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ABSTRACT
Emission factors for particulate matter (PM) are generally
reported as mass emission factors (PM mass emitted per
time or activity) as appropriate for air quality standards
based on mass concentration. However, for visibility and
radiative transfer applications, scattering, absorption, and
extinction coefficients are the parameters of interest, with
visibility standards based on extinction coefficients.
These coefficients (dimension of inverse distance) equal
cross-section concentrations, and, therefore, cross-section
emission factors are appropriate. Scattering cross-section
emission factors were determined for dust entrainment by
nine vehicles, ranging from light passenger vehicles to
heavy military vehicles, traveling on an unpaved road.
Each vehicle made multiple passes at multiple speeds
while scattering and absorption coefficients, wind veloc-
ity and dust plume profiles, and additional parameters
were measured downwind of the road. Light absorption of
the entrained PM was negligible, and the light extinction
was primarily caused by scattering. The resulting scatter-
ing cross-section emission factors per vehicle kilometer
traveled (vkt) range from 12.5 m2/vkt for a slow (16 km/
hr), light (1176 kg) vehicle to 3724 m2/vkt for a fast (64
km/hr), heavy (17,727 kg) vehicle and generally increase
with vehicle speed and mass. The increase is approxi-
mately linear with speed, yielding emission factors per vkt

and speed ranging from 4.2 m2/(vkt km/hr) to 53 m2/(vkt

km/hr). These emission factors depend approximately lin-

early on vehicle mass within the groups of light (vehicle

mass �3100 kg) and heavy (vehicle mass �8000 kg) ve-

hicles yielding emission factors per vkt, speed, and mass

of 0.0056 m2/(vkt km/hr kg) and 0.0024 m2/(vkt km/hr

kg), respectively. Comparison of the scattering cross-sec-

tion and PM mass emission factors yields average mass

scattering efficiencies of 1.5 m2/g for the light vehicles

and of 0.8 m2/g for the heavy vehicles indicating that the

heavy vehicles entrain larger particles than the light ve-

hicles.

INTRODUCTION
Particulate emission factors quantify emissions of partic-

ulate matter (PM) mass emitted per unit activity, such as

vehicle kilometers traveled (vkt). Such emission factors

are of direct use in conjunction with U.S. Environmental

Protection Agency (EPA) mass-based PM with aerody-

namic diameter �2.5 �m (PM2.5) and PM with aerody-

namic diameter �10 �m (PM10) standards used to mini-

mize PM health effects. With PM mass emission factors

and activity data, PM mass fluxes into a receptor volume

can be calculated with dispersion models, yielding ambi-

ent PM concentration (i.e., PM mass per volume).

However, PM mass may be a poor surrogate for PM

optical properties needed for visibility1 and radiative

transfer applications.2,3 In particular, PM scattering is

strongly dependent on particle size. For small particles

compared with the wavelength of the scattered radiation,

the mass scattering efficiency is proportional to the third

power of the particle diameter. Therefore, if optical prop-

erties of the atmosphere are of concern, it may be advan-

tageous to measure emission factors of optical cross-sec-

tions directly.

In addition to health-based ambient air quality stan-

dards that regulate PM mass concentrations, EPA 1999

Regional Haze Rule sets the stage for a 65-year effort to

IMPLICATIONS
This paper proposes a new paradigm that directly quanti-
fies the flux of visibility impairment by PM into the atmo-
sphere or into a specific airshed with optical cross-section
emission factors. Such optical emission factors also are
directly relevant to other radiative transfer applications.
Specifically, for vehicles traveling on an unpaved road,
scattering cross-section emission factors are determined
and parameterized as a function of vehicle speed and
mass. These emission factors can be used as input for the
modeling of visibility impairment in a receptor volume be-
cause of such activities.
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return visibility, as quantified by the extinction coeffi-
cient, to its natural state at 156 class 1 national parks and
wilderness areas.4,5 Visibility impairment is primarily
caused by light scattering from suspended particles, with
important contributions from both fine (e.g., sulfate and
carbonaceous particles) and coarse size fractions (e.g., en-
trained mineral dust). If PM scattering cross-section emis-
sion factors are measured, their fluxes into a receptor
volume can be calculated. This can, in turn, provide an
estimate of ambient PM scattering coefficients with di-
mension of inverse distance, which are scattering cross-
section concentrations, that is, PM scattering cross-sec-
tions (dimension of area) per volume.

For visibility and radiative transfer applications, we,
therefore, propose a new paradigm that directly quantifies
the flux of visibility impairment by PM into the atmo-
sphere or into a specific airshed with optical cross-section
emission factors. Such emission factors can be used most
directly for small, nonhygroscopic, inert particles avail-
able for long-range transport, where the scattering cross-
section is largely conserved during mixing and transport.
In addition, dispersion modeling based on optical cross-
section emission factors as opposed to mass emission fac-
tors is more robust with respect to gravitational settling.
This is because for large particles, the ratio of scattering
cross-section to mass decreases proportional to the parti-
cle diameter, giving less weight to very large particles that
are likely to be deposited before reaching the receptor
volume. A similar paradigm for the flux of PM absorption
cross-section has been discussed previously.6

Scattering cross-section emission factors were mea-
sured for mineral dust entrained by vehicles traveling on
an unpaved road. Most unpaved roads consist of a graded
and compacted roadbed usually created from the parent
soil material. The rolling wheels of the vehicles impart a
force to the surface that pulverizes the roadbed material
and ejects particles from the shearing force, as well as by
the turbulent vehicle wakes.7,8 Studies have found that
dust emission rates depend on the fine particle content of
the road, soil moisture content, vehicle speed, and vehicle
weight.7,9–11

To determine scattering coefficients in vehicle dust
plumes downwind of an unpaved road, a novel nephe-
lometer operating in the green spectral region at 532 nm
with an enhanced capability for accurately measuring
scattering from large particles was used.12 Fluxes and
emission factors for scattering cross-section were calcu-
lated from these data in conjunction with vertical dust
plume concentrations and wind velocity profiles. The re-
sulting scattering cross-section emission factors were an-
alyzed with respect to their dependence on vehicle weight
and speed.

EXPERIMENTAL WORK
Experimental Setup

This work is a part of a study on PM10 emissions from
military vehicles traveling on unpaved roads. Field exper-
iments were conducted from April 11 through April 24,
2002, on a spur road south of Loyalty Lane at Ft. Bliss, a
military base near El Paso, TX.13,14

During the study period, brief rain occurred, but the
soil surface dried rapidly because of springtime wind and
sun. For all of the tests reported here, the unpaved road
was dry and the soil moisture content for at least the top
several centimeters was near zero.14 The surroundings of
the unpaved road are arid with a sparse vegetation cover,
and most of the surface has been disturbed previously by
various military activities. The prevailing winds were from
the west, approximately perpendicular to the north-south
road. Three towers were set up collinearly and perpendic-
ular to a 1000-m section of the road in the open range of
Ft. Bliss. The three towers were downwind (i.e., east) of
the road at distances of 7, 50, and 100 m from the road.
Two integrating nephelometers [Desert Research Institute
(DRI) integrating sphere integrating nephelometer (ISIN)
and Radiance Research (RR) M903], the DRI photoacous-
tic (PA) instrument and a Model 8520 DustTrak (DT; TSI
Inc., St. Paul, MN), were set up in a trailer near tower 3,
100 m downwind of the road. The sampling inlet for these
instruments was located at a height of 5.7 m to match the
height of a DT mounted on tower 3. On tower 3, mass
concentrations and wind velocity were measured with
DTs and anemometers deployed with approximately log-
arithmic vertical spacing at 1.25, 2.6, 5.7, and 12.2 m
above ground level, with an additional DT mass concen-
tration measurement at 0.4 m above ground level. A sche-
matic of the setup is shown in Figure 1.

Vehicles used for dust entrainment during this study
include standard commercial vehicles and common mil-
itary vehicles. Vehicle mass varies by more than one order
of magnitude from 1176 kg for a Dodge Neon to 17,727 kg
for a M977 heavy expanded mobility tactical truck
(HEMTT). Most vehicles have four tires, with the excep-
tion of some of the heavy vehicles; the M915A4 Freight-
liner has 22 tires, the M923A2 (5-t) has six tires, and the
M977 HEMTT has eight tires. Vehicle mass, number of
tires, length, width, height, and undercarriage area are
listed in Table 1 for all of the vehicles.

Instrument Description
In this study, the recently developed DRI ISIN was used
for measuring the light scattering coefficient (Bsca), and a
PA instrument was used to measure the light absorption
coefficient (Babs). The DRI ISIN is a cell-reciprocal nephe-
lometer specifically designed to accurately measure the
light scattering coefficient from large particles, such as the
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ones contained in freshly entrained road dust.12 Commer-
cially available integrating nephelometers have two major
shortcomings for this application: poor sampling of large
particles and poor detection of near forward scattering,
which constitutes about half of the total scattering for
large particles.15 The DRI ISIN addresses these imperfec-
tions by reducing sampling losses by using a straight
vertical flow path and an appropriate flow velocity and by
using an integrating sphere design with forward and back-
ward truncation angles of 1°, compared with 7–10° trun-
cation angles found in commercial designs. For example,
for a truncation angle of 7°, 25% of scattered light is not
detected (i.e., truncated) for particles of 2.3 �m diameter

and greater losses are encountered for larger particles. For
the DRI ISIN truncation angle of 1°, 25% loss occurs at a
much larger diameter of 16 �m.12 The low ISIN truncation
angles are achieved through truncation reduction tubes
attached on the inlet and outlet of the integrating sphere.
The DRI ISIN operates in the green spectral region at 532
nm and has a large dynamic range for scattering coeffi-
cient measurements with an upper measurement limit
�50,000 Mm�1. For an aerosol with a mass scattering
efficiency of 1 m2/g, this limit would correspond with a
PM concentration of 50 mg/m3.

For comparison, we also used the commercially avail-
able RR M903 integrating nephelometer. The RR M903

Figure 1. Experimental setup for the fugitive dust study at Ft. Bliss near El Paso, TX

Table 1. Test vehicles and some of their specifications.

Vehicle Type Model Yr Mass (kg) Length (m) Width (m) Height (m) Undercarriage Area (m2) Number of Wheels

Dodge Neon 2002 1176 4.34 1.71 1.42 7.43 4

Ford Taurus 2002 1516 5.08 1.83 1.41 9.30 4

Dodge Caravan 2002 1759 5.09 1.83 1.76 9.31 4

HMMWV n/a 2445 4.57 2.16 1.83 9.87 4

G20 Van 1979 3100 5.10 1.85 2.00 9.44 4

M1078 LMTV n/a 8060 6.43 2.44 2.69 15.69 4

M915A4 Freightliner n/a 8982 14.73 2.44 n/a 35.92 22

M923A2 (5-t) n/a 14,318 8.74 2.44 3.07 21.32 6

M977 HEMTT n/a 17,727 9.96 2.44 2.85 24.29 8

Note: n/a indicates data not available.
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integrating nephelometer operates at a nominal wave-
length of 530 nm and has a nominal forward truncation
angle of �10°. The RR M903 nephelometer has a measure-
ment range with an upper limit of �1000 Mm�1 (opera-
tion manual, RR). For measurement of gaseous and ambi-
ent fine particle scattering (no dust entrainment), the RR
M903 and DRI ISIN show excellent agreement, whereas
the DRI-ISIN readings were up to four times higher than
those of the RR M903 for freshly entrained coarse PM.
This large discrepancy is attributed to the improved an-
gular response, including a reduction of the truncation
error by up to a factor of two and the improved large
particle sampling of the DRI ISIN compared with the RR
M903.12 Therefore, only DRI ISIN scattering coefficients
were used in the following analysis.

The PA Spectrometer, developed at the DRI,16–18 di-
rectly measures the optical absorption by atmospheric
gases and particles at a wavelength of 532 nm. Light
absorption by PM converts light energy to an acoustic
pressure wave in the DRI PA instrument. A microphone
detects the acoustic signal, and, hence, a measure of
light absorption is produced. The DRI PA does not use any
filters for absorption measurements and has a lower detec-
tion limit of 5 Mm�1 for a 1-s measurement. Absorption
coefficients of vehicle-entrained dust, measured with the
DRI PA, were negligible for the experiments described here.

The TSI DUSTTRAK Aerosol Monitor (DT) is a porta-
ble, battery-operated, laser-photometer that measures 90°
light scattering (different from the total light scattering
measured by an integrating nephelometer) and reports it
as PM mass concentration. The reported PM mass concen-
tration is factory calibrated using the respirable fraction of
an Arizona road dust standard (ISO 12103–1, A1). The ISO
12103–1, A1 standard consists of primarily silica particles
(70%) that are provided with some particle size specifica-
tions. By volume, the standard consists of 1–3% particles
with diameter �1 �m, 36–44% with diameter �4 �m,
83–88% with diameter �7 �m, and 97–100% with diam-
eter �10 �m. This calibration may not be applicable to
dust from other sources, because such dust may have a
different morphology, size distribution, mineralogical
composition, and refractive index. A pump draws the
sample aerosol through a PM10 inlet into an optical cham-
ber where it is measured. A sheath air system isolates the
aerosol in the chamber to keep the optics clean. The DT
measurements were made at several vertical levels as ex-
plained below.

Beside the DT, four anemometers, one wind vane,
and one temperature probe were mounted on the tower to
characterize the local meteorological conditions. The me-
teorological data were averaged and stored in 5-minute
intervals.

Calculation of Scattering Cross-Section Emission
Factors

Visibility relevant emissions can be characterized by the
emitted cross-sections � for scattering �sca, absorption
�abs, and extinction �ext, with �ext � �sca � �abs. In this
study, �abs 	 0 (as measured with the PA instrument) for
vehicle-entrained dust and, therefore, �ext � �sca. For a
vehicle traveling on a homogeneous road, we are inter-
ested in measuring a PM scattering cross-section emission
factor EFscat giving the emitted scattering cross-section
�sca per distance d traveled (in units of vkt). We can write
this emission factor as follows:

EFsca �
�sca

d
�

�
i

�sca_i

vt
(1)

where t is the time it takes to travel the distance d at the
vehicle speed v, and the emitted scattering cross-section
�sca can be expressed as the sum of the scattering cross-
sections �sca_i of all individual emitted particles.

Monitoring the scattering coefficient Bsca at a dis-
tance d0 downwind from the road, we can approximate
the road as a homogeneous line source if d �� d0, and we
may write the emission factor EFscat as follows:

EFsca �
�sca

d
�


BscadV
d

� 
BscadA � 
�
v�Bscadt�dh (2)

where v� is the wind velocity component perpendicular
to the road, the integral of Bsca over time t is our primary
measurement, and the integral over height h takes the
vertical extent of the plume into account. For the sparsely
vegetated site, deposition between road and measurement
site can be neglected.14 In other words, a vehicle traveling
over a distance d generates a three-dimensional dust
plume. Instead of integrating over the whole plume and
dividing by distance d, a two-dimensional integral (over
dA) perpendicular to the road is obtained by vertical in-
tegration (over dh) and by integration over time (over dt),
where the wind moves the plume by the measurement
site. Integration limits are chosen to include the whole
plume in the case of the integration over time and deter-
mined by the height of tower 3 for the vertical integra-
tion. Tower 3 at 100-m distance from the road was high
enough to allow for vertical integration for all of the
plumes. The resulting emission factor EFsca gives the emis-
sion of PM scattering cross-section per distance d (in units
of vkt) under the assumption of the road acting as ho-
mogenous line source. If the road is not homogeneous
along the direction of vehicle travel, the measured emis-
sion factor becomes a function of wind direction that
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determines the source location for transport to the mea-
surement site. Because of changes in wind direction be-
tween vehicle passes, such errors are included in the error
bars of the average emission factor for individual vehicles.

Both wind velocity v� and scattering coefficient Bsca

vary with height and time. The wind velocity is measured
continuously at several heights on tower 3 and generally
follows a logarithmic profile averaged over the dust
plumes.9 The scattering coefficient Bsca is measured with
the DRI ISIN at 5.7-m inlet height. The DT measurements
at several heights on tower 3 are normalized with the ISIN
measurement at 5.7-m height to yield a vertical profile of
Bsca over the plume under the assumption that the pro-
portionality factor between ISIN and DT measurement is
independent of plume height.

The unpaved road on which experiments were per-
formed runs in the north-south direction; therefore, the
optimum wind direction for emission factor measure-
ments is westerly, which is also the prevailing wind direc-
tion. In this case, the wind direction is along the tower
line and perpendicular to the road resulting in a maxi-
mum mass flux density along the tower line. To limit
systematic measurement errors because of inhomogeneity
of the road surface along its length and random errors
because of insufficient plume density, only vehicle passes
with the wind direction within 70° of westerly are used for
analysis.

RESULTS AND DISCUSSION
Scattering cross-section emission factors EFsca were mea-
sured for nine different vehicles (see Table 1) with vehicle
masses ranging from 1176 kg (Dodge Neon) to 17,727 kg
(M977 HEMTT) at speeds ranging from �8 km/hr to �80
km/hr. For each vehicle and speed, dust emissions for
between 2 and 16 vehicle passes were measured and used
to calculate scattering cross-section emission factors EFsca

with eq 2. The resulting emission factors EFsca range from
12.5  2.1 m2/vkt (Neon at 16 km/hr) to 3724  873
m2/vkt (HEMTT at 64 km/hr) and generally increase with
both vehicle speed and mass. These emission factors are
shown in Figure 2 as a function of vehicle speed, where
error bars denote the standard deviation of the mean
derived from repeated vehicle passes. These error bars are
indicative of variations between vehicle passes but do not
give an absolute measurement accuracy. Also note that for
some vehicles (i.e., Neon and high-mobility multipur-
pose-wheeled vehicle [HMMWV]), only data from two
passes for each speed were available. Emission factors
EFsca for individual vehicles can be approximated as linear
function of vehicle speed as follows:

EFsca � EFsca/sp v (3)

where EFsca/sp is obtained as the slope of a linear regres-
sion of emission factors EFsca versus vehicle speed v (Fig-
ure 2). Numerical values of the scattering cross-section
emission factor per speed EFsca/sp and their standard errors
are given in Table 2 and Figure 3 for all nine of the
vehicles with emission factors EFsca/sp ranging from 4.2
m2/(vkt km/hr) for the Neon to 53 m2/(vkt km/hr) for the
HEMTT with a fractional uncertainty between 8% and
15% for most vehicles.

A linear regression approximating the relationship be-
tween the scattering cross-section emission factor per speed
EFsca/sp and the vehicle mass m may be written as follows:

EFsca � EF(sca/sp m) m (4)

where the scattering cross-section emission factor per ve-
hicle speed and mass EFsca/(sp m) is obtained as the slope of
the linear regression of emission factors EFsca/sp versus
vehicle mass m (Figure 3). A regression for all vehicles
yields EFsca/(sp m) as follows:

EF(sca/sp m) � 0.0025  0.0003 m2/(vkt [km/h] kg)

for all vehicles (5)

However, it is obvious from Figure 3 that the nine vehicles
should be separated into two categories: five light vehicles
(vehicle mass m �3100 kg) and four heavy vehicles (ve-
hicle mass m �8000 kg). Individual linear regressions for
these two vehicle categories yield EFsca/(sp m) as follows:

EF(sca/sp m) � 0.0056  0.0003 m2/(vkt [km/h] kg)

(6)

for light vehicles, and

EF(sca/sp m) � 0.0024  0.0003 m2/(vkt [km/h] kg)

(7)

for heavy vehicles.

The emission factor for heavy vehicles is, within its un-
certainty, identical to that for all vehicles, whereas the
emission factor for light vehicles is more than a factor of
two larger. This difference may be because of different
dust entrainment mechanisms as a function of vehicle
mass and possibly also because of other correlated param-
eters, such as vehicle size, drag coefficient, and tire pres-
sure.

In this study, the light vehicles emit significantly
more scattering cross-section per vehicle speed and mass
than the heavy vehicles, which may be because of in-
creased PM mass emissions and/or because of an increased
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scattering mass efficiency of the emitted PM mass. To
investigate these possibilities, the results presented here
are compared with previously published results on PM10

mass emissions measured during the same study.13 This
previous work approximates the PM10 mass emissions per
vehicle speed as a single linear function of vehicle mass
showing no obvious differences between the light and
heavy vehicles. Table 2 lists, in addition to our scattering
cross-section emission factors EFsca/sp, PM10 mass emis-
sion factors EFmass/sp. The PM10 mass scattering efficiency
Esca can be calculated from these two sets of emission

factors, under the assumption that most or all of the

measured scattering is because of PM10, as

Esca �
EFsca/sp

EFmass/sp
(8)

and the resulting mass scattering efficiencies are listed in
Table 2. These mass scattering efficiencies range from 0.6
m2/g to 2 m2/g with the exception of one outlier for the
Neon with Esca � 5.1 m2/g. This outlier is caused by the

Figure 2. Scattering coefficient emissions factors EFsca as function of vehicle speed for light (a) and heavy (b) vehicles. Solid lines show a
linear regression (forced through zero) for each vehicle with the slope being the scattering coefficient emissions factors per vehicle speed
EFsca/sp.
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fact that the PM10 mass emission factors EFmass/sp is dras-
tically smaller than those of the somewhat larger vehicles,
whereas the scattering cross-section emission factors
EFsca/sp is only somewhat smaller. The outlier may also be
related to the small number of vehicle passes used to
derive the emission factors for the Neon and, therefore,
will not be considered in the following discussion of the
mass scattering efficiencies. Neglecting the outlier, the
average mass scattering efficiency for the lighter vehicles
is Esca_light � 1.5  0.4 m2/g and that for the heavy
vehicles is Esca_heavy � 0.8  0.2 m2/g. This indicates that
most of the difference in scattering cross-section per ve-
hicle speed and mass between light and heavy vehicles is
because of the increased scattering mass efficiency of the

emitted PM mass for light vehicles. This difference in
scattering mass efficiency may be explained with Mie
theory by heavy vehicles emitting larger-diameter PM
than light vehicles. The mass scattering efficiencies ob-
tained here are significantly larger than the value of 0.4
m2/g, used previously for PM entrainment from unpaved
shoulders along a paved road.8 However, entrainment from
unpaved shoulders is caused by aerodynamic shear stress
from the vehicles wake, whereas entrainment from unpaved
roads is largely facilitated by tire–road surface interactions.
In interpreting the mass scattering efficiencies presented
here, it must be considered that the PM10 mass emissions
given by Gillies et al.13 were measured with a light scattering
instrument (TSI DustTrak) and may not be exactly equiva-
lent to true mass measurements because of the dependence
of light scattering efficiency on particle size.

CONCLUSIONS
For vehicles traveling on an unpaved road, scattering
cross-section emission factors have been determined and
parameterized as a function of vehicle speed and mass. In
addition, comparison with mass emission factors resulted
in mass scattering efficiencies.

Additional work is needed to improve our under-
standing of the parameterization in terms of physical
processes leading to entrainment of different PM sizes as
a function of entrainment parameters. For example, is
vehicle mass really a primary parameter controlling en-
trainment or would it be more useful to replace it with a
combination of tire pressure and vehicle mass? This ques-
tion could be studied with a single vehicle by varying its

Figure 3. Scattering coefficient emissions factors per vehicle speed EFsca/sp as function of vehicle mass. Lines show linear regressions (forced
through zero) for all vehicles (dashed line), heavy vehicles, and light vehicles with the slopes being the scattering coefficient emissions factors
per vehicle speed and mass EFsca/(sp m).

Table 2. Scattering cross-section emission factor per speed EFsca/sp,

mass emission factor per speed EFmass/sp, and resulting mass scattering

efficiency Esca for all vehicles.

Vehicle Type
EFsca/sp

(m2/�vkt km/hr�)
EFmass/sp

(g-PM10/�vkt km/hr�)
Esca

(m2/g)

Dodge Neon 4.2  1.1 0.83  0.09 5.1  1.8

Ford Taurus 6.3  0.6 6.0  0.5 1.0  0.2

Dodge Caravan 12.5  1.9 9.6  0.8 1.3  0.3

HMMWV 18.2  1.5 9.2  0.7 2.0  0.3

G20 Van 14.2  1.7 9.0  0.9 1.6  0.4

M1078 LMTV 11.8  1.5 18.5  2.2 0.6  0.2

M915A4 Freightliner 17.9  1.8 23.9  1.3 0.8  0.1

M923A2 (5-t) 28.4  4.1 47.4  7.0 0.6  0.2

M977 HEMTT 52.6  6.5 48.3  3.7 1.1  0.2
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mass and tire pressure. Also, the influence of vehicle-
generated turbulence on PM entrainment and injection
into the atmosphere needs to be additionally studied as
function of atmospheric stability.13
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