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ABSTRACT 

 

The United States Environmental Protection Agency (USEPA) has proposed a method 

that will be used to quantify fugitive emissions from large area sources such as landfills. The 

method is presented in the USEPA’s Other Test Method-10 (OTM-10) manual. The method 

utilizes non-intersecting multiple-beam paths, scanning equipment, and Optical Remote Sensing 

(ORS) instruments in a variety of radial configurations. The use of an ORS instrument to scan in 

a radial configuration introduces radial plume mapping (RPM) to the OTM-10. There are several 

RPM methods discussed in the OTM-10, such as horizontal radial plume mapping (HRPM), 

vertical radial plume mapping (VRPM), and 1-D radial plume mapping (1D-RPM). The VRPM 

is the only method discussed in the OTM-10 that is capable computing pollutant flow rates for a 

large area source such as a landfill, so this study looks into the reliability of the VRPM’s ability 

to quantify methane emissions from a landfill setting. The VRPM is used as a tool to quantify 

pollutant concentrations measured in the vertical plane downwind from the emissions source. In 

conjunction with the concentration data, which is computed by the vertical plane, wind speed and 

direction data is monitored to convert pollutant concentration values to pollutant flow rates by 

multiplying the concentration data to a trigonometric function of the wind speed.  

The objective of this study was to investigate uncertainties associated with the use of the 

VRPM method in a landfill setting. Once deficiencies in the method are found, users of the 

VRPM in a landfill setting will be provided with accurate guidelines on the reliability of the 

method under a variety of conditions. Several uncertainties associated with the VRPM method in 

a landfill setting include; the location of hot spots in comparison to vertical plane location, the 

reliability of the of the optimization algorithm used in quantification to correctly compute 

emission concentration when multiple hot spots are present, and the area contributing to flux 

(ACF). Through this study it was found that the spatial variability of emissions in the emitting 

domain can lead to uncertainties of -34 to 190% in the measured flux value when idealistic 

scenarios were simulated. The level of uncertainty can be reduced by improving the vertical 

planes location in comparison to the hot spots. The variability in wind direction during VRPM 

testing can introduce an uncertainty of 20% of the measured flux value. This study also provides 

an estimate to the ACF for each meteorological stability class defined in the field and has an  

uncertainty of 10 to 30% associated with it.
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CHAPTER ONE 

INTRODUCTION 

 

1.1 METHANE AS A GREENHOUSE GAS 

Atmospheric gases absorb solar radiation and convert the solar energy into thermal 

energy and are then re-emitted back into space. Under stable conditions, the energy conversion 

allows for life to flourish, but if the atmospheric gases consist of an abnormal level of 

greenhouse gasses, solar radiation is incapable of being re-emitted back into space. The process 

of absorbing solar radiation and trapping it in the atmosphere creates an imbalance in radiation 

levels which produces an increased amount of thermal energy in the atmosphere. This increase in 

thermal energy in the atmosphere effectively warms the Earth’s surface, therefore playing a role 

in climate change (Finlayson-Pitts and Pitts, 2000). 

Methane, a greenhouse gas, is considered to be a great concern to the planet if unsafe 

levels are emitted into the atmosphere. Current studies show that one mole of methane has 23 

times the global warming potential (GWP) compared to one mole of carbon dioxide. In addition 

to methane’s thermal absorption properties, methane has a relatively short lifetime of 

approximately 10 years, which means the effects of strict methane emission guidelines today can 

result in a rapid decrease of atmospheric methane levels in the near future, allowing for a 

decrease in the effects of climate change (Rode 1990, IPCC 2001).  

Methane levels in the atmosphere have been steadily increasing for centuries. The 

amount of methane in the atmosphere increased at a rate of about 1% per year since 1978 and 

methane concentrations increased from 0.8 ppm to 1.7 ppm since 1800 (Humer and Lechner 

1999). 

 

1.2 METHANE GENERATION AND EMISSIONS ASSOCIATED WITH LANDFILLS 

Landfill gas is generated due to the decomposition of organic matter by microorganisms 

through naturally occurring processes. Gas generation occurs in five stages (Table 1.1).  Landfill 

gas is comprised of approximately 60% methane and 40% carbon dioxide (Yesiller et al., 2008). 

Typically, landfill gas is extracted from the waste and collected in order to mitigate methane 

emissions, also collected methane can be used to generate power.  Methane will generally escape 

from the landfill due to several reasons. One reason might be defects in the cover soil, such as 
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cracks or gaps found between gas collection wells and the soil. Another reason might be due to 

dispersion through the cover soil. 

 

 

Table 1.1. 5 Stages of Gas Generation 

 

Stage Name Primary Activity Signaling the End of Phase 

1 Aerobic No oxygen in the landfill gas 

2 Aerobic/Acid Generation Formation of free fatty acids at its peak and methane generation 

begins 

3 Transition to Anaerobic Methane and carbon dioxide concentrations stabilize and no 

nitrogen in the landfill gas 

4 Anaerobic Methane and carbon dioxide concentrations begin to reduce and 

some nitrogen (air) returns to the system 

5 Transition to Stabilization Gas in the landfill is primarily air and all anaerobic decomposition 

is complete 

*Referenced from Yesiller et al., 2008. 

 

 

Landfill gas generation rates are highly variable due to inherent heterogeneity of wastes, 

site-specific operational conditions (waste placement density, waste placement sequence, daily 

cover materials), and site-specific climate conditions (precipitation, temperature, humidity, 

atmospheric pressure, seasonal waste placement temperature) (Yesiller et al., 2008). 

High gas generation rates typically imply high potential for emissions due to high gas 

pressure gradients in the waste. Landfill gas emissions are found to be inversely proportional to 

atmospheric pressure (Czepiel et al. 2003). Seasonal conditions also play a role in volumes and 

types of landfill gas generation. Summer collection efficiencies were found to be lower than 

winter values since more landfill gas is generated in summer time (Spokas et al. 2006).  

High carbon dioxide and low methane fluxes were observed in summer, whereas 

comparatively low carbon dioxide and high methane fluxes were observed in winter (Borjesson 

et al. 2001, Christophersen et al. 2001). In addition to temperature conditions at the landfill 

location, the humidity of the atmosphere plays a role in landfill gas emissions. Soil moisture 
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content near the surface significantly affects landfill gas emissions, where emissions decrease 

with increasing moisture content due to reduced gas-filled pore volume (Christophersen et al. 

2001). 

Collection efficiencies are inversely proportional to landfill gas generation rates. 

Numerous variables factor in when estimating landfill gas generation rates. The most prominent 

variables are: waste composition, moisture content, particle size, waste age, pH, compaction, and 

temperature (Qian et al. 2002, USEPA 2005) 

 

1.3 MONITORING METHANE EMISSIONS  

Current guidelines assume gas collection systems have the capability to capture up to but 

not exceeding 75% of landfill generated methane, therefore indirectly stating that 25% of the 

landfill generated methane is admitted into the atmosphere. Due to the current assumptions, 

Municipal Solid Waste (MSW) landfills are found to be one of the largest human influenced 

sources of methane in the atmosphere (USEPA 2008). To have more confidence in the 

aforementioned assumptions, a good monitoring system needs to be put in place. Also, since 

landfill gas collection systems depend of empirical equations to design the collection system, the 

ability to quantify methane emissions from a landfill setting would help give hints to better 

design practices in the field. 

Gas emissions from the surface of landfills can be determined using a variety of 

techniques ranging from small to large-scale, as well as direct and indirect measurement 

techniques. The present-day techniques can provide concentration measurements for point, line, 

and large area emission sources (Yesiller et al., 2008). 

Numerous monitoring systems exist to help quantify methane emissions. The majority of 

the techniques presented in the next section fall under the Path Integrated Optical Remote 

Sensing (PI-ORS) category. PI-ORS techniques have the capability to measure pollutant 

concentrations along a line-of-sight path, and one of the present-day techniques has the ability to 

convert concentration values to a flux values. Three PI-ORS systems are used with Radial Plume 

Mapping (RPM) technology. Three types of RPM technology are used; Horizontal Radial Plume 

Mapping (HRPM), Vertical Radial Plume Mapping (VRPM), and One-Dimensional Radial 

Plume Mapping (1D-RPM). Another category of a monitoring system is the flux chambers. Flux 

chambers have the capability to measure pollutant flux from point locations. The last type of 
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monitoring system is the portable gas meter. The most commonly used portable gas meter for 

methane is the Flame Ionization Detector (FID). 

The flux chambers are the only technique presented that can directly measure pollutant 

flux. The PI-ORS techniques presented in the next chapter can estimate flux indirectly with the 

use of analytical or numerical models (Yesiller et al., 2008). The FID can be used to indirectly 

calculate an estimation of flux through modeling simulations, which are used to back calculate 

from concentration values to flux values. 

 

Note: Any mention of PI-ORS systems includes not only the choice of optical source (such as 

TDL, FTIR, etc.) but the accompanying equipment as well (such as mirrors, scanners, and 

software). Further discussion of PI-ORS systems will be discussed in the next chapter. 
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CHAPTER TWO 

BACKGROUND AND PREVIOUS RESEARCH 

 

2.1 THE MOTIVATION FOR MONITORING POLLUTANT EMISSIONS  

 With an increasing concern of the greenhouse gasses contribution to global warming, an 

accurate technique to quantify greenhouse gaseous emissions needs to be developed. In 

particular for a design engineer, the ability to quantify emissions in a landfill setting will help 

lead to more efficient design guidelines to use when designing an acceptable gas collection 

system for landfills. If newer design parameters led to higher collection efficiencies, then not 

only will less pollutant (by volume) reach the atmosphere but more energy could be generated 

from the increased amount of collected greenhouse gases. Another concern associated with 

pollutant emissions from landfill sites is when the landfill is deemed acceptable for reuse as say, 

a recreational park. Pollutant emissions are critical to the general health of the public when the 

retired landfills assume the role of a recreational park for the public’s use.  

 

2.2 THE HISTORY OF PATH INTEGRATED OPTICAL REMOTE SENSING 

Byer and Shepp were the first to introduce the concept of the use of path integrated 

optical remote sensing to map outdoor air pollutants in the late 1970’s (Byer and Shepp, 1979). 

Just a few years later Wolfe utilized mock data to further investigate the new technique (Wolfe 

and Byer, 1982). As discussed in Yost et al., 2003, the original technique required multiple 

intersecting beam geometries as seen in Fig 2.1. The use of this technique would create an image 

reconstruction of the pollutant using a pixel-based map (Hashmonay, R. et al., 1998). With the 

advancement of technology, the use of this technique was deemed too expensive and unpractical.  

With the advancement of computer science, new plume reconstructions became available 

using a smooth basis function minimization (SBFM) algorithm (Drescher et al., 1997). The 

SBFM algorithm drastically changed the landscape of monitoring outdoor contamination because 

the use of the SBFM allowed outdoor contamination modeling to become a more robust and 

practical method than in the past (Hashmonay, R. et al., 1998). 
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*Referenced from Yost et al., 2003 
Fig 2.1 Illustration of Complex Beam Geometry Previously Used for Mapping 

 

 

2.3 INFORMATION CONCERNING POLLUTANT MONITORING SYSTEMS 

 As mentioned in the previous chapter, there is a multitude of pollutant monitoring 

systems available. Basic descriptions of the monitoring systems can be found in this section. 

 

2.3.1 FLUX CHAMBERS 

Currently, two types of flux chambers are utilized in the field, consisting of static and 

dynamic flux chambers. Under the static flux chamber category, two types of chambers are 

implored, consisting of open chamber and closed chamber techniques.  
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Regardless of the type of flux chamber used, the selected flux chamber is positioned at a 

stationary point where samples are collected in a timely manner. In theory, the pollutant diffuses 

through the cover soil of the landfill and enters the flux chamber, at which samples from the flux 

chamber are extracted and analyzed for volumetric pollutant concentrations. Generally, one 

sample is extracted from the chamber every five minutes starting with an initial concentration at 

time zero. Since samples are taken with respect to a known time difference, and the size of the 

flux chamber is also known, once the concentrations of each extraction are analyzed, a flux value 

can be calculated in mass per time per area. 

 

2.3.1.1 STATIC FLUX CHAMBERS 

As stated earlier, static flux chambers can be categorized in two types; closed static flux 

chambers and open static flux chambers. 

 

2.3.1.1.1 CLOSED STATIC FLUX CHAMBERS 

A typical closed static flux chamber implored in the field can be seen in Fig 2.2. An 

example of the extraction process from the chamber and storing the sample in a vial can be seen 

in Fig 2.3.  

A fan is used inside the chamber to circulate the gas collected to ensure uniform 

distribution of the pollutant within the chamber. Uniform distribution of the pollutant is vital 

when extracting samples from the chamber to ensure the sample extracted is a fair representation 

of the contents of the chamber. The gas is extracted from the chamber using gas-tight syringes 

and stored in sealed vials for future analysis (Mosher et al., 1996). Future analysis of the 

extracted sample consists of the use of a gas chromatography (GC) and a mass spectrometer to 

compute flux values.  

Extractions are taken every five minutes, starting at time 0, up to 30 minutes, therefore a 

total of six extractions are taken for each static flux chamber. After analysis of extraction using a 

GC, a plot of concentration versus time can be made, showing the flux of the emission when 

knowing the surface area of the flux chamber. 
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2.3.1.1.1.1 ADVANTAGES OF CLOSED STATIC FLUX CHAMBERS 

Closed chambers are much easier to use and less costly to operate than the open chamber 

technique. Closed chambers also are not sensitive to ambient pressure changes, as the open 

chambers are known to be (Senevirathna, D.G.M., et al., 2006). 

 

 

(a) 

             

(b) 

Fig 2.2. (a) Shows a Closed Static Flux Chamber Collar Placed Into the Cover Soil. (b) Shows 
the Closed Static Flux Chamber Lid Attached to the Collar (Test In Progress). 
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(a) 

 

(b) 

Fig. 2.3. (a) Shows the Extraction from the Chamber Using an Air Tight Syringe. (b) Shows the 
Storage Process of the Sample 
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2.3.1.1.1.2 DISADVANTAGES OF CLOSED STATIC FLUX CHAMBERS 

Closed static flux chambers tend to underestimate the gas fluxes due to a pressure build 

up, with respect to time, within the closed flux chamber (Healy et al. 1996; Matthias et al. 1978). 

The pressure build up within the closed flux chamber creates an imbalanced pressure between 

the soil, flux chamber, and atmosphere. The imbalanced pressure allows for the pollutant to 

diffuse through the soil around the flux chamber instead of the soil directly below the flux 

chamber, practically rendering the flux chamber useless. 

 

2.3.1.1.2 OPEN STATIC FLUX CHAMBERS 

A graphical representation of an open static flux camber can be found in Fig 2.4. Open 

static flux chambers are much like the closed static flux chamber, except there is no barrier 

separating the chamber from the atmosphere. Atmospheric air is drawn continuously at a speed 

of 1.5 liters per minute through a 30 liter open chamber (Christensen, S., et al. 1996). 

 

2.3.1.1.2.1 ADVANTAGES OF OPEN STATIC FLUX CHAMBERS 

The open static flux chamber can simulate field conditions better than the closed chamber 

technique. The open static flux chamber can compute pollutant concentration values in real time. 

 

2.3.1.1.2.2 DISADVANTAGES OF OPEN STATIC FLUX CHAMBERS 

The open static flux chamber needs an energy source to be operated and the technique is 

very sensitive to ambient pressure changes causing induced airflow, which in turn can create 

artificially high fluxes (Kanemusu et al. 1974). The open chamber requires continuous 

measurement of the incoming air’s pollutant concentration. The open chamber technique also 

requires an accurate measuring system in cases where the concentration difference between the 

inflow and the outflow are close to zero (Senevirathna, D.G.M., et al., 2006). 

 

2.3.1.1.2 FURTHER DISCUSSION ON STATIC FLUX CHAMBERS 

Laboratory studies discussed in Senevirathna, D.G.M., et al., 2006 show that small closed 

static chambers have the ability to significantly underestimate flux values in comparison to larger 

closed static flux chambers because of a rapid pressure buildup associated with small flux 

chambers. Also, a closed static flux chamber with a large surface area relative to the height of the 



 

11 
 

chamber is also ill advised due to rapid pressure buildup. The study concluded that the height of 

the chamber is more important than the chamber volume in minimizing errors. 

 

 

 

*Referenced from Iritz, Z., et al., 1997 
Fig 2.4. Illustration of the Open Static Flux Chamber 

 

 

2.3.1.2 DYNAMIC FLUX CHAMBERS 

Dynamic flux chambers are convenient tools for field measurements of gas fluxes from 

soils to the atmosphere. A schematic diagram of a dynamic flux chamber can be seen in Fig 2.5. 

The chamber consists of an inlet transition zone, a square main body, and an outlet transition 

zone. Six equally-spaced air channels are installed in both inlet and outlet transition zones to 

conduct and spread the flowing air uniformly across the soil surface, which will help to induce a 

horizontal and uniform airstream above the cover soil surface. The Dynamic flux chamber 

insures that no stagnant air zones are present within the chamber. The measuring of a pollutant’s 

concentration in the in-coming air and the out-going air is continuously performed during the 

dynamic flux chambers technique. The dynamic flux chamber is assumed to be operated under 

steady state conditions meaning the rate of flow through the chamber is constant and not a 

function of time (Gao, F. et al. 1997). 
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2.3.1.2.1 ADVANTAGES OF DYNAMIC FLUX CHAMBERS 

The dynamic flux chamber is far superior in comparison to the static flux chambers since 

there is no pressure buildup and is not sensitive to ambient atmospheric pressures. The dynamic 

flux chamber can accurately measure the flux from the soil surface due to the equal pressures, 

along the soil surface, provided by the air channels at the inlet and outlet transition zones (Gao, 

F. et al., 1997). 

 

 

 

*Referenced from Goa, F. et al., 1997 
Fig 2.5. Illustration of the Dynamic Flux Chamber. (a) Plan View. (b) Cross Section View 

Through A-A. (c) Collar Placement into Cover Soil 
 

 

2.3.1.2.2 DISADVANTAGES OF DYNAMIC FLUX CHAMBERS 

The dynamic flux chambers operational costs are much higher in relation to the static flux 

chambers. Experienced technicians are needed to operate the dynamic flux chamber and the 

initial cost of the equipment is also more costly than the static flux chambers (Gao, F., et al., 

1997). 



 

13 
 

2.3.2 ADVANTAGES OF FLUX CHAMBERS FOR POLLUTANT MONITORING 

Most of the flux chamber techniques are rather simple to use and can obtain direct 

measurements of both pollutant concentrations and fluxes. The flux chamber can be performed to 

analyze multiple gases at a relatively low cost. The equipment costs for closed static flux 

chambers are estimated to be $1,000 (USEPA 2007). 

 

2.3.3 DISADVANTAGES OF FLUX CHAMBERS FOR POLLUTANT MONITORING 

Due to the size of the flux chambers, the flux chambers might miss hot spots (high 

emission locations) in the cover soil, thus reducing area flux. A considerably high volume of 

pollutants may also be escaping from gas collection well fittings above the surface, which 

implies that the flux chambers will misrepresent the entire areas pollutant emissions. Also a large 

number of measurements are required for large areas such as landfills (USEPA 2007) 

 

2.4 PORTABLE GAS METERS 

Fig 2.6 shows a hand held portable gas meter known as the Flame Ionization Detector 

(FID). Although multiple portable gas meters exist, the FID is the most common for methane 

monitoring applications. Other portable gas meters include the Thermal Conductive Detector 

(TCD) and the Photoionization Detector (PID) (Yesiller et al., 2008). Flux may be estimated by 

measuring gas flow at the locations of the concentration measurements using hot-wire 

anemometer or micromanometer assemblies (Environment Agency 2004). Fluxes can also be 

estimated with the FID by the use of USEPA’s Industrial Source Complex (ISC3) model, which 

uses the ground concentrations to back calculate surface emissions (Figueroa, V. et al., 2009). 

 

2.4.1 FLAME IONIZATION DETECTOR (FID) 

An FID gas chromatograph uses a high temperature to burn a gas sample extracted from 

the atmosphere. The ions and free electrons produced in the flame pass through an electric field. 

The changes in the current in the field due to the presence of burning byproducts is recorded by 

an electrometer and converted to gas concentrations based on predetermined relationships 

(Jahnke 2000).  
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*Referenced from Photovac Brochure 
Fig 2.6. Portable FID 

 

 

2.4.1.1 ADVANTAGES OF THE FID FOR POLLUTANT MONITORING 

The FID is simple to use and direct measurements can be obtained above the cover soil. 

The FID instrumentation is considered to have a low cost estimated at $10,000 (USEPA 2007). 

The FID can also be used for multiple pollutants. 

 

2.4.1.2 DISADVANTAGES OF THE FID FOR POLLUTANT MONITORING 

Much like flux chambers, FID’s provide point measurements of gas concentrations at 

specific locations, which allows for the ability to miss hot spots and effectively underestimate 

area flux values. Due to the point measurements, a high number of measurements are required 

for large areas such as a landfill (USEPA 2007) 

 

2.5 PATH INTEGRATED OPTICAL REMOTE SENSING TECHNIQUES (PI-ORS) 

PI-ORS techniques consist of absorption spectroscopy where absorption characteristics of 

chemical constituents by electromagnetic spectra are evaluated. Laser and interferometer 

instrumentation are used to measure absorption characteristics of pollutants as they pass through 

electromagnetic radiation (Yesiller et al., 2008). Several Different PI-ORS instruments are 

available for use in a landfill setting, which include Tunable Diode Laser Absorption 

Spectroscopy (TDLAS), Differential Absorption LIDAR (DIAL), and Fourier Transform 

Infrared Spectroscopy (FTIR). Typical detection limits, for a variety of compounds, of the 

aforementioned PI-ORS techniques can be found in table 2.1. 

The PI-ORS techniques have the potential for providing whole landfill emissions for a 

given site using sophisticated nondestructive testing equipment. PI-ORS techniques were 



 

15 
 

originally developed for applications where the emitting source is well defined, such as storage 

lagoons, airports, and in animal agricultural applications (Yesiller et al., 2008). 

 

 

Table 2.1. PI-ORS Instruments with Detection Limits 

 

 

*Referenced from USEPA 2005 

 

 

2.5.1 TUNABLE DIODE LASER SPECTROSCOPY (TDLAS) 

Fig 2.7 shows a tunable diode laser housed in a scanning unit placed on a tripod. The 

TDL produces radiation with variable central frequencies. Each gas molecule, such as methane 

(CH4), carbon dioxide (CO2), nitrous oxide (N2O), etc., has its own specific resonant frequency, 

known as absorption wavelengths. The gas molecules absorb the radiation produced by the TDL. 

After analysis of the absorption levels, concentrations are calculated (Yesiller et al., 2008). 

For landfill applications, methane is a primary pollutant of interest; therefore a 

wavelength range of 1300 to 1700 nm is typically used. The transmitted intensity of radiation 

deployed by the TDL coupled with pre-determined absorbance characteristics of methane allows 

for determination of concentration values. The TDL allows for determination of concentrations 

in the sub parts-per-billion (ppbv) (Yesiller et al., 2008). 

A TDL setup consists of a tunable diode laser light source and retro-reflectors arranged in 

arrays depending on measurement requirements. Fig 2.8 shows the retro-reflectors used for a 
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TDL system. The retro-reflectors provide an angle of incidence equivalent to the angle of 

reflectance, therefore, the retro-reflector allows for the light beam to return along the same path 

that they were originally directed in. Wind speeds and directions are measured when conducting 

TDL technology. 

 

 

 

Fig 2.7. The TDL and Scanning Unit 

 

 

 

 

 

                           

 

Fig 2.8. Retro-Reflector Used for PI-ORS Systems 
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2.5.1.1 ADVANTAGES OF TDLAS FOR POLLUTANT MONITORING 

Current available TDL instruments are relatively lightweight in comparison to other PI-

ORS systems, which allows for the TDL to be deployed by one person. The TDL instrument also 

generates real-time data. Whole area emissions can be determined using the TDL instrument 

from one location unlike the flux chambers and portable gas detector methods (USEPA 2007) 

 

2.5.1.2 DISADVANTAGES OF TDLAS FOR POLLUTANT MONITOIRING 

The TDL has a high dependency on micrometeorological conditions. Surface topography 

is a limitation for the TDL since straight paths are needed for the retro-reflectors to re-direct the 

transmitted waves along its originating path. The cost associated with TDL deployment is 

relatively high. Equipment costs are estimated to be $75,000, or an estimated $20,000 to $40,000 

per week is estimated for the use of optical remote sensing measurements by an environmental 

contractor at a landfill site (USEPA 2007). Only single compound concentrations can be 

evaluated at one time, making the TDL an inefficient tool if monitoring more than one 

compounds concentration is desired. 

 

2.5.2 DIFFERENTIAL ABSORPTION LIDAR (DIAL) 

Fig. 2.9 shows a representation of the DIAL instrumentation. DIAL is a laser-based 

technique used for obtaining ambient concentration measurements both in the infrared (IR) and 

ultraviolet (UV) ranges. DIAL can evaluate concentrations in the sub parts-per-million range 

(ppmv). Gas concentration measurements are conducted downwind of a landfill. Flux is 

estimated by using concentration measurements of a specific landfill gas with consideration to 

measured wind conditions (Yesiller et al., 2008). 

 

2.5.2.1 ADVANTAGES OF DIAL FOR POLLUTANT MONITORING 

The DIAL technique can evaluate concentrations of multiple pollutants simultaneously 

due to the IR and UV capabilities. The DIAL can evaluate emission flux for the whole emitting 

surface (Yesiller et al., 2008). 
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*Referenced from Spectrasyne Website 
Fig 2.9. Representation of the DIAL System 

 

 

2.5.2.2 DISADVANTAGES OF DIAL FOR POLLUTANT MONITORING 

The measurements are complex requiring highly experienced technicians. The 

measurement system is also very large, approximately 20 tonnes, with a size of 12m by 2.5m by 

4m. The measurement system is housed in a truck due to the size of the system. The costs 

associated with the DIAL system is considered “high” (Yesiller et al., 2008). 

 

2.5.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

Fig. 2.10 shows the FTIR instrumentation and the scanner used for the FTIR system. 

When infrared radiation is projected through a pollutant, the incident energy diminishes 

exponentially with the level of concentration of the pollutant. Much like the other PI-ORS 

systems, the FTIR is used along a path length consisting of the FTIR location and a retro-

reflector that re-directs the radiation beam back to the FTIR for analysis. The FTIR can 

determine concentrations in the sub parts-per-billion (ppbv) range (Yesiller et al., 2008). 

 



 

19 
 

 

(a) 

 

(b) 

*Referenced from the USEPA 2007 
Fig 2.10. FTIR Instrument (a) Shows the FTIR ORS. (b) Shows the Scanner Used for the FTIR 

System 
 

 

When running the FTIR, background and water vapor reference spectra are required in 

analysis of measured data to determine target gas concentrations. The water vapor spectrum is 

determined by selecting a single-beam spectrum from the measured scans based on assumptions 

of expected target gas types and concentrations as well as, the expected range of water vapor 

concentrations. Wind direction, wind speed, and humidity are measured when using the FTIR 
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instrumentation. Additional calibration to the instrument is required in order to subtract stray 

light from measured spectra. By subtracting the stray light, the instrument will allow for a more 

accurate pollutant concentration representation (Yesiller et al., 2008). 

 

2.5.3.1 ADVANTAGES OF FTIR FOR POLLUTANT MONITORING 

Whole area emissions can be determined using the FTIR. Multiple pollutants of interest 

can be measured simultaneously using FTIR instrumentation.  

 

2.5.3.2 DISADVANTAGES OF FTIR FOR POLLUTANT MONITORING 

The FTIR has a high dependence on micrometeorological conditions. The FTIR also 

needs a straight line-of-sight for measurement calculations, which limits the surface topography. 

Equipment costs for the FTIR technique is estimated at $125,000 (USEPA 2007). The FTIR also 

has very complicated measurements due to the atmospheric water vapor spectra, requiring 

experienced technicians. The FTIR is also much bulkier compared to the TDL ORS system. 

Real-time data is conducted using Non-lin (Spectrosoft) and IMACCQuant (IMACC) software 

packages, but the software mentioned has a discrepancy in the methane concentration values 

(Yesiller et al., 2008). 

 

2.6 METHODS AND PROCEDURES USED FOR PI-ORS TECHNIQUES 

A family of techniques known as the Radial Plume Mapping (RPM) method computes 

the flux values through the desired concentration measurement plane orientation. The RPM 

methods were developed to characterize ground level area sources and non-point fugitive 

emission sources, including landfills (USEPA 2006). The following sections of this chapter will 

discuss the variety of RPM techniques available and the calculations used for the each RPM 

technique can be found in Appendix A. 

 

2.6.1 HORIZONTAL RADIAL PLUME MAPPING (HRPM) 

Fig. 2.11 shows a graphical representation of the HRPM technique. The HRPM utilizes 

one of the aforementioned PI-ORS systems to measure concentration values intersecting the 

beam paths. The HRPM method uses the radial plume mapping method in a horizontal 

measurement plane configuration. Multiple non-intersecting beam paths are utilized in the 
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horizontal plane approximately one meter away from the ground surface. Since wind speeds are 

not incorporated into the measurement calculation, the HRPM method is incapable of directly 

measuring flux values. Therefore, the HRPM method is commonly used to locate high pollutant 

emitting sources as well as their accompanying concentration values. For an ideal situation, the 

HRPM would “blanket” the entire ground-level emitting source (USEPA 2006). 

The HRPM configuration covers a rectangular area of ground surface where the hot spot 

is proposed to be. The rectangular area is then divided into smaller rectangles known as pixels. 

Generally nine pixels are used in the HRPM configuration. Each pixel will have at least one 

optical beam path that will terminate within its boundaries. An iterative algorithm is then used to 

determine average concentrations in each pixel. Once the path integrated concentrations are 

averaged for each beam path, the HRPM uses the acquired information to reconstruct a plume 

map over the area of interest (USEPA 2006).  

 

 

*Referenced from USEPA 2007 
Fig 2.11. HRPM Configuration 

 

 

2.6.2 VERTICAL RADIAL PLUME MAPPING (VRPM) 

Fig 2.12 demonstrates a graphical representation of the VRPM technique. The VRPM 

utilizes a PI-ORS system to measure concentration values intersecting the beam paths. 
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Traditional set-up techniques for measurements on a flat surface require three retro-reflectors at 

ground surface and two retro-reflectors above ground surface (one at mid height of plane height 

and one at full height of plane height). The Full height of the plane is limited by the field 

equipment used (scissor jack) but is approximately 23-30m in height. Alternatively, the VRPM 

may be set-up as represented in Fig. 2.13 This set-up technique is more desirable when 

measuring surface emissions on or near landfill side-slopes. The alternative VRPM set-up was 

introduced due to concerns of misrepresenting emissions from side-slopes of landfill cells 

(USEPA 2007). 

 

 

 

*Referenced from USEPA 2007 
Fig 2.12. Traditional VRPM Configuration 

 

 

The VRPM method uses the radial plume mapping method in a vertical plane located 

downwind from the emitting source in order to obtain a mass-equivalent plume map. The 

calculated mass-equivalent plume map can then be applied to wind speed and direction data to 

obtain the desired pollutant flux value. The pollutant flux value is then used to estimate the 

emission rate of the upwind source of interest. A minimum of one hour of total data is collected 

during times when the wind speed and direction meets standard criteria. Standard criteria as 

explained in the USEPA 2006 OTM-10 manual requires wind directions to be within plus/minus 
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30 degrees to perpendicular of the vertical plane, also desired wind speeds in the range of 1m/s to 

8m/s are strongly recommended. In addition to the hour of total data collection time, required 

dwell time on each retro-reflector is a range between 10 to 60 seconds. Once the path integrated 

concentrations are averaged over each beam path, the VRPM uses the acquired information to 

reconstruct a plume map in the vertical plane downwind from the emitting source. (USEPA 

2006). 

Wind speed and direction data must be monitored and logged in the field for real-time 

calculations. Generally, the wind speed and direction data is monitored and logged at 2 and 10 

meters above the ground surface to ensure a more accurate interpolation and extrapolation 

through the height of the measurement plane (USEPA 2006). 

 

 

 

*Referenced from the USEPA 2007 
Fig. 2.13. Alternative VRPM Configuration for Side Slope Estimation 

 

 

2.6.3 ONE-DIMENSIONAL RADIAL PLUME MAPPING (1D-RPM) 

Fig 2.14 demonstrates a graphical demonstration of the 1D-RPM method. The 1D-RPM 

method is configured much like the VRPM method except no retro-reflectors are hoisted above 

ground surface. The 1D-RPM is used to profile pollutant concentrations along a line-of-sight 
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downwind of a fugitive emissions source. The 1D-RPM is oriented much like the VRPM, 

including the need to measure wind speed and direction. The 1D-RPM is used to estimate the 

location of an upwind emitting source (USEPA 2006). 

 

 

*Referenced From the USEPA 2007 
Fig 2.14. 1D-RPM Configuration 

 

 

2.6.4 RADIAL PLUME MAPPING NOTES OF INTEREST 

The original formulation of PI-ORS as described by the United States Environmental 

Protection Agency (USEPA) is known as the Other Test Method-10 (OTM-10) (USEPA 2006). 

The OTM-10 assumes that the emitting source is small in relation to the RPM’s plane size, 

allowing for the entire sources pollutant emissions to pass through the chosen RPM plane. The 

OTM-10 also assumes that the emitting source is singular, meaning no other emitting sources of 

different flux values exist. It should be noted that these assumptions are not accurate when the 

RPM plane is utilized in a landfill application. In a landfill, the emitting source is considered to 

be the size of the landfill itself, which is larger than the RPM plane. Emitting sources on a 

landfill, such as hot spots, are highly variable with time and space. Multiple hot spots may be 

present on a landfill surface. The use of the OTM-10 for a landfill setting complicates the fitting 

process and interpretation of flux values, leading to reduced reliability (Yesiller et al., 2008). 
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Weather conditions can play a crucial role in the selected RPM techniques ability to 

accurately measure concentration values. Conditions such as heat, fog, snow, or rain can distort 

the transmitted light beam used by the ORS system. For the VRPM and 1D-RPM, wind speeds 

are also important to monitor for a reliability assessment. When the wind speed is too slow, the 

pollutant plume can become drastically distorted. Alternatively, when the wind speed is too fast, 

conditions might make the technique physically unsafe to perform. (USEPA2006). 

 

2.7 CASE STUDIES USING VRPM TECHNIQUES AND PRIOR RESEARCH  

The EPA conducted field case studies at former landfill sites in Colorado Springs, 

Colorado and an active and inactive landfill site in Orange County, North Carolina. The field 

studies were referenced directly from USEPA 2007, “Evaluation of Fugitive Emissions Using 

Ground-Based Optical Remote Sensing Technology”. 

 

2.7.1 COLORADO SPRINGS, COLORADO 

2.7.1.1 INTRODUCTION TO STUDY 

The former landfill in Colorado Springs, Colorado was assessed for landfill gas emissions 

for the purpose of allowing the landfill property to be a land reuse option. The former landfill is 

approximately 40 acres and has been inactive since 1980. The Landfill accepted waste from both 

commercial and residential operations (USEPA 2005). 

An open path tunable diode lasers system was used in the study. The study was 

performed in September of 2003 by ARCADIS and EPA personnel. The VRPM procedure was 

performed along the northern border of the former landfill. This location was strategically 

decided based on wind direction and the ability to capture emissions from the entire landfill 

(USEPA 2005). Fig 2.15 shows a graphical representation of the former landfill with the VRPM 

location.  

 

2.7.1.2 TESTING PROCEDURES 

 ARCADIS RPM software was used to process the data into vertical plane plume maps. 

Meteorological data including wind direction, wind speed, and temperature were constantly 

monitored during the study using Climatronics instrumentation. The concentration profiles were 

produced using the monitored wind data. The concentration values were integrated from ppm by 
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volume to mass per volume using the molecular weight of the pollutant of interest and the 

ambient temperature data measured. Once the concentrations were in mass per volume they 

could be multiplied by the wind speed to obtain a flux in mass per area per second (USEPA 

2005). 

 

 

*Referenced from USEPA 2007 
Fig 2.15. Colorado Springs, Colorado Case Study VRPM Configuration 

 

 

 The VRPM configuration consisted of one mirror at ground surface between the PI-ORS 

and the scissor jack, three mirrors at the scissor jack (one at ground surface, one at mid-height of 

scissor jack, and one at full height of scissor jack), and one mirror placed beyond the scissor 

jack, which is represented in Fig 2.16. Due to concerns of not capturing side slope emission 

sources, a measurement system was configured on the side slope of the landfill as seen in Fig 

2.17 (USEPA 2005). 

 

2.7.1.3 RESULTS 

 The average calculated methane flux from the site was estimated at 4.9 g/sec, the site also 

had an estimated ambient back ground concentration of 1.55 ppm. Fig 2.18 shows a typical 
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reconstructed methane plume map from the VRPM survey. From the map, it can be seen that the 

center of the plume was close to the TDL scanner. The monitoring system used on the side slope 

of the landfill showed relatively higher concentrations that suggest that methane hot spots were 

present along the slope (USEPA 2007).  

 

 

*Referenced from USEPA 2007 
Fig 2.16. Augmented VRPM Configuration 

 

*Referenced from USEPA 2007 
Fig 2.17. PI-ORS System for Measuring Emissions on Side Slopes 
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*Referenced from USEPA 2007 
Fig 2.18. Plume Reconstruction using the VRPM Method 

 

 

2.7.2 ORANGE COUNTY, NORTH CAROLINA FIELD STUDY 

2.7.2.1 INTRODUCTION TO STUDY 

 ARCADIS and EPA personnel conducted a field study at the active and inactive faces of 

a landfill in Orange County, North Carolina in May of 2005. The landfill site can be seen in 

Fig.2.19 The site had an area of 200 acres, with the closed portion consisting of 50 acres and the 

active portion consisting of 26 acres. The inactive portion was closed in 1995 and houses 

approximately 810,000 tons of waste. The active portion has been in existence since June of 

2004 and has approximately 524,645 tons of waste at the time of the study (USEPA 2007).  

 

2.7.2.2 TESTING PROCEDURES 

 The VRPM technique was used at both the active and inactive faces of the landfill. Two 

RM young meteorological instruments were used to continuously monitor the wind speed and 

direction and two Climatronics meteorological instruments were used to measure temperature, 

relative humidity, and barometric pressure (USEPA 2007).  

 For the active face of the landfill, three VRPM planes were used with two of the VRPM 

planes consisting of OP-TDLAS instruments and the third consisting of an OP-FTIR instrument. 

A traditional VRPM configuration was used for the active face. The traditional set up can be 

seen in Fig 2.12. For the inactive face of the landfill, three VRPM planes were configured. Two 

of the VRPM planes consisted of OP-TDLAS instruments while the third used an OP-FTIR 
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instrument. The inactive face is represented in Fig 2.20, where the yellow circles indicate the 

location of the TDL instrument and the red circles indications the FTIR instrument, the black 

squares indicate the location of the scissor jacks, and the dashed lines indication the plane 

direction. On May 3rd, the VRPM was used along the eastern side and on May 4th, the VRPM 

was used along the southern side to account for wind direction changes between the two days 

(USEPA 2007). 

 

 

 

*Referenced from the USEPA 2007 
Fig 2.19. Orange County, North Carolina Municipal Solid Waste Landfill 

 

 

 

*Referenced from the USEPA 2007 
Fig 2.20. Inactive face of the Orange County Landfill 
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2.7.2.3 RESULTS 

 Table 2.2 shows the results for the active face of the landfill. Table 2.3 shows the results 

for the inactive face of the landfill. The active face showed less methane fluxes than the inactive 

side for this study. 

 

 

Table 2.2. Results for the Active Face of the Orange County Landfill 

 

 

*Referenced From the USEPA 2007 

 

 

Table 2.3. Results for the Inactive Face of the Orange County Landfill 

 

 

*Referenced from the USEPA 2007 

 

 

2.8 VRPM PLUME CAPTURE VALIDATION STUDY 

2.8.1 INTRODUCTION TO PLUME CAPTURE VALIDATION STUDY 

 ARCADIS and EPA personnel conducted a study to evaluate the ability for the VRPM to 

capture hot spot emissions from a large distance upwind. The study was performed in June and 

July of 2006 at the inactive face of the Orange County Municipal Landfill. The study used 
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known amounts tracer gas releases at specified locations upwind to determine the VRPM’s 

capture efficiency for far away sources (USEPA 2007). 

 

2.8.2 TEST PROCEDURE 

Two VRPM configurations were used in the set-up of the tracer test study. The two 

VRPM planes were set up next to one another and shared the same scissor jack. The major 

difference between the two planes was; Plane 1 was less than one-third the length of Plane 2. 

Plane 1 was approximately 60 meters in length while Plane 2 was approximately 200 meters in 

length. The first VRPM plane was configured in the traditional configuration (Fig.2.12) while the 

second was set-up a slightly augmented configuration (Fig. 2.16). The orientation of the two 

planes was determined for each day based off of wind directions expected for each day of 

testing. Both VRPM planes were used with the OP-FTIR instrumentation (USEPA 2007). 

 Two tracer gases were used in this study. The two gases were sulfur hexafluoride (SF6) 

and acetylene (C2H2). Both of the tracer gases were released simultaneously during the study. 

The gases were released using a standard commercial soaker hose in the shape of an “H” upwind 

form the VRPM planes. The hoses had a crosswind dimension of approximately 50 meters long 

(USEPA 2007). 

 The acetylene was released from one location upwind approximately 20 meters away 

from the plane. The sulfur hexafluoride was released from several locations upwind to test the 

variability in the results to determine the maximum upwind distance the VRPM can measure to. 

The first location of the SF6 was approximately at the same location  as the acetylene and then 

moved to a second location approximately 100 meters further upwind (USEPA 2007). 

 The data was immediately analyzed during the study so that modifications could be made 

to it if necessary. A t-test was performed on the data and is presented in Table 2.4. The t-test 

indicates for a 95% confidence interval, t-value of 3.69, and a sample size of 30, that there is a 

significant statistical difference between the two concentration datasets. The conclusion of the t-

test was to modify the tracer test by locating the SF6 in two different locations. The two locations 

of the SF6 release were reconfigured at 60 meters and 140 meters upwind from the plane 

(USEPA 2007).  
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2.8.3 PROCEDURES FOR ANALYSIS OF THE TRACER TEST 

First a comparison was made to the flux values for both the acetylene and sulfur 

hexafluoride when they were both located 20 meters upwind from the VRPM plane to insure that 

both tracer gases were represented correctly during the study. The flux values were also 

compared to the actual known release values of the acetylene and sulfur hexafluoride to develop 

capture efficiencies. The capture efficiencies of the acetylene were used to adjust the 

corresponding sulfur hexafluoride flux values when the sulfur hexafluoride was located further 

upwind. This was done to insure that the variation in capture efficiencies for the sulfur 

hexafluoride were entirely due to plume distortion.  

 

2.8.4 RESULTS OF TRACER TEST STUDY 

 Table 2.5 shows the average calculated flux values from the 60, 100, and 140 meter 

releases of the tracer test study for both VRPM planes. The actual release rate for the tracer gases 

were 0.11 g/s. It should be noted that the acetylene was never repositioned from the 20 meter 

location even though capture efficiency for the acetylene decreased throughout the majority of 

the study. 

 Table 2.5 indicates that the longer of the two VRPM planes provided a more accurate 

flux value for all release locations. Additionally, the sulfur hexafluoride flux values calculated 

along the longer of the two VRPM planes for the 60 meter release indicated a better 

representation of plume capture than the shorter one. Also, the capture efficiency (CE) for the 

acetylene for the longer of the two VRPM planes was greater than 100% throughout the study. 

 Table 2.6 shows the normalized results of the tracer test for the sulfur hexafluoride 

releases. It can be easily seen from the table that for further release locations the capture 

efficiency decreases. Unfortunately due to the limited size of the study area, the release location 

could not be moved further away than the 140 meter location which didn’t allow for the location 

where the VRPM plane failed to capture the plume. It was also found that the VRPM plane 

configuration should always be extended as far as possible to better represent the plume 

dimensions. 
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Table 2.4. t-test Performed on VRPM Data at The Orange County Landfill 

 

 

*Referenced from USEPA 2007 

 



 

34 
 

 

Table 2.5. Results of Tracer Test study at the Orange County Landfill 

 

 

*Referenced from the USEPA 2007 

 

 

Table 2.6. Results of Tracer Test Study for Plume Capture Efficiency 

 

 

*Referenced from USEPA 2007 

 

 

2.9 STUDY OF THE ACF USING THEORETICAL APPROACHS AND FIELD RESULTS 

2.9.1 THEORETICAL APPROACH  

 As found in Abichou, 2008, a graphical illustration of a landfill surface with the use of a 

VRPM plane can be seen in Fig 2.21. Due to the horizontal (σy) plume distributions parameters 

(discussed in next chapter and found in Appendix B), two point sources upwind from the VRPM 

plane can be represented in Fig 2.22. From Fig 2.22, it is illustrated that the emissions from point 

source “B” will not completely cross the VRPM, which is due to plane geometric limitations, 

therefore not completely representing source “B”s emissions. If the equation for the horizontal 

plume dispersion parameter (found in Appendix B) is back solved for the distance “x”, then the 

furthest point where 100% capture efficiency will be obtained. Fig 2.23 shows a graphical 
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representation of the ACF for a stability class between B and C (stability classes are discussed in 

the next chapter and can be found in Table 3.1) using this procedure. The VRPM will 

theoretically capture all emissions from any point source that is emitted in Area 1 (Fig 2.23). In 

Area 2 (Fig 2.23), the capture efficiency varies from 100% to 0% (or an average of 50%). A 

weighted average of the area in Fig 2.23 will define the ACF (which is dependent on stability 

class and plane length). 

 

Note: sources further upwind will still contribute to the VRPM calculated flux value, but is 

assumed that they are too far upwind to significantly contribute to the flux value. 

 

 

 

 

*Referenced from Abichou, 2008 
Fig 2.21. Representation of Landfill Surface with Multiple Hot Spots 
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*Referenced from Abichou, 2008 
Fig 2.22. Representation of Two Point Source’s Plume Distribution 
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*Referenced from Abichou, 2008 
Fig 2.23. Representation of a Theoretical ACF 
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Another theoretical approach would be to use the equation representing the flow rate 

across the VRPM plane (Eq. 1), expressed as 

 

 

 

where Q is the estimated flow rate, (X, Y) is the source position, and the integration has been 

taken over the rectangle [ymin, ymax] x [zmin, zmax] (plane geometry). And the error function is 

defined as in Eq 2 

 

 

 

Where t is the time the plume requires to reach the VRPM plane. 

 

The flow rate across the VRPM plane (Eq 1) can then be divided by the actual emission flow rate 

(Qact), this will produce a theoretical capture efficiency. Fig. 2.23 represents the capture 

efficiency as a function of distance from the VRPM plane obtained using this method for 

stability class B. Fig 2.24 uses the information obtained from Fig 2.23 to illustrate an aerial view 

of the ACF. 

 

 

*Referenced from Abichou, 2008 
Fig 2.24. Capture Efficiency as a Function of Distance from the VRPM Plane with a Plane 

Length of 150 meters for Stability Class B. 
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*Referenced from Abichou, 2008 
Fig 2.25. Representation of ACF using Information from Fig. 2.24 

  

 

2.9.2 ACF COMPUTATION BASED OFF OF FIELD RESULTS  

Another approach would be to perform a plethora of tracer tests in the field to analyze the 

VRPMs ability to capture the released plumes, as in Thoma et al., 2009. In the Thoma et al., 

2009 study, data was analyzed from multiple tracer tests at several landfill sites across the 

country under varying climatic conditions. Once all the flux values were received using a OP-

TDLAS instrument with VRPM technology, a multiple linear regression fit was used to model 

the capture efficiency as a function of primary parameter such as the emitting sources location in 

comparison to the VRPM plane and wind speed. It was found from this study that the VRPM had 

an overall estimate of 81% capture efficiency with a 0.33 standard deviation. 

 A simplified model based on the regression analysis is used for approximating the area 

contributing to flux. The multiple linear regression model is a function of two primary variables 

(WARD and WS). WARD is the wind adjusted release distance, which is the distance from the 

VRPM plane to the release location after factoring in wind direction, and WS is the wind speed. 

It was found that the capture efficiency factor was dependent on both WARD and WS. To 

separate the effects of the WARD and WS parameters, a multiple linear regression was utilized. 

The multiple linear regression model is based off of Eq 3, expressed as 
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��� = 0.712− 3.1�−3(����) + 0.102(��) 
 

where the CEF is the capture efficiency factor and WARD and WS is as previously defined. The 

correlation coefficient was found to be 0.60. To graphically illustrate the model, Fig. 2.26 (which 

is based off of Eq. 3) was produced. Fig. 2.26 is a plot of the cut-off point in normalized captured 

mass as a function of distance from the OTM plane, cutting-off when captured mass equals to 

0%. Wind speeds of 2m/sec and 7m/sec with secondary lines representing plus/minus 1 standard 

error in the WARD slope coefficient is plotted for convenience purposes. The x-axis intercept for 

the trend lines represent the points of 0% CE. For a wind speed of 2m/sec, the CE approaches the 

0% mark at 295 meters upwind, while for the 7m/sec wind speed, the CE approaches the 0% 

mark at 460 meters upwind.  

 The model in Fig 2.26 is used in conjunction with the VRPM plane length. Assuming a 

spatially uniform emission zone, the area under the captured mass curve in Fig 2.26 represents 

50% of the total mass captured. The ACF is then defined as the distance to the 0% CE mark 

(dependant on wind speed) multiplied by the VRPM plane length multiplied by the average CE 

under the captured mass curve (50%). From the data of Fig 2.26, a 150 meter OTM plane length 

would yield ACFs of 22,125m2 for 2 m/sec wind speed and 34,500m2 for 7m/sec wind speed. 

 

 

*Referenced from Thoma et al., 2009 
Fig 2.26. Capture Efficiencies vs Release Distance from VRPM Plane. 

(3) 
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2.10 CONCLUSION AND DISCUSSION OF THE THEORETICAL AND FIELD STUDIES 

Throughout the testing of the VRPM method for each landfill, flux values were obtained 

using the VRPM technique. It is still not clear how reliable these flux values are though. 

Modeling needs to be performed to discover when the technique is not valid. Due to the 

algorithm used in the VRPM method, in which it assumes only one pollutant emitting source, 

multiple high-emitting sources could be an issue and needs to be addressed. Although the 

algorithm is not designed for multiple emitting sources, it may still be used and can still produce 

a flux value. 

The tracer test performed by ARCADIS and the EPA touched on a vital concept that 

reduces the reliability of the VRPM method. It is vital to the success of the method to know the 

distance to a source that the method is capable of measuring to. Also, since the VRPM method 

produces a flux (mass per area per second) it is vital to know the area it is measuring. The flux 

calculated by the method could be emitted from a source far away from the landfill while sources 

emitted on the landfill, say on the side-slopes, may not be well represented in the flux value. 

Additional notable concerns with the field case studies include; how accurate the VRPM 

method is when the highest concentration of the plume is found at the PI-ORS location (as in the 

Colorado Springs, Colorado case study), the overestimation of flux value for the tracer gas 

releases (as in the Orange County, North Carolina study), and the use of a multiple linear 

regression model for estimating ACF (as in the Thoma et al., 2009 study). Modeling of the 

VRPM method is necessary in order to address these concerns. Modeling would allow for a 

representation of the method under a variety of scenarios. When modeling, emitting flux values 

can be input, therefore capture efficiencies based on the model can be computed. The obtained 

capture efficiencies give insight to concerns associated with the use of the VRPM technique. 
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CHAPTER THREE 

METHODS 

 

3.1 INTRODUCTION TO MODELING 

The actual use of the VRPM technique is expensive to run.  Man hours, traveling 

expense, heavy equipment rentals, and other associated equipment costs are some of the 

expenses involved with running the VRPM technique.  Due to the high costs of running the 

actual VRPM technique, computer software has been developed to imitate the process of the 

VRPM method.  When researching the VRPM technique, the use of computer software greatly 

enhances the ability to test a large variety of scenarios while reducing the expense associated 

with running the VRPM significantly. 

If the VRPM configuration is thought to be in a three- dimensional Cartesian coordinate 

system the PI-ORS instrument would be considered the origin (0, 0, 0). Three retro-reflectors are 

used at the ground level which makes the base limits for the VRPM plane. These three retro-

reflectors would be at locations (0, 0.33y, 0), (0, 0.66y, 0), and (0, y, 0) considering “y” is the 

length of the VRPM plane. Two more retro-reflectors are placed at the full length of the VRPM 

plane (at “y”) but are raised off the ground surface with the use of a vertical structure. These two 

retro-reflectors are placed at (0, y, 0.5z) and (0, y, z) considering “z” is the total height of the 

scissor jack lift. Anything upwind (the opposite direction of the prevailing wind direction) is 

considered positive “x”. Large area sources as well as point sources can be simulated with the 

VRPM model.  

The model used in this study to analyze the VRPM method is the VRPM Explorer. Inputs 

of interest to the VRPM Explorer are the VRPM plane configuration, VRPM plane orientation 

(performed by varying the wind direction), source emission locations, the geometric size of the 

source emission, source type (i.e. area or point), surface flux at emission location, and the 

accompanying Pasquill stability class. Table 3.1 shows the different Pasquill stability class’s 

identified by the model. Default inputs consist of path integration steps, pollutant mixing height, 

and anemometer heights. Outputs consist of path integration values for each retro-reflector, a 

pollutant flux for a rectangular portion of the VRPM plane, and pseudo-colored graphs 

representing both the pollutant concentrations through the VRPM plane as well as a 

representation of the plume after the VRPM plume reconstruction procedure. 
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The VRPM Explorer model utilizes the same fitting steps as described in the OTM-10 

except the virtual VRPM model uses Industrial Source Complex (ISC3) modeling for the 

dispersion of pollutant plumes. Additional description of the model and ISC3 methods and 

calculations can be found in the proceeding sections as well as Appendix B respectively.  

Area sources, single point sources, and multiple point sources are used in a variety of 

ways to investigate the VRPM’s capability for plume capture. The scenarios presented in the 

section 3.4 are utilized to investigate how the VRPM reacts to both; source(s) location and wind 

direction, by calculating capture efficiencies. The model also was used to give estimates of area 

contributing to flux (ACF) for both area sources and point sources. 

 The virtual VRPM plane length varied throughout the study but the VRPM configuration 

remained constant. The VRPM configuration used for the virtual VRPM is represented in Fig. 

2.12.  

 

 

Table 3.1. Pasquill Stability Classes 

 

 

 

 

3.2 ISC3 MODEL 

Pollutant emissions from a landfill surface consist of two emission patterns, which are 

categorized as area sources and point sources. Two types of point sources may be present in a 

landfill setting. The two point sources consist of; a point source at the ground-level (due to 

defects in the cover soil) and a point source above ground-level (due to gas-well fittings). The 

two point sources are graphically depicted in Fig 3.1 and Fig 3.2. Fig 3.1 illustrates an emission 

source at ground-level with the highest concentration associated with the source located directly 

above the emitting source. As the wind carries the emission, the plume becomes dispersed, 

m/sec mi/hr Strong Moderate Slight >50% <50%

<2 <5 A A-B B E F

2-3 5-7 A-B B C E F

3-5 7-11 B B-C C D E

5-6 11-13 C C-D D D D

>6 >13 C D D D D

Surface Wind Speed (at 10m) Daytime Incoming Solar Radiation Nighttime Cloud Cover

Note: Class D applies to heavy overcast skies at any wind speed, day or night



 

44 
 

therefore reducing the concentrations. The same concept can be applied to Fig 3.2, except an 

initial height (called stack height) will be associated with the plume dispersion calculations. Note 

the cross-section A-A’ in Fig 3.2. The cross-section in Fig 3.2 depicts the plume dispersion 

parameters used in the ISC3 to represent plume concentrations downwind from the emitting 

source. The use of the aforementioned concepts is used by the ISC3 to generate a virtual 

dispersing plume from a steady-state emission release from either one of the two previously 

mentioned sources. The ISC3 model (found on the USEPA website) is a steady state Gaussian 

plume model that is extensively used in practice to model pollutant concentrations in both urban 

and rural areas. The ISC3 has the capability to estimate pollutant concentrations from a variety of 

source emitting geometries (such as point, line, area, and volume sources) at any point in space, 

C(x,y,z). The pollutant concentrations are estimated at receptors using atmospheric conditions, 

mass flux of pollutant from the source, and the location of the sources with respect to locations 

of the receptors. For a point source (the Gaussian plume model) the concentration at a point 

C(x,y,z) is as follows: 
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where x is the down-wind distance, y is the cross-wind distance, z is the height, u is wind speed, 

Q is the mass flux at the source, and σy(x) and  σz(x) are the horizontal and vertical plume 

dispersion parameters.  The ISC3 model obtains the functions σy(x) and σz(x) according to 

atmospheric stability class and weather the plume spreading is in rural or urban conditions. The 

plume parameters σ
y 

and σ
z 

(as seen in cross-section A-A in Fig3.2) are driven by atmospheric 

turbulence and are influenced by the state of convection in the atmosphere. Pasquill developed a 

basic rating scheme consisting of six stability classes ranging from highly convective [A] to 

highly stable flow conditions [F] as shown in Table 3.1 (Gifford, F.A., 1960). Atmospheric 

turbulence is greatly enhanced by convective motions due to heating of the earth’s surface. On a 

clear night (stability class F), the plume is suppressed by the cooling of the ground due to 

outgoing radiation, therefore stability class F is the most stable of the six classes. The most 

common tabulated data for plume dispersion are the Pasquill-Gifford plume parameters, which 

are based primarily on the Project Prairie Grass study in the United States (Barad, M. L., 1958 ) 

and formulated for low-level releases over relatively smooth terrain at distances of a few 

thousand meters from a source (Pasquill, F., 1961, and Gifford, F.A., 1960) (Fig. 3.4).  
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*Referenced From Abichou, 2008 
Fig 3.1 Illustration of Concentration in a 3-Dimensional Plane 

 
 

 

*Referenced From Abichou, 2008 
Fig 3.2. Illustration of Plume Dispersion from a Stack Source with Cross Section 

 

 

As previously mentioned, the VRPM Explorer model first uses the ISC3 model to project 

the plume concentration onto the virtual VRPM plane, then the measured path integrated 

concentrations are reconstructed using the VRPM methodologies algorithm is used. ISC3-

predicted concentrations on the virtual VRPM plane are considered actual concentrations since 

they are not a result of the VRPM plume map reconstruction (described in the next section). The 
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mean concentration of the plume at the VRPM plane can be represented as the cross-section of 

the plume in Fig 3.5. Fig.3.6 (b), shows a typical output-concentrations of ISC3 at the VRPM 

plane from a source upwind of the VRPM plane, while Fig 3.6(a) is the result of the VRPM 

reconstruction algorithm, which is based on the path integrated concentrations (described in the 

next section).  The ISC3 model calculations is further discussed in Appendix B 

 

 

 

Fig 3.4. Gaussian plume parameters (a and c, horizontal; b and d vertical) used in ISC3 model: (a 
and b) rural turbulent diffusion, (c and d) urban turbulent diffusion. The lines each represent an 

atmospheric stability class explained in Table 4.1 

(a) (b) 

(c) (d) 
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*Referenced From Abichou, 2008 
Fig 3.5. Illustration of Plume Crossing the VRPM Plane 

 

 

 

Fig 3.6. Typical Output from the VRPM Explorer Model: (a) The Fitted Concentration Due to 
the VRPM Reconstruction Algorithm and (b) is the Actual Concentrations Obtained from ISC3 
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3.3 VIRTUAL VRPM RECONSTRUCTION ALGORITHM 

The VRPM reconstruction algorithm used in the VRPM Explorer model is identical to 

the procedure described in the EPA OTM 10 method (USEPA 2006).  The Gaussian algorithm 

uses a two-phase smooth basis function minimization (SBFM) approach to reconstruct a plume 

(USEPA 2006). The algorithm involves fitting a bi-variate Gaussian algorithm in a least-square 

sense to the line integrals, using a simplex method for the minimization (Tan, Sze, 2007).  

The fitting is performed in two stages. The first stage involves using a single SBFM 

reconstruction procedure to reconstruct a smoothed ground level and crosswind concentration 

profile (Green, R.B. et al, 2009). For the first stage, a uni-variate Gaussian function is fitted to 

the measured path-integrated-concentration (PIC) using the ground level values.  Second, the 

reconstructed parameters are introduced into the bi-variate Gaussian function where a two-

dimensional SBFM procedure is performed (USEPA 2006). During this step, the standard 

deviation and peak location retrieved in the one-dimensional SBFM procedure are introduced 

into a reduced bi-variate Gaussian function (the vertical peak location is assumed at the ground 

level and the correlation coefficient is equal to zero (see Appendix B)).  The modification to the 

Gaussian function eliminates two of the unknown parameters which forces an assumption, this 

assumption states that the concentrations will be the highest close to ground surface due to direct 

emissions from the cover soil, which is considered an accurate assumption for landfill 

applications. Once the parameters of the Gaussian function are estimated, the concentration 

values for all elements on the VRPM plane are estimated. At this stage, the concentrations are 

converted from parts per million by volume to grams per cubic meter, considering the molecular 

weight of methane gas and ambient temperature. The concentration values are then integrated to 

a fixed height of 21 meters, while incorporating wind speed at each height level to calculate the 

mass flux across the VRPM plane (Green, R.B. et al, 2009).  Fig. 3.6 (a) shows a typical result of 

this step.   

It is interesting to note here the difference between the ISC3 and the reconstructed or 

(fitted) concentration contours in Fig 3.6.  The plume map shown in Fig 3.6 is the result of an 

area source with the addition of a single high-emitting point source. The difference between the 

two contours in Fig 3.6 presents an uncertainty associated with VRPMs algorithm fitting 

technique. Even a relatively simple scenario of a uniform area emitting source with a single high-
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emitting point source indicates the algorithms fitting procedure may not be best suited for highly 

heterogeneous emitting surfaces. 

 

3.4 MODELING SCENARIOS 

 Surface emissions from a landfill surface can be represented by two simplistic emission 

patterns. The first simplistic emission pattern consists of hundreds of high-emitting single point 

sources, such as hot spots associated with cracks and defects in the cover soil in addition to gas 

well pipe fittings. These high-emitting single sources are randomly located throughout the entire 

landfills surface. For a similar but more complicated emission pattern, the flux value 

corresponding to each individual hot spots can vary greatly with space and time. The other 

simplistic emission pattern consists of uniform emissions from the entire landfill surface 

associated with pollutant diffusion through the landfill cover soil. Once again, a similar but more 

complicated emission pattern would not be considered uniform due to waste type, waste location, 

moisture content, etc. Two sets of simulations were performed to simulate the two simple 

emitting patterns. An analysis of the VRPMs ability to capture the emitting sources plume with 

respect to location, and the effects of wind variation on the plume reconstruction was performed. 

The third set of simulations consisted of combining area and point sources (representation of 

field conditions). 

 

3.4.1    POINT SOURCE SIMULATIONS 

 Point source simulations consist of two categories. The first category of simulations 

consisted of simulating a single point source. Simulations initially were performed using a single 

high-emitting point source located upwind from the virtual VRPM plane. The point source was 

located at a number of locations upwind from the virtual VRPM plane to investigate the Capture 

Efficiency (CE) of the virtual VRPM plane for emissions at the various locations upwind. CE 

was defined as the ratio of flux calculated by the virtual VRPM model to the total surface flux 

emitted by the point source. This ratio is an index of how much of the mass emitted by the source 

(downwind from the virtual VRPM plane) can be captured by the VRPM geometry. The 

obtained CEs were then mapped using CAD software for all six different stability classes. The 

ACF for these simulations was estimated by integrating the CE maps (summation of the 
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individual areas multiplied by CE) for each stability class. The obtained area was then 

normalized and expressed as area per unit length of the VRPM plane (150 meters). 

 After the development of the CE maps for each stability class and an estimate of ACF, 

stage two of the point source simulations were assessed. Stage two is to analyze the effects when 

an additional point source (2 point sources in total) is introduced. Scenario 1 consisted of two 

point sources upwind from the virtual VRPM plane at different upwind distances from the plane. 

Table 3.2 shows the coordinates (according to Fig. 3.7) of each of the two sources for all 

simulations performed in Scenario 1. The objective of Scenario 1 was to see how the presence of 

a source mid-length of the VRPM plane and at 50 meters upwind form the plane would affect the 

virtual VRPM technique’s ability to accurately measure another source’s emissions further 

upwind. To analyze Scenario 1, the source located at mid-length of the virtual VRPM plane and 

at 50 meters upwind form the plane was fixed in one location throughout Scenario 1. The 

location of the second source was located further upwind and the position of the second source 

changed from 75 meters to 1300 meters upwind using 25 meter increments (Table 3.2). 

Scenario 2 was performed to see how the VRPM technique would capture the emissions 

from two point sources that originally would appear as one source (when the two sources are 

separated by 10 meter (initial “y” locations in Table 3.3)) compared to when the two sources had 

enough separation to appear as two sources (when the two sources are separated by 150 meters 

(final “y” locations in Table 3.3). Scenario 2 consisted of placing two small sources on the same 

parallel axis (to the VRPM plane) upwind from the VRPM plane. The two small sources were 

originally placed on the same axis 50 meters upwind from the VRPM plane with 10 meters 

separating the two sources. Table 3.3 shows the coordinates (according to Fig. 3.7) of the two 

sources for Scenario 2’s simulations. 

 A mass flux ratio (FR) was then defined to assess the effects of two source configurations 

on the mass flux through the VRPM plane. The FR was defined as the mass flux obtained from 

the simulations with the two single sources divided by the summation of the mass fluxes 

obtained individually by the simulations of each source alone 
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Table 3.2. x and y coordinates for the Two-Source Simulations (Scenario 1) 

 

 

 

 

 

Table 3.3. x and y Coordinates for the Two-Source Simulations (Scenario 2) 

 

 

 

 

Case # Source ID x (m) y (m)

1 50 75

2 75, 100, …, 1300 0

1 50 75

2 75, 100, …, 1300 40

1 50 75

2 75, 100, …, 1300 75

1 50 75

2 75, 100, …, 1300 110

1 50 75

2 75, 100, …, 1300 150

1

2

3

4

5

Case # Source ID x (m) y (m)

1 50 60, 50, …, 0

2 50 90, 100, …, 150

1 60 60, 50, …, 0

2 60 90, 100, …, 150

1 75 60, 50, …, 0

2 75 90, 100, …, 150

1 100 60, 50, …, 0

2 100 90, 100, …, 150

1 175 60, 50, …, 0

2 175 90, 100, …, 150

1

2

3

4

5
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Fig 3.7. Grid used to describe locations of the two-source simulations 

 

 

3.4.2 AREA SOURCE SIMULATIONS 

 The VRPM plane was embedded within a 1,000,000 m2 area source (Fig. 3.8) for the area 

source simulations. Simulations were performed using multiple VRPM plane lengths as well as 

using all six stability classes. The mass flux across the VRPM plane was then calculated by the 

virtual VRPM model described previously, and compared with the known surface flux, which 

was assigned to the extended area source by the user. An ACF was then estimated from each 

simulation as the mass flux across the plane divided by the surface flux assigned to the 1,000,000 

m2 source area. The ACFs were then normalized by dividing by the VRPM length. 

 Additional simulations were performed with a surface flux in the sub regions of the 

1,000,000 m2 (Fig 3.8, sub regions A, B, and C) source area to investigate how the surface flux 

in the three different sub regions of the large source contributes to the mass flux obtained by the 

virtual VRPM model. An analysis was performed for the sub regions by calculating the mass 

flux obtained by the entire source and using it as the base CE. The base CE is then compared to 

the summation of sub regions that are equivalent to the entire emitting sources area (Table 3.4). 
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Lastly, the virtual VRPM plane was embedded into the 1,000,000 m2 source area to 

investigate the effects of wind direction on the estimated mass flux. The VRPM was small in 

comparison to the area source to ensure that the boundaries of the source did not have an effect 

on the flux values when the wind direction was shifted. 

 

 

 

Fig 3.8. Sketch of Simulations with Area Source (1,000,000m2) 

 

 

Table 3.4. Sub regions from Fig 3.8, Summation of Sub Regions  

 

 

 

ID Sub Regions Summation of Sub Regions to Represent Entire

# Analyzed Emitting Source (using corresponding ID# Notation)

1 A+B+C NA

2 A 2+3+4, 2+7

3 B *3+6

4 C *4+5

5 A+B *NA

6 A+C *NA

7 B+C *NA

8 0.5B+A *8+9

9 0.5B+C *NA

*Duplicates are not shown
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3.4.3 POINT SOURCE EMBEDDED IN EXTENDED SOURCE SIMULATIONS 

 The last set of simulations consisted of introducing point sources located inside of a large 

area source. Such configurations best simulate actual emissions patterns in the field. The small 

source was analyzed at a variety of located within the area source. The mass fluxes for the point 

source and the area source were computed individually and then simultaneously, which created 

an opportunity to compare the two using the FR. 
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CHAPTER FOUR 

SIMULATION RESULTS 

 

4.1 SIMULATION RESULTS 

 The results obtained in this study are specific to the VRPM setup and the height of 

integration, which was assumed to be 21m for all simulations. Furthermore, since ISC3 is 

utilized in the VRPM explorer, pollutant plumes in the model tend to more idealized since real 

world atmospheric heterogeneity (wind direction, eddy currents within the ACF, barometric 

pressure, etc.) is not involved.  

 

4.1.1 POINT SOURCE SIMULATIONS 

 The first set of point source simulations consisted of placing a single high-emitting point 

source at several locations upwind form the VRPM plane. The mass flux measured by the VRPM 

was determined for all six stability classes. Once the mass flux was calculated, a CE was 

obtained using the ratio of the flux computed by the virtual VRPM method to the total assigned 

flux emitted by the point source (surface flux multiplied by the area of the source). Before the 

examination of the general trends in CE, areas where the CE was “abnormal” will be discussed. 

For all simulations, the CE is higher than 100% when the source is within a 50 meter distance 

(upwind) from the VRPM plane (stability class C, slightly different values for other stability 

classes). The CE decreases when the source is located close to either end of the VRPM plane. 

These results confirm that for landfill implementation of this technique, an initial survey of the 

locations of possible high-emitting sources (such as, gas wells and defects in the cover soil) 

should be performed. The VRPM layout should be configured so that these possible sources are 

not too close to the VRPM plane and that they are somewhat centered with respect to the plane 

and the dominant wind direction.  

 Fig 4.1 shows the contours of CE for stability class A, ranging from 100 to 10% CE. Fig 

4.1 shows that CE is highest when the source is at mid-length of the VRPM plane. The CE 

decreases as the source is positioned at the lower and upper edges of the virtual VRPM plane and 

decreases as the source is repositioned at large distances upwind from the VRPM plane. The 

ACFs for the point source simulations were estimated by integrating the CE maps (summation of 

the area multiplied by corresponding CE values) for each stability class. The obtained area was 
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then normalized and expressed as area per unit length of the VRPM plane. Table 4.1 shows the 

estimate of ACF using the single point simulations along with the estimated ACF using the 

extended source simulations. It is interesting to note that extended and point source simulations 

resulted in similar estimates of normalized ACF for stability  

 

Fig 4.1. Capture Efficiency Maps for Stability Class A 

 

 

Table 4.1. ACF and Normalized ACF from Area and Point Source Simulations 

 

 

10%20%30%40%50%60%70%80%90%

0 Meters

75 Meters

150 Meters

0 Meters 100 Meters 200 Meters 300 Meters 400 Meters

Stability

Class (m
2
) (m

2
/m) (m

2
/m)

A 24,833 166 166

B 35,363 236 249

C 45,495 303 371

D 62,776 419 541

E 76,623 511 644

F 93,149 621 695104,273

96,613

81,104

55,661

Extended Source ACF Extended Source Normalized ACF

(m
2
)

Point Source ACF Point Source Normalized ACF

37,407

24,876
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classes A, B, and F (within 10%). The differences between the two estimates were slightly 

different for stability classes C, D, and E (within 30%). For an area source and for a single point 

source, the distribution of the concentration on the VRPM plane is well approximated by a bi-

variate Gaussian function, and this leads to reasonable agreement between the ACFs estimated 

using these two types of sources. On the other hand, when there are two (or more) separated 

sources, which leads to a more complex distribution of concentrations on the plane, estimating 

the flux by means of a bi-variate Gaussian function can lead to significant inaccuracies. 

 The next set of simulations investigated the effects of the presence and spatial 

configuration of two small point sources on the VRPM calculated mass fluxes. As described 

earlier, the mass FR was defined as the mass flux obtained from the simulation with the two 

sources simultaneously divided by the summed individual mass fluxes obtained from simulation 

of each source by itself. Fig 4.2 and Fig 4.3 show the FR for the two scenarios presented in 

Tables 3.2 and 3.3 respectively. Stability class Cs simulation results are presented in Fig 4.2 (all 

six stability classes showed the same trend, so only class C is shown). Fig 4.2 shows the FR for 

the scenario when one source is at mid-length of the VRPM plane and the second source is 

repositioned an additional 25m further upwind for each simulation performed. For all five cases 

used in this scenario, as the distance between the two sources increases, the effects of the second 

source become insignificant. When the second source is closer to the first source, the FR can be 

above or below 1, indicating that some configurations lead to an overestimation of mass flux 

whereas others lead to an underestimation. For the case in which the second source is positioned 

along the lower edge of the VRPM plane (i.e., y=0m, case 1), the FR decreased from 1.17 to 0.66 

for when the second source was repositioned 75 and 240m upwind form the VRPM plane, 

respectively. For the simulations ran when the second source was more than 240m upwind form 

the plane, the FR began to increase closer to 1. These simulations suggest that the interaction of 

the two point sources can cause a maximum underestimation of mass flux of 34% and an 

overestimation of 17%. For the other four cases in this scenario, the overestimation was less than 

5% and the underestimation can reach up to 20% as the second source is analyzed closer to mid-

length of the VRPM plane. This is evidence that possible emissions sources should not be close 

to the lower edge of the VRPM plane (i.e., y=0m). 

 Fig 4.3 shows the results for the simulations in which the two point sources are 

repositioned an additional 20m away from each other along their respective vertical axes 



 

58 
 

(parallel to the virtual VRPM plane) for all five distances used upwind form the VRPM plane. 

When the two sources are more than 100m upwind from the plane, the simultaneous mass flux is 

almost equal to the sum of the individual mass fluxes for all source separation distances. This 

means that when the two sources are positioned at a large distance from the plane, enough 

mixing will occur before the plume crosses the plane, which allows for a more accurate 

measurement. However, when the two sources are analyzed for a small distance upwind from the 

VRPM plane, the increase of the vertical separation between the two sources leads to an increase 

of the overestimation of mass flux. For instance, when the sources are 50 meter upwind from the 

VRPM plane with a 50 meter separation between the two sources, the overestimation can be as 

high as 90%. The overestimation of mass flux then decreases as the two sources are repositioned 

at further distances upwind form the VRPM plane. 

 

 

 

Fig 4.2. Flow Ratio for Two-Sources from Scenario 1, shown in Table 3.2 
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Fig 4.3. FR for Two-Source from Scenario 2, Shown in Table 3.3 

 

 

4.1.2    EXTENDED SOURCE SIMULATION RESULTS 

 The mass fluxes across the virtual VRPM plane length due to a uniform surface flux for 

all stability classes were obtained for several VRPM lengths. When these mass fluxes are divided 

by the uniform surface flux assigned to the source area, an estimated size of an equivalent area 

contributing to flux (ACF) is obtained. The ACF is found to be proportional to the VRPM plane 

length (Fig 4.4 (a)). When ACF is normalized by dividing it by the VRPM plane length to obtain 

an ACF per unit length of VRPM (Fig 4.4 (b)), the normalized ACF is found to be independent 

of VRPM length and is only a function of the stability class. These simulations were performed 

with a large enough extended area to simulate cases in which the landfill surface area has little 

effect on the mass flux (waste boundary is 900m upwind from the VRPM plane). Table 4.1 

shows the normalized ACF obtained for each stability class. These normalized ACF values can 

be used in cases in which the upwind distance of the landfill boundary is significantly greater 

than the VRPM plane length. Additional simulations were performed to correct the ACF as a 

function of the distance-to-waste boundary. Fig 4.5 shows the results for the normalized ACF 

with respect to the distance-to-waste boundary. The equations that represent the normalized ACF 

for stability classes A through F are expressed as 
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where Eq 5-10 are for stability classes A through F respectively. NACF is the normalized ACF 

and x is the distance-to-waste boundary. The correlation coefficients increase from 0.9662 to 

0.9995 for stability class A and F, respectively, showing a good fit to data. It is also interesting to 

note the y-intercept values for each stability class. In Eq 5-10, if the distance-to-waste boundary 

is zero (no emitting source upwind from plane), the equations will still produce a normalized 

ACF. This uncertainty associated with the VRPM method illustrates the VRPM’s inability to 

correctly measure the sources emission flux when the emitting source is approximately within 50 

meters to the VRPM plane. Also, it can be seen from Eq 5-10 that this uncertainty decreases as 

the stability class increases from A to F. 

 Additional simulations were performed to determine the extent of contribution of the 

different areas (upwind from the VRPM plane) of the 1,000,000 m2 source to calculated mass 

flux (areas A, B, C in Fig. 3.8). In Fig 3.8, the section labeled “B” defines the central area 

upwind from the VRPM plane. Table 4.2 shows the contribution of the central area upwind from 

the VRPM plane for all of the stability classes. For stability class A, the VRPM technique 

captures 73% of emissions exactly upwind form the plane. The percentage increases as the 

stability class changes from A to F to reach 94% for class F. These simulations show that, for 

practical purposes, most of the emissions captured by the virtual VRPM technique originate 

directly adjacent to the plane, upwind (parallel to wind direction) from the plane. Furthermore, 

when the sub regions were broken up and analyzed individually, as seen in Table 4.3, and then 

summed back up to equal the entire emitting source (Table 4.4), CEs varied from 103 to 122%, 

showing additional uncertainties associated with the heterogeneity nature of a landfill site. 
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 The next set of simulations consisted of investigating the effects of wind direction on the 

estimated mass flux. Fig. 4.6 shows the mass flux obtained by the virtual VRPM at different 

wind directions normalized with the mass flux obtained when the wind is perpendicular to the 

plane. EPA OTM-10 requires that the wind direction be plus/minus 30 degrees from 

perpendicular to the VRPM plane. Fig 4.6 shows that this requirement is crucial when using this 

technique in the field, and that the variability in wind direction during a field test can lead to an 

uncertainty of plus/minus 20% of the measured mass flux. 

 

 

 

Fig 4.4. (a) ACF (b) and Normalized ACF vs VRPM Plane Length. 
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Fig. 4.5 Normalized ACF with Respect to Distance-to-Waste Boundary 

 

 

Table 4.2. Percent Capture from Central Area Upwind from VRPM Plane (area B, Fig 3.8). 
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Table 4.3. Capture Efficiencies for Sub Regions (Sub Regions Represented in Fig 3.8) 

 

 

 

 

Table 4.4. Analysis of Summation of Sub Regions (Summation of Area correlates with ID# from 
Table 4.3) 
 

 

 

 

 

Fig 4.6. Variation in VRPM Estimated Flow Rate with Wind Direction. 
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4.1.3    COMBINING AN AREA AND POINT SOURCE 

 The final set of simulations consisted of mimicking the scenario of single point sources 

inside of an area source. A FR was defined as the flux obtained from the combined source 

simulations divided by the sum of the mass fluxes obtained with the individual source 

simulations. The single point source was placed in several locations inside of the area source. Fig 

4.7 shows that the presence of the small source inside of the extended source leads to an 

overestimation of mass flux of only 8% and an underestimation of 5% for all simulated cases. 

The overestimation is associated with cases in which the point source is close to the start of the 

VRPM plane, which is consistent with earlier simulations. 

 

 

 

Fig 4.7. Flow Ratio for Large Source with Small Embedded Source. 

 

 

 

 

 

 

 

 

 

 

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

0 200 400 600 800 1000 1200 1400

F
lo

w
 R

a
ti

o

Up-Wind Distance (m)

Large Source with Smal Source in the Center of the Plane

Large Source with Small Source at the End of the Plane

Large Source with Small Source at the Beginning of the Plane



 

65 
 

CHAPTER FIVE 

DISCUSSION 

 

5.1 DISCUSSION OF THE UNCERTAINTIES WITH THE OTM-10 BASED MASS FLUX 

 Although the simulations were performed on plume dispersing parameters according to 

the ISC3 model, there is evidence that measurements made in accordance with OTM-10 have 

inherent uncertainties due to deviation of the geometry of the emitting source from the one 

idealized in Fig 2.12. The geometry of the emitting domain was shown to have a significant 

effect on the uncertainty of the flux measurement. An initial survey of surface concentrations is 

highly recommended to identify areas of high emissions and the lateral extent of such emissions. 

The areas of high emissions should not be close to either edges of the VRPM plane. It is seen 

through this study that when a high-emitting source is located in a close proximity to the ORS 

instrument, a drastic overestimation can be computed; therefore under no circumstances should a 

high-emitting source be located within a 50 meter radius of the ORS instrument. When multiple 

high-emitting areas are identified, the VRPM plane should be even further from such sources to 

allow for mixing of the individual plumes before they cross the VRPM plane. If these issues are 

not considered before a field campaign, uncertainty in the measured mass flux can be enormous. 

For instance, the simulations presented here showed that the uncertainty can reach -34 to 190%. 

Higher uncertainty might be present in field conditions in which the number of sources and their 

locations are unknown. Even under the best circumstances, OTM-10-based measurements should 

be considered to have an uncertainty of 20% when applied in landfill situations due to variability 

in the wind direction and turbulence. The requirement to design the emissions test on the basis of 

the location of selected high-emission point sources is ironic. Once these sources are identified, 

they should be repaired, thus lowering emissions from the landfill area. This serves to emphasize 

one factor that contributes to temporal variation in landfill emissions and complicates the 

application of these data for inventory purposes. 

 

5.2       UNCERTAINTIES IN THE ACF 

 When OTM-10 is applied to landfills, it is typically used to determine a surface flux; that 

is, the mass flux (mass per time) as calculated by the method has to be converted to an equivalent 

flux from the surface of the landfill (mass per time per area). The simulations presented here 
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showed that the estimate of ACF can have an uncertainty of 10-30%, depending on the stability 

class. This uncertainty will directly influence the surface flux (mass per time per unit area) 

estimated when using this technique in landfill applications. Furthermore, when analyzing the 

normalized ACFs for distance-to-waste boundary, it was concluded that the wind speeds for 

stability classes A through C are too low for proper pollutant concentration gradients for the 

VRPM plane to interpolate for sources too close to the plane. As the wind speed increases 

(stability classes D through F) pollutant concentration gradients will increase allowing for a more 

accurate interpolation process by the VRPM method. 

 A further study of the correlation between the presented simulated ACFs and the ACFs 

provided in Thoma et al., 2009 (as previously discussed) show a good correlation for distance-to-

waste boundaries close to the VRPM plane (a correlation coefficient of 0.96). For further 

distance-to-waste boundaries, the correlation drops drastically. This might be due to the multiple 

linear regression model used to evaluate the ACFs in Thoma et al., 2009. The ACFs in this study 

exponentially decreases to 0% CE for an infinite distance-to-waste boundary, which provide a 

larger ACF. 

 The results discussed were obtained using simulated plumes that are simplified scenarios 

of real conditions in a landfill setting (Gaussian dispersion model). Even under such simplifying 

assumptions, the degree of uncertainty of the mass flux measurement obtained by OTM-10 is 

still not well defined. In summary, the uncertainty in ACF and CE, which varies with 

atmospheric conditions (even under idealized conditions), suggests that further development of 

ORS methods is required before they can be applied to landfills for quantitative emission 

purposes. 

 Further studies should be analyzed for the ACF. Since the VRPM Explorer model utilizes 

ideal conditions, due to the plume dispersion model ISC3, the ACFs presented in this study are 

considered to be an overestimation of actual ACFs found in the field. This poses a problem when 

considering a conservative design. The larger the ACF used results in lower area surface 

emissions. Also, the ACFs found in this study utilized a perpendicular wind direction to the 

VRPM plane. In field studies of the ACF, constant perpendicular wind directions will not be 

encountered.  

 Tracer tests are an ideal way to analyze ACFs. Exact capture efficiencies can be found 

using tracer tests. Capture efficiencies found for multiple release locations upwind from a VRPM 
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plane will lead to more accurate ACF calculations. An exponentially decreasing ACF model 

representing field conditions for all six stability classes could lead to easy calculations for the 

ACF under present stability class conditions.  
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APPENDIX  A 

RPM TECHNOLOGY 

 

Horizontal Radial Plume Mapping (HRPM) 

As described in the USEPA 2006, the reconstruction algorithm for computing pollutant 

concentration contour maps directly above the ground surface consists of two stages. First, an 

iterative inversion algorithm is used to calculate average concentrations in each cell. The path-

integrated concentration (PIC), as a function of field concentration, is given by 

 

 

 

Where K is a Kernel matrix that incorporates the specific beam geometry with the cell 

dimensions; k is the number index for the beam paths and m is the number index for the cells; 

and c is the average concentration in the mth cell. Each value in the Kernel matrix K is the length 

of the kth beam in the mth
 cell; therefore, the matrix is specific to the beam geometry. The HRPM 

procedure solves for the nine average concentrations by applying a non-negative least squares 

(NNLS) algorithm. The HRPM procedure multiplies the resulting column vector of averaged 

concentration by the matrix K to obtain a vector of predicted PIC data. The second stage of the 

plume reconstruction is triangle-based cubic interpolation among the nine cells, which will 

provide a peak concentration value. The HRPM procedure provides a plume map and calculates 

the location of the peak concentrations as discussed.  

 

Vertical Radial Plume Mapping (VRPM) 

As described in USEPA 2006, the ORS instrument scans all PI-ORS retro-reflectors in a 

sequential pattern to obtain a long term average of PIC values along each beam path. The flux 

calculated for the vertical plane is the product of the sum of the vertical plane integrated 

concentration multiplied by the average wind speed measured during the study. The calculated 

flux is then used to obtain an estimated total area emission rate. 

 A smooth basis function minimization (SBFM) reconstruction approach with a one-

dimensional smooth basis function is initially applied in order to reconstruct the smoothed 

ground level and crosswind concentration profile. A un-ivariate Gaussian function is fitted to 

 PICk

m

Kkm Cm⋅( )∑ A1 
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measured PIC ground-level values. The reconstructed parameters are then substituted into the bi-

variate Gaussian when applying a two-dimensional SBFM procedure. The two-dimensional 

SBFM is used in order to reconstruct the smoothed mass equivalent concentration map. In the 

SBFM approach, a smooth basis function is assumed to describe the distribution of 

concentrations, and the unknown parameters of the basis function are searched for through an 

iterative process. 

 Predicted PIC values are calculated during each of the iterative steps of the SBFM search 

procedure and then compared to the measured PIC values. In order to compute the assumed PIC 

values, the basis function is integrated along the beam path’s direction and plane-length. 

 The error function used in the minimization procedure is the sum of squared errors (SSE) 

function and is defined in the one-dimensional SBFM as 

 

where the subset i is the ith beam in the HRPM configuration, B is equal to the area under the 

one-dimensional Gaussian distribution, r is the path length of the beam, m is the mean for the 

peak location, σy is the standard deviation of the Gaussian function, subset j is the jth step in the 

iteration, and PIC is the measured PIC value. 

 Once the minimization of the one-dimensional SBFM function is completed, the 

minimization of the two-dimensional SBFM function is applied. The two-dimensional SBFM 

function (G) is expressed in polar coordinates r and θ: (A3) 

 

Where A is the normalizing coefficient which adjusts for the peak value of the bi-variate surface, 

ρ12 is the correlation coefficient, my and mz are the peak locations in the Cartesian coordinates, 

and σy and σz are the standard deviations in Cartesian coordinates (Tan, Sze, 2007). In order to 

reduce the number of unknowns, the VRPM methodology makes some reasonable assumptions. 

First the correlation coefficient is set to zero. By setting the correlation coefficient to zero, 

requires that the reconstructed bi-variate Gaussian to be limited to changes only in the vertical 
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and crosswind directions. A second assumption is applied when the ground level emissions are 

known to exist, thus the peak location can be fixed to the ground level because the ground level 

PIC’s are expected to be the largest. By using this assumption Eq. A3 reduces to  

 

where the only two known parameters are σy (standard deviation along the crosswind direction) 

and my (peak location along the crosswind direction), which were found in the one-dimensional 

SBFM procedure. A and σz are the only two unknown parameters in Eq A4. These parameters 

will be found in the two-dimensional SBFM procedure. In accordance to Tan, Sze, 2007, an error 

function for minimization of the two-dimensional SBFM is expressed as 

 

 Once all of the parameters of the function are found for a specific run, the concentration 

values can be calculated for every square element in the vertical plane. Then by integration and 

incorporating wind speed data at each height level, a flux can be computed. It is at this stage 

when the concentration values are converted from parts per million by volume to grams per 

cubic meter, considering the molecular weight of the target gas and ambient temperature, and 

then to flux in grams per second using the wind speed data in meters per second (USEPA 2006). 

 

1D-RPM 

As described in USEPA 2006, the ORS instrument scans all PI-ORS retro-reflectors in a 

sequential pattern to obtain a long term average of PIC values along each beam path. Once the 

average PIC values are obtained, the 1D-RPM calculations use the acquired knowledge from the 

PIC values to reconstruct a plume concentration profile along the line-of-sight measurement. The 

same one-dimensional SBFM function and error function used in the VRPM calculations are 

used in the 1D-RPM calculations. The 1D-RPM procedure reconstructs the plume profile along 

the measurement line-of-site and notes the peak location. When the testing procedure has been 

performed for an extended period of time, fluxuations in the wind direction data are used to 

A4 

A5 
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calculate a line equation that intersects the peak location. After an extended period of time, all 

the line equations point to one intersecting location where the emitting source is proposed to be.  
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APPENDIX  B 

MODELING 

 

VRPM EXPLORER 

The VRPM Explorer utilizes all the same equations from the VRPM method in Appendix A to 

perform pollutant flux computations. The ISC3 is used to calculate plume dispersion. 

 

ISC3 

The following equations are all required in order to use the Gaussian equation for pollutant 

dispersion. Equations and tabulated constants were taken from the ISC3 manual posted on the 

EPA’s website. 

The Gaussian Equation for Point Source Emissions 

 

 

 

where 

 

 

Downwind and Cross wind Distances 

 

where 

 

Q = pollutant emission rate

K = scaling coefficient to convert calculated concentrations to desired units (default value of 1)

V = vertical term

D = Decay term

us = mean wind speed at release height

σy, σz = Standard deviation of lateral and vertical concentration distribution

χ = hourly concentration at downwind distance x

y = crosswind distance from source to receptor

x = downwind distance

X(R) = x coordinate of receptor

Y(R) = y coordinate of receptor

X(S) = x coordinate of source

Y(S) = y coordinate of source

WD = direction from which wind is blowing (angle measured clockwise from north)

 

 

χ
Q KVD⋅

2π us⋅ σy⋅ σz⋅
exp 0.5−

y

σy









2

⋅






⋅

x X R( ) X S( )−( )− sin WD( )⋅ Y R( ) Y S( ) cos WD( )⋅−( )−

B1 

B2.1 



 

73 
 

 

where 

 

 

Wind speed Profile 

 

 

 

where 

 

Default values: 

 

 

Plume Rise due to Momentum 

 

 

where 

y = downwind distance

X(R) = x coordinate of receptor

Y(R) = y coordinate of receptor

X(S) = x coordinate of source

Y(S) = y coordinate of source

WD = direction from which wind is blowing (angle measured clockwise from north)

uref = observed wind speed from a measured reference height (zref) (m/s)

hs = stack height (m)

p = wind profile exponent (dimensionless)

zref = measured reference height for wind speed (m)

Stability Category Rural Exponent Urban Exponent

A 0.07 0.15

B 0.07 0.15

C 0.1 0.2

D 0.15 0.25

E 0.35 0.3

F 0.55 0.3
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Dispersion Parameters (σy, σz) 

 

where 

 

where 

 

Coefficient default values: 

 

 

 

 

where 

 

Default Values for coefficients a and b are found on the next page 

he = plume rise (m)

hs = stack height (m)

ds = inside diameter of stack (m)

vs = exit velocity of stack gas (m/s)

us = mean wind speed (m/s)

σy 465.11628 x( ) tan TH( )

TH 0.017453293 c d ln x( )⋅−( )⋅

x = downwind distance (km)

c,d = coefficients

Stability Category c d

A 24.167 2.5334

B 18.333 1.8096

C 12.5 1.0857

D 8.333 0.72382

E 6.25 0.054287

F 4.1667 0.36191

x = downwind distance (km)

a,b = coefficients

 σz a x
b

⋅

B5.1 

B5.1.1 

B5.2 
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Stability Cagegory x(km) a b

A <0.10 122.800 0.94470

0.10-0.15 158.080 1.05420

0.16-0.20 170.220 1.09320

0.21-0.25 179.520 1.12620

0.26-0.30 217.410 1.26440

0.31-0.40 258.890 1.40940

0.41-0.50 346.750 1.72830

0.51-3.11 453.850 2.11660

>3.11 ** **

B <0.20 90.673 0.93189

0.21-0.40 98.483 0.98332

>0.40 109.300 1.09710

C All 61.141 0.91465

D <0.30 34.459 0.86974

0.31-1.00 32.093 0.81066

1.01-3.00 32.093 0.64403

3.01-10.00 33.504 0.60486

10.01-30.00 36.650 0.56589

>30.00 44.053 0.51179

E <0.10 24.26 0.8366

0.10-0.30 23.331 0.81956

0.31-1.00 21.628 0.7566

1.01-2.00 21.628 0.63077

2.01-4.00 22.534 0.57154

4.01-10.00 24.703 0.50527

10.01-20.00 26.97 0.46713

20.01-40.00 35.42 0.37615

>40.00 47.618 0.29592

F <0.20 15.209 0.81558

0.21-0.70 14.457 0.78407

0.71-1.00 13.953 0.68465

1.01-2.00 13.953 0.63227

2.01-3.00 14.823 0.54503

3.01-7.00 16.187 0.4649

7.01-15.00 17.836 0.41507

15.01-30.00 22.651 0.32681

30.01-60.00 27.074 0.27436

>60.00 34.219 0.21716
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Vertical Term (B6) 

 

where 

 

Where zr is the receptor height above the ground (m) and zi is the mixing height (m) 

Decay Term 

 

 

 

where 

ψ= decay coefficient 

 

 

where 

 

Unless otherwise specified, default value of ψ=0 
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he = hs+Δh

he=plume height (m)

hs=stack height (m)

Δh=plume rise (m)

H1 = zr-(2izi-he)

H2 = zr+(2izi-he)

H3 = zr-(2izi+he)

H4 = zr+(2izi-he)

T0.5 = pollutant half life (seconds)

x = downward distance (m)

 for ψ>0 
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