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EXECUTIVE SUMMARY 
The Western States Air Resources Council (WESTAR) contracted the Desert 

Research Institute (DRI) and the University of Utah (U of U), through subcontract, to 
perform an investigation of a model that has been proposed by Dale Gillette of NOAA 
(Countess, 2001) to account for near-source deposition of dust emissions from unpaved 
roads. This work was motivated by the well-documented disagreement between estimates 
of road and other geological dust obtained by emissions inventory methods and the actual 
amount of inorganic minerals observed on filter samples at ambient monitoring sites 
(Watson and Chow, 2000).  This WESTAR project leveraged two existing DoD-funded 
efforts (CP 1190, CP 1991) to increase the utility of data collection and analysis in the 
context of meeting the objectives of this study. 

The work presented in this report drew on two field studies with robust datasets, 
three modeling approaches, and a review of the mechanisms of deposition and dispersion 
and their parameterization in air quality models.  The first field test took place at the Ft. 
Bliss military facility near El Paso, TX in April, 2002.  The setting was representative of 
the desert Southwestern United States.  Atmospheric conditions ranged from near-neutral 
to moderately unstable.  The second field test was conducted at the Dugway Proving 
Ground in September, 2001 as part of the Mock Urban Experiment.  The setting was 
representative of areas with large roughness elements, similar to suburban tract homes.  
Atmospheric conditions were stable.  Common to both field tests were towers that were 
instrumented with highly time-resolved particle concentration monitors at multiple 
heights.  This experimental setup allowed for calculation of horizontal dust flux 
approximately 100 m downwind of the unpaved road test strip on a per vehicle basis.   

The three models evaluated were the Gillette Box Model, a Gaussian plume 
model similar to that used in EPA’s ISC, and a numerical solution to a simplified version 
of the Atmospheric Diffusion Equation (ADE).  Predictions from all three models were 
compared with the data from the field studies. 

There were six major conclusions from the work documented in this report. 

First, the hypothesis that fugitive dust particles emitted from unpaved roads can 
deposit to an appreciable extent within several hundred meters downwind of the road 
(Watson and Chow , 2000; Countess, 2001) is well-founded, though the fraction of 
particles removed varies greatly based on setting and atmospheric stability.  In arid 
regions such as the Southwestern United States, and for daytime emissions, the 
transportable fraction of unpaved road dust emissions is likely to be near unity.  

Second, for the purposes of modeling the transport and removal of dust particles 
near an unpaved road source, the Gaussian-style models, such as EPA’s ISC3, provide an 
imperfect, but reasonable preliminary approach.  Comparison of modeled and measured 
concentration profiles for desert, daytime conditions indicated that the ISC approximately 
simulates the shape of the dust plume from an unpaved road.  Similar comparison for 
fugitive road dust emissions collected under stable conditions, amidst large roughness 
elements, indicated that the ISC model may under estimate the deposition of dust in some 
cases.  The deposition velocity used by the model is difficult to verify with 
measurements, and may be incorrect by a factor of two or more.  This means that any 
model used, especially in the absence of additional field data, would provide a rough 
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approximation at best.  Solution of the Atmospheric Diffusion Equation did not provide 
useful information for the first 1,000 or so meters downwind of the road.  This was 
attributed to the violation of some basic assumptions in the underlying mixing length 
theory. 

Third, the Gillette Box Model approach is elegant in its simplicity, but the 
assumptions behind the model are probably, in general, not valid for unpaved road dust 
emissions.  Specifically, the assumptions required for the accurate parameterization of 
dispersion are not met.  Thus, the Box Model may be used as a “back of the envelope” 
test for the importance of particle removal downwind of an unpaved road source, but it is 
not likely to give reliable quantitative data in all cases. 

Fourth, the height of the wake generated behind a moving vehicle has an effect on 
the fraction of particles removed as the plume travels downwind, though this effect is 
only significant for stable conditions.  The turbulent wake of the vehicle increases in 
vertical extent approximately linearly with the vehicle height.  Considering that the main 
processes, dispersion and deposition, are not well-quantified, inclusion of the turbulent 
wake height in current modeling attempts appears to be of secondary importance 
according to preliminary tests. 

Fifth, measurement of emission factors for seven different vehicles with gross 
weights varying from 1,622 kg to 23,636 kg were at odds with the silt-based emission 
factors suggested in AP-42 (USEPA).  The Ft. Bliss measurements indicated that 
emission factors were highly dependent on vehicle speed.  Linear regression of emission 
factor vs. speed for each of the seven vehicles resulted in R2 values ranging from 0.37 to 
0.95, with six of the seven vehicles giving values greater than 0.70.  In contrast, the AP-
42 emission factor formulation does not consider vehicle speed.  According to the 
measurements at Ft. Bliss, for passenger-sized vehicles, the AP-42 appears to 
overestimate emissions for vehicle speeds under 35 mph.  Emission inventories often 
assume an average unpaved road travel speed of 20 or 25 mph.  Under those conditions, 
use of AP-42 would result in an overestimate of PM10 emissions by 50% to 100% based 
on the field study results.   

Sixth, prior to applying a correction to existing emissions inventories, additional 
field studies are recommended.  In view of the good agreement between the ISC and data 
collected in desert, daytime conditions but the poor agreement between the ISC and 
measurements under stable conditions with large roughness heights, some selected field 
studies that span a range of land cover and atmospheric stabilities are recommended.  In 
addition, there are a number of other possible sources of error that may result in inflated 
emission inventories (Watson and Chow, 2000; Countess, 2001) that should be 
considered as a source of the discrepancy between PM10 dust emission inventories and 
ambient concentrations.  One finding of the present study is that the AP-42 tends to over 
predict emissions of PM10 dust for smaller, passenger-sized vehicles, especially when the 
vehicles are traveling at speeds less than 35 mph.   

Watson and Chow (2000) documented the discrepancy between emission 
inventories for PM10 fugitive dust and the source attribution of ambient filter samples.  
Their analysis indicated that the amount of geologically-derived PM10 found in the air is 
much smaller than would be expected based on the emission inventories and dispersion 
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models.  Countess (2001) summarized eleven shortcomings in the current treatment of 
fugitive dust emissions.  Though not all eleven are directly relevant to the work in this 
report, we address several of them below. 

The removal of dust in the area near a source has been hypothesized to be 
substantial because concentrations of particles downwind of the source rapidly attenuate 
to the background.  Watson and Chow (2000) and Countess (2001) both cite an earlier 
study (Watson et al., 1996) where the concentration of PM10 dust was found to decrease 
by 90% only 50 m downwind from the source.  The modeling effort in this study showed 
that much of the decrease in concentration - indeed for the conditions at Ft. Bliss, most of 
the decrease - is due to dispersion in the vertical direction.  Therefore, using the 
magnitude of the PM10 concentration downwind of a dust source to estimate the removal 
of particles will suggest a much higher deposition rate than is achieved in reality.  This 
does not invalidate the correct assumption that some of the PM10 emitted will be removed 
as the dust plume travels downwind of the source.  However, the removal occurs to a 
smaller degree and over larger distances than previously speculated, especially for the 
open, sparsely vegetated terrain that much of the American southwest is comprised of. 

The results of this study support the first finding put forth by Countess (2001), 
“Not all suspendable particles are transported long distances”.  However, the Ft. Bliss and 
Dugway studies show a large range of near-field removal rates.  In the rangeland setting 
of Ft. Bliss, little removal of suspended dust was observed at a downwind distances of 
100 m.  This result was supported with a modeling effort that used a Gaussian approach 
similar to the ISC model (USEPA, 1995).  Nighttime experiments at the Mock Urban 
Setting at the Dugway Proving Grounds suggested that under stable atmospheric 
conditions and large roughness elements (cargo containers) 85% of the PM10 may be 
removed by deposition 95 m downwind of the unpaved road.  This enormous range of 
removal rates emphasizes that it is not appropriate to apply a single correction factor to 
all fugitive dust emissions as a means of accounting for near-field particle removal.  
Though not documented, the community of scientists and professionals have, in the last 
several years, been circulating the idea that if fugitive dust emissions were divided by a 
factor of four, then the discrepancy between emissions and ambient measurements of 
geological PM10 would disappear.  While it is possible that this is true on an average 
basis (i.e. over large spatial domains), it is unlikely that this factor of four is applicable to 
every combination of air shed, land use distribution, and atmospheric conditions.  Each 
combination of setting and meteorological conditions should be considered separately in 
a modeling framework that makes use of the known physics of particle dispersion and 
deposition.   

Related to the last point, the removal of PM10 dust particles in the “impact zone” 
immediately after emission, at the junction of the road edge and the first row of 
vegetation, should be examined more closely. The work presented in this report only 
considers deposition of particles from “above” the vegetative canopy.  It does not 
consider that particles may be removed to an appreciable extent by a process similar to 
filtration when the dust plume is forced through vegetative elements.   

As one of the recommendations from his second finding, “Regional-scale vertical 
flux is smaller than the local-scale fugitive dust flux”, Countess (2001) suggests testing 
the Gillette box model and modifying the model parameters if appropriate.  In this study, 
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the box model was examined, from a theoretical and practical standpoint.  The analysis 
indicated that the model is not practical for wide spread use because the parameterization 
of dispersion is reliant on assumptions that cannot always be met in reality.   

Related to the third finding from Countess (2001), “Fugitive dust emission factors 
need to be appropriate”, the emission factors measured at Ft Bliss with high time-
resolution instruments suggest that AP-42 may overestimate PM10 emissions from 
unpaved roads.  This overestimate was due to the lack of accounting for vehicle speed 
and to the use of the average weight of all vehicles in calculating the emission factors. 

All in all, this report concludes that there is no single, “silver bullet” solution to 
the problem of reconciling fugitive dust emission inventories and ambient source 
contribution estimates.  Progress has been achieved in the quantification of the near-field 
removal of dust particles and work in that area should continue.  There are still 
uncertainties about the AP-42 emission factors for unpaved road dust that have resurfaced 
in this study and must be resolved.   
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1. INTRODUCTION 

1.1 Background 

The Western States Air Resources Council (WESTAR) contracted the Desert 
Research Institute (DRI) and the University of Utah (U of U), through subcontract, to 
perform an investigation of a model that has been proposed by Dale Gillette of 
NOAA(Countess, 2001) to account for near-source deposition of dust emissions from 
unpaved roads. This work was motivated by the well-documented disagreement between 
estimates of road and other geological dust obtained by emissions inventory methods and 
the actual amount of inorganic minerals observed on filter samples at ambient monitoring 
sites (Watson and Chow, 2000).  This WESTAR-funded project leveraged two existing 
DoD funded studies (CP 1190, CP 1991) to increase the utility of data collection and 
analysis in the context of meeting the objectives of this study.  

1.2 Objectives 

Broadly, the goal of this study was to provide insight into the magnitude of PM10 
dust removal by deposition close to the emission source.  The analysis was intended to 
focus on emissions from unpaved roads, though the results may be pertinent to other 
sources of fugitive dust. The specific objectives of the study were: 

1. Provide recommendations for feasibility of the Gillette Box Model as a 
tool for correcting emissions inventories for fugitive dust from unpaved 
roads and suggest possible modifications that may improve model 
performance.   

2. Compare the results of field studies with the Box Model and with the 
algorithm used in ISC3. 

3. Provide recommendations for modeling PM10 dust deposition and 
removal and suggest areas to target in future work 

1.3 Approach 

To achieve the stated objectives, this project drew on two field studies with robust 
datasets, three modeling approaches, and a review of the mechanisms of deposition and 
dispersion and their parameterization in air quality models.  The first field test took place 
at the Ft. Bliss military facility near El Paso, TX.  The setting was representative of the 
desert Southwestern United States.  Atmospheric conditions ranged from near-neutral to 
moderately unstable.  The second field test was conducted at the Dugway Proving 
Ground as part of the Mock Urban Experiment.  The setting was representative of areas 
with large roughness elements, similar to suburban tract homes.  Atmospheric conditions 
were stable.   

The three models evaluated were the Gillette Box Model, a Gaussian plume 
model similar to that used in EPA’s ISC, and a numerical solution to a simplified version 
of the Atmospheric Diffusion Equation (ADE).  Predictions from all three models were 
compared with the data from the field studies. 
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1.4 Report Organization 

This report is divided into six main Chapters.  Chapter 2 reviews the literature 
with respect to models for particle deposition and turbulent dispersion.  Pilot-scale 
measurement of deposition to surrogate surfaces and comparison of results with theory 
are summarized in Chapter 3.  In Chapter 4, the three models considered in this report are 
introduced and analyzed.  The assumptions of the Box Model and the characteristics of 
the ADE and ISC are examined in this Chapter.  The Ft. Bliss field experiments are 
presented in Chapter 5.  In addition to the horizontal flux and particle concentration 
profiles, this Chapter details the measurement of vehicle-induced turbulence and its effect 
on particle removal downwind of the source.  Model predictions are compared with 
measurement and used to characterize the effect of the “injection height”.  We summarize 
The Dugway Proving Ground experiments in Chapter 6 and analyze the related model 
results.  A summary of findings and major conclusions is provided in Chapter 7. 
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2.BACKGROUND 
Fugitive dust is emitted from an unpaved road when a vehicle passes and disturbs 

the soil.  A cloud of dust is raised behind the vehicle and begins to travel downwind.  
Initially, the dust cloud is very dense, sometimes to the point of being opaque, but with 
travel downwind, the cloud is dispersed by mechanical mixing at the ground and by 
buoyant eddies in the atmosphere.  Particles suspended in the cloud can be removed by 
interaction with the vegetative cover in the downwind fetch of the unpaved road.   

Figure 2-1 schematically illustrates the progression of a dust plume emitted 
behind a vehicle and advected downwind over a vegetative cover.  In the region (A) 
where the dust cloud first meets the vegetation, dust particles may be removed by 
individual vegetation elements.  Though possibly significant, none of the models or 
measurements discussed in this report is geared towards quantifying the extent of 
removal in this “impact zone”.  Some work in the area of particle removal by windbreaks 
may be applicable to this region (Raupach and Leys, 1999), though the specific 
formulation would have to be adjusted for vegetative covers with a long fetch (as 
opposed to a windbreak that is only several meters deep).   

Region C: Far Downwind

50 m < x < ∞

Region A: Impact Zone

0 < x < 20 m 

Region B: Near Source

5 m < x < 200 meters

Point of 
Emission

Region C: Far Downwind

50 m < x < ∞

Region A: Impact Zone

0 < x < 20 m 

Region B: Near Source

5 m < x < 200 meters

Point of 
Emission

 
Figure 2-1. Development of a dust plume downwind of an unpaved road 

Very far downwind (Region C in the figure), the dust plume approaches a steady 
concentration profile that does not change very much with transport downwind.  In 
between the “impact zone” and the “Far downwind” region, the concentration profile of 
dust particles is changing with transport distance; specifically, the dust plume is 
expanding in the vertical direction.  The models discussed in this report are most 
concerned with this region, where it is necessary to simulate the expansion of the dust 
plume in the vertical direction simultaneously with the removal of particles at the ground 
by the vegetative cover.  These two processes are turbulent dispersion and dry deposition, 
respectively. 
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2.1 Dry Deposition 

There are a number of models available for dry deposition of particles.  Three of 
them are presented below.  Because it is widely cited and because it has been suggested 
for use in the Gillette Box Model, the formulation provided by Slinn (1982) is discussed 
at some length.  One of the difficulties of using Slinn’s model is that the parameters 
required are numerous and difficult to specify.  Simpler methods that are based on similar 
reasoning, but requiring fewer parameters, are used in the Industrial Source Complex 
utility (USEPA, 1995) and by Raupach (1999).   

Dry deposition is frequently modeled in analogy to resistance in an electrical 
circuit. The flux to the ground is assumed to be equal to the concentration measured at a 
given height multiplied by the mass transfer coefficient, which is also dependent on 
height. The mass transfer coefficient is called the deposition velocity and is given the 
symbol vd. Thus, according to the resistance model 

)()( zvzCF d=  

Equation 2-1 

where F is the flux of material depositing to the ground (g/m2s) and C(z) is the height-
dependent concentration. The deposition velocity is given as the inverse of three 
resistances in series. That is, 

cba
d rrr

v
++

= 1
 

Equation 2-2 

where ra is the resistance to aerodynamic transport through the surface layer, rb is the 
resistance to transport through the “quasi-laminar sublayer”, and rc is the resistance to 
collection on vegetative elements (The subscripts a, b, and c are unrelated to the Regions 
in Figure 2-1). Figure 2-2 shows the resistance model to deposition. It is built on the 
assumption that close to the ground (i.e. from the top of the surface layer down), the flux 
of a depositing species is constant with height. This is analogous to the flow of electrons 
through a circuit where the number of electrons that leave the positive terminal (top of 
the surface layer) must be matched by the number arriving at the negative terminal (the 
deposition surface).  Related to the assumption of constant flux, the model also assumes 
that the system is approximately at steady-state. That is, the concentration profile through 
the surface and quasi-laminar layers is not changing significantly over time. This 
corresponds strictly only to region C in Figure 2-1, though it may also hold 
approximately for region B. 

It is usually assumed that for particles with aerodynamic diameters less than 10 
µm, rc is very small. That is, once a particle impacts on a collector, it sticks to that 
collector and is permanently removed from the atmosphere. Deviations from this ideal 
are addressed by Slinn (1982) as summarized in section 2.1.1.  
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Figure 2-2. Illustration of resistance analogy to deposition. The numbers on the right side of the 
figure give an order of magnitude estimate of the physical depth of each layer. The arrow going 
through rg indicates that gravity only acts in the downward direction. The equations for flux in the 
figure do not include the effect of gravity. 

In addition to turbulent transport through the surface and quasi-laminar layers, 
particles are also influenced by gravity. This effect is accounted for in the resistance 
model by assuming that gravitational settling represents another resistor (rg) acting in 
parallel with those shown in Figure 2-2. With the surface resistance rc equal to zero and 
the inclusion of gravity, the equation used to describe the deposition velocity is 

g
gbaba

d v
vrrrr

v +
++

= 1
 

Equation 2-3 

where vg is the gravitational settling velocity and is equal to 1/rg. Vg is a well-known 
function of the particle size and the characteristics of the surrounding fluid (air). For 
particles with aerodynamic diameter less than about 20 µm, it is given by (e.g. Seinfeld 
and Pandis, 1998) 

µ
ρ cpp

g

gCD
v

2

18
1=  

Equation 2-4 
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where Dp is the particle diameter, ρp is the particle density, g is the gravitational constant, 
µ is the viscosity of air, and Cc is the Cunningham slip correction factor, 
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Equation 2-5 

with λ equal to the mean free path of air molecules. 

2.1.1 The Model of Slinn (1982) 

In a seminal paper, Slinn (1982) described the framework for a model to predict 
particle dry deposition to vegetative canopies. The model is based on the mass balance 
expression 
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Equation 2-6 

where K is the turbulent diffusivity in the vertical direction, C is the mass or number 
concentration of particles, cd is the average drag coefficient for vegetation, α is the 
surface area of vegetation per unit volume, u is the mean wind speed, and  ξc is the 
canopy element collection efficiency for particles.  

The LHS of Equation 2-6 represents the flux of particles through a horizontal 
plane located at a height z above the ground while the RHS is the removal rate of 
particles by dry deposition.  It is implied in the form of Equation 2-6 that turbulent 
dispersion only serves to bring particles from high above the canopy towards the ground. 
Practically, this means that the particle concentration profile above the vegetative canopy 
is well-developed and at steady state (i.e. not changing in time). This situation 
corresponds strictly only to Region C in Figure 2-1. However, if the deposition rate 
calculated is assumed to apply only locally (i.e. not constant in the downwind direction), 
then we may extend the applicability of Equation 2-6 into Region B.  

The final form of the deposition velocity provided by Slinn (1982) includes a term 
to account for gravitational settling: 
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where CD is the overall drag coefficient for the canopy, uh is the wind speed at the top of 
the canopy (h being equal to the canopy height), ur is the wind speed at some reference 
height zr above the canopy, ξ is the location-independent canopy collection efficiency, 
and γ is a parameter that characterizes the wind profile within the canopy.  
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The overall drag coefficient CD is given by 
2
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where u* is the friction velocity which may be estimated if the velocity profile above the 
canopy is approximately logarithmic with either 
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or 
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Equation 2-10 

where κ is the von Karman constant and is equal to 0.4, d is the displacement height, z0 is 
the roughness height, h is the canopy height, and l is the length scale of turbulence at the 
top of the canopy. The displacement height d can be thought of as the height above which 
the velocity profile is expected to have a logarithmic shape. Under some conditions, the 
displacement height and the roughness height z0 may be difficult to estimate. For this 
reason, it may be preferable to use Equation 2-10, which utilizes characteristics of the 
canopy, namely the canopy height and the length scale of turbulence at the top of the 
canopy. Slinn suggests the approximation 

lhd −= . 

Equation 2-11 

The ratio uh/ur in Equation 2-7 is given by Equation 2-9 with h-d=l 

�
�

�
�
�

�
=

0

* ln
z
l

u
u

u
u

rr

h

κ
 

Equation 2-12 

or by Equation 2-10: 
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Equation 2-13 
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The particle collection efficiency ξ is given by  

( )BEEEEB IMINB ++==ξ  

Equation 2-14 

where EB, EIN, and EIM are the removal efficiencies due to Brownian diffusion, particle 
interception, and inertial impaction, respectively and E is the total removal efficiency due 
to the three processes operating concurrently. The factor B (≤1) represents a reduction in 
capture efficiency due to particles bouncing off of surfaces. 

The Brownian diffusion component can be estimated from 
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where cv/cd is the ratio of viscous to total drag (equal to the sum of viscous drag and form 
drag) and assumed to be 1/3 by Slinn and Sc is the Schmidt number  (Sc =ν/D, ν is the 
kinematic viscosity of air and D is the Brownian diffusivity of the particle given by the 
Stokes-Einstein relation). Note that Brownian diffusion is expected to be a negligible 
pathway for deposition for particles with diameters greater than 1 µm. 

The interception term EIN is calculated from 
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Equation 2-16 

where Fs is the fraction of the total interception due to small collectors in the canopy such 
as hairs, As is a characteristic width of the small collectors, AL is a characteristic radius of 
the large collectors such as blades, stalks, and needles. 

The Impaction term EIM is equal to 
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where Sta is an “average” Stokes number defined by 
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with c being an unspecified constant that is expected to be approximately equal to unity. 

The factor B is estimated from  

( )aStbB −= exp  

Equation 2-19 

where b is another unspecified constant. 

The factor γ used to represent the wind conditions within the canopy can be 
approximated by 
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Equation 2-20 
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Equation 2-21 

Note that the height-dependent α is related to the bulk Leaf Area Index (LAI), defined as 
the ratio of upward facing leaf surface to ground surface in a canopy, according to 
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Equation 2-22 

The parameters that are used for an example of deposition to a bean crop are 
given by Slinn (1982) and summarized in Table 2-1.  Figure 2-3 demonstrates the classic 
v-shaped deposition velocity curve as a function of particle size for unit density particles 
(ρp=1 g/cm3); particles that are less than 0.1 µm in diameter deposit primarily due to 
Brownian motion; particles in the 1 µm to 10 µm size range deposit by impaction; 
intermediate-sized particles (0.1 µm to 1 µm) are removed by a combination of Brownian 
motion, interception, and impaction.  Figure 2-4 shows the relative contributions of EB, 
EIN, and EIMP to the total collection efficiency ET for the example of flow over a bean 
crop.  Though not shown in Figure 2-4, the gravitational settling term vg dominates the  
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Figure 2-3. Deposition velocity vs. aerodynamic particle size using Slinn's (1982) model. See Table 2-1 
for parameters used. 

1E-04

1E-03

1E-02

1E-01

1E+00

1E+01

1E-04 1E-03 1E-02 1E-01 1E+00 1E+01 1E+02

Dp (microns)

E
to

ta
l, 

E
b

ro
w

n
ia

n,
 E

in
te

rc
ep

tio
n

, 
E

im
p

ac
tio

n

E_total

E_Brownian motion

E_Interception

E_Impaction

 
Figure 2-4. Contributions of Brownian motion, Interception, and inertial impaction to the total 
removal efficiency. See Table 2-1 for parameters used. 

RHS of Equation 2-3 for particles larger than 10 µm and for particles between 1 µm and 
10 µm under low wind conditions. 

It is clear from examination of Table 2-1 that use of Slinn’s model requires the 
specification of a number of parameters that may not be available. For example, the 
parameters Fs, As, AL, c, b, and cv/cd are generally unavailable for a wide range of 
vegetative covers. These parameters are roughly estimated by a best-guess approach. 
Figure 2-5 illustrates the sensitivity of the model with respect to uncertainties in these 
parameters. The Figure is confined to the vicinity of the particle size range relevant for 
PM10 dust. Fs and As only affect the deposition velocity through the interception term EIN 
(Equation 2-16). Since interception is a minor pathway for super micron particles, the 
effect of varying these two parameters is small. In contrast, changing the size of AL from 
1 mm to 0.5 mm measurably improves the impaction efficiency and the overall collection 
efficiency. It is unclear how the coefficient b should be chosen for a given canopy. 
Rebound for particles with diameter less than ≈ 5 µm appears to be a minor 
consideration. The effect of increasing the value of b from 2 to 4 is to decrease the overall 
deposition velocity for 10 µm particles by about 30%.  Varying the ratio of the viscous 
drag to the total drag between 0.25 and 0.45 exerts little effect on the deposition 
velocities for particles in the 1 – 10 µm size range.  
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Table 2-1. Parameters used in the Slinn (1982) model for estimating the deposition velocity over a 
bean crop.   

Parameter Description Equation used Value in Base 
Case 

Fs 

Fraction of total interception by 
small collectors such as vegetative 

hairs 

User-specified 1% 

As 
Characteristic width of small 

collectors such as vegetative hairs 
User-specified 10-5 m 

(10 microns) 

AL 

Characteristic radius of large 
collectors such as grass blades, 

stalks, needles, etc 

User-specified 10-3 m 
(1 mm) 

c 

Unknown numerical factor used in 
Equation 2-18 and assumed to be 

near unity 

User-specified 1 

b 
Numerical factor used to calculate 
particle rebound in Equation 2-19 

User-specified 2 

cv/cd 
Ratio of viscous to total drag 

within the canopy 
User-specified 1/3 

h Height of the canopy User-specified 1.18 meters 

Fl 
Fraction of canopy equal to 

characteristic Eddy size 
User-specified 20% 

u* Friction velocity User-specified 0.25 m/s 

z0 
Roughness height User-specified or estimated from knowledge of zr, ur, 

h, and l 
0.054 m 

ur 

Wind speed at reference height zr User-specified or estimated from u*, z0, and d and 
Equation 2-9  or from u*, zr, ur, h, and l, and Equation 

2-10 

1.94 m/s 

uh 
Wind speed at canopy height h Estimated from l and z0 and Equation 2-12 or from ur, 

u*, h, and l and Equation 2-13 
0.81 m/s 

d Displacement height User-specified or estimated from h and Fl and Equation 
2-11 

0.94 m 

l Characteristic Eddy size at the top 
of the canopy 

Estimated from Fl and h 0.24 m 

γ Parameter that describes the wind 
speed profile within the canopy 
expected to be between 2 and 5 

User-specified or estimated from u*, uh, h, and d and 
Equation 2-20 or from cd, l, h, and α and Equation 

2-21 

3.8 
Slinn (1982) 

suggests using 
γ=3. However, 
this assumption 

for γ is not 
consistent with 
Equation 2-20 

The deposition velocity is sensitive to the assumed wind conditions. The 
roughness height, z0, and the displacement height, d, are mathematical tools used to fit 
the wind speed to a logarithmic profile such as in Equation 2-9; they are not directly 
measurable quantities.  In general, z0 varies from 10-5 m for smooth ice to 10 m for a 
high-density urban area (Seinfeld and Pandis, 1999). Vegetative covers span the range 
between 0.01 m for cut lawn to 1 m for a tree-covered area. The displacement height is 
related to the canopy height, but can only be roughly estimated without field 
measurement of the wind profile above the canopy.  Slinn (1982) makes the 
approximation that the displacement height is equal to 80% of the canopy height and that 
the sum of d and the characteristic Eddy size, l, is equal to the canopy height (i.e. l=0.2h). 
U* is also a “fitted” quantity and specifying its value requires some knowledge of the 
wind speed profile.  Figure 2-6 shows that there can be significant deviations in vd when 
slightly different values for z0, u*, and l are assumed. Thus, without accurate data for 
these parameters, the deposition velocity may only be known to within a factor of about 
two or three. 
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Figure 2-5. Variation of Slinn (1982) deposition velocity with estimated parameters. a. with assumed 
length scales of vegetation; b. with assumed rebound coefficient b; c. with assumed viscous to total 
drag ratio cv/cd. See Table 2-1 for base case. 
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Figure 2-6. Variation of Slinn (1982) deposition velocity with wind conditions that obey a logarithmic 
profile as in Equation 2-9. a. with roughness height z0 while u* and d held constant; b. with friction 
velocity u* while z0 and d held constant c. with assumed fraction of canopy height equal to turbulence 
scale at the top of the canopy while u* and z0 held constant. See Table 2-1 for base case 



2-12 

Aside from the error associated with improperly specifying parameters, it is 
unclear if the assumptions in Slinn’s model apply to sparsely vegetated landscapes where 
inter-plant distances may be several times the height of individual plants. The model was 
derived for a “horizontally-homogeneous” canopy, where quantities are dependent only 
on the distance z above the ground.  

2.1.2 Dry Deposition in the ISC3 

For a stable atmosphere, the aerodynamic resistance ra is given by (Byun and 
Dennis, 1995): 
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Equation 2-23 

while for an unstable atmosphere, it is given by 
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Equation 2-24 

where L is the Monin-Obukhov length scale (L > 0 � stable conditions, L < 0 � unstable 
conditions, L>> 1 � neutral conditions). The reference height zr is taken to be the 
larger of 1 m and 20×z0. 

The quasi-laminar resistance is given by (Pleim et al. 1984; Slinn, 1982; USEPA, 
1995): 

( ) *
332 10

1
uSc

r Stb −− +
=  

Equation 2-25 

where Sc is the Schmidt number  (Sc =ν/D, ν is the kinematic viscosity of air and D is the 
Brownian diffusivity of the particle given by the Stokes-Einstein relation) and St is the 
Stokes number in a slightly different form than Equation 2-18 

( )
υ

2
*ugv

St g=  

Equation 2-26 

The term containing the Schmidt number in Equation 2-25 accounts for Brownian 
motion while the term containing the Stokes number accounts for inertial impaction. 
Interception is not explicitly accounted for in this formulation, and neither is particle 
rebound. However, it is clear from Figure 2-4 that inertial impaction is the dominant 
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pathway for deposition for particles with diameters relevant to dust emission, i.e. 1 – 10 
µm in diamter. 

This model for dry deposition requires knowledge of u*, z0 , and L. 

2.1.3 The Model of Raupach (1999) 

Unlike the multi-layer, multi-resistance approach characterized by Equation 2-3, Raupach 
(1999) has proposed that a single layer with multiple conductances can, under some 
conditions, adequately represent deposition according to 

BIMgd GGvv ++=  

Equation 2-27 

where vd and vg are defined as before and GIM and GB are the bulk conductances for 
impaction and Brownian motion, respectively. Raupach (1999) uses the portion of the 
bulk aerodynamic conductance GaM (GaM = u*

2/ur) associated with viscous drag to scale 
GB and the portion associated with form drag to scale GIM. Thus,  

( )formaMIMfIM fGEaG =  

Equation 2-28 

and  

( )[ ]formaMBvB fGEaG −= 1  

Equation 2-29 

where EIM and EB are the particle impaction and the Brownian diffusion efficiencies, 
respectively, fform is the fraction of the total drag that is form drag and is assumed to be 
approximately 75% (the remainder is viscous drag) and av and af are numerical 
parameters of order unity that account for inter-element sheltering. Raupach (1999) 
suggests using the values 8 and 2, respectively based on a best-fit to Chamberlain’s 
(1967) wind tunnel data. As in the earlier examples, the efficiency of removal by 
Brownian motion is given by the Schmidt number raised to the –2/3 power: 

32−= ScEB  

Equation 2-30 

EIM is given by a form similar to that in Slinn (1982) (see Equation 2-17) 
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where p and q are numerical factors estimated to be 0.8 and 2, respectively from earlier 
work (Peters and Eiden, 1992; Bache, 1981).  Std is a form of the Stokes number  

( )
c

cg
d d

Ugv
St

2
=  

Equation 2-32 

with Uc equal to the flow velocity around the vegetation elements and dc equal to a 
characteristic width of canopy elements upon which particles impact. Raupach (1999) 
suggests that Uc is “characterized” by the friction velocity u*. Note that if Uc is assumed 
to be equal to u* and dc is set equal to 2AL, then Equation 2-32 and Equation 2-18 are 
equivalent. 

With the approximations stated, this model only requires the specification of three 
parameters, namely u*, ur, and dc.  

 

2.2 Dispersion in the atmosphere 

Whereas deposition serves to permanently remove particles from the air stream, 
turbulent dispersion causes particles to dynamically redistribute through the mixed layer 
in the atmosphere. Dispersion causes pockets of air with comparatively high 
concentrations of particles to be diluted with pockets of air that have lower 
concentrations. 

There are a number of mathematical tools to describe dispersion in the 
atmosphere. Most commonly, in analogy to mixing length theory for momentum 
transport, it is quantified as a dispersion coefficient multiplied by a concentration 
gradient. Thus, the amount of particles crossing a horizontal plane is given by an equation 
of the form 

z
C

KF zzz ∂
∂−=  

Equation 2-33 

where Fz is the flux of particles at a height z and is equal to the vertical (z-direction) 
dispersion coefficient Kzz (m2/s) multiplied by the negative of the vertical concentration 
gradient (g/m4).  Similar equations are used to describe dispersion in the two horizontal 
directions utilizing the coefficients Kxx and Kyy which may be close in magnitude to one 
another but can be quite different from Kzz.  Horizontal dispersion may be ignored if the 
source is approximated by an infinitely long line (e.g. a long road).   

In the surface layer (nominally 5 – 50 m above ground), where the flux of 
momentum to the ground is constant with height, Kzz is well-specified.  At greater 
heights, measurements are more difficult, and the functional form of Kzz is inferred from 
wind tunnel tests, theory, or numerical simulations.   
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An alternative method for modeling diffusion is to specify the spread of a 
pollutant as a function of downwind distance and atmospheric stability.  This is the 
approach used by a number of Gaussian Plume Models, including the ISC3 (USEPA, 
1995).  The concentration of an airborne species is assumed to be normally distributed in 
each of the three ordinal directions, with standard deviations of σx, σy, and σz  For a 
continuous line source, dispersion in the horizontal plane can be ignored.  The parameter 
σz has been specified by a number of authors including Gifford (1961), Klug (1963), 
Turner (1969, 1970), and Martin (1976).  The ISC3 model uses the formulation of Turner 
(1970).  The Gaussian approach is useful because of its simplicity in implementation. 
However, it has its limitations, most notably, that the assumption of a normally 
distributed concentration profile may be too simple to adequately account for the range of 
land use and atmospheric conditions that can be encountered. 

Alternative methods for quantifying turbulent dispersion are available from the 
literature (e.g. Venkatram, 1993; Du and Venkatram, 1997; Schopflocher and Sullivan, 
2002), some of which may be more accurate than mixing-length or Gaussian models.  
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