NARRATIVE DESCRIPTION OF SOURCE MODELING BACKGROUND AND TECHNIQUES

1.
Physical Models

Physical models are those that simulate the meteorology and air quality over an area. Modeling relies on a numerical or analytical model to estimate particulate concentrations in space and time. Because of its nature and sources, particulate matter is difficult to model over all spatial scales. Many currently available air quality models were designed to be applied over the regional scale with grid sizes from 4 to 40 kilometers. Modeling requires detailed meteorological fields and emissions inventory over the entire domain. The compilation of data required to run these models can require much effort and expertise. Efforts are underway by government agencies in the U.S. to generate and archive both emissions and estimated activity levels of many source types in geographical information systems.

Numerical source‑oriented models are designed to simulate atmospheric diffusion or dispersion and estimate concentrations at defined receptors. Numerical source models can be grouped as kinematic, first-order closure, or second-order closure models (Bowne and Lundergan, 1983 XE "Bowne and Lundergan, 1983" ). Kinematic models are the simplest both mathematically and conceptually. These models simplify the non-linear equations of turbulent motion, thereby permitting a closed analytical approximation to describe pollutant concentration (Green et al., 1980 XE "Green et al., 1980" ). First-order closure models are based on the assumption of an isotropic pollutant concentration field. Consequently, turbulent eddy fluxes are estimated as being proportional to the local spatial gradient of the transport quantities. The Eulerian grid models, Lagrangian particle models, and trajectory puff/plume models are included in this category. Second‑order closure models involve a series of algorithm transformations of the equations of state, mass continuity, momentum, and energy by using the Boussinesque approximation and Reynold’s decomposition theory (Holton, 1992 XE "Holton, 1992" ; Stull, 1988 XE "Stull, 1988" ).

For estimating PM2.5 levels, Eulerian models that include aerosol modules simulating the physical and chemical processes governing particulate concentrations in the atmosphere are more suitable than Lagrangian models such as plume trajectory models. Eulerian three‑dimensional models may use either a simplified treatment of atmospheric chemistry (usually used to address long-term particulate concentrations at urban sites) or include a more detailed atmospheric chemistry treatment (usually used to simulate only a few days of episodes due to their compositional cost).

Commonly used long-term Eulerian models with simplified atmospheric processes include (Seigneur et al., 1997 XE "Seigneur et al., 1997" ):

1.
Urban Airshed Model Version V (UAM-V).

2.
Urban Airshed Model with version V with Linear Chemistry (UAM-LC)

3.
Regulatory Modeling System for Aerosol and Deposition (REMSAD). 

Short-term Eulerian models with complex atmospheric processes include:

1.
Urban Airshed Model Version V with Aerosols (UAM-AERO),

2.
Urban Airshed Model with Aerosol Inorganic Module (UAM-AIM).

3.
SARMAP Air Quality Model with Aerosols (SAQM-AERO).

4.
Community Multi-scale Air Quality Model (CMAQ)

Various scientists from universities, federal and state agencies, and the private sector have developed all of the above-mentioned Eulerian models. These particulate air quality models provide a three‑dimensional treatment to simulate the fate and transport of atmospheric contaminants. All of these Eulerian models include gas phase chemistry and aerosol dynamics and simulate atmospheric inorganics (such as sulfate, nitrate, and ammonium), but some of these models do not include the treatment of organics (i.e., REMSAD and UAM-LC).

2.
Spatial Scales

The model’s applicable spatial scales play a large role meeting the analysis' objectives and its ability to accurately assess spatial variability. PM10 and PM2.5 concentrations modeled or measured at any receptor result from the complex interaction of meteorology, chemical transformations and emissions from nearby and distant sources. For example a monitor located near an operating construction site will be impacted much more by the daily construction activity than of the surrounding area. That site may be classified as representing an area of a few tens of meters to no more than 1 kilometer depending on the size of the construction area and fugitive dust control measures. The dimensions given below are nominal rather than exact and are presented as defined in 40 CFR part 58.

a.
Micro-Scale (10 to 100 m): Modeling at the microscale usually is done by simple Gaussian plume models such as ISCST3. Measurements in urban areas can show considerable variations at this scale while those in pristine area would not. Variations often occur when monitors are located close to a low-level emissions source, such as a busy roadway, construction site, within a community that uses wood stoves, or a short industrial stack. Fortunately compliance monitoring site exposure criteria avoids microscale influences even for source-oriented monitoring sites.

b.
Middle Scale (100 to 500 m): Middle-scale monitors show significant differences between locations that are ~0.1 to 0.5 km apart. These differences may occur near large industrial areas with many different operations or near large construction sites. Monitors with middle-scale zones of representation are often source-oriented, used to determine the contributions from emitting activities with multiple, individual sources to nearby community exposure monitors.

c.
Neighborhood Scale (500 m to 4 km): Neighborhood-scale monitors do not show significant differences in particulate concentrations with spacing of a few kilometers. This dimension is often the size of emissions and modeling grids used in large urban areas for PM source assessment, so this zone of representation of a monitor is the only one that should be used to evaluate such models. Sources affecting neighborhood-scale sites typically consist of small individual emitters, such as clean, paved, curbed roads, uncongested traffic flow without a significant fraction of heavy-duty vehicles, or neighborhood use of residential heating devices such as fireplaces and wood stoves.

d.
Urban Scale (4 to 100 km): Urban-scale monitors show consistency among measurements with monitor separations of 10’s of km. These monitors represent a mixture of particles from many sources within the urban complex, including those from the smaller scales. PM measurements at urban-scale locations are not dominated by any particular neighborhood, however. Urban‑scale sites are often located at higher elevations and away from highly traveled roads, industries, and residential heating.

e.
Regional‑Scale Background (100 to 1,000 km): Regional-scale background monitors show consistency among measurements for monitor separations of a few hundred kilometers. Background concentrations are often more consistent for specific chemical compounds, such as sulfate or nitrate, than they are for PM mass concentrations. Regional-scale PM is a combination of naturally occurring aerosol from windblown dust and marine aerosol as well as particles generated in urban and industrial areas that may be more than 1,000 km distant. Regional‑scale sites are best located in rural areas away from local sources, and at higher elevations. National parks, national wilderness areas, and many state and county parks and reserves are appropriate areas for regional-scale sites. Many of the IMPROVE sites characterize PM regional scale background in different regions of the U.S.

f.
Continental-Scale Background (1,000 to 10,000 km): Continental-scale background monitors show little variation even when they are separated by more than 1,000 km. They are hundreds of kilometers from the nearest significant emitters. Though these sites measure a mixture of natural and diluted manmade source contributions, the manmade component is at its minimum expected concentration. The Jarbidge Wilderness IMPROVE site in northern Nevada is a good example of a continental-scale background site for particulate matter in North America. 

g.
Global-Scale Background (>10,000 km): Global-scale background monitors are intended to quantify concentrations transported between different continents as well as naturally-emitted particles and precursors from sea spray, volcanoes, and windblown dust. Yellow sand from China has been detected at the Mauna Loa, HI, laboratory (Darzi and Winchester, 1982 XE "Darzi and Winchester, 1982" ; Braaten and Cahill, 1986 XE "Braaten and Cahill, 1986" ), as well as on the North American continent. Red dust from Africa’s Sahara desert has been detected at Mt. Yunque, Puerto Rico and over the southeastern United States. Other global-scale sites include McMurdo, Palmer, and Ahmundson-Scott stations in Antarctica (Lowenthal et al., 1996xe "Lowenthal et al., 1996"), Pt. Barrow, Alaska, and Mace Head, Ireland.

3.
Chemical Composition

This section illustrates how the chemical composition of aerosols is an important consideration in the choice of particulate matter models. The knowledge of how the aerosol's composition varies over an area will play a key role in the attribution study design.

The relative abundance of chemical components in the atmosphere closely reflects the characteristics of emission sources. These chemical compositions need to be quantified in order to establish causality between exposure and health effects. Major chemical components of PM2.5 and PM10 mass in urban and rural areas consist of nitrate, sulfate, ammonium, carbon, geological material, sodium chloride, and liquid water.

Chemical compositions can vary spatially in all scales of the atmosphere and depend on sources surrounding the monitoring site. For example, on the continental scale the eastern U.S. fine particulate chemical compositions are different than those of the western states. In the eastern portion of the U.S. nonurban PM2.5 is dominated by secondary sulfate, organics and elemental carbon (EPA, 1996). The data to support this conclusion is based on the nationwide IMPROVE/NESCAUM network. This network provides a background fine-fraction aerosol database since the monitoring sites are primarily located in national parks and wilderness areas. Analysis of this network shows that the western U.S. nonurban PM2.5 aerosol is predominantly crustal in nature. Nitrate also contributes significantly to the fine particle mass budget particularly in central and coastal California. Within these generalizations, obvious departures will be found especially near sources such as near the ocean and urban areas where the aerosol will be primarily influenced by sea salt and combustion particles.

The typical PM2.5 chemical compositions vary by season (Chow et al., 1993; 1996 XE "Chow et al., 1993\; 1996" , Watson et al., 1997 XE "Watson et al., 1997" ), and consist of the following major components:

a.
Organic Carbon: Organic carbon is composed of gases and particles containing combinations of carbon and hydrogen atoms. Organic compounds found in ambient air may also be associated with other elements and compounds, particularly oxygen, nitrogen, sulfur, halogens, and metals. Particulate organic carbon consists of hundreds, possibly thousands, of separate compounds (Rogge et al., 1993a)  XE "Rogge et al., 1993a " . The mass concentration of organic carbon can be accurately measured, as can carbonate carbon (Chow et al., 1994) XE "Chow et al., 1994a [16]" , but only about ten percent of the specific organic compounds that it contains have been measured. Vehicle exhaust (Rogge et al., 1993b) XE "Rogge et al., 1993b [17]" , residential and agricultural burning (Rogge et al., 1998) XE "Rogge et al., 1998 [18]" , meat cooking (Rogge et al., 1991) XE "Rogge et al., 1991 [19]" , fuel combustion (Rogge et al., 1997) XE "Rogge et al., 1997 [20]" , road dust (Rogge et al., 1993c) XE "Rogge et al., 1993c [21]" , and particle formation from heavy hydrocarbon gases (Pandis et al., 1992) XE "Pandis et al., 1992 [22]"  are the major sources of organic carbon in PM2.5.

b.
Elemental Carbon: Elemental carbon is black, often called “soot.” Elemental carbon contains pure, graphitic carbon, but it also contains high molecular weight, dark-colored, nonvolatile organic materials such as tar, biological material (e.g., coffee), and coke. Elemental carbon usually accompanies organic carbon in combustion emissions with diesel exhaust (Watson et al., 1994, 1998) XE "Watson et al., 1994a,1998"  being the largest contributor.

c.
Sulfate: Ammonium sulfate ((NH4)2SO4), ammonium bisulfate (NH4HSO4), and sulfuric acid (H2SO4) are the most common sulfate compounds in PM2.5. These compounds are water-soluble and reside almost exclusively in the PM2.5 size fraction. Sodium sulfate (Na2SO4) has been found in coastal areas where sulfuric acid has been neutralized by sodium chloride (NaCl) in sea salt. Although gypsum (Ca2SO4) and some other geological compounds contain sulfate, these are not easily dissolved in water for chemical analysis and are more abundant in the coarse fraction than in PM2.5; they are usually classified in the geological fraction.

d.
Nitrate: Ammonium nitrate (NH4NO3) is the most abundant nitrate compound, a large fraction of PM2.5 during winter, and a moderate fraction during fall. Sodium nitrate (NaNO3) is found in the PM2.5 and coarse fractions near the oceans and salt playas. Small quantities of sodium nitrate have been found in summertime particulate matter inland owing to transport from the ocean (Chow et al., 1996 XE "Chow et al., 1996" ).

e.
Ammonium: Ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3) are the most common compounds containing ammonium from reactions between sulfuric acid, nitric acid, and ammonia gases. While most of the sulfur dioxide and oxides of nitrogen originate from fuel combustion in stationary and mobile sources, most of the ammonia derives from living things, especially animal husbandry practiced in dairies and feedlots.

f.
Geological Material: Suspended dust consists mainly of oxides of aluminum, silicon, calcium, titanium, iron, and other metal oxides. In areas of surrounded by substantial terrain, eons of runoff produce mineral compositions in soils that can be fairly homogeneous, with the exception of places where dry lake beds exist that have accumulated salt deposits. Industrial processes such as steel making, smelting, and mining have distinct geological compositions. For instance cement production and distribution facilities may use alcareous, siliceous, argillaceous, and ferriferous minerals that may not be natural to the region, with limestone (CaCO3) being the most abundant (Greer et al., 1992) XE "Greer et al., 1992 [11]" . Suspended geological material resides mostly in the coarse particle fraction (Houck et al, 1989,1990) XE "Houck et al., 1989 [29]" 

 XE "Houck et al., 1990 [30]" , and typically constitutes ~50% of PM10 while only contributing 5 to 15% of PM2.5 (Watson et al., 1994) XE "Watson et al., 1994 [28]" .

g.
Sodium Chloride: Salt is found in suspended particles near oceans, open playas, and after de-icing materials are applied. Bulk sea water contains 57(7% chloride, 32(4% sodium, 8(1% sulfate, 1.1(0.1% soluble potassium, and 1.2(0.2% calcium (Pytkowicz and Kester, 1971) XE "Pytkowicz and Kester, 1971 [31]" . As noted above, sodium chloride is often neutralized by nitric or sulfuric acid in urban air where it is encountered as sodium nitrate or sodium sulfate.

h.
Liquid Water: Soluble nitrates, sulfates, ammonium, sodium, other inorganic ions, and some organic material (Saxena and Hildemann, 1997 XE “Saxena and Hildemann, 1997” ) absorb water vapor from the atmosphere, especially when relative humidity exceeds 70% (Tang and Munkelwitz, 1993 XE “Tang and Munkelwitz, 1993” ). Sulfuric acid absorbs some water or deliquesces at all humidities. Particles containing these compounds grow into the droplet mode as they take on liquid water. Some of this water is retained when particles are sampled and weighed for mass concentration. The precise amount of water quantified in a PM2.5 depends on its ionic composition and the equilibration relative humidity applied prior to laboratory weighing.

Ambient mass concentrations contain both primary and secondary particles. Primary particles are directly emitted by sources and usually undergo few changes between source and receptor. Atmospheric concentrations of primary particles are, on average, proportional to the quantities that are emitted.

Secondary particles are those that form in the atmosphere from gases that are directly emitted by sources. Sulfur dioxide, ammonia, and oxides of nitrogen are the precursors for sulfuric acid, ammonium bisulfate, ammonium sulfate, and ammonium nitrate particles. “Heavy” volatile organic compounds or HVOC, those containing more than eight carbon atoms, may also change into particles. The majority of these transformations result from intense photochemical reactions that also create high ozone levels. Secondary particles usually form over several hours or days and attain aerodynamic diameters in the accumulation mode between 0.1 and 1 (m. Several of these particles, notably those containing ammonium nitrate, are volatile and transfer mass between the gas and particle phase to maintain a chemical equilibrium. This volatility has implications for ambient concentration measurements as well as for gas and particle concentrations in the atmosphere.

Ambient concentrations of secondary aerosols are not necessarily proportional to quantities of emissions since the rate at which they form may be limited by factors other than the concentration of the precursor gases. Secondary particulate ammonium nitrate concentrations depend on gaseous ammonia and nitric acid concentrations as well as temperature and relative humidity. A nearby source of ammonia may cause a localized increase in PM2.5 concentrations by shifting the equilibrium from the gas to the particulate ammonium nitrate phase (Watson et al., 1994xe "Watson et al., 1994"). Ammonium sulfate may form rapidly from sulfur dioxide and ammonia gases in the presence of clouds and fogs, or slowly in dry air. Because fine particle deposition velocities are slower than those of the gaseous precursors, PM2.5 may travel much farther than the precursors, and secondary particles precursors are often found far from their emissions sources and may extend over scales exceeding 1,000 km.

4.
Particle Formation

Ammonium nitrate and ammonium sulfate aerosols are the most prevalent secondary particles found at urban and non-urban sites throughout the U.S. during the winter. These particles can form when gas molecules are attracted to and adhere to existing particles. The important implication for network design is that these particles tend to be much more spatially uniform than primary aerosols.

Sulfur dioxide gas changes to particulate sulfate through gas- and aqueous-phase transformation pathways. In the gas-phase pathway, ultraviolet sunlight induces photochemical reactions creating oxidizing species that react with a wide variety of atmospheric constituents. The gas-phase transformation rate appears to be controlled more by the presence or absence of the hydroxyl radical and its competing reactions of other gases than by the sulfur dioxide concentrations.

In the presence of fogs or clouds, sulfur dioxide dissolves in droplets where it experiences aqueous reactions that are much faster than gas-phase reactions. When ozone and hydrogen peroxide are dissolved in the droplet, the sulfur dioxide is quickly oxidized to sulfuric acid. When ammonia is dissolved in the droplet, the sulfuric acid is neutralized to ammonium sulfate. If the fog or cloud evaporates and relative humidity decreases below 100%, the sulfate particle exists as a small droplet that includes a portion of liquid water. As the relative humidity further decreases below 70%, the droplet evaporates and a small, solid sulfate particle remains. The reactions within the fog droplet are very fast, and the rate is controlled by the solubility of the precursor gases. Aqueous transformation rates of sulfur dioxide to sulfate are 10 to 100 times as fast as gas-phase rates. These chemical reactions are critical to understanding PM concentrations in areas and downwind of areas that emits large amounts of SO2. The location and SO2 emissions output of large point sources such as coal and oil fired power plants need to mapped and compared with transport patterns in order to determine the impact of ammonium sulfate particles on ambient surface concentrations.

Fogs serve as both an environment for creating particles and as vehicles for particle removal. During heavy fogs, particles and precursor gases are scavenged as fog droplets grow to sizes that settle rapidly to the surface. The extent and intensity of these fogs is so poorly characterized, however, that it is not yet possible to determine where and when particle formation overtakes particle deposition, thereby adding to the PM2.5 concentration loading.

Nitrogen oxide converts to nitrogen dioxide, primarily by reaction with ozone. Nitrogen dioxide can: 1) change back to nitrogen oxide in the presence of ultraviolet radiation; 2) change to short-lived species which take place in other chemical reactions; 3) form organic nitrates; or 4) oxidize to form nitric acid. The major pathway to nitric acid is a reaction with hydroxyl radicals that transform nitrogen dioxide to nitric acid. Nitric acid deposits from the atmosphere fairly rapidly but, in the presence of ammonia, it is neutralized to particulate ammonium nitrate. This is an important process in secondary particle production since many agricultural areas surrounding populated urban areas contain large ammonia sources. Chow and Egami (1997) XE "Chow and Egami (1997)"  show that San Joaquin Valley ammonia concentrations are large during winter. Conversion rates for nitrogen dioxide to nitric acid, range from less than 1%/hr to 90%/hr. They are typically five to ten times the conversion rates for sulfate formation. Though they vary throughout a 24-hour period, these rates are significant during both daytime and nighttime hours, in contrast to the gas-phase sulfate chemistry that is most active during daylight hours. The important nitric acid-ammonia reaction has implications to network design by the need to locate and map possible sources of ammonia. Significant sources of ammonia are associated with animal husbandry and fertilizer applications. Locating and estimating ammonia emissions will be a difficult task given that it is not traditionally tabulated in emission inventories and requires further research to refine the methodology to measure the emissions.

While ammonium sulfate is a fairly stable compound, ammonium nitrate is not. Its equilibrium with gaseous ammonia and nitric acid is strongly influenced by temperature and relative humidity. Atmospheric particle nitrate can occur in atmospheric aerosol particles as solid ammonium nitrate or as ionized ammonium nitrate in aerosol particles containing water. In both the solid and ionized forms, ammonium nitrate is in equilibrium with gas phase nitric acid and ammonia.

For fixed relative humidity, increasing temperature decreases the particle nitrate fraction. This is a consequence of the direct relation between the equilibrium constants and temperature. As temperature increases, the equilibrium constants increase, which means higher gas phase pressures can be supported, thereby reducing the particle nitrate fraction. For fixed humidity, decreasing temperature increases the particle nitrate fraction. As temperatures approach 0°C, the curves approach limiting values. Particle fractions of one are for ion ratios greater than or equal to one, and particle fractions are determined by the amount of available ammonia for ion ratios less than one. For the higher temperatures, increasing relative humidity increases the particle nitrate fraction. This is a consequence of liquid water present for the 60% and 80% relative humidity cases. When there is sufficient ammonia present with 30% relative humidity, more than 90% of the nitrate is in the particle phase for temperatures less than 20°C. More than half of the particle nitrate is gone at temperatures above 30°C, and all of it disappears at temperatures above 40°C.

Atmospheric water is another important component of suspended particulate matter. The sharp rise in liquid water content at relative humidities between 55% and 75% is known as deliquescence. Precise humidities at which soluble particles take on liquid water depends on the chemical mixture and temperature. Particles containing these compounds grow into the droplet mode as they take on liquid water, so the same concentration of sulfate or nitrate makes a much larger contribution to light extinction when humidities are high (>70%) than when they are low (<30%). Excess liquid water is also measured as part of the PM2.5 mass when sampled by light scattering continuous monitors or when filters have not been equilibrated at relative humidities less than 30% prior to weighing.

Some of the organic carbon in suspended particles is also of secondary origin. Secondary organic compounds in particulate matter include aliphatic acids, alcohols, aromatic acids, nitro-aromatics, carbonyls, esters, phenols, and aliphatic nitrates (Grosjean and Seinfeld, 1989 XE "Grosjean and Seinfeld, 1989" ; Grosjean, 1992 XE "Grosjean, 1992" , Pandis et al., 1992, 1993; Seinfeld and Pandis, 1997 XE "Seinfeld and Pandix, 1997" 

 XE "Pandis et al., 1992, 1993" ). Normally primary organic carbon particles are more prevalent than secondary organics with exceptions such as those found in Los Angeles where conditions of clear skies and high photochemical smog are frequent. Although secondary organic aerosol was thought to be minimal during winter in central California, recent analyses (Strader et al, 1998 XE "Strader et al, 1998" ) demonstrate that it could be as much as 20% of 24-hour organic carbon in some samples. This occurs because low wintertime temperatures lower the saturation vapor pressure for semi-volatile organic compounds. This is probably minor during winter and fall when photochemical reactions are not dominant.

The exact precursors of secondary organics are not well understood, but they are believed to consist of heavy hydrocarbons with more than seven carbon atoms. Odum et al (1997) XE "Odum et al (1997)"  identify aromatics as the major group of commonly measured reactive organic gas that affect both ozone and secondary aerosol formation.
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