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ABSTRACT

This guidance provides a survey of aternatives for continuous in-situ measurements
of suspended particles, their chemical components, and their gaseous precursors. Recent and
anticipated advances in measurement technology provide reliable and practical instruments
for particle quantification over averaging times ranging from minutes to hours. These
devices provide instantaneous, telemetered results and can use limited manpower more
efficiently than manual, filter-based methods. Commonly used continuous particle monitors
measure inertial mass, mobility, electron attenuation, light absorption, and light scattering
properties of fine particles. Sulfur and nitrogen oxides monitors can detect sulfate and nitrate
particles when the particles are reduced to a sulfur- or nitrogen-containing gas. The
measurement principles, as well as the operating environments, differ from those of the PM ;5
Federal Reference Method (FRM), and these differences vary between monitoring locations
and time of year. These variations are caused by the different properties quantified by awide
array of measurement methods, modification of the aerosol by the sampling and analysis
train, and differences in calibration methods. When the causes of these discrepancies are
understood, they can be used advantageously to determine where and when: 1) equivalence
with FRMs is expected; 2) mathematical adjustments can be made to obtain a better
correlation; and 3) differences can be related to a specific particle or source characteristic.
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1. INTRODUCTION

This guidance describes available continuous monitoring methods for suspended
particles. Some of these methods are candidates for Correlated Acceptable Continuous
(CAC) monitors that might be used in paralel with filter-based samplers to reduce sampling
frequencies for PM, 5 (fraction of particles with aerodynamic diameters less than 2.5 pum)
(U.S. EPA, 19973, 1997b). The guidance describes. 1) properties of suspended particles that
can be measured; 2) available devices to measure these properties over durations of one-hour
or less; 3) conditions under which continuous monitor measurements might or might not be
correlated with or predictors of filter-based particle concentrations, and 4) how continuous
measurements can be used to attain a variety of monitoring objectives.

Therelevant NAAQS are (U.S. EPA, 1997c¢, 1997d):

Twenty-four hour average PM. s not to exceed 65 mg/m?® for a three-year average
of annua 98" percentiles a any population-oriented monitoring site in a
Metropolitan Planning Area (MPA).

Three'year annual average PM.s not to exceed 15 ngy/m® a a single
community-oriented monitoring site or for the spatial average of dligible
community exposure sitesin a MPA.

Twenty-four hour average PM o (particles with aerodynamic diameters less than
10 pm) not to exceed 150 ngy/m® for a three-year average of annual 99"
percentiles at any site in a monitoring area.

Three-year average of three annual average PM i, concentrations not to exceed 50
Ing/m?® at any site in a monitoring area.

This section states the background, federally specified monitoring methods, and
objectives of this continuous monitoring guidance document. Section 2 describes the
chemical and physical properties of particulate matter (PM) that are measured by different
continuous monitoring techniques.  Section 3 specifies the measurement principles,
averaging periods, detection limits, and potential uses of existing continuous monitoring
instruments. Section 4 examines available collocated comparisons between continuous
particle monitors and filter samplers to determine the degree to which they are correlated in
different environments. Section 5 provides guidance and examples for using continuous
PM,5 measurements to address source/receptor relationships. Section 6 describes how
continuous particle monitors might be used in PM;s networks to supplement filter
measurements. Cited references and resources that provide more detail on specific topics are
assembled in Section 7. Data bases, assembled from collocated filter and continuous PM2 5
and PM 1o measurements in past air quality studies, are provided in Appendix A.

11 Continuous Particle Monitors and Air Pollution

Continuous particle measurements have been made since the early days of air
pollution monitoring. The British Smoke Shade measurement was established as a
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continuous monitoring device in London during the 1920s to quantify the darkening of filter
materia as air was drawn through it (Brimblecombe, 1987; Thornes, 1978). It evolved into a
more automated and reproducible particle concentration measurement during the ensuing
decades (Hill, 1936; Ingram and Golden, 1973). In the United States, the principle of light
absorption by particles was implemented in the form of Coefficient of Haze (COH) measured
by the American Iron and Steel Industry’s paper tape sampler (Hemeon et al., 1953; ASTM,
1985; Herrick et al., 1989).

In these early measurements, visible light (generated by an incandescent bulb) was
transmitted through (or reflected from in the case of the British Smoke method) a section of
filter paper before and after ambient air is drawn through it. The optical density of the
particle deposit was determined from the logarithm of the ratio of intensities measured on the
filter with and without the deposit. In its most advanced implementation, a clean portion of a
filter tape was periodically moved into the sampling position, thereby allowing diurnal
variations (typically hourly averages) in particle concentrations to be recorded. While these
methods provide a good measure of light absorption by suspended particles (Edwards et al.,
1984), they do not account for the portion of aerosol mass that does not absorb light (Ball and
Hume, 1977; Barnes, 1973; Waller, 1963; Waller et d., 1963; Lee et a., 1972; Lodge €t d.,
1981). The particle size collection characteristics of the British Smoke Shade sampler were
not understood until the late 1970s (McFarland, 1979), when the instrument was found to
collect particles with aerodynamic diameters less than ~ 5 pm.

In spite of this specificity to light absorbing aerosol, the original epidemiological
associations between particles and health were established from these light absorption
measurements. Severa of these health associations were used to justify the previous TSP
(Total Suspended Particles, particles with aerodynamic diameters less than 30 um) (U.S.
Dept. HEW, 1969; Hemeon, 1973) and PM 10 NAAQS (U.S. EPA, 1982, 1987). These early
continuous measurements illustrate that a variety of particle indicators, including particle
mass and light absorption, can be associated with health end-points even though their
measured quantities are not the same. More recent health studies (U.S. EPA, 1996; Vedd,
1997) confirm positive correlations between a variety of particle indicators, severa of which
derive from continuous measurement methods, and health end-points.

Continuous in-situ monitors have been used to acquire consecutive hourly-averaged
concentrations of mass, mass surrogates, chemical components, and precursor gases.
Continuous monitors contrast with “manual” measurements that draw air through an
absorbing substrate or filter medium that retains atmospheric pollutants for later laboratory
anaysis. Since the promulgation of NAAQS in the early 1970s, continuous monitors have
been used to measure sulfur dioxide, nitrogen dioxide, carbon monoxide, and ozone gases.
Suspended particles, however, have typicaly been measured by filtration with subsequent
|aboratory weighing or chemical analysis (Chow and Watson, 1998a).

Three continuous PM3, monitors based on inertiadl mass (R&P Tapered Element
Oscillating Microbalance, U.S. EPA, 1990) and electron absorption (Andersen Instruments
and Wedding and Associates Beta Attenuation Monitors, U.S. EPA, 1990, 1991) have been
designated as equivalent methods that can be used to determine compliance with the PM 1o
NAAQS. The PM3o equivalence designation (U.S. EPA, 1987) results from wind-tunnel test
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specifications for the PM 1o inlet and collocated sampling with filter-based PM 1o reference
methods at different test locations. Subsequent comparisons of these continuous monitors
with each other and with filters show very good and very poor agreement, mostly depending
on the aerosol being sampled (e.g., Allen et a., 1997; Arnold et a., 1992; Meyer et al., 1992;
Shimp, 1988; Tsai and Cheng, 1996; van Elzakker and van der Muelen, 1989).

New PM2s monitoring regulations (40 CFR 58, Appendix D, Section 2.8.1.3.8)
require continuous PM,s monitors to be operated in large U.S. metropolitan areas. These
regulations (40 CFR Section 58.13) aso define a “CAC” monitor as an optiona PM;s
anayzer that can be used to supplement a PM,s reference or equivalent sampler at
community-oriented (CORE) monitoring sites to reduce sampling frequency from daily to
every third day (U.S. EPA, 1997b). This aternative sampling approach is intended to
provide state and local agencies with additional flexibility in designing and operating PM 5
networks.

The potential uses of CAC measurements are to: 1) reduce site visits and network
operation costs; 2) identify the need to increase sampling frequency with a PM, 5 reference or
equivalent method in order to make better comparisons to the PM,s NAAQS, 3) evauate
telemetered concentrations in real-time to issue alerts or to implement periodic control
strategies (e.g., burning bans, no-drive days); 4) evaluate diurna variations in human
exposures to outdoor air; 5) define zones of representation of monitoring sites and zones of
influence of pollution sources; and 6) understand the physics and chemistry of high PM2s
and PM 1 concentrations.

Unless a continuous analyzer is designated as an equivalent method, its data cannot
be used to determine NAAQS compliance. However, the potential discrepancies between
continuous PM and manual measurements can be determined. This will permit selection of
acceptable continuous methods that can be correlated with a federal reference or equivalent
method.

1.2  Federal Reference and Equivalent M ethods

The revised PM NAAQS represent a mgjor change from previous standards in terms
of the size fraction being measured, the averaging of concentrations over space and time, the
monitoring methods used, and network design strategies. Federal Reference Method (FRM)
or Federa Equivaent Method (FEM) samplers are to be used in PM,s compliance
monitoring networks (i.e., State and Local Air Monitoring Stations [SLAMS] and National
Ambient Monitoring Stations [NAMS]). Interagency Monitoring of Protected Visual
Environments (IMPROVE) samplers may also be used at regional background or regional
transport sitesin lieu of FRMs or FEMs. Continuous monitors can be tested and classified as
Class |1l FEM for compliance monitoring.

Sampler design, performance characteristics, and operational requirements for the
PM,5s FRM are specified in 40 CFR part 50, Appendix L; 40 CFR part 53, Subpart E; and 40
CFR part 58, Appendix A (U.S. EPA, 1997a-d). The PM,s FRM is intended to acquire
deposits over a 24-hour period on a Teflon-membrane filter from air drawn at a controlled
flow rate through the Well Impactor Ninety Six (WINS) PM,s inlet. The inlet and size
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separation components, filter types, filter cassettes, and interna configurations of the filter
holder assemblies are specified by design, with drawings and manufacturing tolerances
published in 40 CFR part 53 (U.S. EPA, 1997b). Other sampler components and procedures
(such as flow rate control, operator interface controls, exterior housing, data acquisition) are
specified by performance characteristics, with specific test methods to assess that
performance.

Federal Equivalent Methods (FEMS) are divided into several classes in order to
encourage innovation and provide monitoring flexibility. Class | FEMs meet nearly all FRM
specifications, with minor design changes that permit sequential sampling without operator
intervention and different filter media in paralel or in series. Flow rate, inlets, and
temperature requirements are identical for FRMs and Class | FEMs. Particles losses in flow
diversion tubes are to be quantified and must be in compliance with Class | FEM tolerances
specified in 40 CFR part 53, Subpart E (U.S. EPA, 1997b).

Class Il FEMs include samplers that acquire 24-hour integrated filter deposits for
gravimetric analysis, but that differ substantiadly in design from the reference-method
instruments. These might include dichotomous samplers, high-volume samplers with PM» 5
size-selective inlets, and other research samplers. More extensive performance testing is
required for Class || FEMs than for FRMs or Class | FEMs, as described in 40 CFR part 53,
Subpart F (U.S. EPA, 1997b).

Class |1l FEMs include samplers that do not qualify as Class | or Class || FEMS.
This category is intended to encourage the development of and to permit the evaluation of
new monitoring technologies that increase the specificity of PM2 s measurements or decrease
the costs of acquiring a large number of measurements. Class |11 FEMs may be filter-based
integrated samplers or filter- or non-filter-based in-situ continuous or semi-continuous
samplers. Test procedures and performance requirements for Class |11 candidate instruments
will be determined on a case-by-case basis. Performance criteria for Class I11 FEMs will be
restrictive because equivalency to reference methods must be demonstrated over a wide
range of particle size distributions and aerosol compositions.

1.3 Relevant Documents

This continuous particle monitoring guidance is complemented by other U.S. EPA
documents:

Guidance for Network Design and Optimum Site Exposure for PM, s and PM 4o —
Draft Version 3. Prepared under a cooperative agreement between U.S. EPA
Office of Air Quality Planning and Standards, Research Triangle Park, NC, and
Desert Research Institute, Reno, NV. December 15, 1997 (Watson et a.,1997a).

Guideline on Speciated Particulate Monitoring, Draft 2. Prepared under a
cooperative agreement between U.S. EPA Office of Air Quality Planning and
Standards, Research Triangle Park, NC, and Desert Research Institute, Reno, NV.
February 9, 1998 (Chow and Watson, 1998a).
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Prototype PM, s Federal Reference Method Field Studies Report — An EPA Staff
Report. U.S. EPA Office of Air Quality Planning and Standards, Las Vegas, NV.
July 9, 1997 (Pitchford et a., 1997).

Revised Requirements for Designation of Reference and Equivalent Methods for
PM2s and Ambient Air Quality Surveillance for Particulate Matter — Final Rule.
40 CFR part 58. Federal Register, 62(138):38830-38854. July 18, 1997 (U.S.
EPA, 19974).

Revised Requirements for Designation of Reference and Equivalent Methods for
PM2s and Ambient Air Quality Surveillance for Particulate Matter — Final Rule.
40 CFR part 53. Federal Register, 62(138):38763-38830. July 18, 1997 (U.S.
EPA, 1997b).

National Ambient Air Quality Standards for Particulate Matter — Final Rule. 40
CFR part 50. Federal Register, 62(138):38651-38760. July 18, 1997 (U.S. EPA,
1997c).

National Ambient Air Quality Standards for Particulate Matter; Availability of

Supplemental Information and Request for Comments — Final Rule. 40 CFR part
50. Federal Register, 62(138):38761-38762. July 18, 1997 (U.S. EPA, 1997d).
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2. MEASURED PARTICLE PROPERTIES

Particles in the atmosphere vary in size, chemical composition, and optical properties.
Airborne particle diameters range over five orders of magnitude, from a few nanometers to
around 100 micrometers. Aerodynamic diameter (the diameter of spherical particles with
equal settling velocity and unit density of 1 g/cm®) is used in aerosol technology to
characterize air filtration, instrument performance, and respiratory deposition. Except for
spherical particles of unit density, the actual diameter or geometric mean diameter (which
accounts for actual particle density and shape factors) is smaler than the commonly
referenced aerodynamic diameter.

Different aerosol monitoring techniques have been developed to measure aerosol
properties in different size ranges. As shown in Figure 2-1, aerosol sizes between 0.001 and
100 pm can be quantified with continuous or manual aerosol sampling instruments (Hinds,
1982; Willeke and Baron, 1993). Figure 2-2 illustrates the particle size ranges that can be
measured in terms of aerosol number, surface area, volume and mass size distribution, mode
of aerosol, inhalation properties, deposition mechanism, and optical features. This section
discusses the chemical, physical (e.g., mobility), and optical (e.g., light scattering, light
absorption) properties of aerosol.

2.1 Particle Size Distribution

Particle size is one of the key parameters in determining emission sources,
atmospheric processes, formation mechanisms, deposition/removal processes, visibility
impairment, as well as interactions with the human respiratory system and associated health
effects. Aerosol particle sizes are often characterized by their size distributions. Figure 2-3
displays the multi-modal particle characteristics of the aerosol number, surface area, and
volume distributions.  Size distributions like these have been found under a wide range of
environmental and emissions conditions.

The number of particlesin the atmosphere can often exceed 10” or 10 for each cubic
centimeter of urban or non-urban air. The top panel of Figure 2-3 shows that the largest
number of particlesis in the nuclei or ultrafine size fraction with particle diameters less than
0.1 um. The number distribution exhibits a bimodal feature that peaks at ~0.02 and ~0.1 pm.
Ultrafine particles are often observed near emission sources and possess a very short lifetime,
with a duration of less than one hour. Ultrafine particles rapidly condense on or coagulate
with larger particles or serve as nuclel for fog or cloud droplets, forming particles in the
accumulation mode (0.08 to ~2 pm).

There is increasing concern regarding the potential heath effects associated with
inhalation of ultrafine particles. Phalen et a. (1991) showed that lung deposition peaks at
60% for ~0.03 um particles. These high deposition levels in the upper respiratory system
may aggravate symptoms of rhinitis, allergies, and sinus infections, and are associated with
acute mortality (Oberdorster et al., 1995; Finlay et a., 1997). Continuous instruments that
can measure particle number concentrations include the condensation nuclei counter
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Figure2-1. Particle size range of aerosol properties and measurement instruments —
application range of aerosol instruments (modified from Hinds, 1982).
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(Pollak and Metnieks, 1959; Cheng, 1993), aerosol particle sizer (Wilson and Liu, 1980;
Baron et a., 1993), differential mobility anayzer (Yeh, 1993), diffusion battery (Fuchs,
1964; Cheng, 1993), electrical aerosol analyzer (Whitby and Clark, 1966), and optica
particle counter (Hodkinson, 1966; Whitby and Vomela, 1967; Sloane et al., 1991).

The surface area distribution in the middle panel of Figure 2-3 aso exhibits a bimodal
feature that peaks at ~0.2 and ~1.3 um. These particles, classified as accumulation range
(0.08 to ~2 pm), result from the coagulation of ultrafine particles, from condensation of
volatile species, from gas-to-particle conversion, and from finely ground dust particles.
Particles in the accumulation mode scatter and absorb light more efficiently than the larger
particles.

Particle surfaces are directly exposed to body fluids following inhalation or ingestion.
Potentially toxic trace metals and organic gases can be adsorbed onto these surfaces.
Characterizing the physics and chemistry of airborne particle surfaces is needed to
understand the biomechanisms of exposed populations. Electron spectroscopy (Lodge,
1989), electron probe microanalysis (Wernish, 1985), and time-of-flight mass spectrometry
(Prather et al., 1994) are applied for particle surface analysis.

Most aerosol measurements report integrals of the mass size distribution as shown in
Figure 2-4. Note that the nucleation and accumulation ranges constitute the PM,5 size
fraction. The magority of sulfuric acid, ammonium bisulfate, ammonium sulfate, ammonium
nitrate, organic carbon, and elemental carbon isfound in this size range. Particles larger than
2.5 um are called “coarse” particles; they result from grinding activities and are dominated
by materials of geological origin. Pollen and spores are also found in the coarse mode.

Several continuous monitors measure chemica components dominating the
accumulation mode, such as the sulfur analyzer (e.g., Allen et a., 1984; Benner and
Stedman, 1989, 1990), automated nitrate analyzer (Hering, 1997), in-situ carbon analyzer
(Turpin et a., 1990a, 1990b; Turpin and Huntzicker, 1991; Rupprecht et a., 1995), and
time-of-flight mass spectrometer (Nordmeyer and Prather, 1994; Prather et a., 1994).
Continuous monitors that measure precursor gases (gases that transform into particles in the
atmosphere), including the ammonia anayzer (e.g., Rapsomanikis et a., 1988; Genfa et al.,
1989; Harrison and Msibi, 1994) and nitric acid analyzer (e.g., Burkhardt et al., 1988), can
also be used to address gas-to-particle transformation processes in the atmosphere.

2.2  Chemical Composition

Particle mass has been the primary property measured for compliance with PM
standards, mainly due to its practicality and cost-effectiveness. Epidemiological studies have
shown a relationship between increased ambient particle concentrations and adverse health
outcomes (U.S. EPA, 1996; Vedal, 1997). Attempts have been made to attribute observed
associations to specific compounds of airborne particles. The relative abundances of
chemical components in the atmosphere closely reflect the characteristics of emission
sources. These chemical compositions need to be quantified in order to establish causality
between exposure and health effects. Mgor chemical components of PM, s or PM 1o mass in
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urban and non-urban areas consist of nitrate, sulfate, ammonium, carbon, geological material,
sodium chloride, and liquid water:

Nitrate: Ammonium nitrate (NH4NOs) is the most abundant nitrate compound,
resulting from a reversible gas/particle equilibrium between ammonia gas (NHs),
nitric acid gas (HNOs), and particulate ammonium nitrate. Because this
equilibrium is reversible, ammonium nitrate particles can easily evaporate in the
atmosphere, or after they have been collected on a filter, owing to changes in
temperature and relative humidity (Stelson and Seinfeld, 1982a, 1982b; Allen et
a., 1989). Sodium nitrate (NaNOs) is found in the PM2 5 and coarse fractions
near sea coasts and salt playas (e.g., Watson et al., 1994b) where nitric acid vapor
irreversibly reacts with sea salt (NaCl).

Sulfate: Ammonium sulfate ((NH4)2SO,4), anmonium bisulfate ((NH4sHSO,), and
sulfuric acid (H,SO,) are the most common forms of sulfate found in atmospheric
particles, resulting from conversion of gases to particles. These compounds are
water-soluble and reside almost exclusively in the PM,5 size fraction. Sodium
sulfate (NaxSO4) may be found in coastal areas where sulfuric acid has been
neutralized by sodium chloride (NaCl) in sea salt. Though gypsum (Ca,S0,) and
some other geological compounds contain sulfate, these are not easily dissolved in
water for chemical analysis. They are more abundant in the coarse fraction than
in PM2s, and are usually classified in the geological fraction.

Ammonium: Ammonium sulfate (NH4)2SO,), ammonium bisulfate (NHsHSO,),
and ammonium nitrate (NH4sNOs) are the most common compounds. The sulfate
compounds result from irreversible reactions between sulfuric acid and ammonia
gas, while the ammonium nitrate can migrate between gases and particle phases
(Watson et al., 1994a). Ammonium ions may coexist with sulfate, nitrate, and
hydrogen ions in small water droplets. While most of the sulfur dioxide and
oxides of nitrogen precursors of these compounds originate from fuel combustion
in stationary and mobile sources, most of the ammonia derives from living beings,
especially animal husbandry practiced in dairies and feedlots.

Organic Carbon: Particulate organic carbon consists of hundreds, possibly
thousands, of separate compounds. The mass concentration of organic carbon can
be accurately measured, as can carbonate carbon, but only about 10% of specific
organic compounds that it contains have been measured. Vehicle exhaust (Rogge
et al., 1993a), residential and agricultural burning (Rogge et al., 1998), meat
cooking (Rogge et al., 1991), fuel combustion (Rogge et al., 1993b, 1997), road
dust (Rogge et al., 1993c), and particle formation from heavy hydrocarbon (Cg to
C20) gases (Pandis et al., 1992) are the major sources of organic carbon in PMs.
Because of this lack of molecular specificity, and owing to the semi-volatile
nature of many carbon compounds, particulate “organic carbon” is operationally
defined by the sampling and analysis method.
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Elemental Carbon: Elemental carbon is black, often called “soot.” Elemental
carbon contains pure, graphitic carbon, but it also contains high molecular weight,
dark-colored, non-volatile organic materials such as tar, biogenics, and coke.
Elemental carbon usually accompanies organic carbon in combustion emissions
with diesel exhaust (Watson et a., 1994c) being the largest contributor.

Geological Material: Suspended dust consists mainly of oxides of aluminum,
silicon, calcium, titanium, iron, and other metals oxides (Chow and Watson,
1992). The precise combination of these minerals depends on the geology of the
area and industrial processes such as steel-making, smelting, mining, and cement
production. Geological material is mostly in the coarse particle fraction (Houck
et a., 1990), and typicaly constitutes ~50% of PM o while only contributing 5 to
15% of PM 5 (Chow et al., 1992a; Watson et al., 1994b).

Sodium Chloride: Salt is found in suspended particles near sea coasts, 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). In its raw form (e.g., deicing
sand), salt is usually in the coarse particle fraction and classified as a geological
material (Chow et a., 1996). After evaporating from a suspended water droplet
(as in sea salt or when resuspended from melting snow), it is abundant in the
PM s fraction. Sodium chloride is often neutralized by nitric or sulfuric acid in
urban air where it is often encountered as sodium nitrate or sodium sulfate (Pilinis
et a., 1987).

Liquid Water: Soluble nitrates, sulfates, ammonium, sodium, other inorganic
ions, and some organic material (Saxena and Hildemann, 1997) absorb water
vapor from the atmosphere, especially when relative humidity exceeds 70% (Tang
and Munkelwitz, 1993). Sulfuric acid absorbs some water at al humidities.
Particles containing these compounds grow into the droplet mode as they take on
liguid water. Some of this water is retained when particles are sampled and
weighed for mass concentration. The precise amount of water quantified in a
PM25s depends on its ionic composition and the equilibration relative humidity
applied prior to laboratory weighing.

The liquid water and ammonium nitrate compositions of suspended particles are
especially important for continuous particle monitors. These are both volatile substances that
migrate between the gas and particle phase depending on the composition, temperature, and
relative humidity of the atmosphere. The presence of ionic species (such as sulfate and
nitrate compounds) enhances the liquid water uptake of suspended particles, as shown in
Figure 2-5. The sharp rise in liquid water content at relative humidities between 55% and
75% is known as deliquescence. The humidities at which soluble particles take on liquid
water depend on the chemical mixture and temperature, as explained in the caption to Figure
2-5.
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Figure2-5. Changes in liquid water content of sodium chloride, ammonium nitrate,
ammonium sulfate, and a combination of compounds at different relative humidities. These
curves were generated from the SCAPE aerosol equilibrium model (Kim et a., 1993a; 1993Db;
Kim and Seinfeld, 1995; Meng et d., 1995). The “NACL” case is for 3.83 pg/m? of sodium
ion and 6.24 pg/m® of gas phase hydrochloric acid (HCl). The “NH4NO3" case is for 10
pg/m? of gas phase nitric acid (HNOs) and 10 pg/m? of gas phase sulfuric acid (H2SO4). At a
temperature of 15 degrees Celsius, solid ammonium nitrate (NH4NOs) is present for the
lower relative humidities. SCAPE shows a deliquescence relative humidity of 66.2%, within
4% of the measured value of 62% for 25 degrees Celsius (Pruppacher and Klett, 1978). The
“NH42S04" caseisfor 10 ug/m® of gas phase ammonia (NH3) and 10 pg/m® of H,SO4; there
is sufficient ammonia to neutralize the available sulfate, and the gas-phase constituents are in
equilibrium with solid-phase ammonium sulfate for the lower relative humidities. The
deliquescence point of around 80% is expected (Tang et a., 1977a, 1977b). The “COMB”
(combination) case consists of 10 pg/m® of equivalent HNO3; and H,SOs 20 pg/m?® of
equivalent NHs, 3.83 pg/m® of sodium ion, and 6.24 pg/m® of equivalent HCl. SCAPE
yields solid-phase sodium sulfate, ammonium sulfate, anmmonium chloride, and ammonium
nitrate for the lower humidities, with a deliquescence relative humidity for the mixture of
approximately 57%. This is in agreement with the fact that the deliquescence point for a
mixture lies below the minimum deliguescence points for the individual salts (Wexler and
Seinfeld, 1991; Kim and Seinfeld, 1995), and is in agreement with a deliquescence relative
humidity of 56% found by Tang (1980) for a mixture of 45% by weight NH;NO3; and 55%
by We|ght (NH4)2804.
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Figure 2-6 shows how the fraction of nitrate in the particle phase changes with
temperature, relative humidity, and the amount of excess ammonia in the aimosphere. These
curves were generated from the same equilibrium model used to examine liquid water
content in Figure 2-5. Atmospheric particle nitrate can occur in atmospheric aerosol particles
as solid ammonium nitrate or as ionized ammonium nitrate in particles containing water. In
both the solid and ionized forms, ammonium nitrate is in equilibrium with gas-phase nitric
acid and ammonia. In Figure 2-6, the total sulfate concentration was set to 5 pg/m? of
equivalent H,SO,, and the total nitrate concentration was set to 20 pg/m® of equivalent
HNOs;. The total ammonia concentration was varied to smulate different ammonium
enrichment regimes, and this is indicated in the legends as the molar ratio of total available
ammonia to the available sulfate and nitrate. When this “ion ratio” is unity, there is exactly
enough ammonium ion available to neutralize al available nitric and sulfuric acid.

For fixed relative humidity, increasing temperature decreases the particle nitrate
fraction and decreasing temperature increases the particle nitrate fraction. As temperatures
approach 0 °C, nearly al of the nitrate is in the particle phase, limited only by the availability
of ammonia. For higher temperatures, increasing relative humidity increases the particle
nitrate fraction. 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.

This has several implications for nitrate measurement by continuous monitors.
Particle nitrate concentrations are probably low in warm, arid environments, so it will not be
a large fraction of PM,5 and will not influence mass measurements by continuous particle
monitors. However, ammonium nitrate can be a large fraction of PM,s in cool, moist
climates. Continuous monitors that require air streams to be heated from temperatures
exceeding 20 °C will cause ammonium nitrate in the sample to volatilize, thereby eliminating
that portion of the PM mass from detection.

PM concentration and chemical composition vary in time and space due to changesin
emission density, meteorology, and terrain features. Table 2-1 illustrates seasonal variations
of PM25 in different regions of the IMPROVE network for the three years between March
1988 and February 1991 (Mam et a., 1994). Only the Washington, DC site is situated in an
urban area, with the regional-scale background represented by the other areas.

Although PM, s mass concentrations were similar among different seasons, the PM25
chemical composition varied considerably with time of year at the Washington, DC site.
Ammonium sulfate concentrations were higher in summer (8.6 pg/m?, accounting for 51% of
PM..5 mass) and lower in winter (5.4 pg/m?, 33.2% of PM,s mass). In contrast, ammonium
nitrate concentrations were lower in summer (1.2 pg/m?, accounting for 7.4% of PM,s mass)
and higher in winter (3.4 pg/m?, accounting for 20.9% of PM25 mass).

PM,s mass from the Appalachian Mountains region shows marked seasonal
differences, with 6.5 pg/m? during winter and 16.6 pg/m?® during summer. These seasonal
differences are driven by ammonium sulfate levels, which ranged from 3.0 pg/m? (46% of
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Season

Winter
Spring
Summer
Autumn
Annual

Winter
Spring
Summer
Autumn
Annual

Winter
Spring
Summer
Autumn
Annual

Winter
Spring
Summer
Autumn
Annual

Winter
Spring
Summer
Autumn
Annual

Winter
Spring
Summer
Autumn
Annual

Winter
Spring
Summer
Autumn
Annual

Table2-1

Measured Aerosol Concentrationsfor the 19 Regions” in the IMPROVE Network

from March 1988 to February 1991°

Aerosol Concentration in pg/m?® (Percent Mass )

Fine
Mass

16
24
2.7
12
19

6.5
10.6
16.6

9.7
10.9

52

6.2
4.3
5.3

3.8
52
6.7
5.3
51

29
3.4
4.1
3.2
3.4

2.0
3.4

29
3.3

5.6
4.2
45
57
5.0

Ammonium
Sulfate

0.7 (42.2)
0.9 (39.5)
0.5 (20.7)
0.4 (32.2)
0.6 (32.6)

3.0 (45.8)
6.0 (56.8)
10.5 (63.5)
5.6 (58.0)
6.3 (58.0)

2.0(38.0)
2.6 (48.7)
2.2(35.8)
1.6 (37.9)
2.0(38.9)

0.6 (14.6)
1.4 (26.7)
2.4 (35.7)
1.3 (24.6)
1.3(25.7)

0.9 (33.0)
0.9 (27.9)
1.3(31.9)
1.2 (36.3)
1.1(31.9)

0.5 (27.9)
0.9 (27.6)
1.0 (24.0)
0.8 (27.9)
0.8 (25.9)

0.9 (16.8)
1.4 (33.6)
1.9 (43.4)
1.4(24.2)
1.4 (28.5)

Nitrate Organics

Alaska
0.1(6.2) 0.6 (36.5)
0131 0.7 (30.5)
0.0(1.2) 15 (57.9)
0.1(4.3) 0.6 (49.2)
0.1(3.9) 0.9 (43.9)

Appalachian
0.8 (12.8) 2.0(31.3)
0.8(7.9) 2.7 (25.1)
0.3(20) 4.4 (26.5)
05(4.9 2.7 (28.1)
0.6 (5.7) 3.0(27.2)

Boundary Waters
14(274)  1.4(27.0)
0.4 (6.8) 1.8(32.6)
0121 3.1 (50.6)
0.4 (10.1) 1.8 (40.9)
0.6 (11.0) 2.1(39.5)

Cascades
0.1(35) 2.6 (67.2)
0.2(4.7) 2.7(53.2)
0.4 (6.1) 3.0(45.1)
0.2(3.7) 3.1(58.7)
0.2 (4.5) 2.8 (55.7)

Colorado Plateau
05(131)  11(37.3)
0.2(7.0) 1.0 (29.9
0.2 (4.3) 1.6 (39.0)
0.1(4.6) 1.2 (38.4)
0.2(7.2) 1.2 (36.3)

Central Rockies
0.2(11.2) 0.9 (45.1)
0.3(7.8) 1.1 (32.0)
0.1(3.2 2.4 (48.7)
0.1(4.5) 1.3 (45.4)
0.2(5.9) 1.5(43.7)

Central Coast
1.9 (29.3) 2.3(44.7)
0.8(18.7) 1.5(36.5)
08(17.1)  14(315)
1.0 (16.3) 2.7 (47.9)
11(21.1)  1.9(40.3)
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Elementa
Carbon

0.1 (3.4)
0.1(2.3)
0.1(3.2)
0.1 (4.9)
0.1(3.3)

0.4 (6.2)
0.5 (4.4)
05 (2.9)
0.5 (5.0)
05 (4.2)

0.2(3.9)
0.2 (3.6)
0.3 (4.2)
0.2 (4.6)
0.2 (4.2)

05 (12.0)
05(8.8)
05(8.1)
05(9.7)
05(9.5)

0.2 (6.1)
0.1(2.6)
0.2 (4.2)
0.2 (5.0)
0.2 (4.3)

0.1(3.18)
0.1(2.2)
0.2 (4.6)
0.1 (4.3)
0.1(3.9)

0.4 (6.3)
0.2 (4.2)
0.1(2.9)
0.4 (6.9)
03(5.2)

Soil

0.2 (11.8)
0.6 (24.6)
0.4 (16.9)
0.1 (9.5)
0.3 (17.0)

0.3(3.9)
0.6 (5.9)
0.8 (5.1)
0.4 (4.0)
0.5 (4.8)

0.2 (3.9)
0.4 (8.3)
05 (7.3)
0.3 (6.6)
0.3 (6.5)

0.1(2.7)
0.3 (6.7)
0.3 (5.0)
0.2(3.3)
0.2 (4.5)

0.3 (10.5)
1.1(326)
0.9 (20.6)
0.5 (15.7)
0.7 (20.3)

0.3 (12.2)
1.1(30.5)
0.9 (19.4)
0.5 (18.0)
0.7 (20.7)

0.2 (2.9)
0.3(7.1)
0.2 (5.0)
0.3 (4.7)
0.2 (4.9)

Coarse
Mass

4.0
3.9

3.2
4.2

31
45
11.2

6.2

3.2

8.2
5.8
5.7

29
31

3.9
35

3.2
5.3
6.4
3.7
4.7

30
4.3
75
4.0
4.8

1.7
9.3
10.7

8.9



from March 1988 to February 1991°

Table 2-1 (continued)
Measured Aerosol Concentrations for the 19 Regions” in the IMPROVE Network

Aerosol Concentration in pg/m?® (Percent Mass )

Fine
Mass

55
1.7

6.9
7.1

11
24
45

2.8

4.0
3.6
1.6
3.4
3.2

6.6
6.1
8.6
5.6
6.7

34
5.0
5.6
4.0
45

Ammonium
Sulfate

2.4 (43.3)
3.8 (48.5)
25(27.1)
3.1(45.8)
2.9 (40.9)

0.3(25.9)
05 (22.1)
0.7 (14.9)
0.6 (17.7)
05 (18.3)

2.8(70.8)
2.5(67.8)
0.9 (56.7)
2.5(72.0)
2.2 (68.5)

3.3(50.6)
3.6 (58.5)
4.5 (52.4)
3.0 (535)
3.6 (53.5)

1.2 (34.5)
1.9(38.6)
1.8(32.1)
1.2 (30.0)
1.5 (34.0)

1.0 (18.6)
1.1(23.3)
0.9 (17.1)
0.9 (12.8)
1.0 (17.7)

05 (11.3)
1.7 (12.2)
2.4(17.2)
1.1(13.4)
1.4 (13.9)

Nitrate Organics
Florida
0.7 (12.5) 1.9 (34.0
0.9(11.2) 2.1(27.4)
0.5(5.9) 3.0(33.3)
0.5(7.8) 2.3(33.3)
0.7 (9.2 2.3(31.9)
Great Basin
0.1(12.3) 0.5 (48.0)
0.1(5.9) 0.9 (35.6)
0.1(25) 1.7 (38.8)
0.1(4.6) 1.4 (44.5)
0.1(4.7) 1.1 (40.1)
Hawalii
0.1(1.6) 0.9(22.9)
0.1(22) 0.8(22.1)
0.1(5.3) 0.5(30.6)
0.1(1.6) 0.8(22.1)
0.1(22 0.7 (23.4)
Northeast

0.8(11.4) 1.8(27.8)
0.4 (7.1) 1.5 (24.4)
0.3(4.0) 3.0(35.1)
0.4 (7.1) 1.6 (29.4)
05(7.2) 2.0(29.8)
Northern Great Plains

0.6 (16.6) 11(31.7)
0.6 (11.8) 1.3(26.7)
0.2(2.9) 2.2(39.5)
02 (5.2 1.5(37.1)
0.4 (8.5) 15(33.9

Northern Rockies
0.6 (10.6) 3.0(56.7)
0.2(5.2) 2.4(52.2)
0.2(3.1) 3.0(54.5)
0.3(4.3) 4.3 (64.7)
03(5.7) 3.1(57.3)
Southern California

2.2 (47.8) 1.2(26.2)
6.9 (51.1) 3.2(235)
4.6 (33.4) 4.2 (30.6)
3.1(38.6) 2.0(24.3)
4.2 (43.0) 2.5(25.9)
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Elementa
Carbon

0.4 (6.9)
0.3(3.7)
0.3 (3.4)
0.4 (6.2)
0.4 (5.0)

0.0 (1.4)
0.0(. 1)
0.1(2.2)
0.1(2.6)
0.1 (2.0)

0.1 (2.4)
0.1(1.8)
0.0 (2.6)
0.1 (2.0)
0.1(2.2)

05(7.2)
03(5.3)
0.4 (4.9)
0.4 (6.6)
0.4 (5.9)

0.1(3.6)
0.1 (2.4)
0.2(3.2)
0.1 (3.6)
0.1(3.2)

0.5 (9.4)
0.3 (6.7)
0.3 (6.1)
0.6 (9.4)
0.4 (7.9)

0.2 (5.3)
0.6 (4.2)
08 (5.7)
0.4 (5.1)
0.5 (4.9)

Soil

0.2(3.2)
0.7 (9.2)
2.7(30.2)
0.5 (6.9)
0.9 (13.0)

0.1 (12.3)
0.9 (35.3)
1.9 (41.6)
1.0 (30.6)
1.0 (34.9)

0.1(2.4)
0.2 (6.1)
0.1 (4.8)
0.1(2.3)
0.1(3.7)

0.2 (3.0)
0.3 (4.6)
0.3 (3.6)
0.2 (3.5)
0.2(3.7)

0.5 (13.6)
1.0 (20.5)
1.2 (22.3)
1.0 (24.1)
0.9 (20.6)

0.3 (4.9)
0.6 (12.5)
1.0 (19.2)
0.6 (8.9)
0.6 (11.4)

0.4 (9.4)
1.2 (8.9)
1.8 (13.1)
1.5 (18.6)
1.2 (12.3)

Coarse
Mass

8.5
8.0
13.6
8.6
9.6

1.0
3.7
8.2
51
5.0

3.0

103
9.3
81

31
41
6.7
41
45

3.9
6.0
9.7

6.3

25
4.2
9.2
57
55

4.2
9.8
15.2
13.2
10.4



Table 2-1 (continued)
Measured Aerosol Concentrations for the 19 Regions” in the IMPROVE Network
from March 1988 to February 1991°

Aerosol Concentration in pg/m?® (Percent Mass )

Fine Ammonium Elemental Coarse
Season Mass Sulfate Nitrate Organics Carbon Soil Mass
Sonora Desert
Winter 32 1.2 (38.6) 0.3(8.6) 1.1(34.6) 02(5.2) 0.4 (13.0) 33
Spring 4.4 1.2 (26.5) 0.3(6.9) 1.3(29.8) 0129 1.5(33.9) 75
Summer 5.6 2.1(37.7) 0.2(3.8) 1.8(33.0) 02(32) 1.2 (22.3) 7.6
Autumn 45 1.7 (37.5) 0.2(3.7) 1.7 (37.1) 0.2 (5.1) 0.8 (16.5) 5.8
Annual 4.4 1.5(35.4) 0.3(5.5) 1.5(33.4) 0.2 (4.1) 0.9 (21.6) 6.0
SierraNevada
Winter 25 0.4 (14.9) 07(27.1)  1.1(46.7) 0.1(4.2) 0.2(7.2) 2.1
Spring 43 1.0 (24.2) 06(143) 17(294) 0.2 (4.0) 0.8(18.1) 48
Summer 7.2 1.7 (23.4) 0.6 (8.0) 3.6 (49.6) 05 (6.7) 0.9 (12.2) 7.0
Autumn 4.4 0.9 (20.6) 06(132) 21(483) 0.3(6.5) 0.5 (11.4) 5.3
Annual 45 1.0(21.7) 0.6(13.6) 2.1(46.4) 0.3(5.6) 0.6 (12.7) 4.7
Sierra-Humboldt
Winter 1.7 0.2 (14.2) 01(7.2) 1.0 (56.6) 0.1(6.6) 0.3 (15.4) 2.9
Spring 30 0.6 (18.6) 0.2(8.2) 1.4 (48.5) 0.1(4.8) 0.6 (19.9) 2.9
Summer 4.0 0.7 (18.2) 0.2 (4.7) 2.2 (55.1) 0.3(6.5) 0.6 (15.5) 5.6
Autumn 2.8 0.4 (15.5) 0.1(3.5) 1.7 (59.9) 0.2 (7.4) 0.4 (13.7) 27
Annual 2.9 05 (17.1) 0.2 (5.7) 1.6 (54.7) 0.2 (6.3) 05 (16.2) 3.7
Washington D.C.
Winter 16.3 5.4 (33.2) 34(209)  4.9(29.9) 2.0 (12.4) 0.6 (3.6) 30.1
Spring 16.8 7.3(43.6) 26(155)  4.2(24.9) 1.7 (10.2) 1.0(5.9) 10.2
Summer 16.7 8.6 (51.4) 1.2 (7.4) 4.4(26.1) 1.6 (9.8) 0.9(5.3) 135
Autumn 15.3 6.6 (43.3) 16(105)  4.4(285) 2.0 (12.8) 0.8 (4.9) 8.4
Annual 16.2 6.9 (42.4) 22(138) 45(275) 1.8 (11.4) 0.8 (4.9) 16.4
West Texas
Winter 36 1.5 (40.6) 0.2(6.2) 1.1 (31.4) 0.1(38) 0.6 (18.0) 5.1
Spring 6.4 2.2(33.6) 0.3(4.7) 1.7 (26.1) 0.2 (2.5) 2.1(33.0) 10.4
Summer 6.6 2.5(38.7) 0.3(4.7) 1.7 (25.9) 0.1(2.0) 1.9 (28.7) 7.4
Autumn 48 2.3(46.8) 0.2 (3.4) 1.4 (29.1) 0.2 (35) 0.8(17.2) 7.0
Annual 5.4 2.1(39.3) 0.3(4.7) 1.5(27.6) 0.1(2.8) 1.4 (25.6) 75
& IMPROVE and NPS/IMPROVE protocol sites according to 1a Region:
Alaska Coastal Mountains Hawaii Southern California
Denali National Park Pinnacles National Monument Hawaii Volcanoes National Park San Gorgonio Wilderness Area
Appalachian Mountains Point Reyes National Seashore  Northeast Washington, D.C.
Great Smoky Mountains National Park Redwood National Park AcadiaNational Park Washington, D.C.
Shenandoah National Park Colorado Plateau Northern Great Plains West Texas
Boundary Waters Arches National Park Badlands National Monument Big Bend National Park
Isle Royale National Park Bandelier National Monument ~ Northern Rocky Mountains Guadal upe Mountains National Monument
Voyageurs National Park Bryce Canyon National Park Glacier National Park
Cascade Mountains Canyonlands National Park SierraNevada
Mount Rainier National Park Grand Canyon National Park Y osemite National Park
Central Rocky Mountains Mesa Verde National Park Sierra-Humboldt
Bridger Wilderness Area Petrified Forest National Park Crater Lake National Park
Great Sand Dunes National Monument  Florida Lassen Volcanoes National Park
Rocky Mountain National Park Everglades Sonoran Desert
Weminuche Wilderness Area Great Basin Chiricahua National Monument
Y ellowstone National Park Jarbidge Wilderness Area Tonto National Monument

(IMPROV E=Interagency Monitoring of Protected Visual Environments; NPS=National Park Service)
® Based on Malm et a. (1994).
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PM.s mass) in winter to 10.5 pg/m® (64% of PMys mass) in summer. The region
represented by the San Gorgonio site in Southern California also reported significant
seasonal PM ;5 differences of 4.6 pg/m? during winter, 13.6 pg/m? during spring, and 13.8
pg/m?® during summer. Spring and summer PM,5 concentrations were driven by nitrate
concentrations, which were 2 to 3 times higher than during fall and winter. This site lies
along one of the ventilation pathways for California’s South Coast Air Basin which produces
copious guantities of ammonium nitrate particles (Solomon et al., 1989; Chow et al., 19944,
1994b).

In the IMPROVE network, carbonaceous aerosol accounts for 20% to 50% of PM s,
with elevated concentrations found during summer, reflecting possible contributions from
photochemical conversion of heavy hydrocarbon gases to particles. Crustal components
were also major PM,5 components at these regionaly representative sites, accounting for
20% to 30% of PM s mass in the southwest and northwest.

Relative abundances of particulate chemical components in urban areas often differ
from the data presented in Table 2-1 due to the superposition of urban emissions on top of
regional background and particles transported from upwind sources. Chow et a. (1998a)
shows that PM 5 organic carbon is enriched in residential neighborhoods during cold winter
periods, reflecting contributions from home heating and vehicle exhaust, especialy cold
starts. Elevated nitrate concentrations are often found during the fall and winter owing to
lower temperatures and higher humidities, as described above.

2.3  ParticleInteractionswith Light

Visbility degrades when particle concentrations increase, but the nature of this
degradation has a complex dependence on particle properties and the atmosphere (Watson
and Chow, 1994). Visble light occupies a region of the electromagnetic spectrum with
wavelengths between 400 nm and 700 nm, similar to particle diameters in the accumulation
mode. Light falling on an object is reflected and absorbed as a function of its wavelength.
Light reflected from an object is transmitted through the atmosphere where its intensity is
attenuated when it is scattered and absorbed by gases and particles. The sum of these
scattering and absorption coefficients yields the extinction coefficient (b, ) expressed in units
of inverse megameters (Mm™*=1/10° m). Typica extinction coefficients range from ~10
Mm™* in pollution-free air to ~1,000 Mm™ in extremely polluted air (Trijonis et a., 1988).
The inverse of b, corresponds to the distance (in 10° m) at which the original intensity of
transmitted light is reduced by approximately two-thirds.

Light is scattered when diverted from its origina direction by matter (Malm, 1979).
The presence of atmospheric gases such as oxygen and nitrogen limits horizontal visual
range to ~400 km and obscures many of the attributes of a target at less than half of this
distance. This “Rayleigh scattering” in honor of the scientist who elucidated this
phenomena, is the major component of light extinction in areas where pollution levels are
low, has a scattering coefficient of ~10 Mm™, and it can be accurately estimated from
temperature and pressure measurements (Edlen, 1953; Penndorf, 1957).
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Light is also scattered by particles suspended in the atmosphere, and the efficiency of
this scattering per unit mass concentration is largest for particles with sizes comparable to the
wavelength of light (<500 nm), as shown in Figure 2-7 for an ammonium sulfate particle.
Note the rapid change in scattering efficiency in the region between 0.1 and 1 pm that makes
light scattering measurements very sensitive to small changes in particle size within this
region. The degree to which particles scatter light depends on their size, shape, and index of
refraction (which depends on their chemical composition). Each ny/m® of pure ammonium
sulfate or ammonium nitrate typically contributes 2 to 6 Mm™. Each ng/m® of soil particles
less than 2.5 mm in aerodynamic diameter contributes ~ 1 Mm™. The sizes of most crustal
particles are several times the typical wavelengths of light and each ng/m® of these particles
with diameters >2.5 nm contributes ~0.5 Mm™ to extinction (White et al., 1994).

Light is absorbed in the atmosphere by nitrogen dioxide (NO,) gas, by black
carbonaceous particles (Horvath, 1993a, 1993b), and by non-transparent geological material.
Each ng/m® of nitrogen dioxide contributes ~0.17 Mm™ of extinction a ~550 nm
wavelengths (Dixon, 1940), so NO, concentrations in excess of 60 ng/m® (30 ppbv) are
needed to exceed Rayleigh scattering. This contribution is larger for shorter wavelengths
(e.g., blue light) and smaller for longer wavelengths (e.g., red light). Black carbon particles
are seldom found in emissions from efficient combustion sources, although they are abundant
in motor vehicle exhaugt, fires, and residential heating emissions. Figure 2-8 shows that the
absorption efficiency of elemental carbon particles has a complex relationship to particle size
and assumptions about the particle composition. For the majority of particle types, Figure
2-8 shows that the theoretical scattering efficiency is substantially lower than that estimated
from ambient measurements, which are usualy in the range of 5 to 20 m?/g (Hitzenberger
and Puxbaum, 1993; Jennings and Pinnick, 1980).

24 Mobility

A particle's mobility is defined as the ratio of particle velocity to the force that
accelerates the particle to that velocity. Mobility is related to mass by Newton's first law,
stating that its mass is equal to the force applied divided by the particles acceleration. A
constant velocity is easier to measure than a velocity that is changing during acceleration.
For this reason, detection devices submit individual particles to a force, usually aerodynamic
or electrostatic, for a short time period, then remove that force to measure the particle
velocity. They may also apply aforce that counteracts the resistance of air to bring a particle
to a constant velocity; this force depends on the size and shape of the particle.

25 Beta Attenuation

Electrons (or “beta rays’) having kinetic energies less than 1 million electron volts
collide with atoms they encounter, while higher energy electrons interact with the atomic
shell or the atomic nucleus. These collisions cause incremental |osses in electron energy that
is somewhat proportional to the number of collisons. When a stream of electrons with a
given energy distribution is directed across a thin layer of material, the transmitted energy is
exponentially attenuated as the thickness of the sample, or the number and types of atoms it
encounters, increases.
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Scattering Efficiency for Ammonium Sulfate
Versus Particle Diameter

Scattering Efficiency (m2/g)
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Figure2-7. Ammonium sulfate particle scattering efficiency as a function of particle
diameter. Note that the highest efficiency corresponds to particle sizes near the peak of the
accumulation mode.
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Figure2-8. Particle absorption efficiencies as a function of elemental carbon particle
diameter for several densties (first number in legend), real and imaginary indices of
refraction (second and third numbers in legend). First three cases are for pure elemental
carbon. Fourth and fifth cases are for 10% and 1% carbon as the core of a sulfate particle.
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Beta ray attenuation is not the same for all atoms and varies with the ratio of atomic
number to atomic mass of each atom. Different elements in ambient air will have different
attenuation properties, so the relationship between attenuation and mass is not exact.
Jaklevic et al. (1981) show that the ratio of atomic number to mass for most of the atomsin
suspended particles is reasonably constant, with the exception of hydrogen.

2.6 Summary

Suspended particles are present in a large number of particle sizes and chemical
compositions. These vary from place to place and time to time, especially between the
eastern and western United States and between winter and summer. Some of the chemical
components of suspended particles, particularly water and ammonium nitrate, are in
equilibrium with gas-phase concentrations. This equilibrium changes with temperature,
relative humidity, and precursor gas concentrations. Particle mobility, light absorption, and
light scattering properties are aso functions of chemical composition, size, and shape. These
particle properties must be considered, and to some extent defined, when different
measurement principles incorporated in filter-based and continuous in-situ monitors are
applied to their quantification.
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3. CONTINUOUS PARTICLE MEASUREMENT METHODS

This section surveys continuous in-situ instruments that measure different properties
of suspended particles. Instrument specifications, measurement properties, detection
thresholds, typical averaging times, development status, potential uses, and maintenance
needs are discussed when this information is available. Continuous monitors are classified
by the properties that they measure with respect to: 1) mass (i.e., inertial mass, beta-ray
attenuation, pressure drop); 2) interactions with light (i.e., particle light scattering, particle
light absorption); 3) mobility (i.e., electrical mobility, aerodynamic mobility); 4) chemical
components (i.e., single particle characteristics, nitrate, carbon, sulfur, and other elements);
and 5) precursor gases (i.e.,, anmonia, nitric acid). Table 3-1 shows that there are several
approaches to measuring the same properties as well as multiple providers for these
instruments.  Instrument descriptions given here are brief, with emphasis on their
applicability to PM, 5 and PM 1y measurements. More detail is given by Baron et al. (1993),
Gebhart (1993), Rader and O’ Hern (1993), Williams et al. (1993), and Pui and Swift (1995),
aswell asin the cited references and the bibliography in Section 7.

3.1 Massand Mass Equivalent

Particle mass is determined by its inertia, by its electron attenuation properties, and
by the decrease in pressure across small pores in a filter. Four different types of mass
measurement monitors are discussed in the following subsections.

3.1.1 Tapered Element Oscillating Microbalance (TEOM®)

The TEOM® (Patashnick and Hemenway, 1969; Patashnick, 1987; Patashnick and
Rupprecht, 1991; Rupprecht et al., 1992) draws air through a hollow tapered tube, with the
wide end of the tube fixed, while the narrow end oscillates in response to an applied electric
field. The narrow end of the tube carries the filter cartridge. The sampled air stream passes
from the sampling inlet, through the filter and tube, to a flow controller. The tube-filter unit
acts as a ssimple harmonic oscillator with

w =(k/m)°> (3-1)
where: w = the angular frequency,
k = therestoring force constant, and
m = the oscillating mass.

As particles are collected on the filter, the oscillating mass changes and results in a
change of the oscillating frequency. An electronic control system maintains the tapered tube
in oscillation and continuously measures this oscillating frequency and its changes. To
calibrate the system, the restoring force constant (k in Equation 3-1) is determined by placing
a gravimetricaly determined calibration mass on the filter and recording the frequency
change due to this mass.



Table 3-1

Summary of Continuous Monitoring Technology

I nstrument
I. Massand Mass Equivalent

Tapered Element Oscillating Microbalance
(TEOM) Y

(Patashnick and Hemenway, 1969; Patashnick, 1987; Patashnick
and Rupprecht, 1991; Meyer et d., 1992; Rupprecht et a., 1992;
Allen et al., 1997)

Piezoelectric Microbalance ¢

(Olinand Sem, 1971); Sem et al., 1977; Fairchild and Wheat,
1984; Bowers and Chuan, 1989; Ward and Buttry, 1990; Noel and
Topart, 1994)

Beta Attenuation Monitor (BAM) &

(Nader and Allen, 1960; Spurny and Kubie, 1961; Lilienfeld and
Dulchinos, 1972; Husar, 1974; Cooper, 1975; Lilienfeld, 1975;
Sem and Borgos, 1975; Cooper, 1976; Macias, 1976; Jaklevic et
al., 1981; Courtney et a., 1982; Klein et a., 1984; Wedding and
Weigand, 1993; Speer et a., 1997)

Pressure Drop Tape Sampler (CAMMS) %%
(Babich et al., 1997)

Quantity Measured

Particle mass. Detection limit
~ 5 ng/m® for afive minute
average.

Particle mass. Detection limit
~ 10 ng/m® for a one minute
average.

Particle mass. Detection limit
~ 5 ng/m* for aone hour
average

Particle mass. Detection linit
~ 2 ng/m® for aone hour
average

M ethodol ogy

Particles are continuously collected on a filter mounted on the tip of a glass
element which oscillates in an applied eectric field. The glass element is
hollow, with the wider end fixed; air is drawn through the filter and through
the element. The oscillation of the glass element is maintained based on the
feedback signa from an optical sensor. The resonant frequency of the
element decreases as mass accumulates on the filter, directly measuring
inertial mass. The typica signa averaging period is 10 minutes.
Temperatures are maintained at a constant value, typicaly 30°C or 50°C, to
minimize thermal expansion of the tapered element.

Particles are deposited by inertial impaction or electrostatic precipitation
onto the surface of a piezoelectric quartz crystal disk. The natural resonant
frequency of the crystal decreases as particle mass accumulates. The
changing frequency of the sampling crystal is electronically compared to a
clean reference crystal, generating a signa that is proportional to the
collected mass. The reference crystal aso alows for temperature
compensation.

Beta rays (electrons with energies in the 0.01 to 0.1 MeV range) are
attenuated according to an approximate exponential (Beer's Law) function
of particulate mass, when they pass through deposits on a filter tape.
Automated samplers utilize a continuous filter tape, first measuring the
attenuation through the unexposed segment of tape to correct for blank
attenuation. The tape is then exposed to ambient sample flow, accumulating
a deposit. The beta attenuation measurement is repeated. The blank-
corrected attenuation readings are converted to mass concentrations, with
averaging times as short as 30 minutes.

CAMMS (continuous ambient mass monitor system) measures the pressure
drop across a porous membrane filter (Fluoropore). For properly chosen
conditions, the pressure drop is linearly correlated to the particle mass
deposited on the filter.



I nstrument
II. Visible Light Scattering

Nephelometer Py

(Mie, 1908; Koschmieder, 1924; Beuttell and Brewer, 1949;
Ahlquist and Charlson, 1967, 1969; Charlson et a., 1967, 1968,
1969; Quenzel, 19693, 1969b; Horvath and Noll, 1969; Borho,
1970; Ensor and Waggoner, 1970; Garland and Rae, 1970;
Heintzenberg and Hanel, 1970; Rae and Garland, 1970; Rae,
1970a; Rae, 1970b; Ruppersberg, 1970; Covert et al., 1972; Ensor
et al., 1972; Thielke et al., 1972; Bhardwaja et a., 1973;
Heintzenberg and Quenzel, 1973a; Heintzenberg and Quenzel,
1973b; Rabinoff and Herman, 1973; Bhardwaja et a., 1974;
Charlson et al., 1974a, 1974b; Quenzel et a., 1975; Heintzenberg,
1975, 1978; Heintzenberg and Bhardwaja, 1976; Harrison, 1977a,
1977b, 1979; Sverdrup and Whitby, 1977; Bodhaine, 1979;
Heintzenberg and Witt, 1979; Heintzenberg, 1980; Mathai and
Harrison, 1980; Waggoner and Weiss, 1980; Wiscombe, 1980;
Harrison and Mathai, 1981; Johnson, 1981; Malm et al., 1981;
Ruby and Waggoner, 1981; Waggoner et a., 1981; Winkler et a.,
1981; Larson et a., 1982; Hasan and Lewis, 1983; Heintzenberg
and Bécklin, 1983; Waggoner et a., 1983; Hitzenberger et dl.,
1984; Gordon and Johnson, 1985; Rood et al., 1985, 1987; Ruby,
1985; Wilson et al., 1988; Barber and Hill, 1990; Trijoniset dl.,
1990; Bodhaine et a., 1991; Sloane et al., 1991; Nyeki et d., 1992;
Optec Inc., 1993; Eldering et a., 1994; Horvath and Kaller, 1994;
White et a., 1994; Mulholland and Bryner, 1994; Lowentha et dl.,
1995; Anderson et al., 1996; Heintzenberg and Charlson, 1996;
Watson et al., 1996; Rosen et a., 1997; Anderson and Ogren,
1998; Moosmiiller et a., 1998)

Table 3-1 (continued)
Summary of Continuous Monitoring Technology

Quantity Measured

In-sity, integrated light
scattering from particles and
gases; adirect estimate of the
aerosol light-scattering
coefficient, by, lower
detection limit ~ 1 Mm™* for a
ten minute average.

M ethodol ogy

Ambient gases and particles are continuously passed through an optical
chamber; the chamber is generally in the form of a long cylinder
illuminated from one side, perpendicular to the long axis of the chamber.
The light source is located behind a lambertian diffuser and illuminates the
aerosol at visible wavelengths.  Light is scattered by particles in the
chamber over angles ranging from 0° to 180°; mounted behind a series of
baffles, a photomultiplier tube located at one end of the chamber detects
and integrates the light scattered over about 9° to 171°. The light detected
by the photomultiplier is usualy limited by filters to wavelengths in the 500
to 600 nm range, corresponding to the response of the human eye. The
instrument is calibrated by introducing gases of known index of refraction,
which produce a known scattered energy flux. (For this purpose,
hal ocarbon gases must now be replaced by non-ozone-reactive alternatives.)
A typical signal averaging period is about 2 minutes.



Table 3-1 (continued)
Summary of Continuous Monitoring Technology

[nstrument Quantity Measured Methodology

Optical Particle Counter/Size Spectrometer juv.aa Number of particlesinthe 0.1  Light scattered by individual particles traversing a light beam is detected at
(Gucker et al., 1947a, 1947b; Gucker and Rose, 1954; Whitby and ~ to 50 nm size range. var.ious. angles, these signds are interpreted in terms of particle size via
Vomela, 1967; Whitby and Liu, 1968; Liu et al., 1974c; calibrations.

Heintzenberg, 1975, 1980; Hindman et a., 1978; Mékynen et dl.,
1982; Chen et al., 1984; Robinson and Lamb, 1986; van der
Meulen and van Elzakker, 1986; Wen and Kasper, 1986; Buettner,
1990; Gebhart, 1991; Hering and McMurry, 1991; Kaye et a.,
1991; Sloane et ., 1991; Eldering et a., 1994; Kerker, 1997;

Fabiny, 1998)

Condensation Nuclei (CN) Counter aa Number of nucleating Particles are exposed to high supersaturations (150% or greater) of a
(Liuand Pui, 1974; Sinclair and Hoopes, 1975; Bricard et al., particles (particlesin the working fluid such as acohol; droplets are subsequently nucleated,
1976; Agarwal and Sem, 1980; Liu et al., 1982; Miller and ~0.003 to 1 ym size range). alowing detection of the particles by light scattering.

Bodhaine, 1982; Bartz et a., 1985; Ahn and Liu, 1990; Noone and
Hansson, 1990; Su et a., 1990; Zhang and Liu, 1990; Keston et d.,
1991; McDermoatt et al., 1991; Stolzenburg and McMurry, 1991;
Zhang and Liu, 1991; Saros et al., 1996)

Aerodynamic Particle Sizer # Number of particlesin Parallel laser beams messure the velocity lag of particles suspended in
(Wilson and Liu, 1980; Kasper, 1982; Chen et al., 1985; Baron, different size ranges. accelerating air flows.

1986; Chen and Crow, 1986; Griffiths et a., 1986; Wang and John,

1987; Ananth and Wilson, 1988; Brockmann et al., 1988; Wang

and John, 1989; Brockmann and Rader, 1990; Chen et al., 1990;

Cheng et a., 1990, 1993; Lee et al., 1990; Rader et al., 1990;

Heitbrink et a., 1991; Marshall et al., 1991; Heitbrink and Baron,

1992; Peters et ., 1993)



I nstrument

L I DAR efh,l st
(Hitschfeld and Bordan, 1954; Fiocco et a., 1971; Fernald, 1972;

Melfi, 1972; Rothe et a., 1974; Cooney, 1975; Woods and Jolliffe,

1978; Klett, 1981; Aldén et al., 1982; Browell, 1982; Browell et
al., 1983; Measures, 1984; Force et d., 1985; McElroy and Smith,
1986; Ancellet et a., 1987, 1989; Edner et al., 1988; Galleet a.,
1988; Alvarez Il et a., 1990; Beniston et a., 1990; de Jonge et dl.,
1991; Grund and Eloranta, 1991; Ansmann et al., 1992; Kdlsch et

al., 1992; McElroy and McGown, 1992; Milton et d., 1992; She et

al., 1992; Whiteman et al., 1992; Kovalev, 1993, 1995;
Moosmilller et a., 1993; Gibson, 1994; Kempfer et a., 1994;
Kovalev and Moosmiller, 1994; Piironen and Eloranta, 1994;
Zhao et ., 1994; Grant, 1995; Toriumi et a., 1996; Evanset d.,
1997; Hoff et a., 1997; Moosmiiller and Wilkerson, 1997)

I11. Visible Light Absorption

Aethalometer ™*

(Hansen et al., 1984, 1988, 1989; Rosen et al., 1984; Hansen and
Novakov, 1989, 1990; Hansen and McMurry, 1990; Hansen and
Rosen, 1990; Parungo et al., 1994; Pirogov et a., 1994)

Particle Soot/Absor ption Photometer (PSAP) *
(Bond et al., 1998; Quinn et a., 1998)

Table 3-1 (continued)
Summary of Continuous Monitoring Technology

Quantity Measured

Range resolved atmospheric
backscatter coefficient
(cmP/steradian) and gas
concentrations.

Light absorption, reported as
concentration of elemental
carbon. Detection limit ~

0.1 pg/m® black carbon for a
one minute average.

Light absorption detection
limit ~0.2 Mm™ for a
five-minute average. For an
absorption efficiency of

10 m“/g, this would
correspond to 20 ng/m® of
black carbon.

M ethodol ogy

A short laser pulse is sent into the atmosphere, backscattered light from gas
and aerosols is detected as a function of time of flight for the light pulse.
This resultsin a range resolved measurement of the atmospheric backscatter
coefficient if extinction is properly accounted for. Specia systems which
separate molecular and agrosol scattering have an absolute calibration and
extinction and backscatter ratio can be retrieved. Differentia absorption
lidars use multiple wavelengths and utilize 