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Abstract 

The SERDP SI-1400 research team has successfully developed a novel 
optical remote sensing method to characterize and quantify fugitive 
particulate matter dust emissions generated by unique military activities. 
This research team provided Department of Defense installations with 
results that can be used to estimate the generation of fugitive dust from 
military activities. Unique military fugitive dust emission sources that 
were studied during this project include: 1) artillery back blast, 2) rotary 
wing aircraft and, 3) tracked vehicles.  

The optical remote sensing method includes a Micro-Pulse Light detection 
and ranging device (MPL), an Open Path-Fourier Transform Infrared 
Spectrometer (OP-FTIR), and an Open Path-Laser Transmissometer (OP-
LT). The new analytical technique developed as part of this project 
quantifies the extinction of light caused by dust plumes passing through 
the measurement plane of the MPL. The path-integrated OP-FTIR and 
OP-LT measures the dusts’ ability to attenuate light as a function of the 
dusts’ particle size distributions. During the fourth year of this work, the 
OP-FTIR measurements were replaced with a hybrid system using OP-LT 
and DustTraksTM

The novel optical remote sensing method was used to quantify PM dust 
mass emission factors with aerodynamic diameter < 2.5 μm and < 10 μm 
for artillery back blast, military vehicles, and a flying helicopter. Regres-
sions were developed to determine PM-mass emission factors based on 
type of fugitive source, speed of the mobile sources, and momentum of the 
mobile sources. Results from this research are now readily available to de-
velop emission inventories for facilities and to develop more effective envi-
ronmental compliance and PM control strategies. 

 to measure the dusts’ light extinction efficiencies in a 
simpler and cost effective manner.  
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1 Objectives 

Particulate matter (PM) emissions from fugitive sources are a major con-
cern because of their contribution to the degradation of air quality in many 
regions of the world. Fugitive dust refers to the re-suspended dust from 
soil surfaces due to surface disturbance. The objectives of this study were: 
(1) to identify, characterize, and monitor airborne PM with aerodynamic 
diameters ≤ 10 µm (PM10) and ≤ 2.5 µm (PM2.5) from fugitive dust emis-
sions that are caused by unique military sources; (2) to develop and modi-
fy instrumentation, methods, and systems to determine PM emission fac-
tors; (3) to determine PM dust emission factors for artillery back blasts, 
the movement of tracked and wheeled vehicles, and flying helicopters; (4) 
to develop model components that better describe the generation of the 
Department of Defense (DoD)’s fugitive PM; and (5) to quantify the varia-
bility and uncertainty of these emissions.  

These objectives related directly correspond to the following objectives 
found in SERDP’s SON “CPSON-04-04, Particulate Matter Emission Fac-
tors for Dust from Unique Military Activities:”  

• Determine PM emission factors from training and operational ac-
tivities at DoD installations, including quantifying of their variabili-
ty and uncertainty. PM emissions should be characterized for spe-
cific representative activities related to tracked vehicle maneuvers, 
fixed-wing aircraft landing and take-off, rotary-wing aircraft mov-
ing near ground surface and blast emissions from artillery use. 

• If necessary to meet the above objective, develop or modify innova-
tive instrumentation to identify, characterize, and monitor in real-
time or near real-time, the airborne PM emissions resulting from 
DoD testing/training activities.  

• Develop model components that better describe the generation of 
the various types of PM listed above. 

The execution of this project also involved close collaboration with SERDP 
Project SI-1399 “Particulate Matter Emissions Factors for Dust from 
Unique Military Activities” with Dr. Jack Gillies, Desert Research Institute 
(DRI) as the Principal Investigator. The objectives of SI-1399 were com-
plimentary to SI-1400 and included: 1) carry out field measurement cam-
paigns to quantify dust emissions and develop emission factors for tracked 
military vehicles, rotary-winged aircraft, and artillery pieces for various 



ERDC/CERL TR-10-DRAFT 2 

 

unpaved surfaces, while extending our understanding of the important ve-
hicle, activity, and surface characteristics that influence the magnitude of 
the observed emissions, 2) carry out measurement campaigns using the 
DRI flux tower system to develop emission factors of artillery back blast, 
tracked vehicles, and rotary-winged aircraft, 3) link the measured emis-
sion factors with indices of surface dust emission potential using a new 
portable wind tunnel and an on-vehicle measurement system thereby 
creating a cost effective mechanism to extend the use of the emission fac-
tors into different environments, 4) continue to develop a database from 
field and laboratory measurements that characterizes the chemical, physi-
cal, and optical properties of the dust emissions that are important for as-
sessing source contribution estimates and impacts on regional visibility 
degradation, 5) further develop a Geographic Information System-based 
dust dispersion modeling system that integrates the newly-developed 
emission factors into its user interface, and 6) to disseminate the informa-
tion, methods, and modeling products generated from this research to the 
military and civilian user community to improve their abilities to gather 
information, make decisions based on that information, and develop cost-
effective solutions that will enhance military preparedness.  
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2 Background 

Particulate matter (PM) is one of the six pollutants regulated by National 
Ambient Air Quality Standards (NAAQS) issued by the United States Envi-
ronmental Protection Agency (USEPA). DoD has been concerned about 
the emissions of fugitive dust from its training and testing ranges. As pre-
viously mentioned, fugitive dust refers to the re-suspended dust from soil 
surfaces due to surface disturbance. The dust imposes considerable health 
concerns by carrying virus and bacteria, and being inhaled into humans’ 
respiratory tracts[1, 2]. Studies show that aerosol particle concentrations for 
PM10 and PM2.5 have positive correlations with the occurrence of human 
respiratory and cardiac illnesses[3]. Dust also obscures visibility [4, 5] and 
can impact the effectiveness of military training. Dust also plays a major 
role in climate change by scattering and absorbing solar radiation[6-9]. Dur-
ing 2006, the U.S. Environmental Protection Agency (USEPA) made the 
standards stricter for ambient PM concentration by reducing the 24-hr 
PM2.5 allowable concentration from 65 μg/m3 to 35 μg/m3 [10]. To protect 
visual air quality, the Regional Haze Rule was adopted during 1999 to pro-
tect visibility at Class I areas, such as national parks, forests, and wilder-
ness areas[11], by controlling anthropogenic PM emissions[5]. The Regional 
Haze Rule requires that anthropogenic emissions to the atmosphere be re-
duced to the extent that visibility is not noticeably degraded more than it 
would be under natural conditions[5, 11]. 

However, very little is known about dust emissions from military activities. 
Therefore, characterizing the PM emissions from typical military activities 
is among the top priorities of the environmental quality/compliance tech-
nology research and development of DoD [12]. The emissions of PM by DoD 
need to be quantified by developing mass emission factors for these activi-
ties that can be readily used to create emission inventories and be inte-
grated as source term components for dispersion models [13]. Methods and 
systems to quantify these emission factors need to be developed to esti-
mate the complex and large fugitive PM plumes generated by unique mili-
tary sources. 

In this research, the project team developed a method to quantify the PM-
mass emissions for dust plumes generated by unique military activities us-
ing optical remote sensing (ORS) devices and DustTrakTM (DT) aerosol 
monitors. There were two versions of the ORS system employed in this 
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study. The first version consisted of a ground-based Micro-Pulse Lidar 
(MPL) that was located on a positioner to control the vertical measure-
ment angle of the MPL, two mono-static Open-Path Fourier Transform 
Infrared spectrometers (OP-FTIRs), and two Open-Path Laser Transmis-
someters (OP-LTs). The second version, which is also referred to as the 
hybrid version, consisted of an MPL, an OP-LT and three ground-level DT 
aerosol monitors. MPL, which is an eye-safe subset of LIght Detection And 
Ranging (Lidar), is a powerful technology for studying clouds and aerosols 
in the atmosphere. MPL is able to measure range-resolved extinction pro-
files and/or transmittance of light measured by the backscatter of light 
generated by the MPL’s laser. OP-FTIR is an ORS instrument that pro-
vides path-integrated multi-spectral light extinction in a vertical plane 
downwind of the fugitive PM source. OP-LT is an ORS instrument that 
measures the path-integrated light extinction for a particular wavelength 
of light. The DT aerosol monitor is a point-based laser photometer with 
real-time PM mass concentration detection capability. 

The ORS method developed in this research, first determines the dust’s 
extinction profiles via inversion of the Lidar equation from the normalized 
relative backscattering (NRB) signals that are corrected from raw MPL 
signals. The one-dimensional (1-D) extinction profiles are combined to 
provide two-dimensional (2-D) extinction profiles by interpolating the da-
ta along all scan-paths in a scan cycle. These 2-D extinction profiles are 
then converted into 2-D PM mass concentration profiles by multiplying 
extinction efficiency factors, which are determined with two algorithms 
corresponding to the two previously described versions of the ORS sys-
tems. Finally, emission factors are determined by integrating all vertical 2-
D mass concentration profiles with the duration of each plume event and 
the wind speeds and directions measured by the co-located anemometers. 
More detailed information about the ORS method, including differences 
between these two algorithms, is provided in the next section. 

Three types of military activities that generate fugitive dust were characte-
rized during this research project. The activities included firing of artillery, 
movement of tracked and wheeled vehicles, and flying of helicopters. Fugi-
tive PM emissions were studied during four separate field campaigns using 
the ORS systems:  

(1) 2005 Yuma Proving Grounds (YPG) Field Campaign: dust plumes 
generated from the shock of artillery back blasts were measured at YPG in 
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Arizona, which is a desert location in the southwestern USA, during Octo-
ber 2005;  

(2) 2006 Yakima Training Center(YTC)  Field Campaign: dust plumes 
generated from the movement of three types of tracked vehicles were 
measured at YTC in Washington State, during August 2006;  

(3) 2007 YPG Field Campaign: dust plumes generated during the flight 
of rotary winged military aircraft were measured at YPG, during May 
2007; and  

(4) 2008 Fort Carson Field Campaign: dust plumes generated from the 
movement of three types of tracked vehicles and one type of wheeled ve-
hicle were measured with a hybrid-ORS system at the Fort Carson location 
in Colorado, during September 2008.  

The sources and surface types were selected to represent the most fre-
quently used dust generating activities and earth surfaces at the DoD 
training sites. The experimental conditions and sampling methodology for 
each field campaign are described in Sections 3.3 and 3.4.  

Very few studies have determined the emission factors of fugitive dust by 
military activities. Military activities such as artillery back blast, vehicle 
movement, and flying helicopters can disturb soil surfaces. However, there 
are limited studies that have determined the emission factors for military 
vehicles traveling on roads [14]. There is no available literature that de-
scribes fugitive dust emission factors generated from artillery back blasts 
and helicopter flights. The USEPA emission factor database “AP-42 Com-
pilation of Air Pollutant Emissions” is the only database that provides fugi-
tive dust emission factor estimates for civilian sources. Chapter 13.2.2 of 
the USEPA’s AP-42 Emission Factor database provides emission factor es-
timates for vehicles travelling on unpaved surfaces. The model describes 
the PM-mass emission factor (g/vkt) as 281.9k(S/12)0.9(W/3)0.45, where S 
is silt content (%), W is mean vehicle weight (tons), and k = 0.15 for PM2.5 

and k = 1.5 for PM10 [15]. The database only provides equations for estima-
tion of fugitive dust from the operation of vehicles, not the operation of 
artillery or helicopters.  

PM emission factors for military activities fit into a larger research frame-
work as described in Figure 1. There are extensive DoD training facilities 
that are prone to generating fugitive dust emissions. Emission factors are 
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needed to characterize those sources. The emission factors and the 
sources’ operational records can be used to quantify the amount of fugitive 
PM dust emitted to the atmosphere. These fugitive dust source profiles can 
then be combined with other military installation PM emission inventories 
(e.g., non-fugitive dust emission such as PM emissions from elevated point 
sources) to provide an overall assessment of the PM emissions from DoD 
training facilities. These DoD-based PM emission inventories can then be 
integrated with civilian PM-emission inventories and dispersion models to 
quantify PM mass concentrations in regions bordering DoD installations. 
PM-mass concentration profiles can then be input into models (e.g., radia-
tive transfer models) to quantify the impact of all regional PM emissions 
on visibility, climate and human health. 

 
Figure 1 PM emission factors in relation to the large research framework. 

This report presents and discusses the results from the field tests when us-
ing new ORS methods to characterize fugitive dust plumes and to deter-
mine emission factors under select operating conditions for the sources. 
The effects of operational parameters (e.g., vehicle type and speed) and 
ground-surface types on the dust emission factors are also presented and 
discussed. 

PM emission factors  
for military activities 

DoD training and  
operational data 

PM emission inventory for DoD 

USEPA national PM  
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Dispersion 
model 

Help EPA make appropriate environmental policy 

Protect climate, human health and welfare 
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PM emission from  
other sources 

Atmospheric  
radiative  

transfer model 

Study the effect of PM  
on climate change 
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3 Materials and Methods 

3.1  Optical Remote Sensing Instrumentation 

3.1.1  Micro-Pulse Lidar (MPL) 

The use of pulsed light to detect cloud droplets can be traced back to the 
1930s [16]. This type of detection was named as Lidar by Middleton and 
Spilhaus in 1953 [17]. The invention of the laser during the 1960s allowed 
Lidar technologies to develop rapidly [18]. During 1992, the Goddard Space 
Flight Center under the National Aeronautics and Space Administration 
(NASA) developed the first MPL, which featured eye-safe laser and noise-
limited photon counting capabilities [19, 20]. This version of the MPL gave 
rise to a commercially available Lidar system. MPL was also improved 
with time to increase the system’s reliability [20]. Recently, MPLs have been 
used to study optical properties of clouds [20-23] and aerosols [20, 24-26]. Cur-
rently, the major commercial manufacturers of MPLs are Sigma Space 
Corporation (www.sigmaspace.com/sigma/micropulseLidar.php) and Science and Engi-
neering Services, Inc (www.sesius.biz). 

The MPL used for the field campaigns reported here is an elastic backscat-
ter Lidar operated at a wavelength of 527 nm (Table 1 and Figure 2). This 
MPL was developed at NASA and manufactured by Sigma Space Corpora-
tion, Maryland. The MPL was mounted on a positioner (ORBIT Advanced 
Technologies, Model: AL-4011-1E with control system AL-1613-3J, Table 2 
and Figure 2) to allow the MPL to scan vertically and horizontally. During 
the field tests, the MPL was located along the same path as the OP-FTIRs 
and OP-LTs. Backscatter data from the MPL were used to determine the 
horizontal and vertical light extinction profiles across the scanned cross 
sectional areas of the plumes.  

http://www.sigmaspace.com/sigma/micropulseLidar.php�
http://www.sesius.biz/�
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Table 1 MPL specifications 

Wavelength 527 nm 
Laser Power 1.0 W 

Output Energy ~ 8 μJ 
Pulse Repetition Frequency 2.5 kHz 

Transceiver Aperture 178 mm 
Transceiver Field-of-View ~ 100 μrad 

Range Resolution 15 m, 30 m, 75 m 
Maximum Range 60 km 

 

Table 2 Positioner specifications 

Data Take-off Accu-
racy 

Azimuth ±0.1
Elevation 

o 
±0.1

Nominal Speed 

o 
Azimuth 12o

Elevation 
/s 

12o

Limit-to-limit Travel 

/s 
Azimuth ±210
Elevation 

o 
-5o to 185

 

o 

This MPL was chosen for these field campaigns because MPLs determine 
range resolved, in contrast to path integrated, optical properties of the PM. 
This feature is possible by measuring the amount of light that is backscat-
tered from the laser’s pulsed light source by PM as a function of distance 
from the MPL. The MPL determines the dust’s mass concentration along 
the MPL’s path by integrating the MPL’s backscattered light signals with 
the optical and physical properties of the PM. Moreover, the MPL is de-
signed to emit laser light at low pulse energies (i.e., a few micro-joules), 
making it safe to human eyes. The MPL’s laser can therefore be used to 
measure in all horizontal and vertical directions with minimal precautions. 
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Figure 2 Micro-Pulse Lidar instrument 

3.1.2  Open Path-Fourier Transform Infrared (OP-FTIR) Spectrometer 

The OP-FTIR spectrometers (IMACC, Inc. and Midac Inc.) used for this 
project consist of an infrared light beam (wavelength: 2.3 µm –13.2 µm), 
modulated by a Michelson interferometer (Figure 3). The light beam is 
transmitted from a single telescope to a retro-reflecting mirror target (re-
troreflector), which is usually set up at a nominal distance of 100 m away 
from the OP-FTIR. The returned light signal is received by the single tele-
scope and directed to a detector. The light that is transmitted between the 
OP-FTIR and retroreflector is absorbed and scattered by the molecules 
and particles in the light beam’s path. The OP-FTIR instrument was origi-
nally designed to identify and quantify chemical species by matching the 
infrared absorption spectra collected in the field to calibrated spectral 
measurements of individual compounds (i.e., reference spectra) that are 
obtained in the laboratory. However, the OP-FTIR was used with the OP-
LT during the first three field campaigns to determine the size distribu-
tions of the dust particles (Section 3.4.3.1). 
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Figure 3 IMACC OP-FTIR instrument 

3.1.3  Open Path Laser Transmissometer (OP-LT) 

The OP-LT contains a modulated He-Ne laser that transmits light over an 
open path of several hundred meters, and is then reflected by a retroreflec-
tor back to a detector. It was custom-built by IMACC especially for this re-
search (Figure 4). Data were acquired during the field campaigns at 1 Hz 
while operating the OP-LT at a wavelength of 0.67 µm. 

 
Figure 4 IMACC OP-LT instrument 
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3.2  In Plume PM Mass Concentration Measurement  

3.2.1  DustTrakTM

The DT aerosol monitor (Model 8520, TSI, Inc., Minnesota, USA) is a 
portable, battery-operated laser photometer that provides real-time mass 
concentration characterization and data logging capabilities (Figure 5). 
The monitor measures calibrated PM mass concentration corresponding 
to PM10 or PM2.5 when using the corresponding inlet attachments. The 
ORS method was calibrated against standard mass concentrations, which 
was completed with a pair of DT aerosol monitors that were calibrated by 
Dessert Research Institute (DRI). Calibration of the DT aerosol monitors 
was conducted against filter-based mass concentration measurements. 

 (DT) 

 
Figure 5 TSI DustTrakTM Instrument

3.3  Field Setup 

[23] 

3.3.1  2005 YPG Field Campaign – Emissions from Back Blasts due to 
Firing of Artillery 

The YPG field campaign occurred during October 2005 to quantify PM 
dust emissions from back blasts that occur during the firing of artillery 
(Figure 6 and Figure 7). Detailed field maps depicting the setup are pro-
vided in Appendix A (Figure A-1-1). Tests were carried out on improved 
gun placements (i.e., surfaces where artillery were located had been mod-
ified to enhance ease of firing and potentially mitigate dust emissions). 
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Figure 6  Schematic of the experimental layout for the artillery back-blast tests during the 

2005 YPG Field Campaign 

 
Figure 7 Field picture for the artillery back blasts test during the 2005 YPG Field Campaign 

(viewed from MPL) 

The MPL was operated in a temperature-controlled trailer with stabilizers 
at each corner of the trailer to allow for stable operation of the instrument. 
The MPL was operated at only one horizontal angle in contrast to multiple 
horizontal angles during the vehicle and helicopter field campaigns. The 
trailer was located 400 m away from the artillery to reduce the magnitude 
of corrections to the MPL signal when detecting the dust plume and for 
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safety requirements required by the facility. The laser beam was nominally 
located perpendicular to the wind direction and downwind from the 
source. A 0.5 ft x 8 ft (1.27 cm x 244 cm) metal pole was used as a reflec-
tive target and was located in the optical path of the MPL. The MPL conti-
nuously collected data while the artillery was firing its projectiles. Two sets 
of OP-FTIR and OP-LT systems, located 1.5 m above the ground, were op-
erated co-linearly with the MPL’s beam and 50 m downwind from the ar-
tillery firing point. These sets of devices detected dust along two paths, one 
set was directed horizontally to a retroreflector and the other set was di-
rected to a retroreflector that was located 10 m above the ground. The ho-
rizontal distance between the OP-FTIRs/OP-LTs and their corresponding 
retroreflectors was 100 m. 

Two types of artillery with projectile models of M549A1 and M107 were 
tested during the October 2005 artillery tests. The propelling charge zone 
was 8S for the M549A1 and the propelling charge zones were 2 and 3 for 
the M107. Such artillery types were selected based on the artillery testing 
schedule at YPG and the amount of their use to represent a wide range of 
artillery training activities by DoD. 

3.3.2  2006 YTC Field Campaign – Emissions from Movement of Tracked 
Vehicles 

The YTC field campaign occurred during August 2006 to quantify dust 
emissions caused by the movement of tracked vehicles on unpaved surfac-
es (Figure 8 and Figure 9). Detailed field maps depicting the setup are 
provided in Appendix A (Figure A-2-1 to Figure A-2-4). The MPL’s optical 
path was co-located with the two sets of the OP-FTIR/OP-LT systems de-
scribed above with their optical paths located parallel to an unpaved road 
and grassland surfaces where the vehicles traveled. The reflective targets 
for the MPL consisted of 8 ft (244 cm) high and 4 ft (122 cm) wide custom 
metal mesh racks that were located along the MPL’s path and beyond the 
opposite edge of where the plumes were measured. The reflective mesh 
targets were detected more reliably than the reflective metal poles used 
during the 2005 YPG field campaign. The two OP-FTIR/OP-LT systems 
were operated in the same manner as described for the artillery field cam-
paign except that their retroreflectors were located 89 m away horizontal-
ly, with the retroreflectors located 1.5 m and 15 m above the ground. The 
MPL was operated on the Orbit positioner, which was programmed to scan 
vertically at four elevation angles: 0° (horizontal), 1.378°, 2.754°, and 
4.127°, corresponding to 1.5 m, 11.5 m, 21.5 m, and 31.5 m at the retroref-
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lector. The MPL and FTIR-LT systems were continuously collecting data 
during the movement of the tracked vehicles. 

The M113 tank (12,349 kg), Bradley Fighting Vehicle (29,937 kg), and 
M1A1 tank (60,909 kg) were the three types of tracked vehicles that were 
tested. Such tracked vehicles were selected based on the amount of their 
use and range of vehicle mass and speed to represent a wide range of DoD 
training activities for tracked vehicles. Detailed specifications of these 
three vehicles are available in Appendix A (Table A-2-1). Plumes were gen-
erated at vehicle speeds of 8, 16, 24, 32, and 40 km/hr (5, 10, 15, 20, and 
25 mph), which represent the range of reasonable speeds for these ve-
hicles. 

Reflective 
Target

Tracked Vehicle

Scanning 
MPL

FTIR & LT

Retroreflectors

MPL PathDust Plume

Unpaved Surface

Wind

LIDAR

Note: map not to scale

FTIR & LT Path

Direction of 
Vehicle 
Movement

300 m 89 m

  
Figure 8 Schematic of the experimental layout for tracked vehicle tests during the 2006 YTC 

Field Campaign 
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Figure 9  Field picture for tracked vehicle tests during the 2006 YTC Field Campaign (viewed 

from MPL) 

3.3.3  2007 YPG Field Campaign – Emissions from Flying Helicopters 

Concentrations and mass fluxes of PM10 and PM2.5 for dust plumes gener-
ated from rotary wing military aircraft were determined with the ORS sys-
tem during May 2007 at the YPG location (Figure 10 and Figure 11). De-
tailed field maps depicting the setup are provided in Appendix A (Figure 
A-3-1 and Figure A-3-2). PM dust emissions were evaluated from a rotary 
wing aircraft (Model: Bell 210). The Bell 210 is a civilian helicopter that 
has a military counterpart in the UH-1 (Huey) which is used as a utility 
helicopter. Detailed specifications of the UH-1 are provided in Appendix A 
(Table A-3-1). The helicopter flew at speeds ranging from 15 to 60 km/hr 
(9 to 38 mph) over two surface types: desert pavement and disturbed 
desert soils. Two-dimensional (2-D) extinction profiles across the dust 
plumes were constructed by vertically scanning the MPL that was located 
on the Orbit positioner. Dust plumes generated from the helicopter were 
monitored continuously.  
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Figure 10 Schematic of the experimental layout for measuring dust emissions from the 

helicopter during the 2007 YPG Field Campaign 

 
Figure 11 Field pictures for helicopter tests during the 2007 YPG Field Campaign. (A) 

instruments (viewed from reflective target); (B) example of an event (viewed from MPL) 
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The MPL was located along the same path as the other ORS systems, but 
oriented in the opposite direction from those ORS instruments (Figure 10 
and Figure 11). Two pairs of OP-FTIR/OP-LT instruments were used to 
measure light extinction across the plumes generated during helicopter 
flights. Both pairs of these OP-FTIR/OP-LT instruments were located next 
to each other and their beams paths were 50 m to 200 m downwind of the 
helicopter path. The helicopter path was varied depending on the expected 
concentrations of the dust plumes generated by the helicopter to optimize 
the PM concentration in the ORS measurement planes. The first path-
integrated OP-FTIR/OP-LT beam path was oriented parallel to the ground 
and directed towards a retroreflector that was placed at the bottom of a 
tower (i.e., scissor lift) and 130 m away from the location of the first pair of 
OP-FTIR/OP-LT. The second OP-FTIR/OP-LT pair was directed at a re-
troreflector that was 15 m above the ground on the same tower. The dust 
plume generated from each successful helicopter pass was transported by 
the wind in a generally perpendicular orientation to the measurement 
plane. 

3.3.4  2008 Fort Carson Field Campaign – Emissions from Movement of 
Tracked and Wheeled Vehicles Measured with the Hybrid ORS System 

The hybrid ORS system was implemented to quantify fugitive PM mass 
emissions that were generated during the movement of tracked and 
wheeled vehicles during September 2008 at Fort Carson. The similarities 
and differences between the two versions of the ORS system are apparent 
by comparing the field schematics shown in Figure 8 and Figure 12. A field 
picture from the Fort Carson field campaign is also shown in Figure 13. 
During the 2008 Fort Carson Field Campaign, two unpaved roads were 
selected for the measurement sites to accommodate changes in wind direc-
tion during the field campaign. Detailed field maps depicting the setup are 
provided in Appendix A (Figure A-4-1 and Figure A-4-2). The MPL conti-
nuously scanned in the vertical direction at Site 1 using one of two sets of 
angles (i.e., 0°, 1.519°, 3.036°, and 4.045° or 0°, 2.025°, 4.045°, and 
6.054°) depending on the expected plume elevation. The MPL scanned at 
angles of 0°, 4.588°, 9.119°, and 12.080° at Site 2. The durations of each 
vertical scan cycle were 10 s and 14 s for Sites 1 and 2 respectively. The ho-
rizontal distances between the MPL system and the OP-LT system were 
185 m for Site 1 and 105 m for Site 2. The locations of the OP-LT and retro-
reflector were switched for Site 2 such that the MPL and OP-LT lasers 
were emitting light in the same plane but in opposite directions. This 
change in location was due to differences in topography between the two 
sites which mandated the locations of the equipment and reflective targets. 
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The three types of tracked vehicles tested were, the M88A2 (HERCULES, 
31,800 kg), the M270 (MLRS, 25,000 kg), and the M577 (12,700 kg) which 
is part of M113 family of vehicles. The wheeled vehicle tested was a Heavy 
Expanded Mobility Tactical Truck (HEMTT, 20,000 kg). These vehicles 
were operated in both directions on the unpaved roads. For each direction, 
plumes were generated by each vehicle traveling at 8, 16, 24, and 32 km/hr 
(5, 10, 15, and 20 mph) and their maximum speed. Details about the mili-
tary vehicles tested during this field study are provided in Appendix A 
(Table A-4-1). 

 

 
 

Figure 12 Schematic of the experimental layout for military vehicle tests during the 2008 Fort 
Carson Field Campaign 
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Figure 13 Field picture for military vehicle tests during the 2008 Fort Carson Field Campaign 

(viewed from MPL) 

3.4  Methodology to Determine PM Emissions 

3.4.1  Methodology Overview 

Figure 14 depicts the overall data processing procedures used for the first 
three years of the field campaigns and Figure 15 depicts the overall data 
processing procedures for the Fort Carson field campaign that occurred 
during the fourth year of the project. The major difference between the 
two methods is the technique used to determine the mass concentration to 
light extinction efficiency factor, K*. 
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Figure 14 Flowchart describing the overall data processing method used during the first three 
years of the field campaigns (2005 YPG, 2006 YTC, 2007 YPG) 
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Figure 15 Flowchart describing the overall data processing method used during the 2008 Fort 

Carson field campaign. The differences between Figure 14 and 15 are highlighted in bold 
text. 
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3.4.2  Inversion of MPL Data to Obtain Extinction Profiles through Dust 
Plumes 

3.4.2.1  Conversion of the raw Lidar signal to the normalized relative 
backscattering signal 

As previously mentioned, the MPL detects aerosol particles by emitting 
pulses of laser light into the atmosphere and then detecting the light that is 
backscattered by the PM. The raw Lidar signal p(r) in photon counts/sec 
represents intensity of the received laser light that is backscattered by the 
PM at a distance of r. The objective of the MPL data calibration is to cor-
rect the raw Lidar signal to obtain the NRB signal, which accounts for dark 
count, dead time, background noise, afterpulse artifact, overlap, and dis-
tance corrections.  

A summary of the procedure to convert p(r) values to NRB values is de-
scribed in Figure 16. The dead time correction factor, D[p(r)], corrects p(r) 
values to account for the MPL underestimating the actual photon counts at 
high counting rates (e.g. > 5 Mcounts/sec). This correction is a function of 
the magnitude of the raw p(r) values and is achieved by using a table of 
values provided by the manufacturer of the MPL. The resulting p(r) values 
are then corrected for dark counts (pdc(r)) because the MPL’s photon 
counting module detects energy, as photon counts, even when the unit’s 
laser is off. Dark counts are measured when the laser is off, and its mean 
value is subtracted from the p(r) values. The resulting p(r) values are then 
corrected for the afterpulse signal, pap(r). The afterpulse signal is caused 
by internal reflections of the laser light within the instrument that saturate 
the detector diode at the beginning of the sampling period and the small 
leakage of photon count signal that is detected for the remaining period of 
the pulse. Afterpulse signals are obtained by covering the outlet of the 
transceiver with the laser powered on, and the resulting photon counts are 
subtracted from the dark count corrected Lidar data. The MPL also detects 
background photon counts, pbg, which are detected from background light, 
laser detector noise, and the remaining afterpulse at large distances away 
from the MPL. The value for pbg is determined by recording the photon 
counts corresponding to a 40 km distance where no laser light remains to 
provide backscattered light. The signal is averaged between a distance of 
40 km and 55 km, and is then subtracted from the afterpulse corrected Li-
dar data. The background corrected Lidar signal is then distance corrected 
due to divergence of the laser signal by multiplying the background cor-
rected Lidar signal by the square of the distance where the Lidar signal is 
detected. This signal is then modified with the overlap correction factor, 
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Oc(r), because the MPL has a narrow field of view for its receiver, 100 
µrad, that results in a compromised optical efficiency when detecting the 
backscattered laser light in the near field. The field of view of the receiver 
cannot “observe” the entire laser beam in the near field until a distance 
where the more rapidly diverging field of view is able to cover the entire 
cross-section of the more slowly diverging laser beam (~50 µrad) [28]. Fi-
nally the overlap corrected Lidar signals are energy normalized by dividing 
those values by the initial pulse energy of the laser (E) to provide the NRB 
signals, as described in Equation 1:  

NRB(r) = {(p(r)×D[p(r)] ) − pdc − pbg − pap(r) } × 
E
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Figure 16 MPL data correction procedures 

3.4.2.2  Inversion of Lidar equation to get the extinction profile from NRB data 

The extinction of the Lidar signal that is caused by PM can now be de-
scribed with known values of NRB(r) and the “Lidar equation” (Equation 
2). The “Lidar equation” relates NRB(r) to the aerosol’s backscatter cross-
section (β), transmittance of the laser’s light pulses (T) and a Lidar system 
constant (C) (Equation 2). 

C×))r(T(×)r(β=)r(NRB 2                                    (2) 



ERDC/CERL TR-10-DRAFT 23 

 

From Beer-Lambert Law, T2(r) is related to the aerosol’s extinction coeffi-
cient (σ) and distance (r) by: 
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where S is the “Lidar ratio” or the “extinction-to-backscatter ratio” and is 
defined as σ/β, and is determined by the optical properties of dust par-
ticles and the incident light’s wavelength. S is assumed constant through-
out the plume. The analytical solution to the Lidar equation was derived by 
Fernald [29] and Roy et. al. [30] to determine the extinction profile from the 
NRB profile by Equation 4.  
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where C* is defined as: C* ≡ C/S. 

The minimum resolution of the NRB(r) signal from the MPL for this re-
search is 15 m. Hence, the integral part in Equation 4 can be approximated 
by the summation: 
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where i = 1, 2, …, r/15. Therefore, the extinction profile through a dust 
plume, which spreads over N~  bins that each 15 m wide, is determined 
from the discrete NRB(r) profile and C* by Equation 6 (non-plume extinc-
tion and backscattering are neglected): 

[ ]∑
=

×−
= n

1i

* 15)i(NRB2C

)n(NRB)n(σ  (6) 

where n = 1, 2, …, N~ . The integral part in Equation 3 can also be approx-
imated by summation to determine the transmittance of the entire dust 
plume: 

( )







×−= ∑
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15)i(σexpT
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During the field campaigns, a reflective target was located behind each of 
the dust plumes. Therefore, the transmittance of laser light through the 
dust plumes can be determined from the reflective target’s NRB signals 
before and after the dust passes through the MPL’s optical path[31]: 

0t

t

NRB
NRB

T =  (8) 

where NRBt is the NRB signal from the reflective target during a plume 
event and NRBt0 is the NRB signal from the reflective target before the 
plume event. 

 

Finally, the light extinction profile through a dust plume can be deter-
mined by solving a system of ( N~ +1) equations with N~ +1 unknowns (i.e. 
σ1, σ1, …, N~σ , and C*): 

( )

( )
[ ]





















⋅σ++σ+σ−=

+++−
=σ

+−
=σ

−
=σ

15)N~()2()1((exp
NRB
NRB

)N~(NRB...)2(NRB)1(NRB30C
)N~(NRB)N~(

)2(NRB)1(NRB30C
)2(NRB)2(

)1(NRB30C
)1(NRB)1(

0t

t

*

*

*



                  (9) 

3.4.3  Determination of PM Mass Emissions for the First Three Field 
Campaigns 

3.4.3.1  Conversion from 1-D extinction profiles to 1-D mass concentration 
profiles 

The initial version of the ORS system was implemented during the first 
three field campaigns, during which the extinction efficiency factor K* was 
determined to convert the light extinction profiles from the MPL to PM 
mass concentration profiles. As previously mentioned, K* is defined as the 
ratio of the PM’s mass concentration (Cm) to light extinction coefficient 
(σ):  
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where Dp is the aerosol particle’s diameter; Dpmin and Dpmax are the mini-
mum and maximum particle diameters respectively; N(Dp) is particle di-
ameter distribution per unit volume of sample; Q is the extinction efficien-
cy; α is the optical size parameter of a particle defined as α ≡ πDp/λ; and λ 
is the wavelength of MPL’s laser pulses (λ = 527 nm). The particle density, 
ρ, was determined as 2.5×103 kg/m3, representative for desert dust [32]. 
The real part of the refractive index (n′) was assumed to be 1.54, which is 
the mean value of n′ for desert dust that ranges between 1.53 and 1.57[33]. 
The imaginary part of the refractive index (k) was assumed to be zero. 

Size distributions of the dust particles were determined using measure-
ments from the OP-FTIR/OP-LT instruments by applying a method devel-
oped by Varma et. al.[34]. Six wavelengths (2.26, 2.37, 3.48, 3.96, 4.49, and 
12.9 µm) were selected from the OP-FTIR spectrum in addition to the OP-
LT’s wavelength of 0.67 µm to obtain the extinction values to create a 
smoothed extinction distribution. These wavelengths were selected to 
avoid the dust’s absorption spectrum and other gaseous absorption peaks 
so that the light extinction values at each wavelength are only due to the 
PM’s ability to scatter light. A triangle-based cubic interpolation was per-
formed between these wavelengths to generate 64 interpolated data points 
that were used to compute the extinction efficiency (kernel) matrix, Qe(Dp, 

λ) (the extinction efficiency for each pair of particle diameter, Dp, and  λ 
with constant refractive index). The interpolated data set enhances the 
over determination of the inversion problem and ensures a unique solu-
tion. The resulting interpolated extinction values define the baseline offset 
(when dust is encountered by light from the ORS devices) that excludes 
the extinction caused by H2O vapor and CO2 and avoids other gaseous and 
PM absorption features. Also, 64 bins were used that describe particle di-
ameters ranging from 0.25 µm to 20 µm on a log scale, with the first 23 
bins corresponding to PM2.5, and the first 43 bins corresponding to PM10. 
After the extinction efficiency matrix was computed, the matrix was in-
verted to determine the number concentrations for all of the 64 diameter 
bins[35, 36]. Mie calculations were then completed in the forward direction 
to evaluate if the retrieved extinction spectrum from the derived size dis-
tribution fit well with the input extinction. PM2.5 and PM10 were then cal-
culated by adding the mass concentrations in all particle diameter bins up 
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to 2.5 µm, and to 10 µm, respectively. Finally, the 1-D PM-mass concentra-
tion profiles for the dust were quantified from the 1-D extinction profiles 
and the calculated values of K* with ρ = 2.5 g/cm3, n′ = 1.54, k = 0, and the 
dust size distributions provided by the OP-FTIR and OP-LT measurements 
and data interpretation. 

3.4.3.2  Determination of 2-D mass concentration profiles 

The method used to convert 1-D PM mass concentration profiles into 2-D 
PM mass concentration profiles is dependent on the type of source. Opera-
tion of the instruments in the field is based on the characteristics of the 
plumes that are generated by the sources to be able to characterize appro-
priate cross-sections of the plume. For example, plumes from puff sources 
(i.e. artillery back blast plumes) can completely pass through the vertical 
plane that is characterized by the ORS system within 10 to 30 sec. Such 
short durations prevent the MPL from scanning the entire cross-section of 
the plume and therefore the MPL was kept at a fixed position. On the other 
hand, plumes from mobile sources (i.e., tracked/wheeled vehicles and fly-
ing helicopters) that travel perpendicular to the wind’s direction but paral-
lel to the vertical plane that is characterized by the ORS system will pass 
through the measurement plane within 100 to 200 sec. Such durations al-
low the MPL to complete 10 to 20 scans of the plume’s cross-section for 
each plume event. Hence, the methods to characterize these shorter-term 
and longer-term plumes are different as described below. 

3.4.3.2.1  

Dust plumes generated by the back blasts during the firing of artillery 
required the optical path of the MPL to be kept at a fixed angle when 
detecting the plume (Figure 6). The horizontal mass concentration pro-
files at the ground level were determined based on method described in 
Sections 3.4.1 and 3.4.2. However, the vertical 2-D mass concentration 
profiles were constructed based on the horizontal 1-D mass concentra-
tion profiles and the vertical mass concentration gradients obtained 
from the two ground-based OP-FTIR/OP-LT systems with retroreflec-
tors. As previously mentioned, these devices detected dust along two 
paths, one was directed horizontally to a retroreflector that was co-
linear with the MPL’s optical path that was 1.5 m above the ground and 
the other was directed to a retroreflector that was located 10 m above 
the ground. The horizontal distance between the OP-FTIR/OP-LT sys-
tems and their corresponding retroreflectors was 100 m. Measure-

Short-Term Plumes from Puff Sources – Emissions from Back-Blasts 
of Artillery Firings 
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ments by the OP-FTIR/OP-LT systems provided path-averaged mass 
concentrations. The vertical gradient in mass concentration was then 
calculated by fitting a bivariate Gaussian function to the retrieved con-
centration data from those two paths[34]. 

3.4.3.2.2  

Dust plumes generated by the movement of tracked vehicles during the 
2006 YTC Field Campaign and flying helicopters during the 2007 YPG 
Field Campaign were detected by the MPL by scanning the plumes with 
fixed elevation angles and placing the MPL at specific horizontal dis-
tances from the OP-FTIR/OP-LT instruments (Figure 8 and Figure 10). 
The dust plumes from both field campaigns were generated from mo-
bile sources moving along a straight line parallel to the optical path of 
the ORS devices. The duration of each vertical scan of the MPL was 10 
sec, allowing 10 to 20 vertical scans per plume event and allowing the 
MPL to characterize the vertical structure of each of the plumes. The 
1-D PM-mass concentration profile along each scanned path of the 
MPL was determined first. The 2-D PM-concentration profile across 
the dust plume was then calculated by interpolating the data obtained 
from the corresponding 1-D PM-concentration profiles. 

Longer-Duration Plumes from Mobile Sources – Emissions from 
Moving Tracked Vehicles and Flying Helicopters 

3.4.3.3  Determination of PM mass emission factors for puff and mobile sources 

The ORS system operated continuously during all plume events. The PM-
mass concentration profiles across the dust plumes’ cross sections were 
then determined every second or every 10 sec, depending if the MPL was 
in a fixed position or was scanning through fixed elevation angles, respec-
tively. Wind speed and direction were monitored during each plume event 
with two anemometers (R.M. Young Inc.). The PM-mass emission factor 
(EF) for each event was computed by integrating the 2-D mass concentra-
tion profiles with the calculated wind speeds that were perpendicular to 
the ORS observing plane and with the duration of each plume event in a 
rectangular coordinate system using equations (11) and (12) for artillery 
back blasts (puff source) and movement of tracked vehicles and flying hel-
icopters (mobile sources), respectively: 

tcosuzy)t,z,y(CEF
T

0t

Y
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m ∆θ
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(g-PM/vkt or g-PM/hkf)  

where T is the duration of the plume event; Y is the width of the ORS path 
where the plume is located;  Z is height of the ORS path where the plume 
is located; Cm(y, z, t) is the mass concentration of the particles in the 
plume at location y and z, and time t; ∆y and ∆z are integration steps in the 
y and z directions respectively; u and θ are the mean wind speed and the 
angle between the wind direction and the normal direction of the ORS ob-
serving plane during that event, respectively. The acronyms “vkt” and 
“hkf” represent “vehicle kilometer traveled” and “helicopter kilometer 
flown” respectively, and 1,000/Y is the conversion factor to covert the PM 
mass emission along a path of Y meters wide to the PM mass emission for 
one kilometer when considering plumes generated by the movement of a 
tracked vehicle or helicopter. 

3.4.4  Determination of PM Mass Emissions for the 2008 Fort Carson Field 
Campaign 

3.4.4.1  Determination of mass concentration profiles 

As previously mentioned, a “hybrid” ORS system, as described by Hash-
monay et al.[37], was used during the 2008 Fort Carson Field Campaign. 
This hybrid system consists of one horizontal ground-level OP-LT and 
three ground-level DT aerosol monitors without the use of the OP-FTIR 
instrumentation to determine the light extinction efficiency factor, K*. The 
four 1-D extinction profiles from the MPL scans were interpolated to pro-
vide 2-D extinction profiles. The duration of the MPL vertical scans was 10 
or 14 seconds, while the duration of a plume event was between 70 to 120 
seconds. Therefore, there were approximately 5 to 10 time-dependent 2-D 
extinction profiles generated for each plume event. These time-dependent 
2-D extinction profiles were converted into time-dependent 2-D mass con-
centration profiles for both PM2.5 and PM10 using the K* values from the 
hybrid system and a second algorithm developed during this research 
project (Figure 15). For this new algorithm, K* is the ratio of Cm to σ 
measured by the DT aerosol monitors and the OP-LT respectively. Unlike 
the first algorithm (Figure 14), only the upper particle diameter limits cor-
responding to PM2.5 or PM10 are needed when applying this algorithm.  

The corresponding values of K* for PM2.5 and PM10 were determined from 
the slope of the linear regressions between the OP-LT measured extinction 
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values and the DT’s measured mass concentration values for PM2.5 and 
PM10. Those K* values were then corrected from their OP-LT measured 
wavelength of 670 nm to a wavelength of 527 nm that was used by the 
MPL using Mie theory and typical size distributions measured for the dust. 
Finally, the wavelength-corrected K* values were multiplied with the cor-
responding extinction profiles that were measured by the MPL to obtain 
the 2-D mass concentration profiles for PM2.5 and PM10.  

3.4.4.2  Determination of PM mass emission factors 

Emission factors were determined by integrating all of the time dependent 
vertical 2-D PM-mass concentration profiles during each plume event with 
wind speeds and wind directions (equation 13). Unlike the previous three 
field campaigns, this integration was completed by using a polar coordi-
nate system instead of rectangular coordinate system to match the radial 
direction of the MPL scans. Moreover, wind speed was treated as a func-
tion of height. Power regression fits of the wind speed data at five heights 
were performed for each vehicle pass, and each regression was used to de-
termine wind speed at a specified elevation during that pass of an MPL 
scan. Wind direction was treated as a constant in the vertical direction and 
emission factors calculated using: 

( )
T

t 0

1000EF C(A, t) A u(z)cosθt
Y =

= × ∆ ∆∑ ∑  (g-PM/vkt) (13) 

where T and Y are the same as previously defined in Equation 12. Cm(A, t) 
is the mass concentration of the particles in the plume at time t within the 
differential area A, ∆A is integration steps in the differential area A, u(z) is 
the mean wind velocity at the height of the MPL’s measured location, and 
θ is the angle between the wind direction and the normal direction of the 
ORS observing plane during that event. 

3.5  Hybrid Remote Sensing and In-Situ Measurement System to 
Measure Fugitive Dust Flux 

The new hybrid test method for measuring fugitive dust emissions was in-
itially deployed and its performance evaluated by SI-1399 and SI-1400 at 
YPG during the rotary-winged aircraft testing and at Fort Carson during 
the tracked vehicle testing. The measurement system included one open 
path laser transmissometer (OP-LT) operating in the visible wavelength, 
(at least) two time-resolved DT aerosol monitors, and (at least) two wind 
speed instruments. Each DT aerosol monitor was capable of measuring 
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PM10 and PM2.5 concentrations with a size selective inlet and the configu-
ration normally consists of a co-located pair of separate monitors for PM10 
and PM2.5 concentrations (DM10 and DM2.5 respectively). Figure 17 shows a 
schematic of the setup configuration with three DT aerosol monitors 
mounted on the tower at different elevations. Preferably these DT aerosol 
monitors would be calibrated to integrated mass filter measurements in a 
laboratory setup using a gravimetric method. The OP-LT beam path dis-
tance from the sensor to the retroreflector can vary according to the ex-
pected plume width and possible trajectories. Typically, the path distance 
will be on the order of several hundred meters. The simplest configuration 
would use one tower located at the expected plume centerline. The two (or 
three) DT aerosol monitor pairs and the two wind monitors would be dis-
tributed evenly at different heights, the lowest at the same height as the 
OP-LT beam. 

 
Figure 17 Schematic of the hybrid dust measurement configuration. The DT pairs consist of 

one PM10 and one PM2.5

3.5.1  Hybrid System Principles 

 monitor. 

The concept behind this emission measurement method is to use the 
OP-LT to determine the entire cross-plume, plume-averaged mass concen-

tration of PM10 dust at ground level 10PM
yC , and use the vertically distri-

buted PM10 DT aerosol monitors to determine the vertical distribution of 
the dust mass concentration. These two parameters can be used to deter-
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mine the plane-integrated PM10 mass concentration (PIMC10), which is the 
mass concentration integrated over the vertical downwind measurement 
plane: 

 dzdy)z,y(CPIMC 10PM
10 ∫∫=  (14) 

In order to determine 10PM
yC  from the OP-LT measurements, the OP-LT 

must be calibrated against the DM10 DT aerosol monitors using the proce-
dure described in the next section. 

The PIMC10 is calculated by the following expression: 

 AC
C
C

PIMC DM
zDM

z

PM
y 10

10

0

10

10 ≅  (15) 

where 10

0

DM
zC  is the measurement of DM10 at the same height as the OP-LT 

beam. 10DM
zC  is the average of all of the measurements by the vertically dis-

tributed DM10 monitors on the tower, and A is the area of the plane de-
fined by the product of the OP-LT path distance, L, and the height of the 
top DM on the tower, H. The values for PIMC10 are in units of g m-1. The 

ratio 10PM
yC / 10

0

DM
zC  is a correction factor for the horizontal capture of the 

plume by the single tower. This correction ratio depends on the position 
and width of the plume. If the ratio has a value of 1, the plume is distri-
buted uniformly over the OP-LT beam path. The correction ratio is <1 
when a narrow plume is centered on the tower and the PM10 concentra-
tions measured at the tower location overestimate the plane average con-
centration. This correction ratio is >1 when a narrow plume misses the 
tower and the PM10 concentrations measured at the tower location unde-
restimate the plane average concentration. 

The PM10 flux, A
PM10

ϕ , through the measurement area is given by: 

 x10
A
PM UPIMC

10
=ϕ  (16) 

where xU  is the normal wind component averaged over the two or three 

vertically distributed anemometers. If the entire plume is encompassed by 

the measurement area, 
A
PM10

ϕ
is equal to the total mass emission rate for 
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PM10 released from the target fugitive source. The flux of PM2.5 would be 
calculated similarly by substituting the measurements from the DM2.5 DT 
aerosol monitors and using the same wind speed data. 

3.5.2  Results: Hybrid System Performance 

The OP-LT was calibrated, and the validity of the new dust monitoring me-
thod was demonstrated with data collected during the rotary-winged air-
craft measurement field campaign at YPG in May 2007 and the tracked 
vehicle measurement campaign at Fort Carson in October 2008. These 
campaigns provided us with an abundance of OP-LT and DM measure-
ment data with which were used to test and validate the new method. The 
measurements were event-based with each dust plume originating from 
the aircraft or tracked vehicle as it passed the instrument array. The PM 
and extinction data were recorded continuously as the dust plume passed 
through the measurement plane.  

The OP-LT measures the path-integrated extinction (PIE) given by: 

 ∫ε=
L

0

LT dy)y(PIE  (17) 

where ε(y) is the extinction value at a location y along the beam path; L is 
the beam-path distance from the OP-LT sensor to the retroreflector. For 
fixed particle composition and size distribution, the path-averaged extinc-
tion, PAE: PIELT/L, is proportional to the path-averaged dust concentra-
tion.  

The OP-LT is calibrated by performing a linear regression fit of the path-
averaged extinction to the average value of the PM10 measurements by the 
DT aerosol monitors, distributed along the cross-plume OP-LT beam 

path 10DM
yC , to compute the calibration factor, FDM-LT 

 LTLTDMDM
y PAEFC 10 −=  (18) 

At YPG 1840, one-second dust plume measurements were collected for 32 
plume events. For YPG measurements the one-second PM10 concentration 
data (calibrated to gravimetric filter-based measurements) from the lowest 
DT aerosol monitors (situated along the OP-LT beam path) were spatially 

averaged ( 10DM
yC ) and synchronized against the path-averaged extinction. 
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The Pearson correlation was calculated for each event and six events out 
the total 32 had a Pearson correlation higher than 0.9 (R >0.9). The other 
26 events had Pearson correlation values between 0.6 and 0.9, which indi-
cates a less homogeneous plume along the OP-LT path length. Figure 18 
shows an example of the calibration data from YPG for the six events with 
the highest correlation occurring between the average PM10 concentration 
from the three DT aerosol monitors and the OP-LT path-averaged extinc-
tion. 
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Figure 18  OP-LT calibration measurements made at Yuma Proving Grounds - The six dust 

events with high dust correlations (R > 0.9) 

Plots of 10DM
yC  measurements versus the path-averaged OP-LT extinction 

measurements are shown in Figure 19. Figure 19-a shows the plot of the 
entire data set (32 events, 1840 points) and Figure 19-b shows the plot of 
the measurements made during the six events shown in Figure 18. The 
slope of the linear plot for the full data set results in a calibration factor 
(areal mass density) of 551 mg/m2 and the R2, the square of the Pearson 
correlation coefficient, has a value of 0.69. As one may expect, reducing 
the data set to the six high-correlation events results in much less scatter 
in the linear plot, as shown in Figure 19-b. The linear plot of the six events 
resulted in the improved R2 value of 0.83 and a calibration factor of 592 
g/m2. The six highly correlated events represent the case when the plume 
is more evenly distributed along the OP-LT beam path and conditions are 
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favorable for such calibration. It is not necessary to use any preset number 
of DT aerosol monitors along the OP-LT beam path as long as there are a 
large number of data sets with Pearson correlation coefficients > 0.9, and 
an overall R2 > 0.8 in the linear regression calibration curve. 
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Figure 19 Plot of the OP-LT and DM-PM10

At Fort Carson, the second by second correlation between the OP-LT ex-
tinction and average (3 bottom DT-PM10 monitors) PM10 concentrations 
for each event were quite poor (r < 0.5). This may be due to the type of fu-
gitive dust source (tracked vehicle). Therefore, the calibration curve was 
generated for 20 events on September 16th 2008. Figure 20 shows a very 
strong correlation and a calibration factor almost identical to the Yuma 
dust. This calibration factor (593 mg/m2) was used for the dust PIMC cal-
culations for the hybrid method. 

 Calibration Measurements. a) The full 1,840-point 
data set, b) The six high-correlation events (508 points) data set. 
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Figure 20 Plot of the OP-LT and DM PM10 calibration measurements at Fort Carson for events 

on September 16th

3.5.3  Proof-of-Concept of the Hybrid Method 

 2008. 

The fifteen DT aerosol monitors used by DRI to measure PM10 (DM10s ) at 
YPG formed a 3×5 grid that defined the measurement area, A, as a 105 m 
wide by 10 m high plane. The PIMC10 is calculated as the product of the 
mean value of the 15 DM10s for the three towers and the area A: 

 ADMPIMC Grid
10

Grid
10 ≅  (19) 

The configuration used at YPG has the elements required for applying the 
hybrid method if towers one and three are ignored. The calculation of 

Grid
10PIMC  can be compared to the PIMC10 hybrid method by performing a 

linear regression for all 32 rotary-winged plume events. We tested the ef-
fect of reducing the number of DT aerosol monitor pairs on the PIMC10 
emission estimate, the results of which are shown in Figure 21 for three 
cases: five, three, and two DM10s. These results indicate that the new hybr-
id method’s calculations of PIMC10 values are comparable (slope close to 
one with R2 > 0.85) to the calculations of Grid

10PIMC . Also, it is shown that 

the use of five DT aerosol monitor instruments on the tower for the hybrid 
method is not required, as similar results can be obtained by using only 
two or three DT aerosol monitors. Less DT aerosol monitors simplifies the 
instrumentation set up and logistics of deployment, making this method 
an attractive alternative to more costly emission profiling methods. 
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Figure 21 Comparison of PIMC determined with the new method to the PIMC determined from 

the grid of DT monitors. Top: 5 DT monitors in new method, middle: 3 DT monitors in new 
method, bottom: 2 DT pairs in new method. 

The Fort Carson field campaign offered another chance to evaluate the hy-
brid approach for tracked vehicles. In this type of source, the variability in 
the DT data was much larger than the rotary wing data, and there was no 
single event where the Pearson correlation was > 0.5 between the OP-LT 
and DT aerosol monitor data (see 6 events in Figure 18 for rotary wing 
source). Therefore it is expected that the agreement between the Grid and 
the Hybrid method will be worse and the regression R2 will be also quite 
poor. However, the results are quite comparable as can be seen in Figure 
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22. It is observed that the agreement for plane integrated mass concentra-
tion is better with 4 and 3 DT aerosol monitors on the middle tower but 
the correlation is the best for 2 DT monitors on the middle tower. For 
tracked vehicle sources, it is recommended to have at least 3 DT aerosol 
monitors on the single tower when using the hybrid method.  
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Figure 22 Comparison of PIMC determined with the new method to the PIMC determined from 

the grid of DT monitors for 20 events at Fort Carson. Top: 4 DT monitors in new method, 
second and third from top: 3 DT monitors in new method (1,2, and 4 and 1,3, and 4), bottom: 

2 DT pairs in new method. 

3.5.4  Conclusions: Hybrid Method 

As a joint effort between SI-1399 and SI-1400, the research teams com-
pared the results for emission flux determinations using the hybrid in situ 
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and ORS system to the full in situ flux tower system, which requires mul-
tiple (three) towers and 30 DT aerosol monitors. The results indicate that 
the hybrid system can provide equivalent measurements as compared with 
the flux tower system.  

Acceptance of the new test method would offer an accurate, cost-effective 
method to acquire dust emission measurement data for the development 
of fugitive dust emission factors. The hybrid method brings closure to an 
issue that has hindered the development of other ORS techniques used to 
define fugitive dust emission flux. The issue in the past has been the highly 
uncertain relationship between open path extinction (or opacity) and PM 
mass concentration for specific dust plumes. This new method provides a 
calibration relationship between ORS and in situ PM measurements that 
will allow for the development and eventual deployment of other open 
path extinction measurements tools such as Lidar or digital cameras, 
which can be used to develop fugitive PM emission factors.  

3.6  Quality Assurance/Quality Control (QA/QC) 

3.6.1  Calibration of ORS method 

Calibration of the ORS method was done with a two-step approach by 
comparing PM2.5 and PM10 values retrieved by the ORS method to the 
PM2.5 and PM10 measured values that were obtained by a pair of calibrated 
DT aerosol monitors. The first step in the ORS calibration is to retrieve the 
right apportionment of PM2.5 and PM10 in the dust plume. The second step 
is to determine the correct PM-mass concentration values for PM2.5 and 
PM10.  

The calibration experiment was performed with a controlled release of 
dust from the measurement sites in a tent with a 4 m beam path (Figure 
23). The tent was used to enclose the optical path of the ORS to avoid in-
fluence from ambient wind, and to ensure as uniform a dust plume as 
possible throughout its beam path. The OP-FTIR and the OP-LT were 
placed close to each other so that the combined optical beams form the 
ORS optical beam path for the experiment. The dust plume was generated 
and introduced into the ORS beam path using a blower to entrain the dust 
and a fan to disperse the dust uniformly in the beam path.  
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Figure 23 Experimental setup for ORS mass retrieval method calibration 

The DT aerosol monitors were placed inside the tent mid-way along the 
ORS beam path, with one DT having a PM2.5 inlet and the other having a 
PM10 inlet. The ORS and DT measurements were temporally synchronized 
so that each data point was an average of 10 seconds. The PM2.5 and PM10 

mass concentrations were retrieved from ORS extinction measurements, 
as explained in Section 3.4.3.1. The PM2.5 and PM10 data collected by the 
DT aerosol samplers were calibrated against filter-based mass concentra-
tion measurements that were averaged for the same period as the ORS da-
ta. Figure 24 and Figure 25 show examples of the calibration curves for 
YPG dust collected during the artillery back blast field campaign. 
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Figure 24 PM10 calibration curve for YPG dust (y = 1.00x, R2 = 0.78) 
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Figure 25 PM2.5

3.6.2  Background corrections using MPL reflective target and FTIR/LT 
retroreflectors 

 calibration curve for YPG dust (y = 1.00x, R2 = 0.72) 

During the field campaigns, a reflective target was located such that the 
plume’s measurement plane was located between the MPL and the reflec-
tive target. Similarly, the OP-FTIRs, OP-LTs and their retroreflectors 
bounded the measurement area. The reflective target and retroreflectors 
not only allow the determination of optical measurements, but also meas-
ured the background optical properties. With this information, the back-
ground contribution to the optical measurements of plumes can be elimi-
nated. 
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4 Results and Discussion 

4.1  Dust Emissions from Artillery Back Blast 

A summary of the results obtained from the ORS measurements of PM-
mass emissions due to artillery back blast using the method described in 
Section 3.4 for select types of artillery and charge zones are presented in 
Table 3. The detailed PM-mass emission factor results are provided in Ap-
pendix A (Table A-1-1). Results in Table 3 describe mean PM2.5 and PM10 
emission factors in g-PM/shot for projectile models M107 and M549A1 
and their standard deviations. Note that a larger charge zone value means 
that the propulsion force is stronger. Figure 26 shows the evolution of a 
plume of PM10

Table 3 Summary of PM mass emission factors for the back-blasts from two types of artillery 
during the 2005 YPG Field Campaign 

 during an artillery firing event by projectile model M107. 
Figure 27 shows the bar chart displaying the results in Table 3. These re-
sults indicate the trend that increasing the level of charge zone increases 
the quantity of dust emissions from the artillery back blasts. 

Projectile 
Model 

Propelling 
Charge 
Model 

Propelling 
Charge Zone 

Number of 
Events 

Mass Emission Factor (g-PM/shot) 

PM PM10 

Mean 

2.5 

Standard 
Deviation Mean Standard 

Deviation 

M549A1 M203A1 8S 30 173 113 52 43 
M107 M3A1 3 8 90 51 57 37 

M107 M3A1 2 10 70 35 8 7 
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Figure 26 Evolution of a PM10 plume during an artillery-firing event. The letters indicate the 

order of the time sequence. (projectile model: M107, propelling charge zone: two) 

 

Figure 27 Measured emission factors for different types of artillery projectiles during the 
2005 YPG Field Campaign 

Artillery back blast was selected for the first year field campaign in part 
because it was expected to be the smallest PM generator out of the four 
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operations listed in CPSON-04-04. As a result of extensive Army wide 
coordination, YPG was selected for the field campaign site. Since YPG is a 
testing facility, the artillery firing sites had improved (stabilized soil) sur-
faces. Figure 27 shows that the amounts of PM10 and PM2.5 were minimal 
(less than 180 g-PM/shot). However, these emission factors are only ap-
plicable for firing points with improved soil surfaces. 

Artillery back blast is a small contributor when compared to other military 
fugitive dust sources. This source results in a single puff plume emission 
and its impact is much smaller than a continuous line source from vehicle 
movement. For example, using the average emission factor from Table 3 of 
111 g PM10/shot and the vehicular emission factor data for Fort Carson 
from Table 11, the estimated distances required to generated 111 g PM10 for 
three military vehicles travelling at about 25 km/hr is shown below: 

• M270 – 173 m 

• M577 – 106 m 

• HEMTT – 81 m 

At Fort Carson in FY03, the Army’s Operating and Support Management 
Information System reports that M577s travelled about 98,000 km. This 
distance for a single vehicle type at Fort Carson corresponds to the PM10 
generated by 929,000 average artillery shots (i.e., 111 g PM10/shot). At the 
time of the back blast testing, research team members concluded that the 
artillery back blasts emitted less PM than the munitions delivery truck 
used to carry projectiles to the firing point site during testing. It’s clear 
that even if artillery back blast emissions from unimproved surfaces are an 
order of magnitude higher than from improved surfaces, their impact on 
base-wide PM emissions would still be small in comparison with other fu-
gitive PM sources.  

4.2  Dust Emissions from Movement of Tracked Vehicles at YTC 

The ORS method was implemented using the initial version of the system 
to determine PM mass emissions caused by the movement of tracked ve-
hicles at YTC during August 2006. Mean and standard deviation values for 
PM-mass emission factors in units of g-PM/vkt for the specified tracked 
vehicles moving on unpaved roads are provided in Table 4. Corresponding 
values for the specified tracked vehicles moving on grassland at the same 
test site are provided in Table 5. As previously mentioned, more detailed re-
sults are provided in Appendix A (Table A-2-2). 
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Figure 28 provides an example of the evolution of a plume’s mass concen-
tration profile for PM10 during movement of a Bradley Fighting Vehicle. 
The impact of vehicle speed on the mass emission factors for PM10 and 
PM2.5 are presented for two road surfaces: an unpaved road consisting of 
volcanic ash and a section of grassland that is also covering volcanic ash. 
Figure 29 describes PM-mass emission factors for M113, M1A1 and Brad-
ley Fighting Vehicle tracked vehicles traveling on the unpaved road, and 
Figure 30 describes PM-mass emission factors for M1A1 and Bradley 
Fighting Vehicle tracked vehicles traveling on the grassland. Regressions 
of emission factors for each vehicle are also shown in both figures. As an 
alternative representation, the vehicle speeds were divided into five groups 
with an interval of 8 km/h (5 mph). For example, the speed range for the 
first group is from 4 km/h to 12 km/h and the median value is 8 km/h, as 
shown on the horizontal axis. The mean value of the emission factors was 
calculated for each speed group and then shown on the vertical axis of the 
plot. In addition, the power regressions of emission factor versus vehicle 
speed are shown in Table 6. The regression between PM-mass emission 
factor and the product of vehicle mass and speed (momentum) for tracked 
vehicles traveling on these two surface types are described with a linear 
model in Figure 31. Similarly, the median value of the momentum term is 
shown on the horizontal axis and the interval of each momentum group is 
200 (103 kg by km/hr). These regression lines were force-fit through the 
origin because it was reasonable to assume that stationary vehicles did not 
generate fugitive dust. 

Table 4 Summary of emission factors for Unpaved Road during the 2006 YTC Field Campaign 

Vehicle 
Type 

Vehicle 
Speed 
(km/h) 

Number of 
Events 

Mass Emission Factor (g-PM/vkt) 
PM PM10 

Mean 

2.5 

Standard 
Deviation Mean Standard 

Deviation 

Bradley 
(tracked) 

8 2 12,432 11,427 1,840 1,572 
16 3 9,366 8,907 932 978 
24 2 24,036 12,705 584 825 
32 2 40,198 9,056 4,907 2,957 
40 4 26,349 25,778 2,230 3,372 

M113 
(tracked) 

8 0 --- --- --- --- 
16 2 5,695 348 1,202 308 
24 0 --- --- --- --- 
32 1 20,768 --- 3,782 --- 
40 3 19,168 10,020 3,755 2,244 
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M1A1 
(tracked) 

8 3 21,503 12,442 1,193 314 
16 5 22,788 9,915 3,382 2,164 
24 4 44,989 19,024 4,096 2,919 
32 2 56,295 19,962 6,710 2,421 
40 2 53,944 7,390 7,151 6,455 

 

Table 5 Summary of emission factors for Grassland during the 2006 YTC Field Campaign 

Vehicle 
Type 

Vehicle 
Speed 
(km/h) 

Number of 
Events 

Mass Emission Factor (g-PM/vkt) 

PM PM10 

Mean 

2.5 

Standard 
Deviation Mean Standard 

Deviation 

Bradley 
(tracked) 

8 1 10,710 --- 989 --- 

16 1 415 --- 74 --- 

24 2 5,256 2,347 763 0 
32 4 10,495 5,807 1,848 1,606 

40 2 6,161 314 2,045 187 

M1A1 
(tracked) 

8 1 6,902 --- 797 --- 

16 1 11,980 --- 1,073 --- 

24 1 31,943 --- 5,715 --- 

32 3 35,062 14,814 8,124 3,546 

40 1 7,191 --- 450 --- 

 



ERDC/CERL TR-10-DRAFT 47 

 

 
Figure 28  Evolution of a plume mass concentration profile for PM10

 (Bradley Fighting Vehicle, moving to the left at 20 mph) 

 during vehicle travel. The 
letters indicate the order of the time sequence.  
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Figure 29 (left) Measured emission factors for different types of tracked vehicles, (A) Bradley 
Fighting Vehicle, (B) M113, and (C) M1A1, on an Unpaved Road during the 2006 YTC Field 

Campaign. Absence of a thin line (standard deviation) indicates a single data point within the 
speed interval. (right) Power regressions of the emission factors of these vehicles versus 

speed 



ERDC/CERL TR-10-DRAFT 49 

 

1

10

100

1,000

10,000

100,000

8 16 24 32 40

Median Vehicle Speed (km/h)

M
ea

n 
PM

 E
m

is
si

on
 F

ac
to

r 
(g

-P
M

/v
kt

)

PM10

PM2.5

(A) Bradley Fighting Vehicle
y = 2,077x0.24

R² = 0.01
y = 54x0.86

R² = 0.17

0

10,000

20,000

30,000

40,000

50,000

60,000

0 10 20 30 40

M
ea

n 
PM

 E
m

is
si

on
 F

ac
to

r 
(g

-P
M

/v
kt

)

Median Vehicle Speed (km/h)

PM10

PM2.5

(A) Bradley Fighting Vehicle

1

10

100

1,000

10,000

100,000

8 16 24 32 40

Median Vehicle Speed (km/h)

M
ea

n 
PM

 E
m

is
si

on
 F

ac
to

r 
(g

-P
M

/v
kt

)

PM10

PM2.5

(B) M1A1
y = 3,284x0.49

R² = 0.16
y = 380x0.51

R² = 0.06

0

10,000

20,000

30,000

40,000

50,000

60,000

0 10 20 30 40
M

ea
n 

PM
 E

m
is

si
on

 F
ac

to
r 

(g
-P

M
/v

kt
)

Median Vehicle Speed (km/h)

PM10

PM2.5

(B) M1A1

 
Figure 30 (left) Measured emission factors for different types of tracked vehicles, (A) Bradley 
Fighting Vehicle, and (B) M1A1, on Grassland during the 2006 YTC Field Campaign. Absence 

of a thin line (standard deviation) indicates that a single data point was available for that 
vehicle speed interval. (right) Power regressions of the emission factors of these vehicles 

versus speed  
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Table 6  Regressions of PM10 and PM2.5 emission factors (EF, g/vkt) vs. speed (v, km/h) for 
each vehicle measured in the 2006 YTC Field Campaign. The R2

Surface 
Type 

 values for each regression 
are also shown 

Vehicle Type Particle 
Size Regression R

Unpaved 
Road 

2 

Bradley (tracked) 
PM EF=  2,222v10 0.60 0.72 

PM EF=     559v2.5 0.07 0.35 

M113 (tracked) 
PM EF=     107v10 0.92 1.45 

PM EF=       30v2.5 0.94 1.34 

M1A1 (tracked) 
PM EF=  4,636v10 0.85 0.68 

PM EF=     127v2.5 0.97 1.12 

Grassland 

Bradley (tracked) 
PM EF=  2,077v10 0.01 0.24 

PM EF=       54v2.5 0.17 0.86 

M1A1 (tracked) 
PM EF=  3,284v10 0.16 0.49 

PM EF=     380v2.5 0.06 0.51 

Unpaved 
Road 

Combined 
(tracked) 

PM EF=  81.88v10 0.94 0.74 

PM EF=  46.38v2.5 0.52 0.61 

Grassland Combined 
(tracked) 

PM EF=740.85v10 0.15 0.38 

PM EF=     38.95v2.5 0.16 0.53 
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Figure 31 Scaling relationship between emission factor and the product of vehicle mass and 

speed (momentum) for tracked vehicles traveling on (A) Unpaved Road and (B) Grassland 
during the 2006 YTC Field Campaign. Horizontal axis represents the product of vehicle mass 
and its speed (kg km/h x10-3). Absence of a thin vertical line (standard deviation) indicates 

that a single data point was available for that vehicle speed interval. 

Factors affecting the PM-mass emission factor during movement of the 
tracked vehicles include vehicular speed, weight, and type, and surface 
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type (i.e., unpaved road or grassland). Figure 29 and Figure 30 show the 
general trend of increasing PM-mass emission factor with increasing ve-
hicle speed, especially for vehicle speeds of 16, 24, and 32 km/h (10, 15, 
and 20 mph). The correlations between the PM mass-emission factor and 
vehicle momentum (vehicle mass × speed) for unpaved road and grassland 
surfaces are described in Figure 31. The correlations for the unpaved road 
surface are larger than for the grassland surface for all tracked vehicles 
tested. The larger slopes for both PM10 and PM2.5 in Figure 31 (A) com-
pared to corresponding slopes in Figure 31 (B) suggests that vegetation re-
strains the dust emissions. Furthermore, PM10 consistently demonstrated 
better correlation than PM2.5, irrespective of vehicle or surface type. How-
ever, the correlations between dust emissions and the product of vehicle 
mass and speed for tracked vehicles are not as large as for the wheeled ve-
hicles as shown by Gillies [14]. One possible reason for these results is that 
track patterns of tracked vehicles may act as an additional factor to control 
dust emissions, which does not exist for wheeled vehicles. A comparison of 
emission factors from Figure 31 (A) and (B) shows that surface type affects 
the correlations between emission factor and vehicle momentum. There-
fore, it is necessary to develop calibration curves that take into considera-
tion different surface types. Alternatively, surface characteristics should be 
considered to predict emission factors. For instance, the fugitive dust equ-
ation shown in USEPA’s AP-42 uses silt content on the surface as a para-
meter to predict emission factors [15]. 

4.3  Dust Emissions from Approaching and Withdrawing of 
Flying Helicopters 

More than 90% of the helicopter passes from the 2007 YPG field campaign 
were able to be analyzed for PM10 and PM2.5 emission factors. This was due 
to the very good field conditions and the horizontal and vertical plume 
capture capability of the MPL system. Figure 32 shows an example of the 
evolution of a plume extinction profile during a helicopter pass. 

The summary mean and standard deviation values for PM10 and PM2.5 

mass emission factors (in units of g/hkf, where hkf describes “helicopter 
kilometer flown”) for each helicopter speed category for the desert pave-
ment surface type are provided in Table 7. Figure 33 provides the graphi-
cal representation of the values given in Table 7 as well as linear regres-
sions from these data. Table 8 provides the summary of the mean and 
standard deviation values for PM10 and PM2.5 mass emission factors for 
each helicopter speed category for the disturbed soil surface type. Figure 
34 provides the graphical representation of the information given in Table 
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8 as well as linear regressions from the emission factor data. Table 9 pro-
vides the linear regressions of PM10 and PM2.5 emission factors versus tra-
velling speed for both surface types. 

In summary, this study demonstrates that PM-mass emission factors for 
the disturbed soil surface type measured at Site 2 are larger than PM-mass 
emission factors for the desert pavement surface type measured at Site 1 
for all helicopter speed categories. At both sites, the PM-mass emission 
factor decreases dramatically with increasing helicopter speed. One logical 
explanation for the increased PM emission factors at lower helicopter 
speeds is the resulting angle (pitch) of the main rotor blades that is re-
quired to change the horizontal helicopter speed while keeping the heli-
copter airborne. More energy is dissipated vertically by the main rotor 
blades at lower horizontal helicopter velocities resulting in larger vertical 
downward wind speeds and larger durations of exposure of the dust to 
those larger vertical wind speeds. 
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Figure 32 Evolution of plume extinction profile during a helicopter pass. The letters indicate 
the order of the time sequence. (5/21/2007, Bell 210 Helicopter flying toward the MPL at 30 

km/hr over Desert Pavement surface) 

Table 7 Summary of emission factors for the Desert Pavement Surface (Site 1) during the 
2007 YPG Field Campaign 

Median Heli-
copter Speed 

(km/h) 

Number of 
Events 

Mass Emission Factor (g-PM/hkf) 

PM PM10 

Mean 

2.5 

Standard 
Deviation Mean Standard 

Deviation 

15 8 54,887 112,782 26,316 52,632 
30 10 18,797 33,083 9,023 15,789 
60 7 1,278 1,880 602 902 
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Figure 33  (left) Measured emission factors on Desert Pavement Surface (Site 1) during the 

2007 YPG Field Campaign. (right) Linear regression of emission factor versus helicopter 
speed. 

Table 8 Summary of emission factors for the Disturbed Soil Surface (Site 2) during the 2007 
YPG Field Campaign 

Median Heli-
copter Speed 

(km/h) 

Number of 
Events 

Mass Emission Factor (g-PM/hkf) 

PM PM10 

Mean 

2.5 

Standard 
Deviation Mean Standard 

Deviation 

15 14 98,214 205,357 25,893 53,571 
27.5 16 33,036 63,393 8,482 16,964 
35 8 15,179 33,036 3,839 8,571 

52.5 9 1,250 1,607 357 446 
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Figure 34 (left) Measured emission factors on Disturbed Soil Surface (Site 2) during the 2007 

YPG Field Campaign. (right) Linear regression of emission factor versus helicopter speed. 
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Table 9 Regressions of PM10 and PM2.5

Surface Type 

 emission factors (EF, g/vkt) vs. speed (v, km/h) for 
the Bell 210 Helicopter in the 2007 YPG Field Campaign. The R2 values for each regression 

are also shown. 

Particle 
Size Regression R

Desert 
Pavement 

2 

PM EF= -1,105v+ 63,647 10 0.86 

PM EF= -   530v+ 30,526 2.5 0.86 

Disturbed 
Soil 

PM EF= -2,469v+117,166 10 0.81 

PM EF= -   649v+ 30,742 2.5 0.81 

4.4  Dust Emissions from Tracked and Wheeled Vehicles 
Measured with the Hybrid ORS System at Fort Carson, CO 

As previously mentioned, PM-mass emissions from tracked and wheeled 
vehicles were measured with the hybrid ORS system during the Fort Car-
son Field Campaign using the methodology described in Section 3.4.4. De-
tailed information including the estimated PM-emission factors for each 
test event is provided in Appendix A (Table A-4-3) for both sites at Fort 
Carson. Note that monitoring of the meteorological parameters was under-
taken continuously throughout the field study to ensure continuity and 
completeness of the measurements. Therefore, data collected during unfa-
vorable meteorological conditions (e.g., plumes travelling parallel to the 
ORS observing plane) were also measured. In addition, the ORS instru-
ments (i.e., OP-LT, DT, and MPL) were operated separately; and the 
plumes were occasionally contaminated by external non-tracked vehicle 
sources. These factors altogether resulted in 49% of the data being valid 
for data analysis and interpretation.  

Based on these results, the effects of vehicle speed and vehicle type on dust 
emission factor were investigated. Figure 35 shows two examples of the 
evolution of plume extinction profiles during the pass of a M577 vehicle 
and a HEMTT vehicle traveling from right to left. The tabular and graphi-
cal forms of the PM-mass emission factors for Site 1 and Site 2 are pre-
sented in Table 10 and Table 11 and Figure 36 and Figure 37, respectively. 
Figure 36 and Figure 37 also show the power regressions of emission fac-
tors versus vehicle speeds. The mean PM-mass emission factor values 
(vertical bars) and their standard deviations (vertical lines) for each speed 
range are shown on the vertical axes with vehicle speed located along the 
horizontal axes. Vehicle speed was first categorized into a select speed 
ranges and the mean value of emission factors for that specified speed 
range was then determined for each vehicle type. The vehicle speeds 
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shown in horizontal axes are the medians of the speed ranges. The power 
regressions of the PM-mass emission factors versus vehicle speed for each 
vehicle and measurement site are shown in Table 12. The correlations be-
tween PM-mass emission factors and vehicle momentum (vehicle mass × 
speed) for tracked and wheeled vehicles measured during this field cam-
paign are described in Figure 38 and Figure 37 respectively. The treatment 
of PM-mass emission factor data versus vehicle momentum is the same as 
the treatment of the emission factor data versus vehicle speed for each in-
dividual vehicle.  

It is observed that the PM-mass emission factors for both PM2.5 and PM10 
increased with vehicle speeds for almost all situations except for the M270 
and M577 vehicles measured at Site 2. The increase in emission factors 
with increasing vehicle speed was more evident at smaller rather than 
larger values of vehicle speeds. When the results were compared between 
different vehicle types, it is observed that heavier vehicles re-suspended 
more PM than the lighter vehicles. As described previously, the order of 
vehicle weight for these vehicles ranging from heavier to lighter is: M88 > 
M270 > HEMTT > M577. It is also observed that the effect of vehicle 
weight on dust emissions became less apparent at larger vehicle speeds. In 
addition, the wheeled vehicle (HEMTT) was shown to have larger PM-
mass emission factors than the tracked vehicles (M270 and M577) at Site 
2. Figure 39 also shows an excellent fit for the HEMTT to the developed 
power law PM emission factor equations. However, the differences due to 
testing site were not observable when comparing the PM-mass emission 
factors for the M270 and M577 between Site 1 and Site 2.
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Figure 35 Evolution of plume extinction profiles during vehicle passes at the speed of 15mph towards the MPL: (A) M577 (M113 family)and (B) HEMTT. The 

time elapsed between two consecutive profiles is 14 seconds. 
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Table 10 Summary of emission factors for Site 1 during the 2008 Fort Carson Field Campaign 

Vehicle 
Type 

Vehicle 
Speed 
Range 
(km/h) 

Median 
Vehicle 
Speed 
(km/h) 

Vehicle Speed 
(km/h) Number 

of 
Events 

Mass Emission Factor (g-PM/vkt) 

PM PM10 

Mean 

2.5 

σ Mean σ Mean σ 

M270 
(tracked) 

4--12 8 --- --- 0 --- --- --- --- 

12--20 16 17.6 0.8 4 386 262 179 155 

20--28 24 25.8 1.5 5 738 448 320 216 

28--36 32 33.1 1.0 3 1,094 87 482 109 

36--44 40 --- --- 0 --- --- --- --- 

44--52 48 49.3 0.7 2 1,276 375 517 127 

M577 
(tracked) 

4--12 8 --- --- 0 --- --- --- --- 

12--20 16 19.3 0.6 2 206 102 78 21 

20--28 24 24.5 2.6 4 264 63 102 39 

28--36 32 32.9 0.9 5 1,047 436 495 284 

36--44 40 --- --- 0 --- --- --- --- 

44--52 48 --- --- 0 --- --- --- --- 

M88 
(tracked) 

4--12 8 --- --- 0 --- --- --- --- 

12--20 16 16.4 3.2 6 744 425 375 154 

20--28 24 25.4 2.7 5 856 265 452 133 

28--36 32 30.2 3.7 4 975 391 535 297 

36--44 40 --- --- 0 --- --- --- --- 

44--52 48 --- --- 0 --- --- --- --- 

σ – standard deviation 
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Table 11 Summary of emission factors for Site 2 during the 2008 Fort Carson Field Campaign 

Vehicle 
Type 

Vehicle 
Speed 
Range 
(km/h) 

Median 
Vehicle 
Speed 
(km/h) 

Vehicle Speed 
(km/h) Number 

of Events 

Mass Emission Factor (g-PM/vkt) 

PM PM10 

Mean 

2.5 

σ Mean σ Mean σ 

M270 
(tracked) 

4—12 8 --- --- 0 --- --- --- --- 

12—20 16 17.8 --- 1 89 --- 45 --- 

20—28 24 26.3 0.3 2 642 569 369 377 
28—36 32 --- --- 0 --- --- --- --- 

36—44 40 42.9 --- 1 489 --- 188 --- 
44—52 48 --- --- 0 --- --- --- --- 

52—60 56 --- --- 0 --- --- --- --- 

60—68 64 --- --- 0 --- --- --- --- 

M577 
(tracked) 

4—12 8 --- --- 0 --- --- --- --- 

12—20 16 18.9 0.5 2 569 260 103 77 
20—28 24 25.4 0.6 3 1,052 1,171 347 400 

28—36 32 31.4 1.1 4 1,844 1,249 712 400 

36—44 40 42.6 --- 1 1,566 --- 536 --- 

44—52 48 45.6 --- 1 1,738 --- 684 --- 

52--60 56 --- --- 0 --- --- --- --- 

60--68 64 --- --- 0 --- --- --- --- 

HEMTT 
(wheeled) 

4--12 8 --- --- 0 --- --- --- --- 

12--20 16 18.6 0.9 3 223 110 44 30 

20--28 24 25.2 1.8 5 1,378 1,463 356 344 

28--36 32 32.0 1.2 5 2,737 2,317 712 581 

36--44 40 --- --- 0 --- --- --- --- 

44--52 48 --- --- 0 --- --- --- --- 

52--60 56 --- --- 0 --- --- --- --- 

60--68 64 62.9 4.1 3 4,339 1,319 1,627 224 

σ – standard deviation 
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Figure 36 (left) Measured emission factors for different types of tracked vehicles, (A) M270, 
(B) M577, and (C) M88, at Site 1 during the 2008 Fort Carson Field Campaign. Absence of a 

thin vertical line (standard deviation) indicates single data point within the speed interval. 
(right) Power regressions of the emission factors of these vehicles versus speed
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Figure 37 (left) Measured emission factors for different types of tracked vehicles, (A) M270, 
(B) M577, and (C) HEMTT, at Site 2 during the 2008 Fort Carson Field Campaign. Absence of 
a thin vertical line (standard deviation) indicates single data point within the speed interval. 

(right) Power regressions of the emission factors of these vehicles versus speed
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Table 12 Regressions of PM10 and PM2.5

Site # 

 emission factors (EF, g/vkt) vs. speed (v, km/h) for 
each vehicle measured in the 2008 Fort Carson Field Campaign. The R2 values for each 

regression are also shown. 

Vehicle Type Particle 
Size Regression R

1 

2 

M270 
(tracked) 

PM EF=    20v10 0.92 1.11 

PM EF=    13v2.5 0.90 0.99 

M577 
(tracked) 

PM EF= 0.35v10 0.79 2.23 

PM EF= 0.06v2.5 0.78 2.53 

M88 
(tracked) 

PM EF=  253v10 0.99 0.39 

PM EF=    91v2.5 1.00 0.51 

2 

M270 
(tracked) 

PM EF= 1.06v10 0.57 1.76 

PM EF= 1.39v2.5 0.38 1.45 

M577 
(tracked) 

PM EF= 37.2v10 0.84 1.03 

PM EF= 1.35v2.5 0.82 1.67 

HEMTT 
(wheeled) 

PM EF= 1.49v10 0.81 2.01 

PM EF= 0.09v2.5 0.86 2.45 

 Combined 
(tracked) 

PM EF= 21.07v10 0.68 0.57 

 PM EF= 0.79v2.5 0.76 0.94 

 Combined 
(wheeled, 

only HEMTT) 

PM EF= 1.78v10 0.94 1.08 

 PM EF= 0.04v2.5 0.96 1.46 
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Figure 38 Scaling relationship between emission factor and the product of vehicle mass and 
vehicle speed for tracked vehicles during the 2008 Fort Carson Field Campaign. Horizontal 

axis represents the product of vehicle mass and its speed (kg km/h x10-3
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Figure 39 Scaling relationship between emission factor and the product of vehicle mass and 
vehicle speed for the HEMTT wheeled vehicle during the 2008 Fort Carson Field Campaign. 

Horizontal axis represents the product of vehicle mass and its speed (kg km/h x10-3). 
Absence of a thin vertical line (standard deviation) indicates that a single data point was 

available for that speed interval. 



ERDC/CERL TR-10-DRAFT 65 

 

 

4.5  Comparisons of Emission Factors for Different Military 
Activities 

It is very difficult to provide a meaningful comparison of PM-mass emis-
sion factors between puff sources (e.g. artillery back blast) and mobile 
sources (e.g. vehicles and helicopters) due to the differences in the source 
types (i.e. puff compared to continuous emission). However, it is reasona-
ble to compare the trend of emission factors from military vehicles and 
helicopters. Tracked vehicle emission factors measured during two sepa-
rate field campaigns can also be compared. Measured emission factors of 
military vehicles can also be compared with existing emission factor mod-
els, such as those provided by USEPA’s AP-42 emission factors [15]

Comparing the relationships between emission factor and vehicle speed 
for military vehicles (Figure 29, Figure 30, Figure 36 and Figure 37) and 
for helicopters (Figure 33 and Figure 34), it is observed that their relation-
ships are different. Emission factors for PM

 that 
were developed for civilian wheeled vehicles.  

10 and PM2.5 generally increase 
with speed for military vehicles, while the emission factors decrease noti-
ceably with increasing speed of the helicopter. Unlike EPA’s AP-42 equa-
tion which only includes the vehicle weight[15]

Comparing the emission factors between two military vehicle field cam-
paigns (Figure 29 and Figure 30 versus Figure 36 and Figure 37), it is ob-
served that the emission factors from the YTC field campaign are syste-
matically larger than those from the Fort Carson field campaign. 

, we have discovered that 
both the vehicle’s speed and weight are important and that emission fac-
tors are correlated with vehicle momentum. Helicopters generate fugitive 
dust from blowing surface soil by rotary wings that spin at a fairly constant 
rate. This means that by slowing helicopter movement, the duration of 
forcing air downward to the earth’s surface and the energy required to 
keep the helicopter aloft blowing per unit distance traveled is larger, re-
sulting in larger PM-mass emission factors. 

USEPA’s AP-42 emission factor database provides emission factor esti-
mates for vehicles travelling on unpaved surfaces[15]. The model describes 
the PM-mass emission factor (g/vkt) as 281.9k(S/12)0.9(W/3)0.45, where S 
is silt content (%), W is mean vehicle weight (tons), and k = 0.15 for PM2.5 

and k = 1.5 for PM10. Silt content of the unpaved road was not monitored 
as part of this study. However, one study observed that the silt content of 
an unpaved road ranged from 4 to 7%[14], while another study observed 
that the silt content of another unpaved road range from 39 to 56%[38]. 
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Therefore, modeled PM-mass emission factors were calculated assuming 
silt content of 4% and 56% to see if the measured PM-mass emission fac-
tors are bounded by these two modeled values. The measured emission 
factors are the emission factors averaged by vehicle speeds reported from 
the four field campaigns described in this report.  

Table 13 compares the PM-mass emission factors for vehicles traveling on 
unpaved roads as measured during the two field campaigns studied as part 
of this research project and corresponding PM-mass emission factors 
modeled by USEPA AP-42. It was observed that measured emission fac-
tors from YTC Field Campaign are 4 to 8 times larger than the AP-42 
modeled value (i.e., at 56% silt). However, emission factors from Fort Car-
son Field Campaign mostly fall within the 4% to 56% modeled value range. 
Exceptions are two PM2.5 

Table 13 Comparison of measured and modeled emission factors (TV= Tracked Vehicle, WV = 
Wheeled Vehicle) 

values that exceed the 56% silt modeled value by 
less than 100%. The unusually high emission factors from the YTC field 
campaign are most likely the result of surface volcanic ash that fell over 
the Yakima region after the 1980 Mount Saint Helens eruption. It is there-
fore unlikely that the YTC emission factors are representative of other DoD 
facilities.  

YTC field campaign   Mass Emission Factor of PM   2.5 Mass Emission Factor of PM

Vehicle 

10 

Weight 
(kg) 

Weight 
(ton)   

4% silt 
(g/vkt) 

56% silt 
(g/vkt) 

Measured 
(g/vkt)   

4% silt 
(g/vkt) 

56% silt 
(g/vkt) 

Measured 
(g/vkt) 

Bradley (TV) 29,937 33  46 498 2,029  463 4,976 22,064 

M113 (TV) 12,349 14  31 334 2,908  311 3,341 14,944 

M1A1 (TV) 60,909 67   64 685 4,037   637 6,851 36,180 

                      

Fort Carson field campaign   Mass Emission Factor of PM   2.5 Mass Emission Factor of PM

Vehicle 

10 

Weight 
(kg) 

Weight 
(ton)   

4% silt 
(g/vkt) 

56% silt 
(g/vkt) 

Measured 
(g/vkt)   

4% silt 
(g/vkt) 

56% silt 
(g/vkt) 

Measured 
(g/vkt) 

M88 (TV) 63,504 70  65 698 443  649 6,980 843 

M270 (TV) 24,948 28  43 458 320  426 4,584 718 

M113 (TV) 12,338 14  31 334 379  311 3,339 985 

HEMTT (WV) 19,958 22   39 415 647   386 4,146 2,141 
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5 Conclusions and Implications for Future 
Research 

The SI-1400 project team has successfully developed and implemented a 
novel ORS technique to quantify fugitive dust PM emissions from unique 
military operations. These operations include the firing of artillery, the 
movement of tracked and wheeled vehicles, and the flying of helicopters in 
arid regions of the United States.  

Two versions of the ORS system were developed as part of this research. 
The initial version utilized OP-FTIRs and OP-LTs with Mie-Lorenz theory 
to determine PM’s light extinction efficiency values that were then used 
with the MPL, and wind directions and velocities to determine mass emis-
sion factors. The second version replaced the OP-FTIRs and OP-LTs with 
simpler and less expensive DustTraksTM

Specific results from the four field campaigns include: 

 and an OP-LT to determine the 
light extinction efficiencies.  

1. Fugitive dust emission factors for artillery back blast were quanti-
fied for PM2.5 and PM10

2. Fugitive dust emission factors for tracked and wheeled vehicles 
were quantified for PM

. Larger PM-mass emission factors were ob-
served with increased charge zone. 

2.5 and PM10

3. The tested wheeled vehicle (i.e., HEMTT) generates approximately 
twice the amount of dust in comparison to the tested tracked ve-
hicles (i.e., M88, M270, M113, and M1A1). This suggests that the 
properties of the wheel and their enclosures are important consid-
erations when determining methods to reduce dust emissions from 
select types of vehicles. 

 and statistical trends were es-
tablished based on vehicle speed and momentum providing two op-
tions to model the PM-mass emission factors when developing PM-
mass emission inventories for DoD installations. 

4. Helicopter dust emission factors were successfully quantified with 
their dependence on helicopter speed with correlation coefficients  
> 0.81. In contrast to vehicular travel, faster traveling helicopters 
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generated less dust per unit distance traveled than slower traveling 
helicopters.  

The latest field campaign performed at Fort Carson measured PM-mass 
emission factors in the same order of magnitude as values provided by ex-
isting AP-42 emission factors. These results are encouraging seeing that 
ORS techniques can be applied to a much larger range of PM sources than 
typical point-based measurements (i.e., plumes generated by rotary 
winged aircraft, fixed winged aircraft, open burning and open detonation 
of energetic materials, and ships). However, additional baseline measure-
ments and comparisons need to be made for a wider range of sources and 
field conditions to develop a greater degree of confidence when comparing 
results based on point and path dependent measurement techniques.  

The emission factor data generated by this project could be added to 
AP-42, if USEPA or any applicants would propose its addition for any of 
the tested fugitive PM sources (i.e., artillery back blast, helicopter flight, or 
military vehicle movement). However, the test data quality would be “C” 
rated because the tests were based on a new methodology and the AP-42 
emission factor quality would be “D” rated because the test data were from 
a small number of facilities. To receive “A” ratings for test data quality and 
AP-42 emission factor quality, the test methodology should be widely used 
and data should be taken from many randomly chosen facilities in the 
population to minimize variability. 

During all field campaigns, researchers from both SI-1400 and SI-1399 
collected data from the same military activity events to develop emission 
factors for those activities. SI-1399 used a flux tower sampling system de-
veloped by DRI, as part of SERDP project CP-1191 that included up to 
three mobile towers to measure the flux of particles emitted from fugitive 
PM sources [14]. Two of the towers were vehicle-mounted (1/2-ton pick-up 
truck) and one was trailer-mounted. The flux tower sampling system 
measured both PM10 and PM2.5 concentrations using DT aerosol monitors 
(i.e., TSI 8520 DustTraks). The DRI system also included a Tapered Ele-
ment Oscillating Microbalance (TEOM) measurement unit collocated with 
two DustTraks as an additional check on PM10 and PM2.5

The DRI system has the following strengths and weaknesses: 

 concentrations.  

• The system is based on the “Upwind / Downwind” method that is 
accepted as a U.S. EPA approved technique for measuring road 
dust. 
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• Real-time in situ measurements can be linked with gravimetric 
mass measurements. 

• Excellent choice for line sources, and for plumes approximating the 
scale of the monitoring system. 

• Difficult to implement for plumes larger than those generated from 
vehicle line sources. 

• Difficult to adequately capture “wandering” type plumes.  Orienta-
tion with respect to wind direction is very important for non-line 
sources. 

• Does not capture complete plume, relies on inference of point mea-
surements to represent plume characteristics. 

The original ORS system has the following strengths and weaknesses:  

• Path integrated measurements of PM mass flux and size distribu-
tion across the entire plume.  

• Capability to map plume height and width across measurement 
plane. 

• Excellent for large fugitive PM sources where it is difficult to meas-
ure average plume conditions with in situ measurements. 

• Remote technology allows the instrumentation to be placed outside 
of plume and away from field activity. 

• Large offset requirement for MPL and the requirement for place-
ment of equipment on both sides of plume may be difficult to 
achieve under some field conditions. 

• Difficult for the MPL to map small instantaneous PM releases due 
to return bin width and vertical scanning speed. 

• Dependence on consistent wind speed and direction during testing.  

This report was not intended to directly compare results between SI-1399 
and SI-1400. However, the close coordination between two projects re-
sulted in field campaign cost savings. A limited review of data from both 
projects during the field campaigns and during meetings before and after 
the field campaigns revealed that both methods resulted in reasonably 
close emission factors. Differences are due to the inherently different mea-
surement technologies employed and to the large variability found in fugi-
tive PM plumes.  
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Although the Hybrid Method described in this report did not come from 
the combination of SI-1400 (ORS) and SI-1399 (in-situ) measurement sys-
tems, it does borrow measurement technology from both systems. The da-
ta presented in this report indicates that the Hybrid Method can produce 
reasonable PM10 and PM2.5

Future applications of these ORS techniques include the rapid and real-
time characterization of PM and gaseous plumes that are generated by 
large and complex DoD sources such as open burning and open detonation 
of energetic materials from demilitarization operations, monitoring of air 
quality along facility borders, and evaluation of closure between dust 
transport models and ORS measurement techniques. Also it is important 
to evaluate the use of lower cost ORS techniques such as digital still cam-
eras as established by American Society Testing Materials (ASTM) Inter-
national 

 emission measurements at lower costs. The 
system benefits from path integrated measurements from the OP-LT and 
is a type of “Upwind / Downwind” method accepted by EPA. The system is 
however limited to plume sizes not much larger than the top of the tower 
containing the DT aerosol monitor pairs and is best suited to line PM 
source such as vehicular movement.  

[39] and the Hybrid Method as described in this report. Overall, 
this research project successfully developed novel ORS technologies to 
quantify PM mass concentrations and emission factors from complex DoD 
sources. These results are now available for DoD and USEPA to better cha-
racterize PM sources and complete PM emission inventories for artillery 
back blasts, tracked and wheeled vehicle movement, and flying rotary 
winged aircraft.  
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Appendix A:  Supporting Data 
Appendix A-1: Supporting Data for Artillery Blast Events during the 2005 YPG 

Field Campaign 

Table A-1-1 PM mass emission factors for the 2005 YPG Field Campaign 

Date Event # Projectile 
Model 

Propelling 
Charge Mod-
el 

Propelling 
Charge Zone 

PM Emission Factor (g-
PM/shot) 

PM PM10 

10/27/2005 
2.5 

150 M549A1 M203A1 8S 152 26 
10/27/2005 151 M549A1 M203A1 8S 67 9 
10/27/2005 152 M549A1 M203A1 8S 561 91 
10/27/2005 153 M549A1 M203A1 8S 258 31 
10/27/2005 154 M549A1 M203A1 8S 111 21 
10/27/2005 155 M549A1 M203A1 8S 49 3 
10/27/2005 156 M549A1 M203A1 8S 193 32 
10/27/2005 157 M549A1 M203A1 8S 81 9 
10/27/2005 158 M549A1 M203A1 8S 331 46 
10/27/2005 159 M549A1 M203A1 8S 182 50 
10/27/2005 160 M549A1 M203A1 8S 183 42 
10/27/2005 161 M549A1 M203A1 8S 74 18 
10/27/2005 162 M549A1 M203A1 8S 39 15 
10/27/2005 163 M549A1 M203A1 8S 31 9 
10/27/2005 165 M549A1 M203A1 8S 152 46 
10/27/2005 166 M549A1 M203A1 8S 64 30 
10/27/2005 167 M549A1 M203A1 8S 113 40 
10/27/2005 168 M549A1 M203A1 8S 287 117 
10/27/2005 169 M549A1 M203A1 8S 167 38 
10/27/2005 170 M549A1 M203A1 8S 321 96 
10/27/2005 172 M549A1 M203A1 8S 175 63 
10/27/2005 173 M549A1 M203A1 8S 100 60 
10/27/2005 174 M549A1 M203A1 8S 107 21 
10/27/2005 175 M549A1 M203A1 8S 175 65 
10/27/2005 176 M549A1 M203A1 8S 109 50 
10/27/2005 177 M549A1 M203A1 8S 133 35 
10/27/2005 178 M549A1 M203A1 8S 313 197 
10/27/2005 179 M549A1 M203A1 8S 288 149 
10/27/2005 180 M549A1 M203A1 8S 158 81 
10/27/2005 181 M549A1 M203A1 8S 209 61 
10/27/2005 182 M107 M3A1 2 62 21 
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Date Event # Projectile 
Model 

Propelling 
Charge Mod-
el 

Propelling 
Charge Zone 

PM Emission Factor (g-
PM/shot) 

PM PM10 

10/27/2005 
2.5 

183 M107 M3A1 2 78 8 
10/27/2005 184 M107 M3A1 2 119 2 
10/27/2005 185 M107 M3A1 2 50 0 
10/27/2005 186 M107 M3A1 2 48 3 
10/27/2005 187 M107 M3A1 2 80 6 
10/27/2005 188 M107 M3A1 2 50 9 
10/27/2005 189 M107 M3A1 2 142 20 
10/27/2005 190 M107 M3A1 2 45 3 
10/27/2005 191 M107 M3A1 2 30 9 
10/28/2005 205 M107 M3A1 3 121 50 
10/28/2005 206 M107 M3A1 3 103 60 
10/28/2005 207 M107 M3A1 3 67 47 
10/28/2005 209 M107 M3A1 3 154 104 
10/28/2005 210 M107 M3A1 3 44 36 
10/28/2005 211 M107 M3A1 3 57 36 
10/28/2005 212 M107 M3A1 3 155 118 
10/28/2005 214 M107 M3A1 3 19 8 
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reflective 
targets

 

Figure A-1-1 Field map of YPG field campaign on 10/27/05 and 10/28/05 
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Appendix A-2: Supporting Data for Tested Tracked Vehicles during the 2006 

YTC Field Campaign 

Table A-2-1 Physical dimensions of the three tracked vehicles and their tracks 

Vehicle Type M113 Bradley M1A1 

Length (m) 5.32 6.45 7.57 

Width (m) 2.53 3 3.67 

Height-Front (m) 1.91 1.6 1.2 

Height-Back (m) 1.91 1.6 1.6 

Ground Clearance (m) 0.52 0.46 0.48 

Vehicle Mass (kg) 12,349 29,937 60,909 

Ground Pressure (kgf/cm2 0.61 ) 0.7 0.98 

Track Width (m) 0.4 0.55 0.65 

Track Contact Length (m) 2.97 4.1 5.1 

Pad Length (m) 0.18 0.12 0.16 

Pad Width (m) 0.14 0.25 0.22 

# Pads/Contact Length 6.4 6.4 4.9 

(Source: Gillies, J. A.; Etyemezian, V.; Kuhns, H.; Moosmuller, H.; Engelbrecht, J.; Sweeney, M.; 
Uppapalli, S.; Gillette, D. A.; Allwine, K. J.; Rutz, F. C.; Chapman, E. G. Particulate Matter Emis-

sions for Dust from Unique Military Activities, 2006.) 

 

Table A-2-2 PM mass emission factors for the 2006 YTC Field Campaign 

Date Event 
# Surface Type Vehicle 

Type 
Speed 
(mph) 

Speed 
(km/h) 

Mass Emission Fac-
tor (g-PM/vkt) 

PM PM10 

8/25/2006 

2.5 

1 Grassland Bradley 15 24 6,915 763 
8/25/2006 2 Grassland Bradley 20 32 12,771 1,407 
8/25/2006 3 Grassland Bradley 20 32 11,563 4,094 
8/25/2006 4 Grassland Bradley 25 40 6,383 2,177 
8/25/2006 5 Grassland Bradley 25 40 5,939 1,913 
8/25/2006 6 Grassland Bradley 20 32 2,143 287 
8/25/2006 7 Grassland Bradley 20 32 15,503 1,605 
8/25/2006 8 Grassland Bradley 15 24 3,596 763 
8/25/2006 9 Grassland Bradley 10 16 415 74 
8/25/2006 10 Grassland Bradley 5 8 10,710 989 
8/25/2006 11 Grassland M1A1 20 32 48,615 10,287 
8/25/2006 12 Grassland M1A1 21 34 19,247 4,032 
8/25/2006 13 Grassland M1A1 25 40 7,191 450 
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Date Event 
# Surface Type Vehicle 

Type 
Speed 
(mph) 

Speed 
(km/h) 

Mass Emission Fac-
tor (g-PM/vkt) 

PM PM10 

8/25/2006 

2.5 

14 Grassland M1A1 20 32 37,323 10,053 
8/25/2006 15 Grassland M1A1 15 24 31,943 5,715 
8/25/2006 16 Grassland M1A1 10 16 11,980 1,073 
8/25/2006 17 Grassland M1A1 5 8 6,902 797 
8/24/2006 18 Unpaved Road M113 10 16 5,449 984 
8/24/2006 19 Unpaved Road M113 20 32 20,768 3,782 
8/24/2006 20 Unpaved Road M113 10 16 5,941 1,419 
8/24/2006 22 Unpaved Road M113 25 40 16,314 4,178 
8/24/2006 23 Unpaved Road M113 25 40 30,306 5,757 
8/24/2006 24 Unpaved Road M113 25 40 10,885 1,329 
8/23/2006 28 Unpaved Road M1A1 10 16 27,380 3,037 
8/23/2006 29 Unpaved Road M1A1 10 16 37,769 7,008 
8/23/2006 30 Unpaved Road M1A1 15 24 52,965 4,238 
8/23/2006 31 Unpaved Road M1A1 15 24 16,548 702 
8/23/2006 32 Unpaved Road M1A1 15 24 56,618 7,813 
8/23/2006 33 Unpaved Road M1A1 20 32 70,411 4,998 
8/23/2006 34 Unpaved Road M1A1 20 32 42,180 8,422 
8/23/2006 35 Unpaved Road M1A1 25 40 48,718 11,716 
8/23/2006 36 Unpaved Road M1A1 25 40 59,169 2,586 
8/23/2006 47 Unpaved Road M1A1 5 8 27,546 875 
8/23/2006 48 Unpaved Road M1A1 7.5 12 29,769 1,502 
8/23/2006 49 Unpaved Road M1A1 7.5 12 7,194 1,203 
8/23/2006 50 Unpaved Road M1A1 10 16 15,334 1,169 
8/23/2006 62 Unpaved Road M1A1 15 24 53,823 3,633 
8/23/2006 63 Unpaved Road M1A1 10 16 13,669 2,823 
8/23/2006 64 Unpaved Road M1A1 10 16 19,788 2,872 
8/22/2006 65 Unpaved Road Bradley 5 8 4,352 728 
8/22/2006 83 Unpaved Road Bradley 10 16 7,285 818 
8/22/2006 85 Unpaved Road Bradley 5 8 20,512 2,952 
8/22/2006 86 Unpaved Road Bradley 10 16 1,684 15 
8/22/2006 87 Unpaved Road Bradley 10 16 19,129 1,962 
8/22/2006 88 Unpaved Road Bradley 15 24 33,021 0 
8/22/2006 89 Unpaved Road Bradley 15 24 15,052 1,167 
8/22/2006 90 Unpaved Road Bradley 20 32 33,794 2,816 
8/22/2006 91 Unpaved Road Bradley 20 32 46,601 6,998 
8/22/2006 92 Unpaved Road Bradley 25 40 44,915 7,270 
8/22/2006 93 Unpaved Road Bradley 25 40 2,808 215 
8/22/2006 94 Unpaved Road Bradley 25 40 52,100 922 
8/22/2006 95 Unpaved Road Bradley 25 40 5,574 513 
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Table A-2-3 Details about tracked vehicle movement based on MPL Data 

Date Event # Vehicle 
  

Plume 
 

 

Plume 
  

Vehicle 
 

Vehicle 
 

 
8/25/2006 1 12:17:22 12:18:09 12:19:41 BFV 15.0 

8/25/2006 2 12:20:10 12:20:20 12:22:01 BFV 20.0 

8/25/2006 4 12:27:35 12:27:45 12:30:27 BFV 25.0 

8/25/2006 5 12:30:29 12:30:58 12:33:49 BFV 25.0 

8/25/2006 7 12:49:51 12:50:15 12:53:17 BFV 20.0 

8/25/2006 10 13:05:38 13:06:31 13:09:53 BFV 5.0 

8/25/2006 11 14:33:39 14:34:28 14:36:19 M1A1 20.0 

8/25/2006 12 14:37:28 14:37:59 14:39:40 M1A1 21.0 

8/25/2006 13 14:42:45 14:44:08 14:47:09 M1A1 25.0 

8/25/2006 14 14:47:31 14:48:02 14:50:40 M1A1 20.0 

8/25/2006 15 14:50:58 14:51:44 14:54:21 M1A1 15.0 

8/25/2006 16 14:54:43 14:55:50 14:59:24 M1A1 10.0 

8/25/2006 17 14:59:09 14:59:52 15:05:16 M1A1 5.0 

8/24/2006 18 13:55:21 13:55:53 13:58:29 M113 10.0 

8/24/2006 19 14:18:07 14:18:50 14:20:17 M113 20.0 

8/24/2006 20 14:28:03 14:28:20 14:31:13 M113 10.0 

8/24/2006 21 14:56:40 14:57:51 14:59:59 M113 15.0 

8/24/2006 22 15:07:45 15:09:00 15:10:39 M113 25.0 

8/24/2006 23 15:13:11 15:13:46 15:16:00 M113 25.0 

8/24/2006 24 15:17:03 15:18:20 15:20:43 M113 25.0 

8/24/2006 25 15:22:19 15:22:58 15:26:05 M113 25.0 

8/23/2006 28 10:36:00 10:37:01 10:39:02 M1A1 10.0 

8/23/2006 29 10:42:21 10:42:24 10:46:04 M1A1 10.0 

8/23/2006 30 10:46:45 10:47:19 10:50:37 M1A1 15.0 

8/23/2006 32 10:54:10 10:54:08 10:56:59 M1A1 15.0 

8/23/2006 33 10:57:11 10:57:40 10:59:10 M1A1 20.0 

8/23/2006 34 11:04:35 11:04:42 11:07:33 M1A1 20.0 

8/23/2006 35 11:07:55 11:08:23 11:09:54 M1A1 25.0 
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Date Event # Vehicle 
  

Plume 
 

 

Plume 
  

Vehicle 
 

Vehicle 
 

 
8/23/2006 36 11:16:47 11:17:07 11:19:28 M1A1 25.0 

8/23/2006 37 11:21:50 11:22:09 11:24:49 M1A1 25.0 

8/23/2006 38 12:28:31 11:28:40 11:31:40 M1A1 25.0 

8/23/2006 39 11:32:10 11:32:22 11:33:52 M1A1 20.0 

8/23/2006 40 11:39:34 11:39:45 11:41:45 M1A1 20.0 

8/23/2006 41 11:42:30 11:42:46 11:44:56 M1A1 15.0 

8/23/2006 42 11:48:53 11:49:08 11:53:40 M1A1 15.0 

8/23/2006 43 11:53:30 11:53:50 11:58:42 M1A1 10.0 

8/23/2006 44 11:58:50 11:59:02 12:01:53 M1A1 10.0 

8/23/2006 45 12:02:30 12:04:15 12:05:13 M1A1 5.0 

8/23/2006 46 12:10:58 12:11:07 12:14:28 M1A1 5.0 

8/23/2006 47 13:37:21 13:39:05 13:40:06 M1A1 5.0 

8/23/2006 48 13:43:30 13:44:27 13:45:28 M1A1 7.5 

8/23/2006 49 13:48:15 13:48:48 13:51:39 M1A1 7.5 

8/23/2006 50 13:57:10 13:57:32 13:59:58 M1A1 10.0 

8/23/2006 51 14:03:15 14:03:51 14:05:39 M1A1 15.0 

8/23/2006 52 14:12:20 14:12:22 14:15:28 M1A1 15.0 

8/23/2006 53 14:15:33 14:16:15 14:17:40 M1A1 20.0 

8/23/2006 56 14:28:23 14:28:52 14:31:32 M1A1 25.0 

8/23/2006 57 14:32:03 14:32:53 14:34:23 M1A1 25.0 

8/23/2006 58 14:36:30 14:36:55 14:39:35 M1A1 25.0 

8/23/2006 59 14:40:20 14:41:16 14:42:17 M1A1 20.0 

8/23/2006 60 14:44:11 14:44:38 14:46:47 M1A1 20.0 

8/23/2006 61 14:52:10 14:52:10 14:54:00 M1A1 15.0 

8/23/2006 63 15:00:33 15:01:03 15:03:44 M1A1 10.0 

8/22/2006 65 10:15:10 10:15:13 10:20:20 BFV 5.0 

8/22/2006 73 11:39:30 11:39:40 11:41:26 BFV 20.0 

8/22/2006 77 11:56:25 11:56:34 11:58:23 BFV 25.0 

8/22/2006 78 12:01:18 12:01:28 12:04:06 BFV 20.0 
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Date Event # Vehicle 
  

Plume 
 

 

Plume 
  

Vehicle 
 

Vehicle 
 

 
8/22/2006 81 12:21:19 12:21:24 12:23:44 BFV 15.0 

8/22/2006 82 12:30:27 12:30:32 12:34:06 BFV 10.0 

8/22/2006 88 14:45:20 14:45:17 14:47:57 BFV 15.0 

8/22/2006 89 14:50:36 14:50:58 14:52:50 BFV 15.0 

8/22/2006 90 14:53:30 14:53:30 14:55:00 BFV 20.0 

8/22/2006 91 14:59:13 14:59:22 15:02:02 BFV 20.0 

8/22/2006 92 15:02:34 15:02:57 15:04:45 BFV 25.0 

8/22/2006 94 15:09:27 15:09:46 15:12:06 BFV 25.0 

8/22/2006 96 15:18:56 15:19:09 15:21:09 BFV 25.0 

8/22/2006 97 15:23:08 15:23:31 15:25:51 BFV 20.0 

8/22/2006 98 15:29:36 15:30:03 15:31:53 BFV 20.0 

8/22/2006 99 15:34:02 15:34:15 15:36:15 BFV 15.0 

8/22/2006 100 15:43:29 15:43:38 15:45:08 BFV 15.0 

8/22/2006 101 15:46:06 15:46:18 15:49:20 BFV 10.0 

8/22/2006 102 15:56:00 15:55:01 15:58:03 BFV 5.0 

8/22/2006 103 16:02:40 16:02:56 16:06:16 BFV 5.0 

 
Table A-2-4 Laser Transmissometer data and duration of the plume 

Date Event # 

Optical Path at 670 nm (Un-
 

Plume 
Duration 

(sec) 
Lower Path Upper Path 

8/25/2006 1 0.160 0.160 25 

8/25/2006 2 0.300 0.300 41 

8/25/2006 3 0.485 0.485 41 

8/25/2006 4 0.368 0.309 56 

8/25/2006 5 0.244 0.234 61 

8/25/2006 6 0.126 0.111 39 

8/25/2006 7 0.314 0.241 82 

8/25/2006 8 0.116 0.127 52 

8/25/2006 9 0.071 0.062 15 
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Date Event # 

Optical Path at 670 nm (Un-
 

Plume 
Duration 

(sec) 
Lower Path Upper Path 

8/25/2006 10 0.160 0.160 55 

8/25/2006 11 0.763 0.882 76 

8/25/2006 12 0.558 0.645 40 

8/25/2006 13 0.258 0.192 67 

8/25/2006 14 0.949 0.960 61 

8/25/2006 15 0.728 1.004 50 

8/25/2006 16 0.214 0.213 51 

8/25/2006 17 0.180 0.210 41 

8/24/2006 18 0.442 0.398 54 

8/24/2006 19 0.826 0.907 55 

8/24/2006 20 0.361 0.399 43 

8/24/2006 22 0.790 0.847 52 

8/24/2006 23 1.460 1.372 49 

8/24/2006 24 0.767 0.725 47 

8/23/2006 28 0.553 0.704 47 

8/23/2006 29 0.678 0.713 59 

8/23/2006 30 0.795 0.793 87 

8/23/2006 31 0.416 0.288 41 

8/23/2006 32 1.285 1.292 46 

8/23/2006 33 1.396 1.212 57 

8/23/2006 34 1.698 1.471 53 

8/23/2006 35 1.052 1.126 66 

8/23/2006 36 0.888 0.519 72 

8/23/2006 47 0.535 0.426 43 

8/23/2006 48 0.793 0.847 42 

8/23/2006 49 0.253 0.312 72 

8/23/2006 50 0.504 0.486 39 

8/23/2006 62 0.614 0.536 98 
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Date Event # 

Optical Path at 670 nm (Un-
 

Plume 
Duration 

(sec) 
Lower Path Upper Path 

8/23/2006 63 0.397 0.370 44 

8/23/2006 64 0.599 0.511 46 

8/22/2006 65 0.600 0.358 52 

8/22/2006 66 0.600 0.348 55 

8/22/2006 67 0.872 0.893 42 

8/22/2006 69 1.224 1.008 60 

8/22/2006 70 1.047 1.027 65 

8/22/2006 71 0.875 0.991 124 

8/22/2006 72 1.106 1.145 67 

8/22/2006 73 1.046 1.144 71 

8/22/2006 74 0.910 0.615 87 

8/22/2006 75 0.854 1.020 90 

8/22/2006 76 1.100 0.697 75 

8/22/2006 77 1.468 1.259 61 

8/22/2006 78 1.403 1.083 85 

8/22/2006 79 1.266 0.782 67 

8/22/2006 80 1.031 0.845 89 

8/22/2006 81 1.119 0.788 63 

8/22/2006 82 1.046 0.731 67 

8/22/2006 83 0.619 0.463 46 

8/22/2006 85 1.130 0.702 53 

8/22/2006 86 0.348 0.100 18 

8/22/2006 87 1.378 0.769 53 

8/22/2006 88 0.783 0.597 117 

8/22/2006 89 1.155 1.096 56 

8/22/2006 90 1.315 1.018 54 

8/22/2006 91 1.308 1.171 117 

8/22/2006 92 1.242 0.949 57 
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Date Event # 

Optical Path at 670 nm (Un-
 

Plume 
Duration 

(sec) 
Lower Path Upper Path 

8/22/2006 93 0.371 0.107 36 

8/22/2006 94 1.029 0.774 130 

8/22/2006 95 0.952 0.727 54 
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Table A-2-5 FTIR data 

  Optical Path in Lower Path (Unitless) Optical Path in Upper Path (Unitless) 

Wave number 
4425 4225 2875 2525 2225 775 4425 4225 2875 2525 2225 775 

(cm-1

Wavelength 

) 

2.26 2.37 3.48 3.96 4.49 12.9 2.26 2.37 3.48 3.96 4.49 12.9 
(μm) 

Event #:                          

1 0.144 0.143 0.139 0.132 0.121 0.092 0.142 0.146 0.140 0.139 0.133 0.100 

2 0.276 0.273 0.256 0.238 0.214 0.163 0.271 0.281 0.264 0.252 0.238 0.176 

3 0.210 0.208 0.195 0.184 0.165 0.127 0.204 0.206 0.199 0.189 0.178 0.133 

4 0.171 0.170 0.156 0.145 0.129 0.094 0.112 0.122 0.117 0.113 0.108 0.078 

5 0.142 0.142 0.136 0.128 0.117 0.090 0.097 0.107 0.102 0.099 0.095 0.068 

6 0.084 0.087 0.080 0.075 0.067 0.046 0.099 0.099 0.093 0.087 0.081 0.059 

7 0.159 0.155 0.146 0.137 0.123 0.090 0.244 0.249 0.237 0.227 0.213 0.158 

8 0.087 0.088 0.079 0.073 0.065 0.044 0.093 0.092 0.087 0.084 0.080 0.058 

9 0.048 0.049 0.044 0.040 0.035 0.027 0.052 0.055 0.043 0.041 0.039 0.024 

10 0.148 0.146 0.137 0.127 0.114 0.082 0.151 0.161 0.153 0.147 0.137 0.099 

11 0.569 0.557 0.539 0.493 0.436 0.355 0.610 0.580 0.557 0.526 0.493 0.373 
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  Optical Path in Lower Path (Unitless) Optical Path in Upper Path (Unitless) 

Wave number 
4425 4225 2875 2525 2225 775 4425 4225 2875 2525 2225 775 

(cm-1

Wavelength 

) 

2.26 2.37 3.48 3.96 4.49 12.9 2.26 2.37 3.48 3.96 4.49 12.9 
(μm) 

Event #:                          

12 0.393 0.392 0.366 0.335 0.298 0.229 0.420 0.403 0.381 0.359 0.336 0.247 

13 0.171 0.169 0.152 0.139 0.120 0.082 0.216 0.223 0.206 0.194 0.177 0.123 

14 0.540 0.517 0.512 0.458 0.401 0.335 0.690 0.680 0.660 0.629 0.607 0.452 

15 0.641 0.586 0.559 0.506 0.441 0.355 0.537 0.530 0.510 0.484 0.453 0.333 

16 0.206 0.200 0.189 0.175 0.157 0.117 0.253 0.250 0.238 0.225 0.210 0.153 

17 0.187 0.185 0.169 0.153 0.133 0.086 0.159 0.157 0.144 0.137 0.127 0.085 

18 0.267 0.263 0.229 0.204 0.174 0.101 0.368 0.360 0.314 0.285 0.256 0.368 

19 0.629 0.622 0.564 0.508 0.442 0.301 0.814 0.699 0.540 0.502 0.460 0.315 

20 0.317 0.308 0.270 0.243 0.210 0.128 0.257 0.267 0.238 0.220 0.200 0.130 

22 0.540 0.531 0.478 0.427 0.369 0.243 0.598 0.561 0.528 0.484 0.441 0.293 

23 0.754 0.731 0.719 0.643 0.565 0.443 1.110 1.105 1.100 1.050 0.980 0.813 

24 0.528 0.521 0.484 0.438 0.383 0.274 0.778 0.768 0.724 0.675 0.621 0.429 
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  Optical Path in Lower Path (Unitless) Optical Path in Upper Path (Unitless) 

Wave number 
4425 4225 2875 2525 2225 775 4425 4225 2875 2525 2225 775 

(cm-1

Wavelength 

) 

2.26 2.37 3.48 3.96 4.49 12.9 2.26 2.37 3.48 3.96 4.49 12.9 
(μm) 

Event #:                          

28 0.535 0.529 0.490 0.454 0.408 0.285 0.451 0.467 0.435 0.413 0.386 0.282 

29 0.538 0.535 0.494 0.455 0.408 0.286 0.689 0.558 0.521 0.489 0.457 0.324 

30 0.512 0.505 0.470 0.433 0.387 0.269 0.689 0.754 0.810 0.791 0.782 0.573 

31 0.320 0.315 0.283 0.261 0.234 0.157 0.339 0.348 0.318 0.298 0.274 0.184 

32 0.776 0.768 0.744 0.685 0.610 0.455 0.800 0.860 1.013 0.996 0.895 0.709 

33 0.906 0.898 0.862 0.788 0.701 0.519 0.777 0.948 1.114 1.097 0.921 0.815 

34 0.679 0.653 0.635 0.595 0.539 0.418 1.555 1.431 1.302 1.260 1.064 0.878 

35 0.749 0.735 0.653 0.579 0.500 0.324 0.884 0.776 0.714 0.679 0.637 0.505 

36 0.478 0.476 0.436 0.399 0.353 0.236 0.517 0.543 0.582 0.561 0.506 0.380 

47 0.405 0.399 0.374 0.346 0.310 0.211 0.987 0.809 0.720 0.687 0.685 0.758 

48 0.556 0.552 0.549 0.502 0.444 0.334 1.075 1.047 1.041 1.022 1.022 0.989 

49 0.270 0.266 0.250 0.232 0.210 0.143 0.397 0.384 0.327 0.326 0.332 0.406 
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  Optical Path in Lower Path (Unitless) Optical Path in Upper Path (Unitless) 

Wave number 
4425 4225 2875 2525 2225 775 4425 4225 2875 2525 2225 775 

(cm-1

Wavelength 

) 

2.26 2.37 3.48 3.96 4.49 12.9 2.26 2.37 3.48 3.96 4.49 12.9 
(μm) 

Event #:                          

50 0.461 0.451 0.435 0.398 0.352 0.253 0.516 0.506 0.516 0.500 0.493 0.546 

62 0.432 0.429 0.419 0.386 0.342 0.248 0.614 0.585 0.597 0.567 0.545 0.491 

63 0.285 0.282 0.267 0.248 0.221 0.156 0.397 0.397 0.240 0.239 0.209 0.143 

64 0.408 0.405 0.397 0.365 0.321 0.239 0.599 0.573 0.433 0.413 0.393 0.329 

65 0.556 0.546 0.509 0.471 0.424 0.297 0.274 0.281 0.267 0.256 0.241 0.184 

66 0.613 0.603 0.578 0.539 0.489 0.355 0.267 0.277 0.265 0.255 0.240 0.168 

67 0.819 0.798 0.743 0.678 0.601 0.424 0.872 0.812 0.720 0.680 0.677 0.494 

69 0.813 0.809 0.737 0.672 0.594 0.406 1.120 1.097 1.005 1.054 0.961 0.779 

70 0.824 0.827 0.765 0.694 0.612 0.426 1.029 0.970 0.911 0.837 0.797 0.600 

71 0.955 0.936 0.840 0.749 0.647 0.421 1.030 0.865 0.800 0.721 0.700 0.664 

72 0.612 0.611 0.575 0.537 0.488 0.362 1.477 1.257 1.489 1.419 1.295 1.079 

73 0.671 0.660 0.600 0.542 0.477 0.310 1.140 1.022 0.880 0.898 0.882 0.717 
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  Optical Path in Lower Path (Unitless) Optical Path in Upper Path (Unitless) 

Wave number 
4425 4225 2875 2525 2225 775 4425 4225 2875 2525 2225 775 

(cm-1

Wavelength 

) 

2.26 2.37 3.48 3.96 4.49 12.9 2.26 2.37 3.48 3.96 4.49 12.9 
(μm) 

Event #:                          

74 1.065 1.041 1.010 0.890 0.774 0.543 0.879 1.056 1.045 1.006 0.916 0.815 

75 0.515 0.506 0.457 0.412 0.360 0.234 0.926 0.783 0.777 0.787 0.723 0.651 

76 0.670 0.670 0.611 0.559 0.494 0.380 0.680 0.763 0.782 0.821 0.764 0.569 

77 0.583 0.579 0.549 0.504 0.451 0.342 1.514 1.278 1.289 1.396 1.350 1.014 

78 0.837 0.824 0.743 0.655 0.555 0.343 1.350 1.114 1.003 0.905 0.905 0.780 

79 0.720 0.693 0.685 0.632 0.566 0.434 0.767 0.716 0.670 0.662 0.634 0.523 

80 1.037 1.010 0.953 0.855 0.738 0.493 1.130 1.042 1.014 1.004 0.961 0.733 

81 0.818 0.804 0.758 0.691 0.612 0.434 0.848 0.808 0.819 0.805 0.777 0.534 

82 0.590 0.581 0.561 0.515 0.459 0.338 0.325 0.288 0.271 0.258 0.241 0.169 

83 0.481 0.475 0.442 0.403 0.357 0.229 0.400 0.405 0.386 0.365 0.339 0.225 

85 0.779 0.776 0.723 0.650 0.566 0.402 0.771 0.607 0.618 0.602 0.619 0.405 

86 0.290 0.284 0.267 0.250 0.229 0.158 0.126 0.132 0.127 0.123 0.116 0.087 
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  Optical Path in Lower Path (Unitless) Optical Path in Upper Path (Unitless) 

Wave number 
4425 4225 2875 2525 2225 775 4425 4225 2875 2525 2225 775 

(cm-1

Wavelength 

) 

2.26 2.37 3.48 3.96 4.49 12.9 2.26 2.37 3.48 3.96 4.49 12.9 
(μm) 

Event #:                          

87 0.940 0.912 0.858 0.771 0.674 0.448 0.751 0.761 0.705 0.656 0.598 0.397 

88 1.164 1.109 1.015 0.892 0.760 0.483 0.848 0.913 0.974 0.888 0.800 0.529 

89 0.872 0.838 0.776 0.689 0.592 0.380 0.879 1.024 1.108 1.051 0.942 0.642 

90 0.903 0.895 0.808 0.718 0.616 0.397 1.077 1.020 1.001 0.958 0.894 0.660 

91 1.125 1.095 1.017 0.907 0.783 0.527 1.070 1.010 0.942 0.937 0.870 0.668 

92 0.824 0.800 0.758 0.684 0.599 0.448 0.912 0.780 0.770 0.715 0.720 0.550 

93 0.322 0.316 0.307 0.291 0.266 0.186 0.120 0.119 0.118 0.114 0.110 0.083 

94 1.078 1.050 0.993 0.895 0.783 0.578 1.216 1.184 1.230 1.198 1.144 0.861 

95 1.001 0.968 0.922 0.827 0.722 0.531 0.857 0.818 0.753 0.704 0.646 0.453 
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Table A-2-6 Wind data 

Event # Wind Speed (m/s) 
Wind Direction 

(from North, o) 

Wind Direction (from 

Normal Plane, o) 

1 9.1 44 -29 

2 7.8 22 -51 

3 5.9 31 -42 

4 6.7 15 -58 

5 6.7 15 -58 

6 6.6 5 -68 

7 6.4 33 -41 

8 6.4 15 -58 

9 3.2 33 -41 

10 6.8 43 -31 

11 5.2 71 -3 

12 6.4 43 -31 

13 2.9 49 -25 

14 7.1 29 -44 

15 5.2 59 -14 

16 5.8 73 0 

17 4.4 60 -13 

18 1.6 245 -9 

19 2.6 276 23 

20 2.1 248 -5 

21 5.3 200 -53 

22 2.9 221 -32 

23 3.9 226 -27 

24 3.4 202 -52 

25 1.7 175 -78 

26 1.6 262 9 

27 5.1 281 28 
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Event # Wind Speed (m/s) 
Wind Direction 

(from North, o) 

Wind Direction (from 

Normal Plane, o) 

28 5.4 279 25 

29 5.5 278 24 

30 5.8 275 21 

31 6.5 291 37 

32 7.1 271 18 

33 5.4 275 22 

34 5.4 284 31 

35 4.7 286 32 

36 6.0 263 10 

37 6.5 279 25 

38 8.3 282 29 

39 7.3 282 28 

40 8.3 284 30 

41 9.3 269 16 

42 8.5 280 27 

43 7.8 282 29 

44 7.6 283 29 

45 8.4 275 21 

46 7.2 297 44 

47 9.3 300 47 

48 8.7 301 48 

49 8.4 316 63 

50 7.1 297 43 

51 6.9 304 50 

52 6.5 292 39 

53 8.5 312 59 

54 7.3 297 44 

55 7.7 312 59 
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Event # Wind Speed (m/s) 
Wind Direction 

(from North, o) 

Wind Direction (from 

Normal Plane, o) 

56 7.9 304 50 

57 7.4 317 64 

58 6.5 301 48 

59 7.8 309 55 

60 7.3 307 54 

61 7.9 294 40 

62 8.7 308 54 

63 6.7 302 49 

64 8.2 309 56 

65 3.3 321 60 

83 2.7 213 -49 

85 3.4 271 9 

86 4.8 273 11 

87 2.6 278 16 

88 1.6 234 -28 

89 1.6 234 -28 

90 2.8 268 6 

91 1.7 270 8 

92 5.2 269 8 

93 4.0 281 19 

94 2.0 277 16 

95 0.7 115 33 

96 3.1 261 -1 

97 3.7 247 -15 

98 3.3 246 -16 

102 2.7 279 18 

103 2.2 255 -7 

 



ERDC/CERL TR-10-DRAFT 94 

 

 

ER
D

C/C
ER

L TR
-10-D

R
AFT 

94 

   

Figure A-2-1 Field map of YTC tracked vehicle field campaign on 8/22/06 
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Figure A-2-2 Field map of YTC tracked vehicle field campaign on 8/23/06 
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Figure A-2-3 Field map of YTC tracked vehicle field campaign on 8/24/06 
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Figure A-2-4 Field map of YTC tracked vehicle field campaign on 8/25/06 
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Appendix A-3: Supporting Data for Tested Flying Helicopters during the 2007 

YPG Field Campaign 

Table A-3-1 Specifications of the UH-1 Iroquois (Huey) 

Primary function Utility helicopter  

Manufacturer Bell Helicopter Textron  

Power plant Pratt and Whitney T400-CP-400  

Power Burst: 1290 shaft horsepower (transmission limited) 

Continuous: 1134 shaft horsepower (transmission limited)  

Length 57.3 feet (17.46 meters)  

Height 14.9 feet (4.54 meters)  

Rotor Diameter 48 feet (14.62 meters)  

Speed 121 knots (139.15 miles per hour) at sea level  

Ceiling 14,200 feet (4331 meters) 

(limited to 10,000 feet (3050 meters) by oxygen requirements)  

Maximum takeoff weight 10,500 pounds (4,767 kilograms)  

Range 172 nautical miles (197.8 miles)  

Crew Officer: 2 

Enlisted: 2  
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Table A-3-2 Summary of emission factors for the Desert Pavement Surface during the 2007 
YPG Field Campaign  

Pass # 
Start 
Time 

End Time 
PM10 Emission 

  
Wind Direc-
tion (from 

North) [°] 

Wind 
 

Wind Direc-
tion (from 

Normal 
Plane) [°] 

[g-PM/hkf] [m/s] 

1 12:18:49 12:21:25 42,747 140 2.8 -46 

2 12:21:24 12:22:40 13,843 168 4.3 -18 

3 12:24:01 12:24:52 474 180 3.4 -6 

4 12:21:24 12:23:07 5,620 170 4.4 -16 

5 12:27:30 12:29:25 6,484 163 3.4 -23 

6 12:30:07 12:31:10 2,041 156 3.5 -30 

7 12:32:34 12:33:43 598 150 3.9 -36 

8 12:34:25 12:36:04 1,752 154 4.1 -32 

9 12:36:27 12:39:36 5,739 156 3.1 -30 

10 12:40:28 12:42:07 640 156 3.2 -30 

11 12:42:39 12:43:18 78 161 4.4 -25 

12 12:44:40 12:45:49 193 176 3.8 -10 

13 12:46:51 12:48:49 613 174 3.2 -12 

14 13:18:03 13:19:12 865 166 3.8 -20 

15 13:20:34 13:21:33 220 174 3.8 -12 

16 13:22:55 13:23:13 14 173 4.5 -13 

17 13:25:04 13:25:54 21 187 2.0 1 

18 13:28:07 13:29:46 455 179 2.2 -7 

19 13:31:18 13:32:37 138 165 2.7 -21 

20 13:33:28 13:34:07 42 164 3.0 -22 

21 13:36:00 13:36:39 57 191 3.7 5 

23 13:40:01 13:40:19 14 195 3.4 9 

24 13:41:42 13:43:10 561 149 4.9 -37 

25 13:44:13 13:45:52 578 153 5.4 -33 

26_27 13:45:54 13:47:22 111 133 2.7 -53 

28_29 13:49:13 13:50:43 192 177 3.2 -9 

30_31 13:52:46 13:53:45 37 205 1.8 19 

31_33 13:55:37 13:56:36 21 174 1.4 -12 



ERDC/CERL TR-10-DRAFT 100 

 

 

ER
D

C/C
ER

L TR
-10-D

R
AFT 

100 

   

 

 
Table A-3-3 Summary of emission factors for the Disturbed Soil Surface on 5/23/07 during 

the 2007 YPG Field Campaign 

Pass # 
Start 
Time 

End Time 

PM10 Emission 
  

Wind Direc-
tion (from 

North) [°] 

Wind 
 

Wind Direc-
tion (from 

Normal 

Plane) [°] 

[g-PM/hkf] [m/s] 

7 11:42:49 11:44:58 76,350 216 1.7 19 

8 11:46:51 11:48:07 19,729 196 2.1 -1 

9 11:50:36 11:52:31 6,967 162 1.6 -35 

12 12:05:28 12:08:16 13,048 195 1.3 -2 

13 12:12:43 12:14:49 1,377 238 2.8 41 

14 12:16:12 12:19:27 920 192 0.5 -5 

16 12:27:43 12:29:34 531 348 1.3 151 

17 12:32:54 12:34:58 601 336 2.2 139 

18 12:36:52 12:38:43 262 338 1.8 141 

19 12:46:00 12:47:51 107 89 1.5 -108 

20 12:57:30 12:59:34 2,178 68 2.0 -129 
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Table A-3-4 Summary of emission factor for the Disturbed Soil Surface on 5/25/07 during the 
2007 YPG Field Campaign 

Pass # 
Start 
Time 

End Time 
PM10 Emission 

  
Wind Direc-
tion (from 

North) [°] 

Wind 
 

Wind Direc-
tion (from 

Normal 
Plane) [°] 

[g-PM/hkf] [m/s] 

1 13:07:49 13:09:55 51,642 225 3.1 29 

2 13:10:52 13:12:58 23,017 208 4.2 12 

3 13:13:42 13:15:33 10,764 164 2.1 -32 

5 13:26:19 13:27:28 581 212 1.4 16 

6 13:28:57 13:30:06 1,133 227 4.6 31 

7 13:31:57 13:33:06 831 222 3.1 26 

8 13:36:10 13:37:19 2,571 207 4.8 11 

9 13:39:27 13:42:00 2,506 203 2.1 7 

10 13:43:12 13:44:49 441 227 2.9 31 

11 13:46:15 13:47:10 273 210 4.2 14 

12 13:48:49 13:49:30 29 227 3.3 31 

13 13:51:10 13:51:37 38 180 2.0 -16 

15 13:55:51 13:56:46 116 214 2.3 18 

16 13:57:58 13:59:07 385 207 5.8 11 

17 14:01:01 14:02:24 569 193 3.4 -3 

18 14:07:34 14:09:12 6,687 212 4.3 16 

19 14:12:30 14:13:03 6 302 0.6 106 

20 14:14:07 14:15:58 626 232 4.3 36 

21 14:17:25 14:18:34 363 217 4.7 21 

22 14:19:46 14:20:55 492 213 3.9 17 

23 14:22:21 14:23:16 26 259 4.0 63 

24 14:24:40 14:25:49 84 249 3.1 53 

25 14:27:01 14:27:57 135 214 3.8 18 

26 14:29:51 14:31:55 162 210 0.9 14 

27 14:34:04 14:35:13 203 215 5.2 19 

28 14:36:52 14:38:30 802 205 2.7 9 
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Pass # 
Start 
Time 

End Time 
PM10 Emission 

  
Wind Direc-
tion (from 

North) [°] 

Wind 
 

Wind Direc-
tion (from 

Normal 
Plane) [°] 

[g-PM/hkf] [m/s] 

29 14:40:37 14:44:49 1,169 242 4.9 46 

30 14:43:12 14:44:21 115 247 5.1 51 

31 14:45:46 14:46:42 165 234 4.7 38 

32 14:47:54 14:49:03 230 195 3.8 -1 

33 14:49:46 14:50:40 109 193 4.1 -3 

34 14:51:10 14:52:19 202 207 4.4 11 

35 14:53:45 14:55:49 420 212 2.8 16 

36 14:56:34 14:57:43 1,163 219 4.4 23 

37 14:59:22 15:01:42 182 242 1.4 46 
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Figure A-3-1 Field map of YPG helicopter field campaign on 5/21/07 

 

 

 

 

 

Note: HT = Reflective Target 
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Figure A-3-2 Field map of YPG helicopter field campaign on 5/23/07 

 

 

Note: HT = Reflective Target 
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Appendix A-4: Supporting Data for Tested Military Vehicles during the 2008 

Fort Carson Field Campaign 

 

Table A-4-1 Specifications of tested military vehicles 

Model Tracked/Wheeled? Maximum Speed 
[MPH] 

Weight [USA 
ton] 

M88 HERCULES 1 Tracked 30 70 

M270 MLRS 2 Tracked 40 27.5 

M577 3 Tracked 41 13.6 

HEMTT 4 Wheeled 57 19-25 

Sources: 

1. Global Security. http://www.globalsecurity.org/military/systems/ground/m88-
specs.htm (Accessed March 2009). 

2. FAS. http://www.fas.org/man/dod-101/sys/land/m270.htm (Accessed March 2009). 
3. FAS. http://www.fas.org/man/dod-101/sys/land/m113.htm  (Accessed March 

2009). 
4. Global Security. http://www.globalsecurity.org/military/systems/ground/hmett-

specs.htm (Accessed March 2009). 

 

Table A-4-2 Number of tests for select military vehicles 

Vehicle Travel Direction 
Vehicle Speed 

5 MPH 10 
MPH 

15 
MPH 

20 
MPH 

25 
MPH 

Maxi-
mum 

M88 Towards MPL 3 3 4 2 1 0 

Away MPL 3 3 4 3 1 0 

M270 Towards MPL 4 5 6 5 0 6 

Away MPL 4 5 6 5 0 6 

M577 Towards MPL 3 4 5 4 0 5 

Away MPL 3 4 5 4 0 5 

HEMTT Towards MPL 0 4 4 4 0 4 

Away MPL 0 4 4 4 0 4 

 

http://www.globalsecurity.org/military/systems/ground/m88-specs.htm�
http://www.globalsecurity.org/military/systems/ground/m88-specs.htm�
http://www.fas.org/man/dod-101/sys/land/m270.htm�
http://www.fas.org/man/dod-101/sys/land/m113.htm�
http://www.globalsecurity.org/military/systems/ground/hmett-specs.htm�
http://www.globalsecurity.org/military/systems/ground/hmett-specs.htm�


ERDC/CERL TR-10-DRAFT 106 

 

 

ER
D

C/C
ER

L TR
-10-D

R
AFT 

106 

   

Table A-4-3 Detailed test data of military vehicles 

Date Vehicle Type Pass Site # 

Start 
Time 

End 
Time 

Speed 

(mph) 

Speed 

(km/h) 

Mass Emis-
sion Factor 
(g-PM/vkt) 

PM10  PM2.5  

9/16/2008 M88 1 1 --- --- --- --- --- --- 

9/16/2008 M88 2 1 12:45:35 12:46:45 7.6 12.2 --- --- 

9/16/2008 M88 3 1 12:50:07 12:50:57 11.7 18.7 --- --- 

9/16/2008 M88 4 1 12:52:49 12:53:39 12.0 19.2 259 458 

9/16/2008 M88 5 1 12:55:09 12:55:49 14.6 23.4 --- --- 

9/16/2008 M88 6 1 12:57:29 12:58:09 17.3 27.7 --- --- 

9/16/2008 M88 7 1 13:01:43 13:02:23 17.7 28.3 419 937 

9/16/2008 M88 8 1 13:07:55 13:08:25 23.7 37.9 --- --- 

9/16/2008 M88 9 1 13:12:37 13:14:17 5.9 9.4 --- --- 

9/16/2008 M88 10 1 13:21:31 13:21:51 25.6 41.0 --- --- 

9/16/2008 M88 11 1 13:23:41 13:24:21 17.8 28.5 455 742 

9/16/2008 M88 12 1 13:26:23 13:27:03 17.7 28.3 297 683 

9/16/2008 M88 13 1 13:30:37 13:31:17 16.4 26.2 --- --- 

9/16/2008 M88 14 1 13:36:17 13:37:07 12.4 19.8 546 1,221 

9/16/2008 M88 15 1 13:41:21 13:42:11 13.1 21.0 272 427 

9/16/2008 M88 16 1 13:44:11 13:45:31 8.5 13.6 554 1,259 

9/16/2008 M88 17 1 13:47:43 13:49:03 7.5 12.0 --- --- 

9/16/2008 M88 18 1 13:51:13 13:52:33 8.2 13.1 280 397 

9/16/2008 M88 19 1 13:55:45 13:56:45 11.7 18.7 417 833 

9/16/2008 M88 20 1 13:59:07 13:59:57 12.0 19.2 --- --- 

9/16/2008 M88 21 1 14:06:59 14:07:39 15.8 25.3 634 1,133 

9/16/2008 M88 22 1 14:08:51 14:09:31 17.0 27.2 401 894 

9/16/2008 M88 23 1 14:12:21 14:13:01 17.1 27.4 --- --- 

9/16/2008 M88 24 1 14:15:53 14:16:23 22.4 35.8 969 1,538 

9/16/2008 M88 25 1 14:27:07 14:27:47 16.1 25.8 503 830 

9/16/2008 M88 26 1 14:29:29 14:30:09 17.5 28.0 449 993 
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Date Vehicle Type Pass Site # 

Start 
Time 

End 
Time 

Speed 

(mph) 

Speed 

(km/h) 

Mass Emis-
sion Factor 
(g-PM/vkt) 

PM10  PM2.5  

9/16/2008 M88 27 1 14:32:41 14:34:01 8.0 12.8 --- --- 

9/16/2008 M88 28 1 14:37:21 14:38:31 8.7 13.9 194 296 

9/17/2008 M270 1 1 12:14:53 12:16:57 5.4 8.6 --- --- 

9/17/2008 M270 2 1 12:18:19 12:19:51 5.6 9.0 --- --- 

9/17/2008 M270 3 1 12:27:01 12:28:07 10.3 16.5 70 231 

9/17/2008 M270 4 1 12:30:13 12:31:13 10.9 17.4 381 722 

9/17/2008 M270 5 1 12:36:51 12:37:33 15.0 24.0 677 1,105 

9/17/2008 M270 6 1 12:39:39 12:40:19 17.0 27.2 224 479 

9/17/2008 M270 7 1 12:42:09 12:42:41 20.1 32.2 520 1,147 

9/17/2008 M270 8 1 12:44:21 12:44:51 21.3 34.1 567 1,141 

9/17/2008 M270 9 1 12:47:03 12:47:23 30.5 48.8 427 1,011 

9/17/2008 M270 10 1 12:49:57 12:50:11 20.5 32.8 --- --- 

9/17/2008 M270 11 1 12:52:05 12:52:25 30.7 49.1 686 1,078 

9/17/2008 M270 12 1 12:54:15 12:54:35 35.9 57.4 --- --- 

9/17/2008 M270 13 1 12:56:55 12:57:25 20.6 33.0 360 994 

9/17/2008 M270 14 1 13:00:41 13:01:15 21.4 34.2 --- --- 

9/17/2008 M270 15 1 13:10:31 13:11:11 17.2 27.5 692 1,502 

9/17/2008 M270 16 1 13:13:53 13:14:33 15.7 25.1 154 452 

9/17/2008 M270 17 1 13:16:35 13:17:35 11.3 18.1 220 459 

9/17/2008 M270 18 1 13:19:55 13:20:45 11.4 18.2 45 134 

9/17/2008 M270 19 1 13:23:17 13:25:17 5.3 8.5 --- --- 

9/17/2008 M270 20 1 13:27:23 13:28:59 7.3 11.7 --- --- 

9/17/2008 M270 21 1 13:39:53 13:41:13 7.0 11.2 --- --- 

9/17/2008 M270 22 1 13:42:43 13:44:27 6.4 10.2 --- --- 

9/17/2008 M270 23 1 13:46:45 13:47:35 15.0 24.0 316 782 

9/17/2008 M270 24 1 13:49:05 13:49:45 15.7 25.1 215 475 

9/17/2008 M270 25 1 13:52:07 13:52:27 31.1 49.8 607 1,540 
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Date Vehicle Type Pass Site # 

Start 
Time 

End 
Time 

Speed 

(mph) 

Speed 

(km/h) 

Mass Emis-
sion Factor 
(g-PM/vkt) 

PM10  PM2.5  

9/17/2008 M270 26 1 13:54:17 13:54:35 37.5 60.0 --- --- 

9/17/2008 M577 27 1 14:15:36 14:17:16 6.9 11.0 --- --- 

9/17/2008 M577 28 1 14:22:50 14:24:10 7.8 12.5 --- --- 

9/17/2008 M577 29 1 14:26:12 14:27:02 11.8 18.9 92 278 

9/17/2008 M577 30 1 14:28:22 14:29:12 12.3 19.7 63 134 

9/17/2008 M577 31 1 14:31:24 14:32:04 15.9 25.4 86 219 

9/17/2008 M577 32 1 14:38:52 14:39:32 16.2 25.9 150 330 

9/17/2008 M577 33 1 --- --- --- --- 396 931 

9/17/2008 M577 34 1 14:44:14 14:44:44 20.6 33.0 422 1,068 

9/17/2008 M577 35 1 14:48:26 14:48:56 20.4 32.6 --- --- 

9/17/2008 M577 36 1 --- --- --- --- 163 373 

9/17/2008 M577 37 1 14:56:00 14:56:30 20.2 32.3 275 846 

9/17/2008 M577 38 1 --- --- --- --- 335 855 

9/17/2008 M577 39 1 15:01:10 15:01:40 20.0 32.0 705 1,252 

9/17/2008 M577 40 1 15:03:12 15:03:42 21.5 34.4 203 452 

9/17/2008 M577 41 1 15:08:14 15:08:54 16.2 25.9 113 306 

9/17/2008 M577 42 1 15:11:06 15:11:36 16.4 26.2 89 231 

9/17/2008 M577 43 1 15:13:38 15:14:38 12.0 19.2 --- --- 

9/17/2008 M577 44 1 15:15:50 15:16:40 12.9 20.6 59 203 

9/17/2008 M577 45 1 15:18:40 15:20:10 7.5 12.0 --- --- 

9/17/2008 M577 46 1 15:22:02 15:23:22 8.1 13.0 --- --- 

9/17/2008 M577 47 1 15:26:02 15:27:32 7.7 12.3 --- --- 

9/17/2008 M577 48 1 15:30:12 15:31:32 8.3 13.3 --- --- 

9/17/2008 M577 49 1 15:33:24 15:34:04 16.0 25.6 --- --- 

9/17/2008 M577 50 1 15:37:40 15:38:34 16.5 26.4 141 393 

9/17/2008 M577 51 1 15:40:56 15:41:26 20.6 33.0 868 1,616 

9/17/2008 M577 52 1 15:43:16 15:43:36 27.2 43.5 629 1,181 
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Date Vehicle Type Pass Site # 

Start 
Time 

End 
Time 

Speed 

(mph) 

Speed 

(km/h) 

Mass Emis-
sion Factor 
(g-PM/vkt) 

PM10  PM2.5  

9/19/2008 M270 1 2 12:10:19 12:11:01 10.5 16.8 500 772 

9/19/2008 M270 2 2 12:12:53 12:13:35 13.3 21.3 88 237 

9/19/2008 M270 3 2 12:14:15 12:14:53 15.2 24.3 --- --- 

9/19/2008 M270 4 2 12:16:37 12:17:05 16.6 26.6 102 240 

9/19/2008 M270 5 2 12:18:07 12:18:33 19.8 31.7 --- --- 

9/19/2008 M270 6 2 12:21:05 12:21:33 21.5 34.4 --- --- 

9/19/2008 M270 7 2 12:23:31 12:23:53 28.0 44.8 --- --- 

9/19/2008 M270 8 2 12:25:19 12:25:33 34.3 54.9 --- --- 

9/19/2008 M270 9 2 12:27:25 12:27:39 26.8 42.9 188 489 

9/19/2008 M270 10 2 12:28:51 12:29:05 34.8 55.7 --- --- 

9/19/2008 M270 11 2 12:30:51 12:31:15 20.3 32.5 --- --- 

9/19/2008 M270 12 2 12:34:55 12:35:23 21.6 34.6 --- --- 

9/19/2008 M270 13 2 12:37:29 12:37:57 16.3 26.1 636 1,045 

9/19/2008 M270 14 2 12:40:59 12:41:27 17.1 27.4 --- --- 

9/19/2008 M270 15 2 12:45:14 12:45:56 11.1 17.8 45 89 

9/19/2008 M270 16 2 12:46:39 12:47:21 11.1 17.8 --- --- 

9/19/2008 M577 17 2 --- --- --- --- 373 845 

9/19/2008 M577 18 2 --- --- --- --- --- --- 

9/19/2008 M577 19 2 --- --- --- --- 888 2,196 

9/19/2008 M577 20 2 13:10:32 13:11:00 15.5 24.8 69 227 

9/19/2008 M577 21 2 13:11:56 13:12:24 19.2 30.7 808 1,461 

9/19/2008 M577 22 2 13:13:48 13:14:16 21.1 33.8 --- --- 

9/19/2008 M577 23 2 13:15:56 13:16:24 18.9 30.2 1,229 3,617 

9/19/2008 M577 24 2 13:17:32 13:17:46 28.5 45.6 684 1,738 

9/19/2008 M577 25 2 13:18:44 13:19:12 20.3 32.5 325 690 

9/19/2008 M577 26 2 13:20:22 13:20:36 26.6 42.6 536 1,566 

9/19/2008 M577 27 2 13:22:16 13:22:44 15.8 25.3 806 2,392 
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Date Vehicle Type Pass Site # 

Start 
Time 

End 
Time 

Speed 

(mph) 

Speed 

(km/h) 

Mass Emis-
sion Factor 
(g-PM/vkt) 

PM10  PM2.5  

9/19/2008 M577 28 2 13:24:22 13:24:50 20.0 32.0 484 1,611 

9/19/2008 M577 29 2 13:26:00 13:26:28 16.3 26.1 166 537 

9/19/2008 M577 30 2 13:27:38 13:28:06 15.9 25.4 --- --- 

9/19/2008 M577 31 2 13:29:16 13:29:38 11.6 18.6 157 752 

9/19/2008 M577 32 2 13:30:54 13:31:36 12.0 19.2 49 385 

9/19/2008 HEMTT 39 2 15:17:49 15:18:31 9.9 15.8 --- --- 

9/19/2008 HEMTT 40 2 15:20:37 15:21:19 12.2 19.5 --- --- 

9/19/2008 HEMTT 41 2 15:23:27 15:23:55 14.3 22.9 320 972 

9/19/2008 HEMTT 42 2 15:25:19 15:25:47 15.1 24.2 893 3,808 

9/19/2008 HEMTT 43 2 15:28:07 15:28:35 19.8 31.7 1,665 6,707 

9/19/2008 HEMTT 44 2 15:31:25 15:31:53 21.2 33.9 648 2,561 

9/19/2008 HEMTT 45 2 15:33:03 15:33:17 36.2 57.9 911 3,007 

9/19/2008 HEMTT 46 2 15:35:51 15:36:05 37.5 60.0 1,874 5,839 

9/19/2008 HEMTT 47 2 15:37:29 15:37:43 37.2 59.5 --- --- 

9/19/2008 HEMTT 48 2 15:41:01 15:41:15 38.2 61.1 1,568 3,360 

9/19/2008 HEMTT 49 2 15:42:13 15:42:41 19.0 30.4 2,610 10,652 

9/19/2008 HEMTT 50 2 15:44:31 15:44:59 19.9 31.8 755 2,224 

9/19/2008 HEMTT 51 2 15:45:57 15:46:25 14.8 23.7 --- --- 

9/19/2008 HEMTT 52 2 15:48:17 15:48:45 16.6 26.6 442 1,561 

9/19/2008 HEMTT 53 2 15:51:07 15:51:49 9.6 15.4 --- --- 

9/19/2008 HEMTT 54 2 15:56:31 15:57:13 12.2 19.5 79 327 

9/19/2008 HEMTT 55 2 16:02:21 16:03:03 11.8 18.9 64 337 

9/19/2008 HEMTT 56 2 16:05:09 16:05:51 11.1 17.8 28 234 

9/19/2008 HEMTT 57 2 16:07:59 16:08:27 14.7 23.5 161 907 

9/19/2008 HEMTT 58 2 16:10:05 16:10:33 17.1 27.4 96 371 

9/19/2008 HEMTT 59 2 16:13:07 16:13:35 20.2 32.3 501 2,745 

9/19/2008 HEMTT 60 2 16:15:29 16:15:57 20.0 32.0 267 967 
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Date Vehicle Type Pass Site # 

Start 
Time 

End 
Time 

Speed 

(mph) 

Speed 

(km/h) 

Mass Emis-
sion Factor 
(g-PM/vkt) 

PM10  PM2.5  

9/19/2008 HEMTT 61 2 16:19:57 16:20:11 37.5 60.0 1,154 3,513 

9/19/2008 HEMTT 62 2 16:22:03 16:22:17 42.2 67.5 1,437 3,817 

9/19/2008 HEMTT 63 2 16:23:55 16:24:09 35.0 56.0 724 2,412 

9/19/2008 HEMTT 64 2 16:25:47 16:26:01 43.0 68.8 --- --- 

9/19/2008 HEMTT 65 2 16:27:13 16:27:41 20.5 32.8 --- --- 

9/19/2008 HEMTT 66 2 16:29:33 16:30:01 19.1 30.6 224 1,226 

9/19/2008 HEMTT 67 2 16:30:57 16:31:25 15.2 24.3 662 3,793 

9/19/2008 HEMTT 68 2 16:33:31 16:33:59 15.7 25.1 28 179 

9/19/2008 HEMTT 69 2 16:36:07 16:36:49 10.0 16.0 247 1,435 

9/19/2008 HEMTT 70 2 16:38:55 16:39:37 11.6 18.6 25 108 
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Figure A-4-1 Field map of Fort Carson military vehicle field campaign on 9/16/08 and 
9/17/08 
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Figure A-4-2 Field map of Fort Carson military vehicle field campaign on 9/19/08 
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Appendix C – Other Supporting Materials 

Justification for the Assumption That K = 0 

The imaginary part of the refractive index (k) was assumed to be zero 
when calculating the extinction efficiency factor, K*. However, k was 
reported to range from 0.003 to 0.009[33] in the visible spectrum for 
desert dust. Mie-Lorenz model calculations describing K* for n′ ranging 
from 1.35 to 1.60, k ranging from 0 to 0.01, and the particle size distri-
butions determined by the OP-FTIR and OP-LT measurements as re-
ported by Varma et al.[34] for desert dust are presented in Table C-1. 
The small dependence of K* (standard deviation/mean < 1%) over the 
reasonable range of k values justifies the use of k = 0 when calculating 
K*

 

. 

Table C-1 Sensitivity analysis of K*, [g/m2] 

 

*§ 

K

 n′            k 

* 

0 0.001 0.003 0.005 0.01 

1.60 2.929 2.929 2.931 2.933 2.939 
1.55 2.899 2.908 2.912 2.915 2.921 
1.50 2.896 2.896 2.897 2.900 2.906 
1.45 2.896 2.897 2.900 2.903 2.911 
1.40 2.895 2.899 2.904 2.910 2.923 
1.35 2.971 2.973 2.976 2.980 2.990 

 §  Refractive index = n′ 
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