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1. Executive Summary 

Motivation 

This report describes the results from a two-year study to develop and evaluate a reliable method 
to estimate PM'° (particulate matter with an aerodynamic diameter of less than 10 µm) and PMu 
emissions from paved roads. The study was motivated by two observations: 

PM
• Calculations made by the California Air Resources Board (Gaffney ct al., 1996) suggest that 

10 emissions from paved roads constitute a major fraction of total primary emissions from 
urban areas in California. For example, in the Los Angeles South Coast Air Basin, 
automobile traffic on paved roads generates about 170 tons/day or 30% of the total of 640 
tons/day of PM 10 emissions. 

• Currently used methods, described in AP-42, to estimate particulate emissions from paved 
roads are uncertain (Claiborn et. al., 1995; Kantameni et al., 1996; Zimmer et al., 1992). 
Furthennore, because the emissions model is a purely statistical relationship between 
measured emission rates and silt loading, its has limited applicability to situations different 
from those used in its derivation. 

Objectives 

The study described in this report is designed to reduce the uncertainties associated with 
estimating particulate emissions from paved roads. This report pertains to results from the 
following tasks: 

I. Examine in detail the studies conducted to date to characterize fugitive emissions from paved 
roads. 

2. Design and implement field experiments to evaluate improved emission measurement 
methods. 

3. Collect input data to run the AP-42 model at different roadways in southern California. 
4. Evaluate the AP-42 model with data collected at selected sites. 

Technical Approach 

From January 1996 to June 1997, we carried out a series of measurements of emissions of P~ 
and PM10 from paved roads in Riverside County, California. The program involved the 
measurement of upwind and downwind vertical profiles of particulate mass concentrations in 
addition to meteorological variables such as wind speed and vertical turbulent intensity. We took 
several steps to make sure that these data were interpreted correctly: 

I. We developed a new dispersion model to infer emissions from measured concentration 
differences. 1be new model (Du and Venlcatram, 1997; Venkatram and Du, 1997) overcomes 
problems with currently available Gaussian dispersion models by incorporating current 
understanding of dispersion and micrometeorology. 1be model was evaluated with data 
collected in a study that used SF6 as a tracer. 

ES-I 
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2. We used several collocated monitors to estimate the prec1S1on of the measurement. 
Concentration measurements at different heights upwind of the source were used to estimate 
the inherent fluctuations in the ambient PM10 concentrations. 1bese estimates were used to 
judge the significance of the concentration differences between upwind and downwind 
monitors. 

Results and Conclusions 

The literature survey indicates that the current AP-42 model for estimating PM10 emissions does 
reflect the general correlation between emission factor and measun:d silt loading. However, the 
scatter between estimates from the AP-42 model and corresponding observations limits our 
ability to make estimates of emission factor from measured silt loading. Our analysis of the data 
shows that close to 60% of the emission observations are expected to lie outside a factor of two 
of a model estimate. To see what this means, assume that the model predicts an emission factor 
of l gNKT (vehicle kilometer traveled) for 100 roads with the same silt loading. Then, the actual 
emission factor for about 60 of these roads is going to be greater than 2 gNKT or less than 0.5 
g/VKT. For 5 of these roads (95% confidence interval), the actual emission factor is likely to be 
14 times less or greater than the model prediction. 

A detailed reanalysis of the data (EPA, 1993) used to derive the latest version of the model 
showed that it was possible to obtain different but equally plausible empirical models for 
different subsets of the data set. These models differed in their predictions of emissions by as 
much as a factor of two. 

These results on the link between silt loading and emission factor suggest that making spot 
measurements of emission factor might be the most reliable method of constructing emission 
inventories for PM,0• Our examination of available measurement methods indicated that use of a 
dispersion model to interpret upwind-downwind concentration differences represents the best 
compromise between reliability and operational convenience. 

The major results of the measurement program to estimate PM emission factors are: 

l. The upwind-downwind PM10 concentration differences were comparable to the expected 
fluctuations in ambient concentrations. For PMu, the concentrations were either too small (or 
even negative) to allow meaningful estimates of emission factor. 

2. In most cases, the concentration profiles did not show the expected monotonic decrease with 
height; they sometimes increased and then decreased with height. Under these circumstances, 
it was not possible to estimate the vertical extent of the plume. 

3. Out of the 35 studies conducted, 8 (-23%) were associated with negative or zero PM,0 

concentration differences. These negative differences were not used to calculate emissions, so 
the emission estimates may be biased high. Because most of the PM, 5 concentration 
differences were negative, we did not estimate the corresponding emissions. 

4. The emission estimates were sensitive to the initial value of plume spread caused by vehicle 
motion. Because the initial spread cannot be measured directly, the emission calculations 
depend on an estimate of the plume spread. 

ES-2 
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The interpretation of concentration measurements indicates that the standard deviation of the 
emission estimates is comparable to the mean. This means that there is a 16% probability that the 
emissions are zero; this is consistent with the empirical estimate of 23% from the.study. Using 
shorter averaging times, such as a few minutes, is not likely to lead to better results because 
concentration fluctuations increase as averaging times decrease. The study conducted by Harding 
Lawson Associates (1996) supports this. In a program to measure PM,0 emissions from paved 
roads in Arizona, they found that close to 50% of the IS-minute averaged (measured using 
TEOMs) upwind-downwind concentration differences were negative or zero. 

For the experimental conditions of this study, the upwind-downwind technique, even in 
combination with the best available dispersion model, does not have the sensitivity to provide 
accurate estimates of PM,0 emissions. There is no reason to believe that other studies based on 
upwind-downwind concentration differences to infer emissions are any more accurate. 

The emission factors presented in Table 1-1 should be qualified with the preceding caveats. It is 
seen that emission factors for paved roads range from 0.1 to IO g/VKT. There is some indication 
that well maintained freeways have values at the lower end of the range, while older roads have 
values between I to IO g/VKT. We find that silt loading, used in the AP-42 model, is a poor 
predictor of the emission factor. 

Table 1-1. Emission Factors and Silt Loadings at Selected Roads in Riverside County 

Site Date EF(g/VKT) Sill content (gtm·) EF(g/VKT) 
bv'AP-42 

Comments 

Canvon Crest Dr. 3/18197 0.4 0.065 0.3 
Canyon Crest Dr. 11/20/96 0.89 After sweeoin2 
Canvon Crest Dr. 615197 0.74 0.085 0.36 Arter sweeoin2 

Main Street 6/17196 3.58 5.93E-03 0.063 . 
Main Street 6/19196 2.61 5.93E-03 0.063 
Main Street 9/3196 2.72 
Main Street 9/5196 3.51 
Main Street 9/24/96 , 2.6 After sweeoinl! 
Main Street 11/19196 3.01 After sweeping 

Riverside Dr. 3/17197 0.8 0.2 0.62 
Riverside Dr. 5/29/97 0.67 0.17 0.56 
Riverside Dr. 3/19197 1.16 0.19 0:6 After sweeoinl! 
Riverside Dr. 6/4197 I.I 0.085 0.36 After sweeoin2 

F022 Street 5/27/97 8.57 0.38 0.94 
Fo<>P Street 3/26/97 31.3 0.13 0.47 After sweeoinl! 
Fo22 Street 6/3/97 5.27 0.14 0.5 After sweeoin2 

Recommendations 

The results of this study suggest that it is necessary to measure emissions using a technique that 
does not rely on the small upwind-downwind concentration differences (relative to fluctuations 
in measured concentrations) associated with paved road emissions. We believe that better 
emission estimates can be obtained only by collecting particulate material continuously as it is 
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ejected by the action of the wheel against the road. This suggests an on-board PM,0 filter with its 
inlet close to the contact between the wheel and the road. It is only after we have obtained 
reliable estimates of emissions that we can proceed to understanding the mechanisms for 
particulate generation. 

Structure of Report 

The second chapter of this report provides a detailed examination of past studies on particulate 
emissions from paved roads. It pays particular attention to the derivation of the paved road 
emissions model in AP-42, and the performance of the model in explaining observations. This 
chapter is followed by a chapter discussing the estimation of emission rates of particulate matter 
from paved roads. Following this is the Field Measurement Report for the project, describing 
measurement methodology, results, and analysis. The appendices consist of three papers and 
details of the experimental program: 

An Analysis of the Asymptotic Behavior of Cross-wind Integrated Ground-level 
Concentrations using Lagrangian Stochastic Simulation 

Atmospheric Environment 34(10):1467-1476. This paper describes the theoretical aspects 
of the dispersion model used in the analysis. 

The Effect of Streamwise Diffusion on Ground-level Concentratiom 
Atmospheric Environment 32( 11): 1955-196l. This paper describes the theoretical aspects 
of the dispersion model used in the analysis. 

A Parameterization of Vertical Dispersion of Ground-level Releases 
J. Appl. Met. (36)-1004-1015. This paper describes the model used to estimate PM,0 

emissions. 
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PM
2. Critique of the AP-42 Model for Estimating 

10 Emissions from Paved Roads 

Motivation 

Current estimates of PM,0 (particulate matter with an aerodynamic diameter of less than 10 µm) 
emissions from paved roads are based on the model included in the AP-42 document (AP-42, 
fifth edition). This model suggests that large fractions of PM'° emissions in urban areas originate 
from paved roads. For example, Gaffney et al. ( 1995) estimated that about 30% of primary PM10 

emissions in California are associated with traffic activity on paved roads. Zimmer et al. ( 1992) 
estimated that PM,0 emissions from paved roads accounted for about 40-70% of the total PM,0 

impacts at model receptors in the Denver metropolitan area. Such results, by themselves, would 
point to a careful re-examination of the AP-42 model. This need is made more urgent by recent 
studies (Claiborn et al., 1995; Kantamaneni et al., I 996) that show that PM,0 emission estimates 
from the model compare poorly with measurements. 

In the following sections, we first review the formulation of the model to understand the 
governing variables. We next critically examine the performance of the model in explaining 
observations and the experimental methods used to measure emissions. 

AP-42 Model for Paved Road Emissions 

The AP-42 model for estimating PM,0 emissions from paved roads was developed by the 
Midwest Research Institute (MRI) under contract with the USEPA (Cowherd and Englehart, 
1984; EPA, 1993). The first version of the model (Cowherd and Englehart, 1984) expressed the 
emission factor, E, from a paved road in tenns of the silt loading, sL, as follows: 

E=k(sLY. (l) 

where E is the mass emitted per unit distance traveled by the motor vehicle expressed as grams 
per vehicle kilometer, L is' the surface mass loading of the paved road expressed as mass per unit 
area, and s corresponds to the fraction of the surface loading that passes through a 75 µm sieve. 
In the equation, k and p are empirical constants. The value of Jc depends on the units used to 
express the emission factor and silt loading, and p has been empirically dett:nnined to be 0.8. 

The latest version of the AP-42 model for PM,0 emissions includes the average weight of the 
motor vehicle in tons, W, as an explanatory variable (EPA, 1993): 

E =k(sL)PW 6
, (2) 

where pis now 0.65 and the exponent b=l.5. 

In the following sections, we will examine the AP-42 model in detail. Our discussion is 
organized around the following subjects: 
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1. How the model was fonnulated. 
2. Its performance in explaining observations. 
3. Limitations of the model. 

In discussing these limitations, we will examine: 

1. The theoretical basis of the model. 
2. The statistical derivation of model parameters. 
3. The methods used to measure the variables incorporated in the model. 

The final section of this chapter summarizes the critique, and provides suggestions on how to 
improve the model. 

Formulation of the Paved Road Emissions Model 

The paved road emissions model in AP42 is based on the intuitively appealing idea that PM,0 

emissions from paved roads are primarily caused by resuspension of material deposited on the 
road. If this is true, a motor vehicle is likely to resuspend more PM from a dusty road than from a 
clean road. The most straightforward method of characterizing dustiness is the mass per unit area 
of loose material on the road surface. This surface loading can be measured by vacuuming the 
traveled portion of the road. Because only a fraction of the surface material contributes to PM,0 

emissions, it reasonable to assume that only a certain size fraction is relevant. Silt loading refers 
to the mass of the surface material that passes through a 75 µm mesh. A second factor that is 
believed to be important in the resuspension process is the weight or'the vehicle; this also makes 
intuitive sense. 

The first version of the model, Equation (l) (Cowherd and Englehart, 1984), used silt loading, 
(measured by vacuuming test roadways and sieving the collected material) as the primary 
explanatory variable. The emission factor for PM" was determined using an upwind-downwind 
mass balance technique, which is described in more detail later. The PM,0 emission factor was 
obtained by scaling the PM,5 factor by the measured particle mass distribution. The emission 
factor was directly correlated with silt loading, and inversely correlated with vehicle speed. But 
because silt loading and vehicle speed were inversely correlated, silt loading was chosen to be 
the primary explanatory variable. 

The data were collected at commercial/industrial roads, an expressway, and a rural road. As 
expected the silt loading was highest on the rural road and lowest on the expressway. Equation 
(I) resulted from regression analysis of IO data points that met the quality control criteria The 
equation was developed by assuming that it is of the form, 

E =a(sL)b, (3) 

where the unknown constants "a" and "b" are obtained by fitting the data with the following 
linear equation obtained by taking logarithms of both sides of Equation (3): 

In(£)= ln(a) +bln(sL). (4) 

2 
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The fitting is designed to nunmuze the sum of the squares of the residuals between the 
logarithms of the predicted (left side of Equation (3)) and observed emission factors. This 
procedure also ensures that the average of the logarithmic residuals is zero. 

The latest version of the PM 10 emissions model was developed using a larger data set consisting 
of about 60 data points for a variety of roads ranging from public paved roads to uncontrolled 
industrial roads. The data indicated that the average weight of the vehicle explained some of the 
variance of the observed emission factor. Equation (2) resulted from a regression analysis of the 
data. The next section examines the performance of the model in explaining observations. 

Performance of Model 

Figure 2-1 plots the predicted against the observed emission factor for the data set used to derive 
Equation (2) (EPA, 1993). We see that the model explains 75% of the variance. The magnitude 
of the unexplained scatter is seen more clearly in the residual plot of Figure 2-2, which shows the 
ratio of the observed to the predicted emission factor as a function of the corresponding predicted 
emission factor. The ratio varies over two orders of magnitude. This means that when the 
predicted EF is l g/VKT, the observed EF varies from 0.1 to 10 g/VKT. The consequences of 
such scatter are discussed later. 

Figure 2-1: Predicted versus Observed Emission Factors for Complete MRI Data Set 
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Zimmer et al. ( 1992) were among the first to evaluate the AP-42 model using a data set that was 
independent of that used to derive it. In a study performed in the Denver metropolitan area, they 
measured emission factors with associated silt loadings at several different types of roads. Figure 
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2-3 plots the emission factors against these silt loadings. As noted by Zimmer at al. ( 1992), the 
silt loading explains only 20% of the variance of the observations. Furthermore, the implied 
relationship between EF and silt loading is very different from that of Equation (l) 9r (2). 

Figure 2-2: Ratio of Observed to Predicted E~ion Factor versus Silt Loading 
for MRI Data Set 
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Similar results were obtained by Kantamaneni et al. (1996), who compared measurements of 
PM,0 emissions made at paved roads in Spokane, Washington, to estimates from the AP-42 
model. The measured silt loadings showed very little variation, about 3.25 g/m2 over the period 
of 2 months in 1994 of the experimental study. While Equation (1) predicts a constant value of 
about 10.5 g/VKT corresponding to the measured silt loading, the measured emission factors 
range from 0.47 to 1.71 g/VKT. These results led the authors to conclude that "no correlation 
was found between experimentally determined emission factors and silt loading observations." 
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Figure 2-3: Emission Factor versus Sill Loading for data from Zimmer et al. (1992) 
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This difficulty in using silt loadings to estimate emission factors is illustrated in another study 
conducted by Ashbaugh et al. ( 1996) at an intersection in Sacramento, California, over a period 
of 4 days in August 1995. The measured emission factor averaged over this period was about 0.1 
g/VKT. The silt loadings on the four roads leading to the intersection varied. substantially: 
0.0543, 0.0034, 0.0016, and 0.0020 g/m'. Notice that the first value is about 10 times the 
remaining three values, which suggests one of two things: The number is an outlier or silt 
loadings are inherently unstable. Both possibilities cannot be ruled out. If we assume that the 
largest silt loading is an outlier, we find that the emission factor calculated using Equation (2) 
using an average of the remaining three values is 0.03 g/VKT, which is three times lower than 
the measured emission factor. On the other hand, if we assume that the largest silt loading is 
valid, we have to conclude that silt loading is an unreliable indicator of PM,0 emissions. That is, 
although the observed emission rate is relatively steady, the predicted emission rate can vary 
from 0.03 g/VKT to 0.3 g/VKT depending on where silt loading is measured. 

These results from independent evaluations of the AP-42 model for paved road emissions 
highlight the problem of basing a model on a particular data set. This and other limitations will 
be discussed in the following sections. 

Limitations of the Paved Road Emissions Model 

The formulation of the AP-42 model assumes that the balance between production and removal 
of particulate matter gives rise to a layer of PM that acts as a reservoir. The sources of particulate 
matter include vehicular carry-out from unpaved roads, water and wind erosion from adjacent 
exposed areas, motor vehicle exhaust. brake dust, pavement wear, cargo spills, winter sanding 
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and salting, and atmospheric deposition. The removal mechanisms include resuspension by direct 
contact with vehicle wheels, aerodynamic effects induced by moving vehicles, wind shear, and 
rain. 

The assumed reservoir of PM has to be reduced continuously through resuspension by moving 
vehicles. In other words, silt loading has to decrease with time unless the silt is replenished at the 
same rate that it is removed. If this were true, silt loading cannot explain the vehicle-induced 
resuspension rate because, by assumption, it is unaffected by emissions. The actual depth of this 
permanent reservoir of silt cannot affect the rate at which material is removed from its surface. 
To see the difficulty. consider the analogous problem of estimating evaporation from the surface 
of a lake. The actual depth of the lake (read silt loading) has little to do with evaporation rate 
(read particulate emissions) from the surface. 

Thus, using silt loading as an explanatory variable in the emission factor model poses a logical 
dilemma. If it affects emissions, it cannot be a stable parameter that characterizes the road 
surface - it has to change with time. If it is a stable variable, it cannot affect the emission factor. 
It is possible that silt loading at a particular instant might provide an estimate of the emission 
factor for that particular slice of time. For example, the silt loading of a road used by a 
construction site might provide information on paved road emissions during the construction 
activity on a particular day. But, it would be unreasonable to use the silt loading to estimate 
emissions after the construction activity has ceased. 

Another problem with the AP-42 model is that the so-called constant, le, in Equations (I) or (2) 
has physical dimensions, which implies that it contains hidden physical variables that should not 
vary from road to road. Because we do not know what these variables are, we are not in a 
position to examine the validity of the assumption. We can suspect that the equations are missing 
something because they do not reduce to the model for unpaved roads in the limit of infinite silt 
loading. After all, a very dirty paved road should behave like an unpaved road. 

One can argue that the theoretical foundation of the emissions model is irrelevant as long as it 
produces useful estimates of emissions. We will address this issue by first discussing the impact 
of the deviations between model estimates and corresponding observations of EF. 

The Framework 

A model prediction will always differ from the corresponding observation because the model 
cannot include all the variables that affect the observation. So we have to assume that the best 
that the model can do is to provide an estimate of the average over the ensemble of all possible 
observations corresponding to the model inputs, a. Because observations respond to a set ~ not 
included in the model, we will have an infinite ensemble of observations associated with a given 
model input set Cl. Then, we can write 

(5) 

where £ refers to the variable of interest, such as emission factor, the subscript o refers to an 
observation, and p refers to the model prediction. The residual between model prediction and 
observation is £(a,~). For a given value of the model input set a, we will have an infinite number 
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of observations corresponding to different values of the unknown set p. By definition, the 
average of these observations for a given a is the model prediction, 

(E,.(a,P)l =E,(a), (6) 

which implies that 

(e(a,P)t =O. (7) 

These concepts are illustrated in Figure 2-4. Notice that Equation (7) states that for an ideal 
model, the average of residuals for a given set of model inputs should be as small as possible. 
Such an average cannot be taken in practice because we cannot keep the model inputs fixed as 
we make observations. Therefore, we need to make sure that the statistics of the residuals do not 
vary with model inputs. This enables us to compute these statistics from the residuals between 
model estimates (for different a) and corresponding observations. Before we can analyze the 
residuals between model estimates and observations, it is necessary to convert them into a white 
noise sequence, which is unrelated to the model input variables. In principle, this can be done 
through appropriate choice of the model and/or transformation of the model inputs. A plot of 
residuals against model inputs, such as that in Figure 2-2. provides a visual indication of the 
success of this procedure. A quantitative estimate is provided by the correlation coefficient 
between model estimates/inputs and corresponding residuals. 

Figure 2-4: Ensemble of Observed Emission Factors Corresponding to Predicted Emission 
Factor 

Observed emission factors 
corresponding to predicted emission factor 

Predicted emission factor 

The statistics of residuals obviously contain important information on model performance, which 
needs to be incorporated explicitly in the use of the model prediction. Before we illustrate this 
idea, it is useful to transform the residuals so they are normally distributed about the mean. The 
required transformation is based on the observation that concentrations are lognonnally 
distributed about the model prediction (Csanady, 1973). Then, the residuals are defined by the 
equation: 
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ln(E.)=ln(E,)+£. (8) 

Notice that this also ensures that the observation is always positive even when the residual, £, is a 
large negative number. 

To avoid interpreting residual statistics in terms of logarithms, it is convenient to define the 
geometric mean and standard deviation as follows: 

m
1 

=exp(l) 

and (9) 

s, = exp(a,) 

We see that that the deviation of m from unity tells us whether the model is underpredicting or
1 

overpredicting; it is a measure of bias of the model estimate. Note that a model developed by 
regressing the logarithm of the observed emission factor on data will, by design, have an m, close 
to unity for residuals corresponding to the data used to derive the model. The geometric standard 
deviation, s , is a measure of the uncertainty in the model prediction. 

1 

Interpretation of Residual Statistics 

We will illustrate the application of the model evaluation framework to the data presented in 
Figure 2- l. For the data in Figure 2-1, m, is close to unity as expected, but s is 3.9. This implies

1 

that close to 60% of the observations are expected to lie outside a factor of two of a model 
estimate. To see what this means, assume that the model predicts an emission factor of 1 g/VKT 
for 100 roads with the same silt loading. Then, the actual emission factor for about 60 of these 
roads is going to be greater than 2 g/VKT or less than 0.5 g/VKT. For 5 of these roads (95% 
confidence interval), the actual emission factor is likely to be 14 times less or greater than the 
model prediction. 

These statistics clearly indicate that even the improved emission factor model, Equation (2), has 
a large degree of uncertainty that needs to be accounted for in an emission inventory calculation. 
Uncertainty can be incorporated into an emission inventory calculation by simulating 
observations of emission factor using Equation (9). We first estimate an emission factor for a 
given road using the measured silt loading. We then simulate an observed emission factor by 
adding a residual E selected at random from a normal distribution with a mean of ln(m,) and a 
standard deviation of ln(s,) to ln(model estimate). 

ln(E,;,..1ai,d) = ln(E,,diant) + £(ln(m, ), ln(s,)). (10) 

The synthetic observed emission factor is exp(E,._,.,,d). This simulation will lead to sets of 
emission inventories rather than a single set, which can be analyzed further to obtain statistics. 

One can argue that if we have a large number of roads, we will overpredict at roughly half of 
them, and underpredict at the remaining roads, so that total emissions will be roughly correct 
when observations are averaged over all these roads. This result is comforting only if we are 
interested in emissions summed over an area that includes a large number of roads with the same 
silt loading. We also have to be convinced that the model provides a reasonable estimate of the 
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mean EF. This, as we will see in the next section, is debatable because the model is purely 
statistical. 

Problems with Statistical Models 

Equation (2) is a purely statistical model based on the observed correlation between measured 
emission factor and possible explanatory variables, such as silt loading and vehicle weight. We 
call the model statistical because the parameters, k, p, and bin Equation (2) are entirely based on 
the data used to derive them. To illustrate this, we fitted Equation (2) to different subsets of the 
data set used by MRI to develop Equation (2). Table 2-1 shows the values of model parameters 
corresponding to data sets divided according to different ranges of silt loading. The parameter 
values for the complete data set are slightly different from those recommended by MRI (EPA, 
1993); but this difference does not change our conclusions. 

Table 2-1: Variation of'Model Constants with Data Set 

EF=k(sL)~ 

No of Data 
Points 

Range of sL 
(gfm2) k p b r2 

60 Oto400 0.54 0.61 1.55 0.75 

37 Oto 4 0.18 0.52 2.14 0.66 

23 11020 1.02 0.93 1.1 0.6 

23 5to400 33.7 0.22 0.43 0.12 

When we used data for silt loadings in the range O to 4 g/m\ which corresponds to most urban 
roads and freeways, the resulting model parameters are substantially different from those for the 
complete data set, even though the r1 is still a respectable 0.66. Note that the parameter k is a 
factor of three smaller than the recommended value of 0.54. For silt loading in the range l to 20 
g/m', the parameters are substantially different from the base case values, but the model still 
explains 60% of the variance of the emission factor observations. Figures 2-5 and 2-6 show that 
the models corresponding to these data ranges provide plausible descriptions of the data It is 
clear that there is no rationale for choosing one of these models over another. In fact, because 
most measured silt loadings fall in the range O to 4 g/m2, the fit for this data range ought to be 
preferred over that recommended in AP-42. 

There is no reason to believe that the purely empirical AP-42 model for paved road emissions 
provides credible estimates of the "mean" emission factor. Models derived from different data 
ranges can provide different but equally plausible estimates. To illustrate this, we have plotted 
the ratio of the AP-42 model to the "small sL" model (0 to 4 g/m2

) as a function of silt loading in 
Figure 2-7. We see that when the average vehicle weight is 1.5 tons, the ratio is over 2 for most 
of the range of silt loading encountered in practice. When the vehicle weight is 3 tons, the ratio is 
about 1.25 for sL=0.5 g/m2, and exceeds 1.5 when silt loading is greater than I g/m2

• These 
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results indicate that the AP-42 paved road emissions model has the potential of overstating even 
the mean emission factor by as much as 100%. Note that this overestimate does not refer to an 
individual road. It refers to the average over a large number of roads, which means that emission 
factor estimates for area wide averages can be in error by large factors. 

Flpre 2-5: Predicted venus Observed E111mlon Factors for Silt Loadings ks than 4 g/m2 
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Figure 2-7: Ratio of Emission Factors Predicted by Two Different Empirical Formulas. 
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1be primary message of this discussion is that emission factor estimates for paved roads from the 
AP-42 model are likely to be highly uncertain. This uncertainty is the result of several factors, 
some of which have been examined earlier. But the most important source of uncertainty could 
well be the measurement of the emission factor itself. We need to remind ourselves that 
measurements are the foundation of the AP-42 model. In the next section, we examine the 
accuracy of some of the methods that have been used to measure PM,0 emissions from paved 
roads. 

Emission Factor Measurements 

Several methods have been used to infer emissions from paved roads. These include: 
1. Mass balance calculations using profiles of PM,0 concentrations (Cowherd and Englehart, 

1984). 
2. Dispersion models to fit concentration measurements (Dyck and Stukel 1976; Cahill et al., 

1995). 
3. Tracer methods (Claiborn et al., 1995). 

All these methods rely on measuring PMio concentration differences associated with emissions 
from the road. Figure 2-8 shows the typical experimental setup used to measure emissions. In the 
ideal experiment, the wind blows across the road. PM concentrations are measured both upwind 
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and downwind of the road. These measurements are made at several heights to obtain 
information on concentration profiles. Meteorological towers are used to measure temperature, 
wind and turbulence at several heights. On the downwind side, there can be PM monitors at 
several downwind distances. 

The following sections describe the specifics of different measurement techniques. 

Mass Balance Method 

The mass balance method is based on measuring the difference between the upwind and 
downwind horizontal mass fluxes. The difference is the emission from the road. The horizontal 
flux per unit length across a plane parallel to an infinitely long road can be written as 

-
Horizontal Flux= J(uC)dz , (11) 

0 

where the angle brackets refer to an average over the sampling period, u is the instantaneous 
velocity normal to the plane, and the C is the simultaneously measured PM,0 concentration. 

Figure 2-8: Ideal Experimental Setup to Measure PM11 E~ions from Paved Roads 

Wind 

tower towm 

Meteorological 

► P~, 
plume 

Roadway Downwind PM., 
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Idealized concentration profiles 

The first thing we notice about this expression is that the calculation of horizontal flux requires 
simultaneous measurements of concentration and velocity normal to the road. The flux is not 
equal to the product of the mean velocity and the mean concentration, as can be seen by 
expressing the concentration and velocity in temis of time means and deviations: 
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u=ii+u' 

and (12) 

C=C +C' 

so that 

(uc) = iiC +(u'C'}. (13) 

The second term on the right is the turbulent flux, which is related to the variations in wind speed 
and concentration during the sampling period of interest. Because PM.. sampling typically occurs 
over several hours, the second term can be as large as the first. 

The second aspect of horizontal flux calculation is that it requires information at several heights 
to allow accurate interpolation of point fluxes and identification of the edge of the plume from 
the road. In practice, this is a difficult assignment. 

Cowherd and Englehart (1984) measure horizontal fluxes using a technique called isok.inetic 
sampling, in which airflow into a sampler is adjusted to match the local wind speed. Four 
samplers are attached to a mobile tower placed downwind of the road. Usually, only two 
samplers are used to measure upwind concentrations, which are then averaged to produce a so
called background value that is subtracted from the downwind mean concentrations. This 
procedure assumes that the upwind concentration does not vary significantly with height. The 
flow rate into the samplers and the direction of the head are controlled by the wind speed 
measured by a warm wire anemometer. 

In principle, this method can measure fluxes without measuring concentration and velocity 
separately and multiplying them out. There are several errors than can affect this point flux 
measurement. The first is introduced by the fact that the inertia of the blower motor will 
inevitably filter out short-term mass fluxes. Thus, it is not clear that the sampling heads actually 
measure total mass fluxes. It is also necessary for the airflow to correspond to the velocity 
normal to the road. This cannot be done with a sampler design (Cowherd and Englehart, 1984) 
that uses a wann wire anemometer to measure the velocity. Furthermore, the sampler head 
should point along the normal to the road to measure the correct horizontal flux. The description 
in the report indicates that the head is designed to point into the wind, which is likely to 
overestimate the required flux. Because upwind fluxes are not measured accurately, emission 
estimates based on the differences between upwind and downwind fluxes cannot be reliable. 

Another difficulty with the isokinetic exposure method is that it does not account for the wind 
reversals that are likely to occur over a sampling period of a few hours. The fluxes into the road 
are not measured during these periods. The net flux calculation might be in error if these negative 
fluxes are not included. 

The horizontal flux calculation depends on accurate interpolation and extrapolation of a limited 
set of measurements. Unlike the concentration, the flux does not decrease steadily with height 
because large mass fluxes can occur in the upper part of the plume where low concentrations are 
accompanied by large winds. Under these circumstances, it is difficult to identify the height at 
which the vertical integration can be terminated. 
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To show that the errors that we have discussed can be mfoirniud, it is necessary to demonstrate 
that the flux measured by the system is equal to the product of the instantaneous concentrations 
and velocities. Because this equivalency has not been established, it is impossible to quantify the 
errors in the isokinetic sampling technique. 

Dispersion Model Method 

Emissions also can be calculated using dispersion models. Herc, the measured profiles of 
upwind-downwind concentration differences are fitted to a dispersion model by treating emission 
rate as the unknown parameter. The major advantage of the method is that it is not necessary to 
identify the top of the plume, as long as we can fit part of the predicted concentration profile to 
the observed profile. The second advantage is that it is not necessuy to make simultaneous 
(space and time) measurements of concentration and velocity. In principle, we can manage with 
time averaged quantities. The accuracy of this technique depends on the accuracy of the 
dispersion model and the significance of the concentration contribution of the road relative to the 
inherent fluctuations of the background concentration. Let us discuss each of these factors in 
tum. 

The geometric standard deviation of deviations between model estimates of concentrations and 
corresponding observations is close to 2 even when the meteorology is well known (Venlcatram, 
1984, 1988). The cross-wind integrated concentration might be estimated with less uncertainty 
but the 95% confidence interval is no better than a factor of 2. This suggests that if we should be 
able to derive emission factors with this degree of uncertainty µ we can use an adequate 
dispersion model with the required input data. 

Using a dispersion model to estimate PM emissions is complicated by the fact that vehicular 
motion can eject particles vertically and can also induce nubulence that might affect dispersion 
in the near field. The conventional method of accounting for these effects is to ascribe an initial 
plume spread associated with vehicle motion. The problem is that there is no consensus on how 
this plume spread is specified. Because this spread can dominate that associated with 
atmospheric turbulence, this lack of knowledge can become critical in the application of a 
dispersion model to infer emissions. 

In principle, we can infer initial plume dimensions by fitting model estimates to observations of 
tracer releases designed to mimic emissions from paved roads. This was done by Kantamaneni et 
al. ( 1996) in a study to estimate PM,0 emissions from paved roads in Spokane, Washington. They 
were able to adjust the vertical dimensions of the vertical plume to fit estimates from a Gaussian 
model to observations of SF, concentrations associated with a release upwind of the road. 
Although the calibration appeared to be successful, it was clear that there was no systematic 
method of specifying the vertical spread. The vertical spread was varied between O to the 
unrealistic value of 45 m to obtain agreement between model estimates and observations of 
cross-wind integrated concentrations. This suggests that the vertical spread was no more than an 
arbitrary calibrating factor, which cannot be related to any of the governing physical variables. It 
is clear that our ability to use a dispersion model to estimate emissions is limited by our lack of 
understanding of dispersion induced by vehicular motion. 

Another problem that can affect both the mass balance as well as the dispersion model methods 
is that the PM incremental concentration contributed by the road can be comparable to the 
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inherent fluctuations in the background concentrations; emission factor estimates become suspect 
under these conditions. The measured upwind concentrations can be larger than the downwind 
concentrations. For example, in a study conducted by Harding Lawson Associates (1996) to 
measure paved road emissions in Arizona, close to 50% of the 15-minute averaged downwind
upwind PM,0 concentration differences were negative. This suggests that errors in emission 
factors can be introduced by fluctuations in background concentratioos. 

Tracer Methods 

To avoid using a dispersion model to measure emissions, Claiborn et al. (1995) used a tracer to 
provide the dispersion function, which is essentially the ratio of the concentration of the tracer 
and the known emission rate of the tracer. This method is clearly superior to a dispersion model 
if the tracer release mimics that of the fugitive emissions. For example, if the road behaves as an 
area source of emissions, the tracer release should be distributed over the road. Because this is 
not possible in practice, Claiborn et al. (1995) and Kantarnaneni (1996) have used either line 
sources or point sources located just upwind or downwind of the road being studied. Because 
these studies did not compare vertical profiles of SF. and PM,., it is not apparent that these 
approximations are justified. 

We have shown that methods currently used to measure PM,0 emissions from paved roads are 
prone to error for various reasons. At present, we have little information on the magnitudes of 
these errors. 

Conclusions 

Our examination of the data used to derive the AP-42 paved road emissions model indicates that 
there is significant correlation between emission factor and silt loading. The analysis also shows 
that we can develop different but equally plausible empirical models by using different subsets of 
the data set. These models provide EF estimates that can differ by a factor of two. 

The correlation between emission factor and silt loading is not reproduced by other studies 
(Zimmer et al., I 992; Kantamaneni et al. 1996), which supports the earlier observation that the 
form of the emission factor model is a strong function of the data used to derive it. This is to be 
expected of a purely empirical model, which Jacks a mechanistic foundation. 

Even though the AP-42 model explains over 70% of the variance of the observations used to 
derive it, the scatter between model estimates and corresponding observations has a significant 
impact on our ability to make emission estimates. For example, EF estimates from the latest 
version of the model (Equation 2) are likely to deviate by more than a factor of two from the 
corresponding observation as much as 60% of the time. 

Until we learn more about the mechanisms of PM emissions from paved roads, it is prudent to 
rely on spot measurements to obtain reliable estimates of emission factors. We have surveyed 
current methods to infer emissions, and have concluded that the use of a dispersion model to 
interpret upwind-downwind concentration measurements represents the best compromise 
between accuracy and ease of implementation. The next chapter descn'bes results obtained using 
a dispersion model. 
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3. Estimating Emission Rates of Particulate Matter from Paved Roads 

The following section describes the approach and results to measurements of particulate matter 
from paved roads in Riverside County, California. This text has been accepted for publication in 
Atmospheric Environment. 

Technical Approach 

In the last chapter, we examined currently available methods for measuring PM emissions from 
paved roads. In choosing one of them for this project, we were guided by the following criteria: 

• It is reliable, in the sense that one can estimate the error involved in using it. Using this 
criterion, we eliminated the mass balance technique because its accuracy depends on the 
vertical extent of the plume, which is difficult to determine experimentally. 

• It uses instruments that were commonly available, and can be used routinely. This criterion is 
based on the observation that existing models of PM10 emissions are uncertain; thus, until 
better models become available, it might be necessary to make measurements to obtain 
reliable estimates of emissions in new situations. It is clear that, while tracer techniques 
might be accurate under certain conditions, they cannot be used routinely. We chose to use 
the dispersion model technique with the realization that it was necessary to first improve 
upon current modeling techniques for surface releases. · 

• It was based on a measure of PM 10 equivalent to the Federal Reference Method. 

Thus, our approach to estimating emissions consisted of the following steps: 

l. Select state-of-the-art dispersion model applicable to surface releases. 

2. Evaluate the model using tracer experiments. 

3. Measure PM,0 concentration concentrations and associated meteorology at a number of 
representative roadways. 

4. Apply the model to estimating PM 10 emissions from paved roads. 

5. Evaluate the applicability of the AP-42 model to measured emissions. 

6. Develop improved model for PM,0 and PM2. s emissions from paved roads. 

The Dispersion Model and Its Use in Estimating Emissions 

Most existing dispersion models, such as the Industrial Source Complex model, are based on 
empirical dispersion curves derived from the Prairie Grass experiment conducted in 1956 (See 
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Venkatram, 1996 for discussion). Other models (Nieuwstadt and van Ulden, 1978; van Ulden, 
1978; Gryning et al., 1983) are hued on either K-theory or Lagrangian Similarity theory, which 
can be justified only posteriori by comparing model estimates with observations. Because the 
accuracy of the PM. emission estimates depends on the dispersion model, we developed a new 
dispersion model using a method that represents current understanding of dispersion. This 
method is based on conducting simulations of particle motion with a Lagrangian Stochastic 
model formulated by Thomson (1987) and others (Wilson, 1982). The simulations generated 
data, which were then used to develop a parameterized model. The model was evaluated with 
observations from the Prairie Grass experiment {Barad, 1958). The development of the model as 
well as its evaluation is described elsewhere (Venkatram and Du, 1997; Du and Venkatram, 
1997). In this paper, we describe the evaluation of the accuracy of this new model in estimating 
emissions from a distributed source representative of a road. 

The results described in Du and Venkatram ( 1997) can be summarized in terms of the cross-wind 
integrated concentration, C'(z), as 

(I) 

where the values of parameters, sand b, are given later. 1be ground-level concentration C1 (0) 
can be expressed as 

(2) 

where the plume height, f , is parameterized as 

l = 0.04.rg(.r,), (3) 

where .r. = .r ! ILi ,and the Monin-Obukhov length, L , is defined by 

(4) 

wbeie Q. is the surface kinematic beat flux. and T. is the near surf-=e telllperabn. 
1be function g(.r.) is gi\lCD by 

(I +03S.r. )112 
, (L<O) 

(5)g(.r.)= { (1+0.24.r.)-112 (L>O) 

1be effective transport velocity, "•, is a function of distance from release, .r, the plume height 
l , and the friction velocity, w., 

(6) 
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where the function m(x.) is given by 

(1 +O.S2Sz!)11• (L<O) 
(7)m(z.) = { (l +0.26.r. )-113 (L>O) 

We find lhal s =1.3 for unstable stratification and s =2.0 for stable stratification. For near 
neutral conditions, in the narrow range l / L = (-0.01, 0.01) m·1

, we propose linear inlel'pOlations 
for s and the corresponding value of b 

s = 13+ 70(z+ 0.01). (-0.0lm-• < z < O.Olm) 

b=0.68-18(z+OD1) 
(8)

whut 

z = 1/ L 

The model is used to calculate the emission rate by fitting model estimates to corresponding 
observations as follows. At any downwind distance, the observed concentration can be written 
as: 

(9) 

~here i i~ a random deviation. The dispersion model is used to estimate the mean plume height. 
i . We estimate the surface conoeacration, C'(0) , by mioiroiziog the sum of the squares of these 
deviations over the heights of measwemenL Tbe resultiq least squares estimate is 

tc:ci;>JCi; ll> 
CO:,(O) =--;----=---- (10)!,/2(1:; /l) 

; 

. . 
where :; is the height of measurement Theo, the estimare of the emission rate follows from 
Equation (2), 

(11) 

Tbe next section descnl>es experiments cooducted to estimate the error involved in this 
arirn#ion technique. 

Evaluation of Dispersion Model Using Tracers 

The theory described in the previous section was evaluated using three experiments conducted in 
the parking lot of the College of Engineering-Center for Environmental Research and 
Technology (CE-CERn, University of California, Riverside. These experiments were designed 
to simulate emissions from roads/freeways by releasing SF6 from a grid of tubes with the width 
of a typical paved road. The grid consisted of five columos and six rows. The width of the five 
columns was 20 m. corresponding to the width of a typical four-lane road. The rows were evenly 
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spaced along a distance of 30 m. The tracer was released at a measured flow rate from nozzles at 
the nodes of the tube grid. SF6 was collected in bags over a time period of 30 minutes at 1, 3, 5, 
and 10 m on a tower located 5 m downwind of the artificial area source. A 5 m tower measured 
wind speed and temperature at three levels ( I, 3, and 5 m). This information was used to estimate 
the micrometeorological variables, the surface friction velocity and the Monin-Obukhov length, 
required by the dispersion model; this estimation involved fitting similarity profiles to the 
measured values at the three heights (Nieuwstadt and an Ulden, 1978). 

Emissions from the area sources were estimated by modeling them as an equivalent line source 
placed in the middle of the grid. Because the accuracy of this approximation depends on our 
ability to estimate emissions from a line source, we conducted a fourth experiment in which SF6 

was released from a line source 15 m long containing seven evenly spaced nozzles. The emission 
estimates from the four tracer experiments are presented in Table 3- l. We see that the mean error 
involved in estimating emissions from the simulated area source is about 60%. In the only 
experiment with the line source, the error is almost negligible. This set of tracer experiments 
suggests that the error associated with using a dispersion model to estimate emissions is well 
within a factor of 2. 

Table 3-1: Results from SF, Experiments to Examine Effect of Traffic on Dispersion 

Site Measured Q (g/s) Predicted Q (g/s) Error(%) 

CE-CERT (line) 0.043 
.

0.043 0 
CE-CERT (area) 0.0390.067 72 
CE-CERT (area) 0.0220.022 0 
CE-CERT (area) 0.046 0.022 113 
Iowa Avenue 0.0530.044 20 

We also conducted a tracer experiment to estimate the impact of automobile generated turbulence 
on dispersion. We located a line source of SF6 at a prescribed emission rate upwind of Iowa 
Avenue, which has a traffic volume of about 1,200 vehicles per hour. The release line was 30 m 
long and located l m away from the curb. Nozzles were evenly spaced at 3 m intervals. The 
emissions were sampled 20m at the opposite curb at heights of I, 2, 5 and 10 m by filling bags. 
The concentrations of these samples were used to estimate the emission rate assuming that traffic 
generated turbulence was absent. We found that the resulting emission rate was within 20% of 
the actual value. This suggests that for this particular situation, the effect of traffic is within the 
expected error in estimating emissions. We tentatively assumed that we could neglect the direct 
effect of traffic on dispersion. However, as we will show later, automobiles can affect dispersion 
indirectly by ejecting particles upwards. 

Measurement of PM,. Emission Rates from Paved Roads 

We then proceeded to estimate emission rates of PM,0 from roads by carrying out concentration 
and meteorological measurements at 6 sites in the vicinity of Riverside, California These sites 
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included one at a freeway, Highway 215/(:J), one at a local unpaved road crossing an agriculture 
field, and three at major streets: Iowa Avenue, Canyon Crest Drive, Riverside Drive, and one at a 
local street, Fogg street. 

At each site, PM10 concentrations were mea.sured upwind and downwind of the road using low
volume samplers at heights of 1 m, 3 m and 5 m. The sampling time at each site was determined 
by the steadiness of the wind flow; it ranged from 1.5 hours (unpaved road) to 32 hours of multi
day collection, with a mean value of 9.4 hours. Table 3-2 summarizes the data collected. 

Separate collections with S collocated low-volume samplers indicated that at these sampling 
durations, the measurement uncenainty was about 10% of the mean cooc:entration. Because the 
upwind-downwind concentration differences were of the same order as this unc:enainty, it is 
necessary to use the fining procedure described earlier to obtain useful information on the 
emission rate. 

At each measurement site, the following meteorological variables were measured at a height of 3 
m: mean wind speed (U), wind direction (8), temperature (T), humidity (q) and standard 
deviation of vertical fluctuating velocity (a.). This information was used to calculate the 
variables required to estimate dispersion, the friction velocity u. and the Monin-Obukhov length 
L (Venkatram, 1992), through the iterative solution of the following coupled equations for a. 
and U (Panofsky and Dutton, 1984): 

er = ll.25u.(l-3~)113 
(1/ L < 0) 

w L , 
1.2Su. (l/ L ~ 0) 

(12) 

(13) 

where 

In l +;,-2 xi+;,-• )2
) -2arc tan,-;,• + 2

,r , (1/ L<0)[(2 2,,,_ = 

-S-·z 
(l/ L~0)

L' 

and 

-{(l-16z I L)-
114 (L<0) 

(14)
¢,,.. - l+Sz IL (L>O)° 
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Table J.2: Summary or PM,. sampling (3 samplers ror upwlDd, 3-6 samplers ror downwind) 

Locadoa SampUas Averqe Anrqe DowuwiDcl Averqe Aftl'IIP 
Date Daradoa UpwiDcl Coacelllnllaa Caaceatnllaa WW Speed 

(boun) Concentration 
11.-3 

Difference .. 
u./m.3 u.Jm] 

Sl1J96 ffwv 215&60 9.5 n.s 84..S 7.0 1.5 

5/6/96 ff.,,,, 215&60 9.4 58.S 66.5 8.0 1.5 

519 - SI ICV96 ff.,,,, 215&60 13.0 73.0 74..9 1.9 I.S 

S,13 - 5/16196 ffwv 215&60 31.0 66.4 62.9 -3.6 l.8 

5131 • 6/3/96 ffwv 215&60 32.3 57.0 56.0 -1.0 1.6 

6/4- 6/7/96 Hwv 215&60 32.0 86.0 83.0 -3.0 1.5 

118196 Iowa Ave. 3.3 65.4 81.2 15.8 1.8 

1/9/96 Iowa Ave. 3.3 70.6 81.1 10.5 1.2 

1/18/96 Iowa Ave. 7.1 38.5 46.4 7.9 1.6 

4126196 Iowa Ave. l0.0 102.0 96.S -5.S 1.8 

5/20 - S/23196 Canyon Crest 28.0 57.0 57.0 0.0 2.3 

11/121% Canvon Crest 5.0 56.5 S9.2 2.7 I.I 

11/20'96 Canvon Crest 6.8 122.8 128.5 5.7 1.3 

3/1~ Canyon Crest 4.0 56.1 61.2 S.I I..S 

3/27"7 Canvnn Crest 5.5 83.0 78.0 -5.0 1.8 

5ml97 Canvon Crest 7.0 64.I 60.1 -4.0 2.1 

6/5"7 Canyon Crest 7.0 40.1 45.7 5.6 2.4 

6/17 -6/18196 Riverside Drive 14.0 96.7 110.9 14.2 2.5 

6/19 - 9/2CV96 Riverside Drive 6.3 116.0 133.2 17.2 3.4 

6/25 . 6/26/96 Riverside Drive 14.8 77.4 79.6 2.2 3.7 

8/6/96 Riverside Drive 5.0 76.8 81.9 5.1 0.7 

9/3/96 Riverside Drive 8.0 87.4 91.6 4.2 2.3 

9/5196 Riverside Drive 9.0 77.0 98.0 21.0 2.S 

9/24196 Riverside Drive 8.0 154.8 167.3 12.5 2.3 

lonJ96 Riverside Drive 6.0 126.8 135.2 8.4 1.2 

11/19196 Riverside Drive 6.0 162.8 178.7 15.9 2.1 

3/17"7 Riverside Drive 6.0 83.1 78.0 -S.I 1.8 

3/19/97 Rive~ide Drive 5.0 40.6 61.6 21.0 2.4 

5/29/97 Rive~ide Drive 6.3 67.2 71.9 4.6 2.6 

6/4197 Riverside Drive 5.8 65.0 75.2 10.2 2.9 

31'21"7 Fovo St 5.0 65.0 66.7 1.7 2.2 

3f26Nl FouSt. s.s 81.6 92.4 10.9 3.2 

Continued next Daile 
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Univenity of California. Riverside. CE-CERT ARB 94-336. PM from Paved Roads 

Table 3-2 (continued) 

Date 
Location Sampll111 

Dandoa 
(lian) 

A.._-qe 
Upwlacl 

Coac:entntioll 

11"""'-l 

A.nnp Dowawlad A.wrap 
c-a&radall 

Dlffermce 

u•'-1 

A.nnp 
Wind Speed 

"" 
Ca tntbll 

jlp3 

Y27/97 Fnoo SI. 7.0 59.7 63.4 3.7 2.5 

613197 F""oSt. 7.0 85.6 17.7 2.1 2.0 

7/9196 Ame. Field* 1.5 156.7 431.5 274.7 2.5 

7/9196 Ame. Field* 2.5 88.1 416.8 328.7 2.5 

9112/96 Agne. Field* 2.5 93.2 436.1 342.8 2.5 

9/12196 Aerie. Field" 2.5 107.0 379.4 272.4 2.S 
• Unpaved road on the UC Riverside campus where experimental agncultural aops arc grown. 

In solving these equations, we assumed two widely different values for surface roughness length 
Zo, 0.01 m and 0.1 m, which can be considered as lower and upper limits for the present 
measurement sites. While these different values of :zo do result in substantial changes in L, the 
variation in the associated values of the emission rate is less than 30% because, as we will see 
later, the initial dispersion height makes a major contribution to dispersion at the sampling 
distances of concern. The next section describes results from the experiments conducted near 
roads and freeways. 

Rt'Sults from Road Sampling 

Figures 3-1 and 3-2 illustrate the typical locations of the different instruments used in the 
sampling program. In most experiments, there were 2 or 3 PM,0 samplers located at different 
heights up to a maximum height of 5 m. The upwind samplers were located at distances ranging 
from I to 50 m from the curb; in most experiments the distance was over IO m to minimize the 
effect of emissions from the road. The downwind PM10 samplers were located at 3 heights if 
possible, and at distances ranging 1 to 15 m from the curb. Whenever possible, we located two 
samplers at each height to obtain a measure of the variation in PM10 concentrations at each 
height. Meteorological variables were measured at height of 3 m on a tower usually located near 
the upwind sampler. 

The contribution of the road was calculated by subtracting the average of the upwind 
concentrations from each of the downwind concentrations. Figures 3-3 and 3-4 show examples of 
the measured contributions. The figures also show profiles estimated by the model through the 
fitting procedure described earlier. More details on how these were produced are described later. 

An examination of the measured PM,0 concentrations indicated several qualitative features: 
1. The upwind-downwind PM,

0 
concentration differences were around IOµ glm'. 

2. PM,0 concentrations rarely followed the ideal profile, which is a maximum at the surface, 
and then decreasing with height. 

3. concentrations at 5 m were comparable to those at 1 m, suggesting that particlesPM10 

were being ejected upwards by automobile motion. 
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