uhiform ana steady.‘.The y-axis is in the horizontal
‘plane, and the z-axis exﬁends'vertically. A plumelwith‘an
initial heiéht, hf‘is tranSpotted‘alohgldr parallel to the

x-axis. as shown in Figure .2.1.

2. Settling velocity

If the particulate}plume‘considered is‘assumed passive'
and nonreactiQe, then in the absence of chemical reaétions;
céagulation, resuspension, énd stétic.electriCal forces, the
particulate sizelspectrumiwill change 6nly by sedimentation at
the eafth's:sﬁfface{ A partiéle's fall velocity is.dependent
upon gravitational aﬁd aerodynamic drag forces. For spherical
particles, the re;ationship between the terminal settling

veloéity"(vt), the,pafticle diametér (D), and particle_densityv



Figure 2.1. Coordinate system for a contirnuous point-source
: plume -



(p) is given by Stokes equation (Slade, 1968):
v, =22 ¢ - (2.1)

The constant g is the grayitetional acce;eration assumed te

be 9.81 m/s, and u is the dynamic viscosity ef air_which is

. approximately 1.85 x 10-4 Q/cmfsec‘at’299'K. For particles

Less than 10 um, the Cunningham slip factor (C) is'apbreciable
and accounts for the.effect of slip flow upon the fall velecity.
The degree of Sllp is a functlon of the ratlo of the mean free'.
‘path of the air molecules; A, to the partlcle size. (Slade,

1968). The Cunningham sllp factor is giveéen by

c=1+2 [1 257 + 0.400. EXP[—()——)STS—DD (2.2)

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

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 tbat the termi-
nal veloc1ty is reached at very small .Reynolds numbers. Slade
(1968) considers the appllcable range of Reynolds numbers for

atmospheric particulates to be 10 -4 to 10.

3. Surface'and'atmospberic‘characterizatiéns

a. Frictrpn velocity Lumley and Panofsky (1964)

state that stress in- the atmospheric surface layer is constant



in direction and magnitude. Within the constant stress layer
it is possible to define a 'friction velocity', constaht with
height) by ux = (T/p)%, where T is the maénitude of the
surface stress; and p is the density of air (Lumley and
Panofsky, 1964). Under these conditibhs.the vertical Qind

shear (3U/9z) is related to the stress by

d

c

/o = K (2.3)

Q

2

where K is the scalar eddy diffusivity. Johnson and Ruff
(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) _ Uy
&% T &z

(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 o
u(z) = E—'zn(z) + constant ' (2.5)



The constant of integration typically is defined to introduce -
the effecﬁ of surface roughness by requiring the mean Qind
speed to bgcome zero at z = Zyr whe;e'zo is the roughness
height. According to Slade (1968), z, is called the roughness
length beéause it delineates the effect of varying surféce 
roughness én the wind §rofile; Thus,

2z
Z

. Ug . .
U(z) = T ln[——J . o (2.6)
o o

>Typical ronghness heighto have Leern published by §evera1
authors (Slade, 1968, p. 73; Stern, 1976, p. 409; Seinfeld,
1975, p. 239; Pasquill, 1962, p. 72; Sutton, 1953, p. 233) for
various‘surfaée'configurations.‘ Lettau (1969) developed the 
following équétion»for-estimating z, in terms of dimensions

and distribution elements (Stern, 1976) :
_ a* ' ' |
2o 3R ¢ (2.7)

~Awheré H is the avefage height of tﬁe :oughness elements, a* is
the éross-éectionai (silhouette) area normal to thé wind, A is
the total ground area per eiement (total hqrizonta1~area/nuﬁber
of elements) and 1/2 is the éverage drag coefficient (U.s.
E.P.A., 1974). |

C. Monin-Obukhov length For nonneutral conditions,

- the vertical velocity profile is deséribed'by the log-linear

form:



u .
U(z) = = [zn[z_} ¥ E_z] (2.8)
(e

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

B is an experimentaily determined constant. Busch (1972)

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

6.0 results in good agreement with expérimental 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-theAproduction of

.turbulence by both mechanical and buoyancy forces is equal.

Hence,. LAprovidés a measure of the stability of the atmospheric

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

expression:for calculating the Monin-Obukhow length:as a func-

tion of the Pasquill-Gifford stability class (described in

Appendix A) and surface foughness height, based on ekperi—

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

empirical relation. is:

T'g—l' [0.216586 an(1.2 + 22 )12 10%(%)

1/L )]

(o}

£(S) = -4/(1 + 1.3 |s|°'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 6f L must be
the same as S, and S = 0 denotes neutral conditions. Shir and
Shieh (1974) state, "Since thisAmethod is much easier to use
than ﬁeasuring vertical temperature distributions, its merits
should not be overlooked. Certainly it may require further
improvements such as continupus‘insolation ciassification;.non-
uniform spatial stability distribuﬁioné, énd effects of pre-
cipitatidns."

d. Eddy diffusivity If both the wind speed and

roughness héight are knowﬁ, then Equation 2.8 can be solved to

obtain the friction speed:

~ ku(z)

Ug = ——0 3z (2.10)
-4n E'—+ I
0
Yordanov (1972) used a two-layer formulation of the
vertical exchangé coefficient, Kz,'for neutral conditions;
This relation is_given by
| K, = Kk u,z for -z < alku*/f
2.2 , o :
alk g*(f for z > alkg*/f, (2.11)

where f is the Coriolis parameter, and a; is a dimensionless
constant appfoximately equal to 0.1. Yordanov (1972) used the

following relations. for K, for unstable stratification:
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K = ku,z for z < a,L.

ku*(aZL)"l/3z4/3 for z > z,L (2.12)
where a, is an experimentally determined dimensioniess constant

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

(1972) used the interpolation férmula

K, = ku,z - for z < agl

a3ku;L for =z > a3L (2.13)
in which the wvalue of the dimensionless constant aj is close

tO‘unity. KZ reduces to the following common expression for

all stabilities near the surface:

K, = ku,z. o (2.14)

Close to the source, the effects of stability are
, frequentlY'overshadowed by mechanicél turbulence generated by
flow over rough'surfaces or large ctructures. According to
Johnsoh‘and Ruff (1975), these effects are particularly
'prqnounced in the cése of near-surface éourceé. Thus, only
the kinematic eddy-viscosity coefficient is considered, and
not the eddy heat conductivity coefficienf.

As a. further simplification, the turbulence field near

the surface is assumed to be approximatcly isuvtropie; hence,
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the horizontal eday diffusivitieS'have.been essumed to be
"equal to K,. Sutton (1953) states that this condition is =
applicable'to the atﬁosphere above the surface layers. This
'approximatieh is used exclusively in the diffusionfdeposition.

equations and calculations which appear in subsequent chapters.

4. Deposition velocity

Aslgases_or partiéulates appreachathe grouna, a fraetion
will be deposited en ﬁhe surface er4on vegetation by direct
Sedimentatien, inertial impaction, adeorptionj chemical reac-
tion, and other mechanisms (Overcamp, 1976). This removal
causes the downward flux of eirborne gases or particulates to
decrease in the downwind direction. 'Without considering the
details of the deposition mechanism, Chamberlain (1953) pro-
posed the depoéitien rate w(k,y) was pfoportibhal'tovthe
ground level_concentration x(x;y;O). ‘Calder f1961) proposed
-both:the gravitahional settling flux and the ground deposition
'should be proportlonal to the local air concentratlon x(x,y z).
The constant of proportlonallty has the dimensions of length/
tlme, and hence the term ve1001ty. Here the depos1t10n
Aveloc1ty, d’ is determlned either experimentally or from

theory. Thus the surface deposition flux is

ix,y) = Vg x(x,y,00. 0 (2.15)
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According to Overcamp (1976), the deposition velocity for
particulétes need not equal the terminal settling velocity,
Vi however, this is no doubt true for larger particles with
greater settling velocities. Experimental field data of the
deposition velocify over a variety of different surfaces have
been published by Slade (1968, p. 207).

Recent wind tunnel expérimehts (Sehmel and Hodgson, 1976)
suggest the deposition velocity is a function of the measuré—
ment height above the surféce, roughness height, friction
épeed, particle size and atmospheric stability. They con-
sidered a one-dimensional méss transfer model where particles
diffﬁse at a constant rate from a uniform concentration.
Additionalﬂéssumptions 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
dx

z

w=-(B+K) - vx, | - (2.16)

where B is the Brownian diffusivity, and K¢ is the particle
eddy diffusivity. In most cases, B is small compared to K
and is neglected, while K_ is assumed equal to the eddy

diffusivily of air momentum (3ehmel and llodgaon; 1976). Thic
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formulation can be extended to an infinite instantaneous.line
éource by considefing'the deposition.flux'as a finite number
of approximately steady—state fluxes (G. A. Sehmel, Battelle,
Pacific Northwest Laboratories, Richland, Washington, private
communication, 1977). Thﬁs the approximate deposition flux
for the jth time interval reéulting from an infinite

instantaneous line source is given by

| o axs (b)) - | -
w, ~ -(B + K_) -V, xj(t) . (2.17)

J Z

Integrating Equation 2.16 and soiving‘for w Yields

w="‘_’_§:?)_(:z_z__ - ‘(2.18) 
where
'q-= EXPtht(INT;/u*],i' C(2.19)
and INT is found byt
INT = INT; + INT, | N (2.20)

1
is defined in terms of a reference concentration Xy at z cm.

where INT. and INT, are defined below. The deposition velocity

Thus,

v. = 0 - . (2.21)
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and substituting Equation 2.18 into Equation 2.21 yields

Vd = l—:_—m' T : (2.22)

In the overall deposition process, the plume approaches
and interacts with the air layer immeaiately above the ‘surface
elements. INT, is a measure of the diffusional resiétance of
the plume mass transfer described by the'micrometeorological
eddy diffﬁsivities. Sehmel and Hodgson (1976)'standardize the
resisLances Lu a height of 1 cm, since.above this héight the
Browniaﬁ diffusivity is small compared to the particle eddy
diffusivity. Similar techniques have peen used in researching
'pollutant transport over thé Gfeat Lakes (Hicks, 1977). Values
of INT

1
specific deposition height, zg, as follows:

are stability dependent and are determined for a

‘ Sﬁable Atmosphere (L > 0):.

' | ' - 1ecm)| -
-1 23 23
INTl = X ln[l cm] + 4.7 {——_—TT———}‘ | (2.23)
Neutral Atmosphereﬂ(L = tw):
INT, = & ln[-]_——g—m} - | (2.24)

Unstable Atmosphere (L < 0):

) _ o z . .
INT, = Tf Bn[lng -.ﬂ S (2.25)



lé

where
: 2
1+ ¢ 1+ ¢ S
_ d 1 el -1 -1
Py = 2 ln[m‘] + 3 n — 3| ~ tan. (¢d) + tan (¢O)
. o 1 + ¢ ,
. : . o '
(2.26)
Values of ¢d and ¢o are given by
15 2 0.25
- rd L ’
S 0.25
_ _15]7° _
¢0 = [l —TJ | (2.27)

If z3 is less than 1 cm, then IN'i‘l is set equai to zero
(G. A. Sehmel, Battelle, Pacific Northwest Laboratories,
Richlahd, Washington, private communication, 1977). This
allows prediction of deposition.velocities below 1 cm. As a
word of cau£ion}-this method has the disadvantages in that Vd
is not differentiable at 1 cm, aﬁd that this arbitrary height
has no substantial ﬁhysical basis}

'Using a leasﬁ—Squares technique on some wind tunnel daté,
Sehmel and'Hodgson (1976)'obtained'a.diﬁensionless correlation

for INTZ. The dimensionless 'correlation’of_INT2 is given by
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INT, = —EXP{}23.667 + 5.555 Rn[g—] - 0.07681 lnz(g—J
. o o

Uy Uy

2.—
.Vt

: v : , pu*Dz
- 2.254 &n - 3.724 in|sg—— (2.28)
Uz} 18uzO

‘where D is the particle diameter, u is the viscosity of air,

+ 0.03799 &n

+ 0.9722 &n Vt

and p is the'particlé 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.
'Valueé'of V can be calculated from

‘ *

"K'TC.

v = 37Du

(2.29)

where k* is Boltémann's constant, and T is the absblute
temperature. Sehmel and Hodgson'suggest:that if a particle -
density different from 1.5 g)cm3 is used, then INT, should be
assumed independent 6f particle.density.

DeSéite éhortcomings, the method of resistaﬁce integrals
is thé best-available'procedure for‘prédicting dry-deposition
.velocities. Baséd oh wind-tunnel studies and theoretical
considefation,'Hicks'(1977) states, "it seems beét to adopt
some particle-size dependence, even though the magnitude of
~ the .effect remains unknown." . He warns agaihst blind usage of

the method because, as of yet, there are no field experiments
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that unquestionably support this.- Therefore despite:
deflclenc1es, the technlque suggested by Sehmel and Hodgson
(1976) will be used 1n determlnlng dry-dep051t10n velocities.

Additional research.ls obviously needed.
B. Diffusion Models

Most atmospheric dispersion models are based on the

molecular-scale Fickian diffusion equation:

' QX = é_ B EX + 2_ B EX ; é_ B EX

ot oxX 39X -9y =~ 3y 32 az_l (?.30)'

: where X is the concentration at some point (x, Yy, 2) and B is
the Brownlan dlffu51v1ty 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—directioh, the gravitational
settling is signifieant, and Brownian diffusion is negligible,
the material transport may be described by the semi?empirica;
 second-order advection-diffusion equation} |

%%+ U %ﬁ = 3—,; Kx -g-§ +“%§”KY % +%—z- K, %é + Vt%)zi' (2..31)
‘Here U is the.mean wind which is assumed steady and'uniform;
/K*, K ,-and Kz are the eddy diffusivities in-the X-, y-, and

Y
z-directions,~respectively; and.Vt is the.gravitational settiing
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velocity.and is positive iﬁ the downward (negative z) direction
(Ermak, 1977).

Historically, various model designs and assumptions have
been used ﬁo simplify Equation 2.31, thus allowing approximate
solutions of the genéral diffusion—deposition process. Further-
more, the eddy diffusivities can be related to the statistical
concept of variance (say, 02 = éKt); thus, solutions may be
expressed in a form which contains the power and elegance of
statistica; théory.  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-
wind of a cbntinuously-emitting point source in é uniform.and
steady wind. His approach was simplified in that gravitational
settling and ground absorption were assumed to be zero, and is
épplicable to.ah inert gas. The model has the desiraBle
property that mass 1is conservéd. Csanady (19555 extended
Sutton's equatibn for a continuous point source té the case of
particles with a nonzero settling velocity with the bouﬁdary
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, attempﬁed to‘incorpo:ate fhe definition of
deposition velocify into a consé?vatioh-of-mass relation where
the decréase in the dbwnwind flux equals the crosswind-
integrated deposition. Ovércamp claims his modifiéd model
conserves mass; however a few simple cases seem to suggest
othér&ise,v Tang (1569) formulated a second-drdér differential
- equation with constant coefficients fof an<uhsteady infinite
crosswind line source. The-equaﬁion is solved‘by applying
Laplace traﬁsfbrmations and finding a Green's function. Ermak
(1977) used a simila: technique. for the case of a coﬁtinuously ‘
emitting point source in'a‘uniform.ahd steady wind; Both the
Tang and Ermak models satisfy their appropriate conservétion of

~mass equation for specific cases.

1. Sutton's model

‘Sutton (1953)l¢onsiders a continuously emitting point
source in a steady and uniform wind, where the‘élume is not
subjeéted to bﬁoyancy forces and the pafticleS‘are not
permitted to fall out. Allowing for reflection at the sufféce,
ﬁhelresulting spatiai COncentfation, X(x, y, 2), is given by

X. .o EXP oy EXP '(z'h)? |

~(z+h) 2
2.2-n
cix

+ EXP L (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
. _ l-n
2 - 4 P g2
2 |

¥  (1-n) (2-n)U"

(2.33)

N

n ; l-n~

(1-n) (2-n) U" _U2

where v is.the kinematic viscosity of air; v' and w' ére the
eddy. Qeldcities in the crosswind and vertical direction,
respectively. The dimensionless number n is between 0 and 1,
and is a parameter.related‘to’the diffusing caéability of
atmospheric tufbulence, '

If Equation 2.32 is inﬁegrated over y from -é to +~ , the.
result is the concentration field for.é continuously emitting

crosswind line source of infinite extent. Thus,

. Q,. {0 ' _ 2
/T QLU x Cox“ Cx
z z Uz
(2.34)

where Q2 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 thé 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-
-

for a continuous point source, and

U X(x,y,2) dydz = 0 , (2.35)

038

I va(x;z)dz =Q, o (2.36)
o

for a continuous infinite crosswind line source, where
x(x,y,2) is givén by Equation 2.32, and x(x,z) is given by

Equation 2.34.

2. Csanadgls 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 duét-fall rate equals
the setfling velocity times the ground-level concentfatidn.

The equation of the‘concentration is

. R )
, _,2 -(z-h+V_x/U)
X(x,y,2) = ——Eyep EXP| T BN |
ﬂCyCzUX ny : sz
R
—(z+h—Vtx/U)

+.a(x,z)EXP 5—3-h (2.37)
Cz X
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where

2

alx,z) = 1 - — , (2.38)
n Uh

. (-3 {V X -»l]+ 2 ' .

. _ » tTg _

and x_ = x kx,z) is found from
g g
‘ 1-n/2 '

V. x V. X .
(h - ‘Eﬁﬂ][ﬁ"} *'—%— + 2 -h=20.  (2.39)
g ' :

Here a(x,z) is>the dimensionless degree of reflection on the
ground which Qaries with the distance from thé séurCe, and xg
ié the point of reflection which determines the strength of -
the refiected beam. | | | |
Integratihg Equation>2.37.overly from -« to +» gives the
concentration field for a ‘continuous iﬁfinite crosswind line

source, which is

- Q, ~(z=h + V,_x/U)°
X (x,2) = - EXP | - —
. _/F CZUXl n/2 C2x2 n

2
' 2
-(z+h - Vtx/U)

Cixz-n

+ a(x,z) EXP . (2.40)
Csanady (1955) cautions that the introduction 6f the -
a(x,2z) multiplier 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 péint'source in a uniform‘ana
steady wind. He contends that, ip contrast to Csanady's
definitidn, xg,is the downwind distance where the streamline,
passing through the point of interest and the image source,
crosses the x-axis at the surface. The Csanady and Overcamp
definitions of xg'are equai only at the ground surface. With
this modifiéation, bvercamp's form of the equation for the

¢oncentration is

N =

o

2 2)
2 z-h + V _x/U
g fpo|- {2
o

x(x,y,2) = 5=—=—— EXP |-
2noyczU ._[

- : 3 lz+h - V_x/U T
+ ao(xg)EXP[:- %—{ : ot : ]J ,(2.41)

‘where
(x ) = [1- 2 (2.42)
O Xg! = Uh - V. x dciTk) e
V, + V., +
t d oz(x) dx
[ Jdx=x.
. "‘ g
-and where xg =,xg(x,z) is determined from |
Cov.x V.x y 0_(x) | -
v—__‘_t_.= - tg 2 . A
z+h - — ‘[h U] T, N (2.43)
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Here.oy and o, are the standard deviations of the width and
thickness of the plume. . The remaining variables‘aré as
preViously defined. |
Overcamp incorporates the definition of deposition

veléqity into'the following form of the conservation-of-mass

‘equation: |

- 2

: ax

J Ux(x,y,z)dzdy = J de(x,y,o)dy (2.44)

.§—8

where Vd is the'deposition velocity. This'expression states
that the decrease in the downwind flux equals the crosswind-
integrétgd deposition'for‘allldistances downwind of the
continuous point.séurce.

For an arbitrary éz, Eéuation‘2.44,cannot'bé put into ‘an
explicit, analytical form (Overgamp['1976). Unfortunately, a
simple test case where o, = ax (i.ei'linear plume growth)
seems to Suggest that Equatibn 2.41 approximately consefves
mass-according to Eqﬁation 5;44.on1y when h >> VtX/U,.where h
is the effective stackAheight resulting 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
crosswind line source. The resulting second-order differ-

~ential equation is

2

.9X X - 9 3x 5 4
&L +u L=k, a—z§+ v, 5% (2.45)

where t is.éhe time, and K, is the vertical gddy diffﬁsivity.
Valués of U,'Vt,‘and K, are all constants._ Here Tang iqnnrngi
the diffusive transpd:t in the x-direction, and consideré
only the advection. The initial and boundary conditions‘
accohpanying Equation 2.45 are

lim- Y- , lim x =0

=0
‘t+o - 2z
lim Ux = Q, (t) §(z=h) - g  (2.46)

X>0

Z 32

lim (K, X + (v, - V)x} =0
2-+0 . .

where Q is the source strength of a crosswind line -source at -
height h, and § is the Dirac delta function, which isldefined

to have the properties‘,
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S(E) = 0, t#0

-e

It
[

j § (t)at (2.47)

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) = 0, for t < % H
X 1 Vi (h-2) Viz; X _U(z-h) 2]
x(x,2) = Qz(t - ﬁ‘]' ————— EXP|—x - 0| |BXP TR %
S 2/K mUx z z z )
+ Exp —U(z+h)2 . Vt—2Vd Exp Vd(Vd-Vt)x ; Vd(z+h)-vtz
4K x - 2K _U - K_U K. '
z z° z - z
- k% - X ‘ ,
' 2V -V .
‘{z+h| U d 't . X X
ERFC{:z, szJl+ 5 R U] , for t > g (2.48)

If Q2 is steady, then Equation 2.48 conserves mass according

to

- a . ‘ i
X J U x(x,z)dz = de(x,o) (2.49)
5 . 4

which relétes the decrease .in the downwind flux to the rate of -

deposition at all downwind distances.
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5. Ermak's model

Ermak (i977)'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 adyec-

tion, Ermak reduces the problem from Equation 2.31 to

u X - 2Xex X4y X (2.50)

where Ky,‘and K, are the eddy diffusivities inthe y—,.and z-
directions, respéctiVely, and are at most functions of k.

Here V, is the pollutanﬁ particle gravitational settling
velocity andlis positive in fhe downward direction. Ermak
points out that both the vertical diffusivity Kz(x) and the
settling.velocity Vt(x)'are assumed to approach the,limitihg
values of K, and V., respectively, for large downwind'diétances.

" The accompénying boundary conditions are

lim x =§ §(y) 8 (z=h),

X+0

lim x =0, limyx =0, - v o (2.51)
y+—o ’ Vasd ’ .

lim x =. 0,

2>

e . .o o
lim E(% +’ (Vt - Vd)’ﬂi =A0.
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The solution to Equation 2.50 is expressed in terms of
the Gaussian plume parameters for the standard4deyiati0n of

the plume width and height, ¢, and 0, These parameters,

y
defined in terms of their respective_diffusion coefficients,

are
X

o?x) = & f K(x')dx' . - (2.52)
o

Here they can be uSéd‘to describe the non-Gaussian plume which
"'occurs in‘ﬁhe genéral situation when settling aﬁd depbsition |
are included. | |

- Ermak's solution useé separation of bariables and Laplaée
transforms to obtain a‘geheral equation for the concentration
- downwind of a'cohtinuous'point‘Source; Thus, the general equa-

‘tion for the concentration is

A 2 VvV, (h-2) V.o | :
- x(x,y,2z) = 'rcho T EXP[—z[Ex] ]EXP ] - 5| (2.53)
o Yz 4 ‘ 8K
. ~ ()2 - V.o
Exp | -+|2=h + EXp|- |2 |- oy Lz
2i{0 . 2|o K
L z z o
—
2 2

V. (z+h) Vio V.o
EXP' IK’ +_1§ ERFC |22 4 2Zih
L K 2K V2o,
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: = T = =
where V1 = Vd > Yt, and Oy cy(x) and o, = oz(g) as

defined in Equation 2.52. All other variables are as

- previously described.

For the special case of oi = 2Kx/U, (i.e. K, = K=~

constant) the conservation of mass equation

-3
X

J U x(x,y,2z)dzdy = J‘Vd x(x,y,o0)dy (2.54)
O 0

g§+——38

is also satisfied. If thglgenoral form o is used}(i.e.
Equation'2.52), then mass is conSerﬁed on1y in the limit as
K, (%) approaches K.

Integrating Equation 2.53 over y from .-» to +® yields
the solution for a-continuous infinite crosswind line source

which satisfies the following second-order differential equa-

tion:
52X g 2% % '
U'ax = Kz 5 + Vt ng * (2.55)
. 02
The solution to Equation‘2.55 is
. ' . /2mo.Q 2
x({x,2) = x(x,y,2) ——faz—& EXP —Xf— (2.56)
20 ’
y

where x(x,y,zf is the solution for the continuous. point source
' given by Equation 2.53. Due to the similarity between Equa-

Lions 2.53 and 2.56, 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, still applying.
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III. QUANTIFICATION METHODOLOGY

This chapter deScribés the methodology.used in quanti-
fying the particulaté deposition which results from vehicular
fraffic on dry unpaved roadways. |

The disperéibn and transport of a particulate plumé is
described by a mathematical model in which the effects of K-
theory diffusion are superimposed on the horizontél advection
of the-plume by the mean wind field. For simplicify, the
vertical and horizontal eddy diffusivities afe assumed to be
constant both with respect to height and the downwind distance
from the'sourcé (see section II.A.3). This pretense, though
very crude, is used by seyeral authors as a first approxima-
tion. This appxoach.greatly éimplifies 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
- use general,diffusion—depositibn concepts.

’A_particulate plume resulting from a vehicle traversing
a dry unpaved roadway, may be considered  as Qriginatihg from
a movinglpoinf source, or it may be treated, approximately,
as an infinite instantaneous line source. For short sampling
periods the latter is less desirable in_estiﬁating.fhe down-

wind deposiliun because ot spatial and temporal variations in
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the coneentration field and their influences on the associated
,.deposition'flux; ' However, if the_sempling period is suf-
ficiently large, relative to the trend 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 sempling periods, the difference in
deposition between a moving point source and an infinite
instantaneous line eourCe is negliéible, The}result is a much
simplified model with which to predict deposition apd its |
associated visual impact (without the additionel complexities
QfAteméoral'and spatial dependencies from crossﬁind turbulent 
diffusion fluxes) .

Information on the particle-sizewdistribution is
obtained using a cascade impactor placed downwind of a road-
way. The sambler measufes'the-time-a?eraged concentration
which resﬁlts'frem botﬁ the source and ambient conditions.
Froﬁ theoreticai_considerations_(and the sensitivity tests.
described ip'Chapter Vi, the:ambientvcontributieh et elose--
in distances is usually less than 10% of the total time- °
'averaged‘Canenﬁration'when the vehicle frequency'is iﬁ excess
of appreximately_one pass per'mihute; conseqﬁently, the
ambient contribution may be neglected‘as a first approximation
at close-in distehces.‘ . |

The particle-size information, fogethex with the su;face'.

roughness and atmospheric dispersion potential, permits the



34

estimation of downwind concentratioﬁ and deposition as a
function éf particle size. The depositién surface, which acts
as a sink term for the particulateAplﬁme, 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 theiparticles.
Furthermore, maximum visual contrast is assumed to exiét
between the'deposition surface and the single 1aye£ of dust
particles. 'Tugether, 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. iWhen
less than maximum contrast océurs between the particulates ana
the deposition surface, it is conventional to speak df an
effective area coverage;‘this is described in section III.D.

Finally, if the effective éréé coverage estimates are
compared with some p:edétermined étandard.of.dustiness, then
it is péséible fo predict and quantify the en&ironmental
impact of particulate deéosition resulting from vehicles
traveling dfy unpaved foadway. This is described in sections
VI.A and VI.B.

In summary, the quantification methodology'conéists of
the following: (1) establishing a mathematical model which

predicts the downwind concentration and deposition, while also
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conserving mass, (2) experimentélly détermining £he particle-~
size distribution af éome close—in'downwind distance.and then
extrapolating this informaﬁion.ﬁd obtain a éoﬁrce'stréngth
“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 covérage énd'comparing this result with some

predetermiﬁed standard.
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 +e, and‘then‘multiplying-bY”(zﬂqi)fg EXP[f%(x—Ut)z 0;2],
The resulting equation for the downwind concentration, .
x(x,2,t), is given by
’ ! - - - ———— ane | c———
EXP |- liz-h 2 + EXP _.l Eiﬁ.z - 27 Vloz
21 o 2175 : =
L 2) ' z - _
V. (z+h) © . (Vi0 Vo, - o
EXP _3;1(___ + %_ le ERFC 1z . z+h . (3.1)
L , Y2k V2o, . '
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where oi = 2th and ci = 2Kzt for constant KX and Kz' As
before, Qzlis the total .amount of material emitted per unit
1eng£h, Oy and o, are the standard deQiations in the x and z
directioné; U is the mean vertical wind speed, t is the time
since emission, K. is the verticai éddy diffusivity approached

at some large downwind distance, and h is the height of the

, v
infinite instantaneous line source. Vl = Vd - 55 where Vd is

the deposition velocity, and V_ is the terminal settling

‘ t
Velocity.

It is notewofthy that the above model for an infinite
instantaneous line source satisfies two important criteria.
First, EquétiOn'3.1‘satisfies the second-order differehtiai

‘equation with constant coefficients,

I T R A [
st PO T 2K 2 Ve s (3.2)

‘ for K, = K}‘where K# and K, are the eddy diffusivities in the
x—iand z-direction, respectively. The first term on the left-
hand—siaé represents the rate of change of local concentration,
while the second term is the concentratioh advected in the
downwind'directidn.'ton the right-hand—side, the}ﬁerms from
left to right are the'turbulént diffusion inAthe x and 2z
directions, and the gravitational settling. TheAmathematical
descfiption of the problem is completed by the following

initial and boundary conditions:
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1im X =0, lim x = 0

t+o Z+®
lim Uy =’Q2(t) 8§(z=h), (3.3)
X+0 : : :

. 3y,
S lim (K, X+ (v, - Va)xl =0
250 z 3z t d
where § 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 I J X{x,z,t)dzdx + Vix(x,0,t')dt'dx| = Q
o

-d

g — 8
0 ~——¢t

t>

(3.4)
where Ql is the,total amount of material emitted per unit |
bléngth from, an infinite instantaneous line source. On the
left—hand-side, the first term”represents the émount of
'mate:ial rémaining in‘the_air, while the second térm accounts
for deposition. Table 3.1 shows the Qarious relationéhiés |
between the two. terms for different Vélues of'Vd apd Vt{ It
was not possibie'to obtain énlanalytical.result of the deposi-
tion term for'the'cése Vd #.Vt = 0. H6wever( this result has
no application to a particulate plume and is presented for

completeness only.
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Table 3.1. 'Perbentage of material remaining in the air and
‘deposited at the surface in the limit as t
approaches infinity '

< <

Amount of material Amount of material
Case - -remaining in the deposited at the-
atmosphere surface
Yd = Vt: |
Vg = Vi = 0 - '100% . : - 0%
Vg = Ve # 0 '. - 0% | ' 100%
a7 Vi
q ;,o, Ve #0 - .. lo00% . , 0%
Vg #0, V. =0 0% ' - Indeterminate
Vg # 0,V #0 0z f 100%

B. Source Strépgth Estimation

~In this section a method for detéfmining‘the ﬁpwind
source strehgth'is developéd by.incorporatiﬁg an experiméntally
determined particle-size distribution at some close-in down-
wind distance. . |
| From éonservation of mass considerations, the instanta-
neous concentrationlat a receptor must equal that resulting
from the source pluéathe ambient concentration. If there‘are

N vehicle.pdsses and they arée treated as a single pass, then
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" the time-averaged concentration measured at a receptor (xr,zr)

- is given by

T

- 1 . - '
Xp = L 7 J Xp (XprZpt)dt + %, ‘ . (3.5)
n=1 3 _ 4
. O-
where Yy - for the nth vehicle pass is given by Equa-
n(xr,zr,t)
tion 3.1 evaluated at x = x_ and z = z_, and where Q, is re-

placed with Qip.-_Here ia is the ambient concentration which
is assumed constant over the sampling period, T. . Rewriting

Equation 3.5 yields

v = __.2 - v |
Xy = - I * X, . | (3.6)

where

T xg(xpezet)dt
1=J.
o

(3.7)
Q, ;

P
and'is evaluated by Simpson's method of numerical integration.
Here QR = N_le, where sz is ‘the source strength per. vehicle
pass. |

The source strength per'vehicle pass for an infinite
instantaneous line source is obtained by sglving Equaﬁion“3.6
 for Qgpr which ‘is given by |
TlXy = Xa)
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If the data are collected on a finite particle-size

interval, i, Fhen values for.ir, ia’ sz, Vgr Vir Vy, and I,

are replaced by the interval estimates of Xri’ Xai’ lei’ Vdi’

V,., V and Ili’ respectively. Thus, the fractional source

ti 1i’
étrength per'vehicie pass corresponding to the ith finite

particle-size interval is given by

T(X,.: = Xa:) :
Qg = ril al , (3.9)
pi N I1i .

and the total source strength per vehicle pass is given by

QRps = i szi‘ (3.10)

In order to determine representative values of Vdi and

v it is necessary to have a single particle-size estimator

ti’
which'approximates the entire,particle-siée ihterval. -Since
the particulate distfibution is approximately log-normally
distributed, the geometric mean diameter on a mass basis, Dg3i'
is chosen as a point estimator for a finite particle-size
interval, i. Valugs of Dg3i arefcalculated by integrating the
weighted 10g—normél probability-density function over the
finite interval, ahd then dividing by the probability of
occurrence. The method is outlined in Appendix B. Finally,

D is incorporated into Equations 2.1 and 2.2 to gompute

g3i

Vi and into Equations 2.22 and 2.28 to compute Vdi'
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C. .Particulate Deposition Calculations

The,Sburce strengih estimates'describéd in section III.B
- can be incorporated into_Eéuation 3.1 to predict the time-
'dependent concentration and. deposition flux at various down-
wind distanceé, which, in turn, may be used.fo calculate thei
downwind'deposition. |

The,definition of deposition flux given by Equation 2.15
can readily be extended to allow calculation of the deﬁositioﬁ
per vehicle pass at any deposi;ion height, éd’ by‘integrating
over timé§ Thevresuiting‘general>equation for the‘déposition

per vehicle pass is given by
2, = Vg f Xp (X124,£)dt. . (3.11)
S .

where'xp(x,zd}t) is given by Equation 3.1 evaluated at z = z3

 and where Q, is replaced-with sz.‘ If we define’

m .
12 '= j Xp(xlzdrt)d,tr" ’ L ‘ (3-12)
o ) .

“then Equation 3.11 becomes

Q =V

0, = Vgl . (3.13)

where Iz is evaluated by Simpson's method of numerical inte-

gration.
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For aAfinite particle-size interval, i, values of Qp,
Vd and I, are replaced with Qpi' Vdi and Iy, respectively.
Thus the fractional deposition per vehicle pass corresponding
to the ith particle size interval is given by

Ui = Vailas L (3.14)

and the total deposition per vehicle pass is

Tos = T % | > (3.15)

The same patticle—size estimators for a finite interval found

in section III.B are also applied here.
D. Particle Effective Area Coverage

In this section the deposition caléulations‘deécribéd in
~.section III.C‘arevconverted to an effeqtive'areavcoverage.
~ These effective area cdvérages are then used to estimate the
total and aaily ﬁumber of vehicle passes allowed (as a func-
tion of‘thé downwind distance) before excéeding an arbitrary
Astandard. | |

To obtain the area éoverage of the partiéles, we must be
"able to cohvert_the deposition, whichfis on a mass basis, to
the perﬁenﬁage:of areé.covered by the'partiéles, which isﬁon
an érea b;sis; Fortunately, such'a-tfansformation‘gxists

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-probability plot
of the éumulative deposition less than a stated particle size
reveals the ?artiéulate deposition downwind of an infinite
instantaneous line source is appfoximately log-normally
distributed. The population parameters",-Dg3 and oé, are read
directly off this grgph. Values of Dg3i énd cgi are‘then
found by'intégrating the weighted probability density function
(which is a function of Dg3 and-og) over the finite particle-
size intcrval, i, and dividing by the probabilitonf occur-
rence. Next, the corresponding'geometric mean diametér on an

area.ba51s, DgZi' is calculated from DgB'

i and Ogi by applying

the transformation which exists between any two bases for a

log-normal distribution. Finally, D is used in any equa-

g2i
tion‘which'fequires'a representative particle diameter on an
area basis. |

:The particle area coverage pef'vehicle pass is éssumed
to be equal to the perpendiéuiar surface area per particle
times the number 6f partiéies deposited per ﬁnit area per
vehicle pa;s( “p' For simplicity, we assqme a éingle-layer of
particleé,.thereby eliminating the introduction of conditional
probabilitiéslassociated with overlapping éondiﬁions. When
theAmaximum 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 prbduét of the actual area coverage times a dimen-
sionless contrast coefficient, R. Thié coeffipient is
experimentally determined and is between zero and one, where
R=1 denotes maximum contrast. Thus, the EAC per vehiéle’

' pass, Ep, for homogéneous particles of radius, r, is.given by

- 2 .
Ep, = R(rmx )up. {3,16)

An expression for.up is obtéined from the definition of
.depositioh.~ Depbsition, which is just the méss per unit area,
ﬁay'bé thought of as the-numbeerf particles per unit area
times the masé’per particle. Thus the deposition per vehicle

‘pass,'ﬂp, is given by
‘ 4Qnr3 | : '
R, = My, [ ] - S (3.17)

where'p'is the particle density and r is the particle radius.
Solving'for up and subétituting into Equation 3.16 yields the

following expression for'the EAC ‘per vehicle pass:

E = R(nr’) —Es g * (3.18)
P 4mpr o .
Simplifying Equation 3.18 yields
’ 3RO . . .

where D ia the particle diameter.
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For -a finite particle-size interval, i, values of Ep, Qp
and D are replaced with Epi' Qpi and D. . respectively. Thus
the fractional EAC per vehicle pass corresponding to the ith
particle-size interval is given by

3RQ

_ B ) | -
E; = ip—gz | (3.20)

and the total EAC per vehicle pass is given by

E = - 3.21
ps i Epl (3 ')

Here Dg2i is assumed to be a valid estimator of D, 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 calculafed, it is necessary to
relate these results to some specified dust—dépositiéh level
that quantifies a nuisance level. Earlier quantification
experiments.fHancock, Esmen, and Furber, 1976) tentatively
determined'detectable and objéctionable lévels of dust uSing
a photometric methqd‘and a banel survey. These studies found:
(1) an effective area coverage (EAC) of 0.2% by dust can be
percei?ed under ‘maximum contrést ccnditiéns, (2) the minimum
perceivable difference between varying gradations of shading

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‘ét large. ;The latter
two results are juét the informatiohAthat i§ required to
complete the quantiﬁication procedure, since_they set both an .
absolute depositidn‘limit‘and a maximum dustfall rate. |
‘Dividing the 0.7% EAC standard by the total EAC per

vehiclé pass results in a first approximatioﬁ of the maximum
numbér of vehicle paéses permitted before exceeding fhe
ubjectionable dust—deposition level. Similarly, di?iding‘the‘
- 0.17% EAC/daf dustfall rate by the total EAC per vehicle pass

" gives the méximum number'of vehicle passes permitted per day.
This~cbmpletes the quantificatibn methodoldgy for deter-
' hining thé_envirbnmenﬁé; impact gf particulate depositidn_

resulting from vehicles traveling dry pnpaved'roadways.
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IV. DATA ACQUISITION

A. Equipment, Measurement Procedures,
and Data Handling

'l. Meteorological data

'Meteorological data were collected ﬁsing 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 moistufe
were measured with a sling.psychrometer. The amount of
incoming'solar radiation was estimated by considering the solar
angle and degfee of cloudiness. Together, these were used to
determine the étmospheric stability by applying the Pasquill-

Gifford stability classification method described in Appendix A.

2. Particulate sizing‘data

An ANDERSON 2000 HIGH-VOLUME PARTICLE-SIZING SAMPLER, on
loan from the State Hygienic Laboratory in Iowa City, aero-
dynémically sized sﬁSpehded pafticulate matter into four
fraétionations'inithe heéd (1.1, 2.0, 3.3, and‘7.0Amicr6ns
[um]); with a submicron back-up filtéf; When operated at-a.
floQ rate of 20 cubic feet per minute, the five_groups are
7.0 uym or larger, 3.3 um to 7.0 um, 2.0 um to 3.3 um, 1.1 um
to 2.0 um, and less than 1.1 ym. These correspond approxi-

: mately.to pafticle sizes penetrating to the nasal canal,

trachea and pfimary bronchi, secondary bronchi, terminal
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bronchi, and alveoli, respectively (Ahderson 2000 Inc., 1976,
Mainwa;ing and Harsha, 1976). For spherical particles with a
"~ density of 2.54g/cm3} these approximately corréspond to 4.5

um or larger, 2.1 um to 4.5 ﬁm, 1.25 ﬁm to 2.1 uym, 0.7 um to
1.25 um, and less than 0.7 um. 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 ordinateland-the cumulative probability'
by weight as the abscissa. If the cumulation distribution
becomes a straight line, then the data are log-normally
distributed.. Finally, the maSs.of‘particuléte matter captured
byvthe ith‘éampling'stage (i.e., particle-size range) is con;
‘verted_to'a time-averaged concentration expressed in micro-
grams.pér cubic meter ((ﬂg/ﬁ3);‘this is given by

= (samplé-mass - g)(lO6 ug/qg)
~ (sampling duration - h) (20 ££>/min) (60 min/h) (0.3048 m/ft)>

(4.1)

which has an assuméd flow rate of 20 ft3/min.

Log-probability plots of the data suggést that suspended
particulates are log-normally distribﬁted. - The log-normal
distribution described in Appendix B is frequently used to
approximatevthe.actual pérticulate-size spectra and annual
distributions (Larsen, 1969; Hale, 1972). Thio is especlally

" marked for ambient conditions that are not biased by numerous



49

larger particles typicélly present'near particulate sources.
Furthermore, other studies (Mainwaring and Harsha, 1976) sug-
~gest the ;og—normal distribqtion'to be most appfopriafe fdr
charaétérizing particulate levels in industrial and urban

areas.

B. Experimental Data

l. Ambient conditions

Before détermining the impact of dry unpaved roadways, it
is fifst necessary to have an overall assessment of baokgrbund
suspended—particulaté levels. Ambient.size aistributions and
 associated concentrations were measured on the Iowa State
University campus and at the Iowa Coal Project (ICP) mine site
‘office. Background leﬁels at the mine site were measured in
absence of any mining activity (i.e., on Saturdéy afternoon)
upwind from the mining pit. Both aﬁbient samples yielded
éohparable results.

For cbmparisén purpqées, ambiept aerodynamic size distri-
‘bution data of suspendéd particles fur Des Moines, Iowa and
Iowa City,.iowa are given in.Tables 4.1 and 4.2'respéctively,
These ére the only size-distribution data availéble for this
part of.the state, according to Iowa pepartment of Environ-
mental Quality personnel. Interéolation betweeh Iowa City and
Des Moines is not recommended because these two.locations are

predominantly urhan and the ICD mine site is§ ¥Yural.
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Table 4.1. 1975 Ambient aerodynamic suspended-particulate
sizing data in percent, Des Moines,
Location (Arthur at Oxford)

Iowa - East

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 175 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

(see Section IV.A), indicate that about 33% to 43% of all

particulates are 7 microns in diameter or larger, and are

These data, together with the fate of inhaled particles .

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

wili 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 ... 2.0-3.3 - 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 Wov 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 Dec 76 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

——— - —— ———— ——— —_— - T S M S, G T e G S G S - T GFR M S M S e - S D S - S e S S -

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

1l 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 '16.2 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 thanA7 um in'
diameter together with those in the submicron group account for
nearly 60% to 70% of all inhaled particulatés.

Most data pertaining to suspended particulaﬁes are
obtained using a high-volume air flow and gravimetric technique.
Although these'data are not as informative as éizé distribu-
tions, they are easier to obtain and analyze; hence most
governmeﬁtal agencies ﬁse this method, especially in smaller
ﬁrban areas. Table 4.3 gives monthly‘suspeﬁded-particulate
data for Pella, Iowa from January 1976 through February 1977

as measured by the high-volume technique.

2. Unpaved roadway contribution

High—volumé, aerodynamically-sized particle disﬁributions
were measured in five separate experiments that were conducted
during August and September 1976. Measurements were taken at
three gravél-road locations (one in Story Cbunfy, Iowa and two
in Mahéska County, Iowa) to estimaté order-of-magnitude con-
centrations of suspended'particles'withinA100 ft of a gfavel
road. Experiments consisted of making 20-50 passes in a 4100-
ib‘statiOn wagon driven at 40 mph paét a sampler 12-50 ft from
the road cénterline. ‘Measurements were taken dewnwind of dry

unpaved surfaces during sunny afternoons with wind speeds of 5
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Table 4.3. Monthly ambient suspended-particulate data, Pella,
Towa - 216 Liberty St. (micrograms per cubic meter)

Arithmetic Standard Geometric Geometric

Month mean deviation mean standard
S P 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
gan 77  36.54 ~10.29 35.27 0.3066

Feb 77 35.27 4.03 35.12 0.1110

to lO-mph.:.Also.available were particle-size distribution data .
ofldirt-road.emissibns in Morton County, kanéas énd Wallace
County, Kansas (Us EPA,'1974); the Kansas dirt-road dataJshown
in'Figure 4.1 are similar to the Iowa graﬁel-road data, though
biased toward émaller particles.

Figure 4.1 together with Table 4.4 shows that the Iowa

gravel-road data contain a higher percentage of large pérticles



Figure 4.1. Particle-size diameter graph of experimental suspendéd-particulate
sizing data based on a particle density cf 2.5 g/cm3
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Table 4.4.

Aerodynamic particulate-sizing ‘data in percent during dry conditions

Particle-size distribution in microns

Locétion Date Submicron . : ,
' <1.1 1.1-2.0 2.0-3.3 3.3-7.0 >7.0
. Ambient measuréments o
ICP mine site’ 18 Sep 76 36.1 8.5 11.9 - 11.5 32.0
ZSU campus . 23 Aug 76 36.8 8.4 7.4 14.2 33.2
Average 36.4 8.5 9.7 12.8 32.6
B. Gravel road measurements ' | _ N
Story County, Iowa 31 Aug 76 14.4 4.4 13.1 24.8 43.3
Mahaska County, Iowa 27 Aug 76 20.9 1.5 7.5 31.3 38.8
Mahaska County, Iowa 11 Sep 76  11l.1 4.6 10.1 21.3 51.9 .
Average 15.5 3.5 10.2 26.1 . 44.7
C. Dirt road measuremen:s o _ :
Morton County, Kansas 6 Jun 73 8 16 25 30 21
Wallace County, Kansas 12 Jun 73 - 17 9 15 . .32 : 27
12.5 12.5 20 31 24

Average

99
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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 periqu. Roadway
surfaces tend to dry of f very rapidly if meteorological condi-
tions are conducive or the traffic flow is moderate; the
results are, therefore, representative of conditions that
frequently exist. The percentage of particulates greater than
or egual to 7 pm is increased épproximately 5% to 15% above
normal ambient levels, and increases of 5% to 10% are obéerved
in the next smallef range. Consequently, smaller-size ranges
show a aecrease. This is expected because fewer iarge particles
are required to shift the size spectra due to the greater mass
per particle.

Table 4.5 shows theApercentage of the‘total contribution
below a graphically-determined aerodynamic particlé diameter
for the dirt- and gfavel-road studies. Typically, 50% of the
gravel—foad particleslgeneratedbby'passing vehicleé have
aerodynamic diameters of approximately 5.4 to 7.5 um Whereas
50% of the dirt-road particles generated by passing vehicles
have‘aerodyﬁamic diameters of approximately 3.5‘to 4.0 nm or
less. Avefage point conceﬂtrations are extremely difficult to
measure aue to the rapidly changing plumé 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

Lozation

Percentage less than for an aerodynamic diameter

Date 20% - 30% . 40% 50% 60% 70%

A. Ambient measurements

ICP mine site - no
activity

ISU campus. - no
activity '

B. Gravel road measurements

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

C. Dirt road measurements

Morton County, Kansas

Wallace County, Kansas

12 Jun 73  1.35

18 Sep 76 - N.A. -~0.7% 1.5 2.5 4.2 .82

23 Aug 76 N.A. ~0.7® 1.4 2.9 5.0 ~8.5

31 Aug 76 2.1 3.1 4.3 5.8 ~7.6% N.A.
27 Aug 76 ~0.7% 3.3 4.3 5.4 6.9 N.A.
11 .Sep 76 2.6 3.9 5.5 ~7.53 ~1023 N.A.
6 Jun 73 1.8 2.3 2.8 3.5 4.3 5.5

2.3 3.2 4.0 5.1 6.4

aExtrapolated aerodynamic particle diameter.

bAir pollution advisories were in effect for part of the sampling period.

8§
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Dust concentrations from traffic on gravel roads ére_
extremely Qariable over short distances. Dust plumes are
observed to maintain their original shépe for considerable
distances aownwind over open'fields.,'In the vicinity of farm-
steads, increased surfaﬁe roughness (i.é.,'trees,‘shrubs, |
buildings) enhances mixing and slows horizontal transport,
thereby increasing local deposition. - No time-ave;aged concen-
trations are'available for the Mahaska County gravel-road
experiment on August 27, 1976 because of a faulty_gasoline—
However it was possible to determine the particle-size distri-
bution (withut a knowledge of the sampling durétion), but not
the time-averaged 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 meﬁhodology described in Chapter III
is used to test the sensitivity of line-source-generated
particulate-deposition amounts to. atmospheric stability, rough-
ness height, deposition height, source height, and wind speed.
Also explo;ed 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
224m'is used to determine the particulate-size distribuﬁion,
and this measured éistribution is extrapolatéd back to.the
source. The particle-size-distribution statistics, as deter-
mined by the cascade impéctof, are also assumed invariant. The
five modeling parameters are tested to determine how each, with
all possible combinations of the other parameters, affect the
'totai deposition at the logarithmiéally—spaced distance of 4,
8, 16, 32, 64, 128, 256, and 512.m.

The chosen parameter values represeﬁt a wide range of
observed, bﬁt not extreme, conditions. Forbexample,.the
deposition-velocity algorithm described in section II.A.4 is
not applicable for roughness heights in excess of abéut 0.1 m.
An order-of-magnitude variation in the roughness height should
cover a wide range'of conditions, consequently roughness height

values of. 0.01 m and 0.10 m, corresponding to bare solid grdund
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and mature root crops, respectively (Stern, 1976), are tesﬁed.
These iimits 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 fhe logical
lower limit. However, vehicle-induced furbulence causes a non-
zero effective source heighf. Observations reveai the initial
particulate plume has an effective source height in the lowest
two meters; thus a mean height ef 1 m was chosen for a repre-
sentative nonzero value. Although deposition heights'are
usually aesumed to be at gruund-level, Sehmel and Hodgcon (19276)
consider a i-m'depositiqn height. These two values then form
the lower end upper limits for the deposition heights tested.
Wind speed values between 1 m/s and 5 m/s occur frequently and
are representative of a wide range of conditions and hence are
chosen for seneitivity'testing. Furthermore, particle%
resuSpensien considerations are assumed negligible below the
5 m/s upper limit. The log-liﬁear wind profile is most
reliable where departures from neutral conditions are small;
thus,VAeposition sensitivity tests are limited to stability
classes B, D and E.

In Table 5.1 and Figures 5.1 through 5.32 particles are
‘treated as equivalent spheres with a deneity of 2.5 g/cm3.
The particle-size intervals [i.e., <1.1 ﬁm, 1.1 ym to 2.0 um,
2.0 um to 3.3 ﬂm, 3.3 ym to 7.0 ﬁm, and 7.0 pym] are assumed
to have mass distfibuted in the ratio of 14.40:4.41:13.10:

24.77:43.32, respeétively; these proportions approximately
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Table 5.1. Downwind-percentage contribution by particle-size
. range (um) and total downwind deposition (ug/m2)

from an infinite instantaneous line source of

1.0 g/m during neutral conditions ‘

Total deposition

Modeling Particle . Downwind distance (meters) _
parameters = size range -4 8 16 32 64 128 256 512
u=1m/s <1.1 1 1 1 1 2 3 4
h=0m 1.1-2.0 1 1 1
zg = 0 m 2.0-3.3 3 3 3 4 5 7 10 15
z, = 0.01 m 3.3-7.0 10 11 12 14 16 20 27 37

' >7.0 86 84 82 80 75 68 56 37
Total deposition 378 237 142 80 41 20 8 3
u=1mn/s <1.1 11 13 - -
h=0m . 1.1-2.0 2 4 4 - -
zg = 0m  2.0-3.3 7 10 11 12 12 - -
z, = 0.10 m 3.3-7.0 20 22 23 24 24 24 - -
>7.0. 67 62 57 53 50 47 - -
Total deposition 588 254 105 41 16 6 - -
u=1ms <1.1 1 1 2 2 3
h=0m ' 1.1-2.0 1 1 1 1 ‘
zg=1lm . 2.0-3.3 '3 4 4 4 5 6 12
z, = 0.0l m 3.3-7.0 ‘11 11 11 12 .14 17 22 32
' C>7.0 84 83 82 81 78 74 64 47
Total deposition 41 67 69 54 35 20 10 4
‘4= 1 m/s <1.1 9 10 10 12 14
h=0m 7 1.1-2.0 3 3 4 4
z4 = 1m 2.0-3.3 9 9 10 10 11 12 13
'z, =0.10m 3.3-7.0. 19 20 20 .20 21 22 23 26
~7.0 "GO0 60 B3Y 58 ‘56 54 50 42
132 138 112 77 47 26 13
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"Table 5.1 (Continued)

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

=1m/s <1.1 101 1 1 2 3 4

u
h=1m , 1.1-2.0 1 1 1 1 1 2 2 4
zg = 0'm 2.0-3.3 3 3 4 4 s 7 10 15
z, = 0.0lm  3.3-7.0 10 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
u=1m/s <l.1 4 5 7 9 11 13 - -
h=1m - 1.1-2.0 2 2 .3 3 -4 & - -
zg = 0m . 2.0-3.3 8 9 10 11 12 12 - -
'z = 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=1lm/s . . <l.1 2 2 2 2 2 3 4
h=1m 1.1-2.0 1 1 1 1 1 .1 2
zg=1m 2.0-3.3 4 4 4 4 5 6 8 12
2z, = 0.0l 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 5
u=1m/s . <l.1 9 9 9 9 10 10 12 14
h=1m 1.1-2.0 . 3 3 3 3 3 3 4 4
zg = 1m 2.0-3.3 9 9 10 10 10. .11 12 13
z, = 0.10m = 3.3-7.0 20 20 20 20 21 22 23 26

>7.0 60 60 59 58 57 54 50 42

Tulal deposition 192 150 120 87 56 32 16 7



Table 5.1

(Continued). . .. . .. L
Modeling Particle 'Downwind distance {meters)
parameters size range 4 8 16 32 64 128 - 256 512
u=5m/s <1.1 1 1 1 1
h=0m 1.1-2.0 1 1 1 1 2 _
zg = 0m 2.0-3.3 3 3 4 5 8 11 14
z, = 0.0l m 3.3-7.0 12 13 15 17 21 24 28 31
©>7.0 84 82 79 75 70 63 . 55 46
Total deposition 361 217 124 67 34 17 8 4
u=>5m/s o <1.1 2 4 5 7 10 . - - -
h=0m ~1.1-2.0 1 2 3 3 4 - - -
z.,=0m 2.0-3.3 7 9 10 11 12 - - -
z = 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 “<1l.1 2 v2 3 3
h=0m 1.1-2.0 1 1 2 2
z=1m - 2.0-3.3 7.7 8 10
z_ = 0.0l m 3.3-7.0 200 20 20 21 21 22 23 24
>7.0 70 69 69 68 67 65 63 60
Total deposition. 24 39 42 35 25 16 10 5
u=5m's <1l.1 10 10 10 10 11 11 12 13
h=20m 1.1-2.0 4 4 4 4 4 4 4 4
zg=1m 2.0-3.3 12 12 12 12 12 12 12 13
2z, = 0.10m - 3.3-7.0 24 24 24 24 24 24 24 24
>7.0 51 50 50 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 l6 32 64 128 256 512
u=5m/s <1 1 1 11 2 2
h=1m - 1.1-2.0 1 1 1 .1 1 2
zg=0m 2.0-3.3 3 4 4 5 6 8 10 13
z, = 0.0l 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=5m/s . <11 3 4 5 7 10 - - -
"h - 1m - 1.1-2.0 22 3 3 4 - . = -
zg =0m ©2.0-3.3 7 9 - 10 11 12 - - -
2z, = 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=>5mn/s ~ <l.l 2 2
h=1m. 1.1-2.0 - 2 2 2
zg=1m 2.0-.3.3 7 7 7 7 8 8 9 10
z, = 0.0lm  3.3-7.0 20 20 20 21 21 22 23 24
>7.0 69 69 69 68 67 65 63 60
Total deposition - 73 53 42 34 26 18 11 6
u=>5m/s ° <1l.1 10 10 10 10 11 11 12 13
h=1lm ~1.1-2.0 4 4 4 4 4 4 4 4
zg=1lm 2.0-3.3 120 12 12 12 12 12 12 13
z,=0.10m  3.3-7.0 24 24 24 24 24 24 24 24
>7.0 51 50 50 50 49 48 47 46

Total deposition 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 calculafed depositions for the no-background assump-
tions were compared to calculated depositions assuming a
260 ug/m3 background. The 260 ﬂg/m3 background corresponds to
the present 24~hqur—average primary staﬁdard'for suspended
particulate matter as specified in the National Ambient Air
Quality Standards. The assumed 260 ﬁg/m3 background was -
divided among the particle-size ranges (represented by <1.1,
1.1-2.0, 2.0-3.3, 3.3-7.0, and >7.0 um) in.lhe ratio of 30:b:
10:15:40, respectively. These proportions aéproximately corre-
spond to the average ambient particulate-sizing data given in |
Tables 4.1 and 4.2. For a 260 pg/m3 background, the zero-
background assumption causes an error of.ébout l0% 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 inciudes a
correction for theAactual ambient concentration, if it is
knbwn. |

Due to machine limitations, on the dual system IBM 360
model 65 and ITEL AS/5, it was impossible to calculate the.
deposition at several large downwind distances, especially for
large particles (greater £han 7 um) over rough surfaces, seér

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 functibn decreases. The net
result is an approximate balance between the .two functions}
with the latter dominating. Obviously, deposition calculationé
become erroneous when either function experiences underflow or
overflow conditiéns; this is very apparent when deposition is
plotted as a function of downwind distance. Underflow (which
usually precedes overflow) occurs when the complementary error
function argument exceeds approximately 13.3,~resulting in a
suddcen incrcdse by several vrders of maghitude ot the
calculated deposition;

A sﬁudy 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 sméll,number resﬁlts from
the differehce of two large numbers. When the third term
becomes zero an artificial increase appears. . A large argument
¢f the complemehtary error function_results from large deposi-
tion velocities associated with rough surfaces; althdugh suf-
ficiently.large source and depositioh heights can also
contributehto the érgument. It is fortunate that underflow
conditions occur well beyond the deposition peak, making it
possible to extrépolate the results into regions where machine
limitations give e;roneous'results;' |

When a significant portion of the total particulate-size

distribution experiences a large4gravitatiohal fall velbcity,
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an appafent violation of mass conservation may exist for
certain source-deposition surface geometries. Normal
atmospheric-turbulence levels allow upward diffusion of smaller
particles, but- the greater fall velocity of large particles may
overshédow,their vertical transport. Since large particleé
comprise 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 esbecially likely over smooth surfaces,
which lack the additional impetus of mochanically induced
turbulence..EIn’summary,'the validity and épplicability of mass
éonserQation principies are dependent upon the particle-size
distribution and source-deposition height geometry.

Recapping; deposition sensitivity tests are pgrformed on
atmospheric stability, sufface roughness, deposition height,
soﬁrce height, and wind séeed for thelconditioné ranging from
moderately uhstable tb slightly stable, 0.0l m to 0.10 m, O m
tolm, Om fo 1 m, and 1 m/s to 5 m/s, respectively, Figures
5.1 throuyglh 5.32 show the downwind deposition, for various
combinationslof.the five modeling parameters, whiéh résults
from‘an infinite instantaneous. line source emission of 1.6 g/m.
Results ana discussions are based on deposition calculations
at logarithmically-spaced downwind distances ranging from 4 m
to 512 m, inclusive. Table 5.1 shows the percentage-

contribution variability for different particle-size ranges
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for each modeling parameter over a range of conditions

typifying a rural envifonment.
B. Response to Atmospheric Stability

Atmospheric stability does not appear directiy in the
diffusion-deposition model, but it influences the friction
‘ velocity, which in turn effects the deposition velocity and-
rate of deposition. Itvwill be shown, using Figures 5.1
through 5.32, that the overall deposition sensitivity to
stability is weak when compafed to surface roughness, deposi-
tion height; and source height; whereas only wind speed seems
to have a qomparable‘influence. Some of the general effects
displayed by atmospheric stability are also observed for other
sensitiVity parameters, and a discussion is givenAin the
following paragrabhs.

When thevdeposition height and source heighf are different
(see Figures 5.2, 5.3,.5.6 and 5.7), greater instability is
initially morc cffeclLive in transporting tﬁe plume to the
depositinon surfacc.. CoﬁSequéntly, there is more deposition
close to ﬁhe infinite'instantaneous line source during,unstablg_'
conditions than during Stgble cohditions.

When the deposition height and source height are the séme,
it is expected that greater depoéitiqn should bccur close to
the éource under stable conditions; because the plume will

diffuse less rapidly away from thé COmmon height.  Figures 5.1,
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5.4 and 5.5 are in agreement with this for smooth surfaces.
Here, the thermally induced turbulence (due to atmospheric

. instability) is distinguishable from the normally dominate
mechanically induced turbulence (due to surface roughness).
Cases of apparent'disagréement with this discussién, such as
Figure 5.8, result from the overbearing effect of mechanically
induced tﬁrbulence 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, +he relative contribution’ for
stability classes B, D and E at small downwiﬁd distances is
expected to be opposite that‘of large distances; however some
of the figures do ndt contain a crossover point in the range
0f 4 m to 512 m. Several factors could result in a crossover
point outside these limits. First, if the stability dependence
is weakA(See Figure 5.1) then the crossover point may be post-
poned for a cénsiderable distance.: Second, less deposition
at small distances must bé compénsated by more deposition down-
wind; here a péak depusiinn value in excess of approximateiy

4

10 ,g/mz 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 S.i and 5.5) -could produce a crossover point either
léss than 4 m or beyond the point of machine underflow. The

question as to whieh region c¢ontains the crossover point is
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indeterminate becaﬁserf 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. Figﬁre'S.S for a
roughness height of 0.10 m lénds support by showing a slight
convergence at the D and E lines at 64 m. This qﬁestion could
be resolved if caldulatéd depositions were available beyond

64 m,

Overall, Figures 5.1 through 5.8 show the sensitivity of
deposition to atmospheric stabilit§ for various conditions.
The graphs show déposition difference between stability classes
B and E averaging about 20%, with a maximum of about a factor
- of two. This factor of twd is considerably below the order-of-
magnitude ﬁariations'caused by other parameters. 1In brief,
deposition amdunts are relatively insensitive toAatmospheric
stability.

" Next, consider the relative contribution of different
particle sizes ftor differenf stability classes. .It is
fortunate that, for a given set of conditioné, downwiﬂd 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
consider&ble'simplification when considering the deposition

sensitivity to variations in the particle-size spectrum for
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other modeling parameters. With only oné stability case
' requiringAconsideratibn, tﬁe neutrél case (see Table 5.1) was
chosen.

In summéry, the'depbsition sensitivity to atmospheric
stability‘is limited to about a factor of two, but usually is
only about 20%. Furthermore,vatmospheric stability has a
negligible4effect 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 exémining the depnsition sensiﬁivity to other wudeling

parameters.
C. Response to Roughness Height

Although the roughness height aoes not appear explicitly
in the diffusion-deposition model,iit significantly influences
the deposition by controlling the near-ground-level turbulenée
'»via the friction veldcity and, in turn, the depositionlvelocity
and rate of deposition.

A study of Figures 5.1 through 5.8 shows two_pronounéed
featufes. First, deposition closevté the source is -always
greater over fough surfaces (i.e. the dashed lines) than over
smooth surfaces (i.e. the solid lines). This probably results
from more efficient parficle transporﬁ to ahd caéture by the
rough surface. BAs for'stability, roughness height line-cross-

_over points are required by the mass conservation principle.
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So too, thefe 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 tﬁroUgh 5.8
is the much greater deposition sensitivity to surface roughness
than to atmosbheric~stabi1ity. Recalling from section II.A.3,
where for a near-ground-level source theAthermally 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 sﬁrface.foughness. It can be seen in sections II.A.3 and
II.A.4 that increasing the surface rouéhness causes a larger
friction velocity, which enhances theAvery-influencial deposi-
tion velocity resulting‘in more deposition. Deposition differ-
ences due to. different roughness heights may be in excess of
one ordef of magnitude, but usually differences are only half
this amount. Therefore, deposition is very sensitive to”
roughness height.

An examination of Teble 5.1 reveals that the pefcentage
contfibution of large partieles to the total deposition_is lese
_over rough surfaces than over smooth surfaces. Aitentative
"explanation is that, over smqoth surfaces, the settling
velocity is of primary iméortance in depositing the larger
particles,‘While the smaller particlesAare'allowed to diffuse'

vertically. Over a rough surface there is a greater amount of
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low-level turbulence near the deposition sutface, which
probably réduces the importance of the'setﬁling term. This, in
turn; redﬁces the‘seléctive size~-dependent-deposition contribu-
tion due to large particlesr therefore all sizes of partiCleé
have a more equal chance of becoming deposited over rough
surfaces.

'Since the roughness height is a major faétor in determining
the low-level turbulence, and is indépendent of the deposition
height and source height, it is nét surprising to find that the
~percentaqge particle-sige contribution for a given roughness
height is only sliqhtly dependent upon the source.height and
deposition height. Roughness height enters the diffusion-
deposition model by way of the stability-dépendent log-linear
wind profile. However, the stability influence is minimal very
close to the ground, and so too'is its effect on the relative
particle—siée contribution to the total deposition‘for a given
roughness height. Wind speed has the distinction‘of directly
altering the deposition by way of the friction‘velocity, while
also countrolling the plume advection. The net result ié 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‘la;ge distances, whereas
a decrease is exhibited during stronger winds .

In summary,‘the roughness height is a very fundamental

- paramelter having considerable impact on the downwind deposition,
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evidenced b& the order of magnitude variations it produces.
Tpe‘relatiVé éafticle*size contribution is remarkably insénsi-
tive to the,roughnéss height for different source-deposition
height geometries, but displays greater sensitivity to rouéh—
ness height when accompanied by changes_in wind speed and, to
a lesser extent) atmospheric stability.  In‘addition, situa4
‘tions differing only in roughness height display the common
feature that the relative contribution of ﬁhe small particles -
is consistently greater over réugh‘surfaces'than over smooth

curfaoco.
D. Response to Deposition Height

Thé déposi#ion 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 fhe deposition Height may not appear explicitly} its
impact is observedAin a very critical parameter.

An examination of Figures 5.9 through 5.16 reveals.two
pronounced features;‘ First, deposition close-in is usually
greater for é ground-lével depositioh_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 exceétions»are Figures 5.11 and 5.15 which
havé a source height and deposition height both at lbm. Here

the common l-m height allows the deposition 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 sevérai
meters). Once the particles have had sufficient time tb fall
an appreciable digtance, the lines créss(and follow the usual
pattern. | |

The seéohd‘pronoﬁnced feature of Figures 5.9 through 5.16
is that, as for atmospheric stability and4roughness height, the
crossing of the‘deposition4lines occurs because:of'maés con-
servation. Here all eighf cases seem to have their crossover
points between 4 m'énd 512.m. Furthermore, the deposition. |
sensitivity to deposition height is considerably greater than
for atmospheric stability. As for roughness height, deposition
differences due'ﬁd different deposition heights may‘be in
excess of one order of magnitude.

Thé data in Table 5.1 indiqate that at small distanées
from the infinite instantaneous line source, the éércentage‘of
large paftigles éontribﬁting to thé total deposition is usually
greater for a ground-level deposition héight. This is.reasdn?
4ab1e since the relatively large effect of .settling (compared'to
'diffusion) aésists the'particles.in reaching the iower surface.
Further downwind the reverse occurs, in that the‘percenﬁage of
large particles contributing to the total deposition is
relativelylgreater at 1 m than at‘grouﬁd level. A tentétive
vexplanation for this-uneXpeéted result is the initial upwind

depletion of large particles for a ground-level deposition
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surface. It is also plausible that the percentage contribution
to the total deposition due to small particles should beﬂave in
'a manner opposite that of large particles. The data in Table
5.1 seem te be iﬁ agreement with this.

It is noteWorthy that these effects are amplified for.
greater surface roughness and are diminishea for increased wind
speed. For example; consider a ground—1e§e1 source in a mean
wind ef 1 m/s. When the roughness height ie 0.01.m, the per-
centage of deposition due to submicron particles (<1.1 pym) at
4 m and 512 m ranges from 13 to 8% and 1% to 6%.for a deposi-
tien height at ground level and 1 m, respectiveiy; however,
when the'roughness height is 0710 m, the percentage of submi- -
cron particles at 4 m and 128 m ranges from 4% ﬁo 13% and 8%
to 10% for a deposition height at ground level and 1 m,
respectiveiy, When the roughness heightAis 0.0; m, the percent
of deposition due to large particles (>7.0 pm) at 4 m and 512 m
ranges from 86% to 37%‘eﬁd 84% to 47% for a depoSition,height
at ground level and 1 m, respectively; however, when the
roughness height 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
depositien height at ground level and 1 m, reepectively.

The aSpve seems to indicate that, regardless of particle.
size or fouqhness height, the l=m dcpoeition-height percentages
always lie within the corresponding percentage range of the

ground-level deposition surface; this is more marked for rough
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surfaces. This implies that smooth suffaces have a lesser
effect on the downwind particle-size-deposition percentages,
which is plausible. since rougher surfaces should bé more -
efficient only for close-in particle trénsport to the deposi-
tion surface, well before the depletion of»largé particles
bécomes.éignificant. | |

The reason»for the previously mentioned diminished effects
during windy éeriods (at SOmé doﬁnwind distance) is apparentlyA
‘related to the‘greater_plumevadvection. Here the greater wind
sPeéd reduces the interaction timc between Lhelpdrticulate
plume and the upwind deposition surfaée, resulting in less:
change per unit distance.

InAsummary, deposition is very sensitive to the deposition:
height as evidenced by the order of'mﬁgnitude variation dis- |
playéd in Figures 5.9 through 5.16. The relative contribution
of different particle sizes is more sensitivé to deposition
height over rough surfaces than smooth surfaces; similarly,
it is more sen51t1ve to dep051t10n height during calm periods

than during 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,l7 through 5.24

suggest Llat déposition sensitivity to different source heights
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'be considered as two séparate cases--that fot'a éround-level
deéosition sufface and that for an élevated deposition surface.
For a ground;level deposition surface, we must algo con-
sider the effects of surface roughness. Over smooth surfaces
(see Figures 5.17 and 5.21), deposition differenceé due to
different source heights vary from an order of magnitude at 4 m
to zero at the crossover boint, with‘differences tyéiéally
éveragihg a'factor of two or less. Over :oughAsurfaces (see
. Figures 5.18 énd 5;22),4order-of-magnitude differeﬁces pre-
dumiuaté, wiﬁh the crossover point occurring-at.less than 4 m.
This isvto'be expected from continuity considerationsSinée the
incréased,surface roughness should accelerate.the deposition
process and, in turn, move the érossover point'to smaller down¥
wind distances..‘ , | ‘ | _
Fiéures.5.19, 5.20, 5;23'and 5.24 show that, for a 1l-m
deposition height close to ﬁhe soufce, the effects of source
height Qith respect to the deposition sensitivity’aré appro#i—
mately a factorlof three greater for'smqoth surfaces than for
.roﬁgh surfaces, with downwind differences in both cases
approaching 30%. At large distances deposition is greater for
a l-m deposition height than for a ground-level deposition |
~surface. This is probably due to the downwind—depoéition'
source-height‘iines'which do not cross on account of the source-

deposition height geometry discussed in section IV.A.

L)
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From 0 m to 1 m the source height does not seem to
significantly affect the percentage contribution of differept
sized particles. This is shown in Table S.l, which reveals
that the maximum difference in the percentage contribution at
vany downwind distance is.abouf 2%, but usually is within 1%.
Two tentative explanafiohs are offered. First, the maximum
difference between the depositién height and‘the source height
was limited to lm. If the difference between the £wo heights-'
was significantly increased, tﬁen the present uniforﬁity
(i.e. the 2% difference) might not exist. Secrundly, the maxi-
mum sburqé height was limited to 1 m. If it were cdnsiderably
higher, then the iméortance of the parficle fall velocity and
- atmospheric Stability could result in significant differences
in the relative'cont;ibutions. . However, inéreasing the source
héight might void the present surface-layer treatment andv
require'additional study of surface layer and planetary
’boundaryjlayer interactions. Therefore, the line-source
height wés limitgd to relatively iow.values to insure the
validity of surfade—layer céncepts.

- In summary, deposition sensitivity to sourcé height is
less for elevated deposition surfaces than for ground-level-
deposition surfaces. ©Under the range of conditions. tested,
theseAdifferences usually approach about 30% further downwind,
the exception beinq a,ground—leVeljdeﬁdsition surface with a

0.01-m roughness height, whigh'displaYS‘én 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'Speed is a fundamental meteorological parameter that
enters into the diffusion-deposition model by way of (1) the
advection term, (2) the aetermination of atmbsphefic_stability,
and (3) thevfriction velocity. A brief glance of Figures 5.25
through 5.32 ¥Yeveals that deposition usually is qﬁite insensi-
tive to wind speed, except over smooth surfaces when the source
height and deposition heiéht are‘at 1 m (see Figufes 5.27 and
5.31); these excepﬁions will be'discussed later in this section.

| The rélaﬁive insensitivity of deposition to wind speed
(éxcludiﬁglFigurgs-5.27 and 5.31) results from a balance
between th factofs,_naﬁely the advection effect and roughness
effeét; The interaction time between the particulaté plume and
deposition surféce at some specified location is merely a
response to the advection component. As the wind speed
increases; the amount of time the plume may interactAwith the
deéosition surface decreases; thus, an inverse relationshib
exists for the .advection term.

The . roughness effect might also be termed the depésition~
velocity effect,‘because it, being a function of the surface

roughness, ultimately controls the rate of depoSition;
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Consider an.exéerimental situation where the roughness height
and wind speed meaeurement,height are fixed, and where the .

. log-linear wind profile éssumption'is sufficiently accurate.
It is observed that increasing the wind speed eausee a greater
friction velocity, which enhances the deposition‘velocity
resulting in more deposition. Thus, the roughness effeet
accounts for a direct relationship between the wind speed and
the rate of depoeition.

When the advectioﬁ effect and roughness effect are
cundbined, Ehe'net feeulf 1s a relatively low deposithn‘sensi—
tivity'to wind speed. However, isolating or reducing'either
effect.increaeee the deposition sensitivity to wind speed.

For example,'eonsider Figures 5.27 and 5.31 for a 1-m deposi-
tion height and‘a l-m source height over a smooth surface.‘ It
‘is observed that, close to the infinite instentaneeus line
_Source, the deposition is noticeably greater'for a wind speed
of 1 m/s; this eoincides with a regien where the adveetion
effect dominates. Close to the source, the eloﬁer-moving‘
plume has more time'te interacﬁ with the.deposition surface,
and thus its depositionlis.greater than the 5 m/s plume by
about a factor‘of two. However at appreximately 256-m the

el 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 notewortﬁy that while it is possible

to reduce the roughness effect in wind-speed-sensitivityAtests
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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 m
and 512 m. The notable exception is Figure 5.26 for ground-
level source and deposiﬁion heights over a rough.surfaqe.
4Because of the close proximity of the lines and lack of results
beyond the point of machine underflow, it is impossible from
the déta in Figure 5.26 fo determine whether the lines cross
before 4 m:dr beyond the point of machine underflow. The
latter is believed more 1ikeiy, because of the greater inter-
action time which is available to the 1 m/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 m.
Table 5.1 shows that, for a l-m depoéition height at small
downwind. distances, the percentage contribution of particles
less than 7.0 ym is less for a wind speed of 1 m/s'than for
5 m/s, while the percentage cohtributioh of particles larger
than 7.0 ym is greater for a wind speed of ‘1 m/s than for
5 m/s; at large downwind distances the opposite wind speed
relation is observed. fThis is reasonable since, close-in, the
relatively massive particlés have more time to interact with
the 1l-m debosition height, hence their contribution to 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
<partic1e—size percentage features as the l-m deposition height,
except that the percentage-of 1ess—than—2-ﬁm particles close-in
is greater for a 1 m/s wind speed than for é 5 m/s wind speed.
This deviation from the case of a 1-m deposition height is
compensatedAby particles in the 3.3 to 7.0-um size range. The
Aéhysical_significance of this is unknown. For both deposition
heighfs, the féster-moving plume experiences less change per
unit distance due to a shorter interaction time per unit
distance. |

In summary,Athe deposition is relatively.insensitive to
wind spged, except 6ver smooth surfaces when the source height
and deposition height are at 1 m, where a factor-of-two dif-
ference exists; The percentage contribution to the total
deposition'froﬁ iarge particles close-in is greater for a
1 m/s wind speed than forva 5 m/s wind speed, whereas at iarge
distanées the percentage,cgntribution 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‘thaﬁ al m/s plume because Qf the shorter intefaction

‘time per unit distance.
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G. Sensitivity Synopsis’

In sections V.B through V.F tHe sensitivity of deposition
caldulatioﬁs was considered_for.various modeling parameters.
Table'5.2 gives an overview of the deposition sensitivity to
atmospheric stability, roughness heighf, deposition height,‘
source height, ahd-wind'speed. Order-éf-magnitude deposition-
sensitivity estimafes are given for both maximum observed
differences and typically observed differences for each of theA
five modeling parameters, whereas the sensitivity of the rela-
tive particle-size contribution is subjectively evaluated for
the same variables.

Atmospherié stability, followed closely by wind speed and

source ﬁeight kexcludipg a ground—level deposition height over
a rough surface), is usually observed to havé the least
influence on the total deposition for the range of cohditions
tested.> Roughness height and deposiﬁion héight'have a con;
siderable impact on the deposition amounts, as evidenced by
the 0.7 érder-of-magnitude differeuces that.frequéntly occﬁr.
Tot#l deposition apparéntlj is most sensitive to source height
for a grouhd;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 seasitivity and relative particle-
size contribution sensitivity to various modeling parameters from an
infinite instantaneous line source of 1.) g/m

Total deposition Relative particle-

, sensitivity size contribution
_ (orders of magnitude) sensitivity
Modzling : _ A , © Maximum - Typical '~ Subjective
parameter _ . {Values tested) difference difference “evaluation
Atmospheric stébility"fB'D,E) | ' .3 .1  Minor
Roughness height 0.0l m, 0.10 m) 1.0 .7 Major
Deposition height ‘Om, 1 m) 1.0 ~', .7 " Moderate
" Source height ~0m, 1 m) :
excluding zq = Om, z, = 0.10 m 1.0 .2 Minor
'exclusively zgq = 0 m, z, = 0.10 m - 1.0 1.0 Minor
- Wind speed 11 m/s, 5 m/s) , C
excluding z3 =h =1m, z, = 0.0l m .2 .1 ' - Moderate

exclusively zq = h=1nmnm, z, = 0.0l m .3 .3 | ' Moderate

8TT
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contributidh'sensitivity (e,g.} moderaté or major). A notable
exception is the deposition sensifi#ityito source height for a
grouﬁd—level deposition héight over a rough surface. Heres
order-of—magﬁitude differeﬁces 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 significaptly less variation in the total deposition, but
experienceé moderéte vafiations 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-depositioh 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 meteorolegical and
terrain conditions. The surface roughness for the Kansas loca-
tions was unknown,Aso it was assumed to be approximately the
-same as.for the Iowa lbcations,_naﬁely about 0.05 m. For
simplicity, a zero-background concentration, and a maximum
contract between the deposition particles and thebdeposition
surface were assumed

The calculations for Story County, Mahaska County(_Mortoh
- County and Wallace County yielded, reséectively, a 4-m total
dep051tlon of 1010, 16600, 104 and 1430 ug/m -pass which corre-
sponds to 49 4, 270 and 21 allowable vehlcle passes, respec-.
tively, before exceeding the 0.7% EAC standard; these are
-'equivalent to 12, 1, 68 and 5 vehicle passes per day before
exceeding the 0;17% EAC/day‘standard.A At 256 m downwind the
respective deposition is 27, 352, 5 and 104 gg/mz-pass which
corresponds to 621, 65, 3200 and 103 allowable vehlcle passes,
respectlvely, before exceedlng the 0 7% EAC standard these are
' equlvalent4to 155, 16, 800 and 26 vehicle passes per day before

exceeding thc 0.,17% EAC/day 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 relafionship to exist between the total mass deposi-
tion and the total EAC and, in turn, the number of_allowable
vehicle passes before exceeding someiétandard.. This explains
why different total depbsition values of 352 and 104 ug/mz-pass
(at 256 m for a gravel road and dirt road, respeétively) both
reSult.in more ﬁearly fhe same number of allowable vehicle
passes (65 and 103, respectively), In short, large particles
contributé 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 coﬁparison purposés, we examiné the pérticulate
deposition due to typical'ambiént conditions for two éasés:
(1) Those conditions couincident with the four site.experiments,
and (2) a reference case which typifieslfiat'terréin covered
by prairié gfass. .The lafter, which acts as a point of compafi—

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

deposition experienced by flat terrain for u, = 50 cm/s, z, =

3 cm, and ia = So,ﬁg/mB.
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The four field experiments had a calculated friction
velocity of appfoxiﬁately 50 cm/s and a roughness height of
about 5 cm. Dﬁe to a lack of experimental data at the site
locations, a'100 ug/m3 ambient concentration wés'assumed; this.
factor of two above the reference case conceqtration is in-
corpbrated because of the exceptiohally 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 daiiy particulateAdepOSition in com-
pariéon with the differéncé resulting from a less than factor-
of-two'Variation in the roughness height. Next, we bfiefly
consider the conditions representing‘the reference case. |

-According'to Sutton (1953), z, is usually independent of
"U, and u,/U is conétant over a wide variety‘of.surfaces (snow,
grassland, root crops) for U (measured ét 5 m) varying from
about 20-500 cm/s. The values of u*.véry from 3-12% of the
mean wina speed, the lower values being associated with smoéth
surfaces (Sutton, 1953). Thué, the réference case represents
a mean wind speed of approximately 10 mph. This moderate
veiocity promotes  rapid surface drying, while still maintaining
a negligible resuspension rate. .If, howe&er, wind velocities |
are considerably greater than 10 mph, then the accuracy of the
procedure diminishes because of particle resuspension. A
roughness height of 3 cm is characteristic of flat open country

(Stern,'1976); this also typifies a dense 10 cm stand of grass
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or a thin 50 cm stand ongrass. Finally, an ambient-concentrar
tion of 50 ;ig/m3 is typicai of many rural envirgnments.l
The particulate-deppsition caléulations for the four site

location; and the reference case assumed that the ambient
. particle-size'distribution was divided into proportions similar
" to £hé Des Moines, Iowa and Iowa City, Iowa particulate—siéing
~data given.in Tables 4.1 and 4.2, respectively. Statistics on’
the suspended—particulate and particulate-deposition distribu-
tions for the'site and referénce cases are éummarized in Table
6.1.

| Table 6.1 shows a to£al déily 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 (heré wé_have folldwed the
approach-of Hancock et al. (1976) , where it is aséumed 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., approkimately 30 hours)
for the site conditions, and 3.86 days.(i:e., approximately 92.6
hours)- for the reference case. Here we obsefve a difference'of

a factor of 1.5 (corrected for ambient concentration differences)

between roughness heights of 3 cm and 5 cm. We conclude that

lBasedon 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 _ : 3
(Site conditions: 4y, = 50 cm/s, 2, = 5 cm, and Xgq = 100 ug/m™)

Particla-size-diameter range (um)

<0.7 0.7-1.25 1.25-2,1 2.1-4.5 >4;5‘

Suspended-particulate statistics

10.0 15.0 40.0

Percent of total mass 30.0 5.0

Geometric mean (mass) diameter (um) 0.24 .- 0.94 - 1.62 - 3.06 13.62

Deposition velocity (cm/sec) ' 1.0 1.5 - 2.0 2.5 4.0
Particulate-deposition statistics : :

3 .

Daily deposition (g/m“-day) x 102 2.59 .65 1.73 3.24 13.82

Geometric mean (area) diameter (um) .19 .93 1.60 . 2.97 8.46

Daily actual area coverage (%/day) 8.21 .42 .65 .65 .98
Refefence case: u, = 50 cm/s , z, = 3 cm, and ia = 50 ug/m3
Suspended-particulate statistics .

Percent of total mass 30.0 5.0 10.0 +15.0 40.0
~ Geometric mean (mass) diameter (um) 0.24 0.9¢ 1.62 3.06 13.62

Deposition velocity (cm/sec) .7 1.0 1.4 2.0 3.5
Particulate-deposition statistics

Daily deposition (g/mz-day) X 102 .91 .22 .60 1.30 - 6.05

Geometric mean (area) diameter (um) .21 .93 o 1.61 2.98 . 8.68

Daily actual area coverage (%/day) 2.59 .14 S W22 .26 .42

bet
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the particulate deposition due to ambient conditions is ver?
sensitive to the associated roughness heigﬁf. This is not
unexpected in light of the high‘deposition sengitivity to
roughness height for an infinite instaﬁtaneous lineléource

. discussed in section V.C.

In comparing these results with those_from section VI.A,
it is seen that the 1.5-hour actual area coverage due to
ambient depoéition is comparable to 49, 4,‘270 and 21 vehicle
‘passes at 4 m downwind of an infinite instantanedué line
sourcé for the'Stdry County, Mahaska Uounty[ Morton County and
. Wallace County data, respectively. This implies thaf 49, 4,
270 and Zl.vehicle passes per hour at these locations have the
same effect as a 100 pg/m3 background concentration for ;ov=
5 cm-andAu*i=_5Q cm/sec.. For similar conditions at 256 m dowﬁ—
wind, the number of vehic;e passes per hour‘reqﬁiréd to equal
the ambient éontribution are 621, 65, 3200 and 103. Recall;
these data are for a 4100 1lb vehicle driven at approximately’
40 mph.- .

If the roadway.werevtraveled by much heavief vehicles, say
"haul trucks, the road emissioné mighf-be-as‘high as ten tihes
- greater. . If the pérticle-size—diStribution'proportions.remain
the same, then only 4.9, 0.4,27 and 2.1 vehicles passes per
hour would match the ambient contribution of 4 m, while at 256
_mlaoﬁnwiﬁd'GZ.l, 6.5, 320 and 10.3 vehidle;pésses perAhour

would equal the ambient contribution.
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In short, these data seém to suggest that; except for very
" heavy traffic conditions at dlose-in distaﬁces, the effect of
particulate deposition due to dry unpaved.roédways is usuaily
less than that which'wguld occur under nérmal conditiéns. _ﬁow-
ever, an assessment of the specific site conditions is necessary

before any final decision can be reached.
C. Additional Applications

Heretofore, the methodolégy has been appliéd to only the
particulate deposition from a. dry unpaved rdadway'and the
,subseqﬁent nuisahce which it creates as détermiﬁed by the humah
response to duétiness. Hdwever, the method cén readily be
épplied~to other related situations, such as the possible reduc—'
'tion of'photosypthesié. “Here an incfease in the deposition and
'actual area coverage would reduce the amount of incident solar
energy available for photosynthesis which, in turn; might |
reduce plant grbwth.énd'crbp yield. | | |

Furthérmoré, the metﬁod could easily'be extended to situa- .
tions incorporating nonineft éubstanées, such. as the aerial
applicétion of insecticideé énd pesticides. Here a‘knowledée
of the amount of substance deposited outéide the target area is
eséeciaily useful for veyetation very sensitive to certain
chemical épraYs_and powders. o |

' The procedure might even be incoréérated into experiments

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 givgn by Hicks
(1977). | |

| These three exampleé.afe by no means an exhaustive éompila-

tion of possible applications.
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VII. RECOMMENDATORY‘DEPOSiTION MODEL IMPROVEMENTS

Almost every stage of the quantification méthodology has,
by necessity, incorpbrated some type of simplifying assumption
to allow a workable solution. These include the assumptions of
horizontally homogeneous terrain, a nohprofile assessment of
'atmospheric‘étability and its characterizatién, and empirical
formulas for calculating the dépésition velociﬁy 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 undérsténding and characterization of
the various processes become available.

Atmospheric stability is initially éétegorized by fhe
discrete Pasquill-Gifford classification method described inA

Appendix A; this is then related to the Monin-Obukhov leﬁgth by
an empirical ermulé.4.The mathematical‘form of the empirical
Arelétion<creatés an értificial symmetry-(ﬁithArespect to
neutral stability) of the calculéted Monin—bbukﬁov.length. A
better approach might be to iucorporate:é correction term or
merely assign a fepresentative mean value for each discrete
stability class. The ideal solution is to:réturn'directly to
the definition of the Monin-Obukhov length, but this approach
is difficult. | |

Another major simplification was the.assumptibn: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 wihd
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 axpense
of other simplifying assumptions. |

_ Particles are seldom spherical, although they are often
assumed to be. fhis assumption introduces an error into the
true particle full velocity a3 well as the actual area af
coverage by the deposition particlés; More accurate particle-
sizing methods and particle-size distributions may be available,
but their increased sophistication further‘complicateé the
“overall procedure.

The complex dependence_of the deposition velocity on the
depositioh height, roughnass height, atmospheric stability and
particles size furtheradomplicates»the total picture, thus
nécessitating a semi-empirical'formula. The deposition
velocity 1is most important in determining the rate of deposi-
tion,‘ahd much additional research is required before a clear
understanding of this term is reached. |

It is noteworthy that the entire set of‘surface-layer
modeling assumptions is ill-equipped to handle suurqes,coh-
siderably'abavelground level. Here a study of the’sﬁtface-

layer and plahetary boundary-layer interactions is necessary
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before modeling accuracy can be expected toAsignificantly
improve.

The necessary numerical'integrations of the concentration
equation are labotious and require a modetate amount of COmputer
time. The  average executioh time per downwind distance calcula-
tion,»using a WATFIV compoter, ie about 3 seconds, which corre-
- sponds to e cost of aboutv$0.40; Total cost. can be reduced
épproximétely‘SO% oy operating in either level-G.or level-H
FORTRAN. Clearly, an ahaiytical soiution of‘the integrals is
preferahle, but the compliuated product of the exponential
fuhctions and the complementary error function was beyond
several books containing tables of integrels (Abramowitz and
Stegun;‘1965; Gradshteyn and Ryzhik, 1965; GrSbner and':
Hofreiter, 1957a; and G:anerAand Hofreiter, 1957b) .

Finally, although there are no known standards which
address particulate deposition, there are the National
Ambient Air Qualit& Standards as established by the National .
Environmental Protection Agency. The present primary and
secondary standarde.for suspended particulates allow for an
annual geometric'mean of 75 and 60 pg/m3, respectively, and a
maximum 24-hour concentration of 260.and,150 pg/m3, respeotiyely,
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 pg/m3,
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respectively (Séinfeld, 1975). These levels may pque helpful

as guidelines for future research.
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VIII. SUMMARY

The proposed methodology sets fdrth a suggested procedure
for quantifying particulate deposition from dry unpaved road-
ways. This is possible after a coordihate'system is defined,
the particies fall velocity is determined, a workable expres-
sion of the deposition velocity is obtained; and the surfaee'
roughness ahdjatmospheric stability have been characterized.
The problem is further simplified by considerihg only a'near—
ground sourée which'ineerpprates only{surface—]ayer goncepts.

'The qﬁantification procedure consists of four stages:
(l)'a formulation of a mathematical model that satisfies
certain initial and boundary conditions, while also conserving
mass, (2) extrapolating an,experimentally ohtained particlee
size distribution to:obtain an initial source strength,
(3) eomputing the resulting downwind deposition at various
distances, ahd (4) eonvertihg the ¢a1culated deposition.to an
effective area coverage. _Thié is then compared to some pre-'
determined standard-to'nbtain an eslLimate of the maximum number
of vehicle passes permitted for some specified eet of{dondi-
tions'and downwind distances.

It is shown that atmospheric stability, followed'closeiy
by wind speed.and usualiy source height, has the least
influence on the total deposition for the range of conditions

tested; roughness height and depositicu height are 6bserved
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to have a considerable impact on the total deposition. Further-
more, a low total deposition sensitivity to a given set of |
meteordlogical and terrain conditions is usﬁally aséociated

witﬁ a relative particle—éize contributioh which is also rela-
tively insensitive to the same conditions.

Finally, the quantification methodology may readily be
extended to othér applications thch also require more than just
a subjeétive appraisal of.the impact 6f source emissions and the
accompanying deposition. In short, the overall procedure is
offered primarj]y_as a prelimindrybguideline for quantifying
particulate deposition. However, the incorporation of its
numerous simplifying assumptions and empirical relations require
'.that it be updated as4s£ate—of—the-artlimprovemehts,beéome

available.
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XI. APPENDIX A:: PASQUILL-GIFFORD

STABILITY CLASSIFICATION

The fasquill-Gifﬁofd stability class definitions repre-

" sent a simplified method of charactéfizing étmospheric
Astability as a function of inéoming solar'radiation, wind

' Spéed, and the degree bf.cloudiness. ‘Turner (1969) and

Séinfeld.(1975) pfeéent these definitions in a form similar

to Table A.l. ' _'

During §1eai cdnditions, daytime insblation is classified
as slight,‘moderate, éhd,strong for solér altitudés of 15° to
- 35°, 35° to 60°, and greater 60°, respectively. Nighttime
conditions apply»approximately froﬁ'ohe hour before sunset
until one<h§ﬁ: after sunrise (i.e., when tﬁe solar altitude
'is less than 15°). The degree of cloudiness.ié defined- as the
fraction Qf'the.sky above the local apparent horizon which is

covered by clouds. (Seinfeld, 1975).
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Table A.l. 'Pasquill-Giffoxd stability class definitions

Daytime insolation Nighttime cdnditioné
. 'Surface : 4 Thin over-
"wind speed Strong Moderate - Slight cast or ,
at 10 m, ' > 4/8 a < 3/8
(m/s) ‘ o cloudiness cloudiness
<2 A A-B B
2-3 " A-B B C E F
3-5 B B-C o D E -
5-6 C C D D D
>6 C C .D. D D
A: 'extremely unstable D: neutralAstability
B: moderately unstable . E: slightly stable
A C: slightly unstable F: mbderétely stable

E aApplicable to héavy 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

e - - -
An(Db) - n(D.) - : :
£(D) = — 1 EXP[:- 1 ( _ LJJ (B.1)

’fsznog 2 in og

where Dg_and cg are the geometriclmean diameter and geometric
standard de§iation,,respectively. The’éumulative‘di:tribution
function is éiven-by |
D ~ .
"F(D) = j "£(D) d[4n(D)]. o (B.2)
: A .
A distribution is'log-normal if a log-probability plot of the
“cumulativezdistributiOn is a straight line. .By'plottihg
empirical data on Ehis £ype of gfaph, it is éossiblé to deter-
mine whether £he i¢g-norma1 distribution is a satisfactory
mathematicai'model of a ﬁarticular distribuﬁion,(Crawfora,
1976) . | | | |
The 50% point of the iog-normal_plot of the particle;
size distribut;on'correspondS'to Dg' and bg isAgivep by either

of the following ratios of distributimﬁ poinﬁs:

5 _ 84.13% diameter

gl ~ T 50 % diameter (B.3)
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or

_ . 50% diameter .
°y2 = 15.87% diameter . (B.4)

',Whenévér fhése two geometric standard deviatidns are<no£
equal, then the size distribution ié not represented by a
straight .line aﬁd hence is not exactlyulog-ndrmally distrib-
- uted. A bettér method of presehting the géometrib standard
deviation (Anderson 2000 Inc., 1976) is:

-1/2

. - [84.13% diameter]
g

15.87% dlameter :(315)

Fot'a'fihité interval, i, the geometric mean diameter is

| given by

D, | |

[" ano) £ aten o)

A D . . . '

T | : : o =
Dyj = 5, 4 - o - (B.6)
j. £(D) d[an(D)]

D,

and #he cbfresponding geametric standard devialion 1s'given by

5 :

, - .
[ (4n (D) = 4n(D;)1% £(D) Al (D))

. . D ' : S

Iai = — D5 ‘ (B.7)
J . f£(D) d[n(D)]
D, |

. 4 ‘ o . 4
for Dl less than pz, and where og = EXP(cgi).
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If a particle number distribution (n = 0) is log—norﬁal,
then the surface area. (n = é),Aand masé and voiume‘(n = 3)
distributiqns-will'also be log-normélly.distributed. In
general; if any moment of the distfibution is~iog-normal, then -

the nth moment is also log-normal, with

Rn(Dgn) = Zn(pgo) + nin (og) ' (B.8)

where Og is the same for any basis (Seinfeld, 1975).
. Therefore, for a finite particle-size interval, i, the
gcometric mean diameter on an area basis is given by

2

‘D .. = EXP[&n D. - (0*1) 1

g2i g3i gl

where Dg3i is the geometric mean diameter on a mass basis

for the ith"partigle-size interval,





