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Abstract

Despite progress in controlling air pollution in the United States over the 

past thirty years, airborne particulate matter remains an important focus area for 

the public health, engineering, and scientific communities.  The reason for this 

concern is the continuing influence of particulate matter (PM) in human health, 

visibility, and climate.  While many aspects of particulate matter are well 

understood, several important areas are not.  This work addresses:  (1) in-situ 

nucleation as an important source of ultrafine (<100 nm) aerosol in the Eastern 

United States; (2) the formation of secondary organic aerosol; and (3) the role of 

relative humidity in determining aerosol size and mass.  The field-based 

investigations were performed as part of the Pittsburgh Air Quality Study, a 

multi-investigator, two-year sampling study focused on characterizing particulate 

matter, quantifying sources, and developing and evaluating advanced aerosol 

monitoring techniques. 

New particle formation from homogeneous nucleation is an important 

process in shaping the ambient aerosol size distribution.  Prior research on new 

particle formation mainly focused on its occurrence in clean (non-urban) 

atmospheres.  However, during the Pittsburgh Air Quality Study, new particle 

formation was observed on over 30% of the study days using Scanning Mobility 

Particle Sizers (SMPS).  The field observations lead to (1) demonstration of the 

role of photochemical sulfuric acid in nucleation; (2) demonstration of the wide 

geographic scope of new particle formation; and (3) quantification of the impact 

of new particle formation on the regional aerosol size distribution. 
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An automated system to measure the amount of aerosol water at given 

atmospheric conditions was developed and deployed during the Pittsburgh Air 

Quality Study.  Algorithms for data reduction were developed, including an 

algorithm for merging aerodynamic diameter number distributions from the 

Aerosol Particle Sizer with mobility number distributions from Scanning Mobility 

Particle Sizers.  Results from this system showed observations of the water 

content of ambient aerosols not predicted by thermodynamic partitioning models.  

Specifically, during the Pittsburgh Air Quality Study, summer aerosols were 

almost always hydrated, even at relative humidities below 40%, while winter 

aerosols were not hydrated (up to relative humidities of 60%).  The field results 

were compared with detailed equilibrium thermodynamic calculations based on 

measured aerosol chemistry. 

Currently, our ability to accurately model the formation of secondary 

organic aerosol and its impact on air quality is limited by our understanding of its 

chemistry, gas-aerosol partitioning, and hygroscopic properties.  Historically, 

secondary organic aerosol yields (the fraction of reacting organic precursor gas 

that forms aerosol) have been measured in chamber studies with temperatures 

from 30-35 ºC and reactant concentrations from 20-500 ppb.  In many locations 

and regions of the atmosphere, lower temperatures and reactant concentrations 

prevail, and parameters for these conditions are calculated by extrapolation, 

leading to inaccurate model calculations.  Novel techniques were developed to 

extend the temperature range of chamber experiments beyond the typical range of 

30 – 35 ºC to a broader range from 15 – 40 ºC.  The methods rely on perturbing 
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laboratory generated aerosol by heating, and then measuring the rate and 

equilibrium extent of growth or shrinkage of the particles.  Methods were 

demonstrated using ozone oxidation of monoterpenes such as �-pinene, �-pinene 

and �-carene.
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Chapter 1 Introduction 
Airborne particles, from a few nanometers to tens of microns in size, are 

key components of our atmosphere.  They influence our health, our climate, our 

lakes and oceans, and the color of the sky.  It is widely known that mankind’s 

activities change aerosol concentrations in the atmosphere, both on the local and 

global scale.  For example, in the United States, urban aerosol pollution rose as a 

consequence of industrialization and then decreased due to technological 

improvements and stricter regulations.  Despite the progress to date in reducing 

air pollution levels, recent studies find robust correlations between atmospheric 

pollution levels and adverse health effects in sensitive subgroups of the 

population, such as those with cardiac and respiratory conditions (EPA 1996; 

Samet et al., 2000).  Furthermore, there has been a steadily growing appreciation 

of the links between air pollution and climate over the past two decades (Penner et 

al., 2001).  For example, the haze over populated areas of North America limits 

visibility at ground level and cools the region by reflecting radiation back to 

space; however, the magnitude of this effect is highly uncertain.  In fact, over 

parts of the planet aerosols may have a net warming effect due to the absorption 

of radiation by soot aerosols (Ramaswamy et al., 2001).  Because of these and 

other radiative and health effects, a good understanding of sources, chemistry, and 

physics of air pollution is critical to the design of effective policies to manage air 

quality, visibility, and climate. 

While the societal importance of air pollution provides one impetus for its 

study, the complexity and challenge of the problem provides another.  The 
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atmosphere can be thought of as an enormous chemical reactor, with thousands of 

chemical components, multiple phases, complex mass and energy transport, and 

intricate catalytic, radical, and surface reactions.  Length scales of importance 

range from the sub-nanometer to millimeter size and larger.  Aerosols typically 

contain a variety of inorganic ions, metals, water, soot, oxides, and hundreds of 

organic compounds.  They are found as solids, dilute solutions, highly 

concentrated solutions, and multiphase particles.  Atmospheric aerosols are 

emitted from a variety of manmade and natural sources and are formed in the 

atmosphere from gas-to-particle partitioning.  These complexities require an 

interdisciplinary approach for solution and a combination of laboratory, field, and 

theoretical investigations. 

Perhaps because a measure of aerosol mass in air is straightforward 

(particles caught in a filter are then weighed), the bulk of prior research in 

airborne aerosols focused on particle mass concentrations.  Recently, research has 

begun to focus more on the number concentration of airborne aerosols, the 

formation and emission of fresh aerosol particles, and the health and climate roles 

of particles of very small particles, which by their nature can be found in high 

concentrations without significantly increasing aerosol mass concentration. 

This focus on particles that can be found in high number concentrations 

but relatively low mass concentrations is supported by recent health studies that 

show that for a given mass concentration, health effects are larger for smaller 

particle sizes (Oberdörster et al., 1992; Oberdörster et al., 1995; Donaldson et al., 

1998; Wichmann and Peters, 2000).  It is further motivated by recent work on the 
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cloud seeding properties of small particles and the link between aerosols, clouds, 

and climate. 

1.1 Background 

Airborne particles include both organic and inorganic components and are 

formed from a variety of sources, including combustion, dust, and particle 

formation from oxidation of precursor gases.  Major components include sulfate, 

nitrate, ammonium, trace elements, organic material, soot, water, and crustal 

components.  The dynamics of atmospheric aerosols are complex because of their 

wide variation in size, composition, and spatial distribution. 

Airborne particulate matter (PM) is classified into primary PM, which is 

emitted directly from sources, and secondary PM, which is formed in situ from 

gas-to-particle conversion in the atmosphere.  A further classification is by 

particle size: Fine particulate matter has a diameter less than 2.5 �m.  Additional 

distinctions of fine PM are ultrafine PM (less than 100 nm) and nuclei mode 

particles (less than 10 nm).  Three size distributions are typically considered, the 

number size distribution, surface area size distribution, and volume (or mass) size 

distribution.  Sizes are often indicated in the literature as a subscript.  For 

example, PM2.5 refers to the mass of particulate matter (aerosols) with sizes 

smaller than 2.5 �m while PM10 refers to the mass of particulate matter with sizes 

less than 10 �m. 

The three largest contributors to urban fine PM in the Northeast United 

States are sulfate, carbonaceous material, and water (Seinfeld and Pandis, 1998).  

Sulfate is mainly formed as secondary PM from the oxidation of SO2 emitted 
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from combustion sources such as power plants and engines.  The carbonaceous 

fraction of ambient PM consists of both elemental carbon and a variety of organic 

compounds (organic carbon).  Elemental carbon (EC), also called black carbon or 

soot, is directly emitted from combustion sources.  Organic carbon (OC) is 

emitted as primary aerosol from a variety of sources.  Alternatively, organic 

compounds can partition from the gas phase to the aerosol phase, creating 

secondary organic aerosol.  Secondary organic aerosol (SOA) is an important 

component of urban smog, comprising up to 70% of organic aerosols during 

episodes in Los Angeles (Turpin 1991). 

Recently, there has been increased interest in organic aerosols derived 

from biogenic volatile organic compounds, which are emitted from vegetation.  

This interest is due to the reactivity of biogenic compounds, their large flux to the 

atmosphere (7 to 10 times man-made emissions on a global scale), and their 

potentially large impact on global and regional air pollution and aerosols (Müller 

et al., 1992; Guenther et al., 1995; Griffin et al., 1999a).  Monoterpenes (C10H16), 

a class of biogenic hydrocarbons emitted from trees, have been shown to create 

significant quantities of secondary organic aerosols in smog chamber experiments 

(Hoffmann et al., 1997). 

Ambient aerosols take up water depending on their chemical composition 

and the surrounding relative humidity.  Particles consisting of inorganic salts (e.g. 

ammonium sulfate, ammonium nitrate, sodium sulfate) can exist either as solids 

or in solution with water.  If starting from a dry, solid state, salt particles will not 

take up water until their deliquescence relative humidity (DRH) is exceeded.  For 
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ammonium sulfate at 25 °C, the DRH is 80%.  As relative humidity is increased 

above the DRH, even more water is absorbed.  Pure ammonium sulfate aerosols 

will double in size due to water uptake if taken from a dry state to about 93% RH 

(Seinfeld and Pandis, 1998).  On the other hand, as RH is decreased below the 

DRH, the particle will not immediately crystallize and return to zero water 

content.  Rather, it will remain in the metastable supersaturated solution phase 

until the RH reaches critical supersaturation and induces crystallization.  Some 

aerosol components, such as sulfuric acid, do not exhibit deliquescence behavior, 

but respond smoothly to relative humidity changes (Seinfeld and Pandis, 1998). 

Through changes in aerosol water content, relative humidity influences 

visibility, aerosol aerodynamic behavior, and climatic effects of aerosols.  Aerosol 

water also influences gas-to-particle partitioning, chemical reaction rates, and 

particle shape. 

Given the wide variety of sources, one can expect a rich variety of primary 

particles in the air, including micron sized fragment from road dust, tire wear, and 

machining; ultrafine combustion soot agglomerates; metal oxide fume from coal 

combustion; and condensed unburnt engine oil.  Sources of exclusively ultrafine 

particles have a strong influence on particle number but little effect on overall 

particle mass.  Conversely, sources emitting only larger particles will directly 

impact ambient aerosol mass concentration without significantly changing the 

ambient number concentration.  Many combustion sources emit both ultrafine and 

larger particles, contributing to both the number and mass concentrations. 
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Epidemiological studies have shown adverse health effects of PM 

including respiratory irritation and changes in pulmonary function as well as 

associations between PM mass concentrations and mortality (Oberdorster et al., 

1992; Schwartz et al., 1996; Donaldson and MacKnee, 1998; Samet et al., 2000; 

EPA, 1996).  Some studies have also shown that ultrafine particles are likely to 

cause adverse health effects (Seaton et al., 1995; Peters et al., 1997; Daily et al., 

2001).  Recent works by Laden et al. (2000) and Hoek et al. (2002) have indicated 

that fine PM from mobile and coal combustion sources are highly correlated with 

increased mortality.  In addition to affecting human health, fine particulate matter 

impacts climate change and visibility.  Because of these impacts, sources of fine 

PM and secondary PM precursors are increasingly controlled by regulation.  A 

good understanding of emission sources and atmospheric processes that govern 

fine PM concentrations is critical to the design of an effective control policy. 

Fine particles impact visibility and climate because of their ability to 

scatter and absorb sunlight.  Anthropogenic emissions of primary PM and 

secondary PM precursors create a haze in many industrialized parts of the world, 

increasing the planetary albedo and decreasing the amount of radiation reaching 

the surface.  Finally, fine particles serve as seeds for cloud droplets, influencing 

the formation and optical properties of clouds. 

1.2 Current Knowledge of Ultrafine Particles 

1.2.1 Ultrafine Particle Sources: Nucleation and Emissions 
Instruments for counting and sizing particles have been commercially 

available for at least 30 years (Whitby, 1978; Went, 1960).  Accordingly, 
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measurements of number concentrations and size distributions have been 

performed at urban, rural, and remote sites around the world, focusing on particle 

sizes from 15 – 500 nm.  However, until recently, nuclei mode particles could not 

be detected because the lower limit of the sizing equipment was about 10 nm.  

Within the past 10 years, advances in instrumentation have made possible the 

monitoring of particles as small as 2 nm (Stolzenburg and McMurry, 1991).   

The combination of potential health effects of ultrafine particles, growing 

appreciation of the climate-aerosol interaction, and instrumentation advances 

spurred a growing body of research into the sources of ultrafine (<100 nm) and 

new (<10 nm) aerosol particles.1  While the sources of these are known (in situ 

nucleation from gas-to-particle conversion, and emission from combustion 

processes) their relative strengths in different parts of the atmosphere, the 

chemistry involved, and impact on the atmosphere are not known. 

Until recently, nucleation was assumed to be limited to (1) clean areas of 

the atmosphere such as the free troposphere and (2) concentrated plumes such as 

SO2 rich stack emissions from coal combustion (Whitby, 1978).  It was not 

considered important in urban areas.  However, a number of recent studies at both 

rural and urban sites have examined the time evolution of particle number 

distribution in both urban and rural continental settings (Birmili and 

Wiedensohler, 1998; Allen et al., 1999; Harrison et al., 1999,2000,2001; Kim et 

al., 2001; Shi et al., 2001; Woo et al., 2001; Ruuskannen et al., 2001).  Studies of 

                                                 
1 Because of their small size, nuclei mode aerosol particles have considerable Brownian motion 
and will collide with other particles, leading to a relatively short (minutes to hours, depending on 
available area for collisions).  On the other hand, larger aerosols (50 nm – 1 �m) have lifetimes of 
hours to days.   
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ultrafine particle concentrations share the following important findings:  (1) 

aerosol number and mass are largely independent, and in some locations they are 

anti-correlated; (2) evidence of two main sources of ultrafine particles (primary 

emissions and in situ nucleation); and (3) in some sites, periodic nucleation bursts, 

where the number of nuclei mode particles increases by an order of magnitude or 

more in a short period of time.   

It is recognized that there are two important steps to the production of new 

particles that can grow to detectable size (Zhang and Wexler, 2002; Kerminen, 

1999).  The first step is the formation of an initial nucleus, and the second step is 

the growth of the particles to larger sizes.  A number of mechanisms have been 

proposed as candidates for the initial nucleus formation step based on 

observations and theoretical considerations, including (a) homogeneous binary 

nucleation of sulfuric acid and water (Weber et al., 1999); (b) homogeneous 

ternary nucleation of ammonia-water-sulfuric acid (Eisele and McMurry, 1997; 

Kulmala et al., 2001a; O’Dowd et al., 1999 ); (c) homogenous nucleation of low 

vapor pressure organic compounds (O’Dowd et al., 2002); (d) and ion-induced 

nucleation (Kim et al., 2002).  The second step in forming detectable new 

particles, growth, is also uncertain.  These particles can grow by condensation of 

sulfuric acid or by self-coagulation. Both of these processes are relatively 

inefficient, and additional growth mechanisms have been proposed (Kerminen 

1999). The limited experimental evidence indicates a potential role for organic 

compounds (Novakov and Penner 1993; Rivera-Carpio et al., 1996).   Recent 

work considers the potential for heterogenous reactions of SO2 (Kerminen, 1999) 
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and organic compounds (Kerminen, 1999; Jang and Kamens, 2001; Zhang and 

Wexler, 2002) to significantly contribute to growth. 

Steps toward a better understanding of tropospheric nucleation include:  

(a) elucidation of the mechanism responsible for the initial nuclei formation in 

different environments; (b) identification of the chemical compounds responsible 

for growth; and (c) determination of the geographic scope, frequency, strength 

and impact of tropospheric nucleation. 

1.2.2 Aerosol Water Content 
Understanding of water uptake of aerosols composed of single and 

multiple inorganic salts (e.g. NaCl, (NH4)2SO4) is well advanced.  Many 

computational and laboratory studies have been completed in this area.  Water 

uptake and deliquescence relative humidities are routinely computed by 

thermodynamic equilibrium models (see Ansari and Pandis (1999) and Nenes et 

al. (1998) and references therein).  However, water uptake by the organic fraction 

of aerosols is currently not well understood. 

Measurements of water uptake by aerosols have been performed in the 

laboratory with inorganic (Tang, 1980; Tang and Munkelwitz ,1993) and mixed 

organic-inorganic particles (Cruz and Pandis, 1999).  Water uptake in aerosols is 

typically measured by Hygroscopic Tandem Differential Mobility Analysis (H-

TDMA)2, which quantifies the growth of dry particles of a specific size under 

                                                 
2 The Differential Mobility Analyzer (DMA) is a device which separates particles according 
electrical mobility, which can be related to particle size.  The DMA is widely used in aerosol 
studies and is mentioned throughout this work in several contexts.   DMAs have two operational 
modes.  They can either be used to select particles of a specific size (classification) or they can be 
used in conjunction with a particle detector to measure the size distribution of an aerosol sample 
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humidification (typically to 90%).  This has been done in a number of locations 

for ambient aerosols (see Cocker et al. (2001) for a review of field studies).  Many 

of these studies have classified the aerosol into more hygroscopic and less 

hygroscopic fractions, although recent results from Pasadena, California indicate 

that this may be an oversimplification (Cocker et al., 2001).  Another typical 

finding from H-TDMA studies of polluted air masses is that the less hygroscopic 

mode consists of smaller particles (around 50 nm) and the more hygroscopic 

mode occurs at larger particle sizes (around 500 nm). 

H-TDMA studies have some important limitations.  First, H-TDMA 

experiments do not measure the water content of ambient aerosols.  Instead, the 

hygroscopicity of the aerosol is measured, defined as the water uptake upon 

humidification from an initially dry state.  Second, unless specially configured, H-

TDMA instruments do not measure the crystallization and deliquescence relative 

humidities of ambient aerosols. 

Recent developments in H-TDMA include computer controls in 

conjunction with high-flow particle sizing instruments to rapidly scan 

hygroscopic growth in several size channels (Kriesberg et al., 2001), operation of 

H-TDMA in subzero temperatures (Weingartner et al., 2001), and measurement 

of hygroscopic growth of ultrafine diesel exhaust aerosol (Sakurai et al., 2001).  

An alternate technique for measuring hygroscopic growth has been used where 

                                                                                                                                     
(e.g. Scanning Mobility Particle Sizing, SMPS).  When two DMAs are operated in series to first 
select a particle size and then measure the particle size after some process, the configuration is 
called Tandem DMA (TDMA). 
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the light scattering of aerosols is measured as a function of relative humidity (Day 

et al., 2001). 

Knowledge gaps regarding aerosol water content include (1) the hydration 

state of “real” particles in the atmosphere at relative humidities below 60%; (2) 

the role of organic compounds in water uptake; (3) the accuracy of existing 

thermodynamic models for predicting water content of particles in continental, 

polluted atmospheres; and (4) the amount of water retained in “dry” filter-based 

aerosol samples. 

1.2.3 Secondary Organic Aerosols (SOA) 
Volatile organic compounds (VOC) are ubiquitous in the lower 

atmosphere.  They are removed primarily by oxidation and conversion to CO2, 

water soluble compounds, and semivolatile compounds that are incorporated into 

aerosol particles.  Oxidation of VOCs typically leads to a large number of 

products. 

 VOC � a1P1 + a2P2 + … + anPn (1.1)  

where VOC is a reactive volatile organic compound (e.g. toluene), a1 through an 

are molar yields, and P1 through Pn represent the products of the reaction.  Often, 

at least some of the products of the reaction are more polar and less volatile than 

the reactant gas.  Accordingly, some of the products partition between the gas and 

aerosol phases.  Measuring and predicting the partitioning of the products is a key 

problem in understanding secondary organic aerosol formation.  Typically, the 

aerosol yield Y is defined as the fraction: 
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where �Mo is the amount of aerosol formed and �ROG is the amount of reactive 

organic gas consumed in the formation reaction.  A number of approaches to 

predicting secondary organic aerosol (SOA) yield have been published in the 

literature.  The earliest assumed that each precursor VOC had an almost constant 

yield of SOA (Hatakeyama et al., 1989; Grosjean et al., 1989; Pandis et al., 1991); 

for example, experiments in 1989 indicated that oxidation of �-pinene led to an 

18% mass yield of SOA (Hatakeyama et al., 1989).  This approach was used to 

calculate saturation vapor concentrations of condensable species which were then 

used to predict atmospheric SOA concentrations (Pandis et al., 1992).  Subsequent 

theoretical (Pankow, 1994a,b) and experimental studies (Odum et al., 1996) 

suggested that the SOA thermodynamics were consistent with an organic solution 

of multiple semivolatile reaction products.   

Organic solution models were successful at reproducing smog chamber 

data.  Odum et al. (1996) showed that a wide variety of oxidation experiments 

could be fitted with a two product model containing four adjustable parameters.  

Following his work, the parameters were estimated for a variety of systems based 

on smog chamber data (Griffin et al., 1999b).  These parameters have been 

applied to atmospheric prediction of SOA concentrations by modelers as well 

(Strader et al., 1999; Sheehan and Bowman, 2001). 

As gas chromatography techniques were successfully adapted to these 

systems, quantification of the molar yields of actual products became more 
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feasible (Hallquist et al., 1999; Kavouras et al., 1999; Glasius et al., 2000).  For 

example, over 13 products were identified in the �-pinene plus ozone reaction (Yu 

et al., 1999).  Using group contribution methods to estimate vapor pressures and 

activity coefficients, investigators have solved for the vapor-liquid equilibrium for 

systems (such as �-pinene plus ozone) yielding reasonable agreement to smog 

chamber results (Pankow et al., 2001).   

Areas where secondary organic aerosol formation is not as well 

understood include the effects of temperature, relative humidity, and oxidant 

chemistry.  Water vapor has been shown to be absorbed by polar organic aerosols 

and involved as a reactant in the aerosol formation stage.  Oxidant chemistry is 

also important to aerosol yields, with ozone reactions typically forming greater 

aerosol concentrations than OH reactions (Hoffmann et al., 1997). 

This work is concerned primarily with the effect of temperature on 

semivolatile gas-particle equilibrium, which has been investigated theoretically 

(Strader et al., 1999; Sheehan and Bowman, 2001) but not experimentally. 

1.3 Pittsburgh Air Quality Study 

The field portions of this work were conducted as part of the Pittsburgh 

Air Quality Study (PAQS).  The Pittsburgh Air Quality Study is a comprehensive 

multidisciplinary set of projects in the Pittsburgh region collecting data on air 

pollution, aerosols, and health indicators.  The study, summarized by Wittig et al. 

(2003) involved over 25 collaborators and at least 4 dozen simultaneous 

measurements of gas- and aerosol-phase chemical and physical characteristics.  
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The study was hypothesis driven, and the work of this thesis is directly connected 

to several of the project hypotheses: 

� Aerosol nucleation can be a major source of aerosol number in 

both urban and rural areas in the study region. 

� Most particles in the region are liquid throughout the day in both 

winter and summer. 

� The measured aerosol mass can be fully explained if the water 

retained by organics and inorganics, the full organic aerosol 

contribution, and the full crustal contribution are accounted for. 

1.4 Overview of Thesis 

Chapter 2 describes the design, validation and first results of an automated 

system to measure the aerosol number distribution from 3 nm to 20 �m in size, at 

both dried and ambient relative humidities.  A number of data reduction 

procedures are presented and demonstrated to calculate the aerosol water content 

of ambient aerosols.  The system ran at the Schenley Park site of the Pittsburgh 

Air Quality Study from July 1, 2001 – September 2002, and data from July 2001 

is used to demonstrate the capabilities of the system. 

Chapter 3 is an overview of results from the Dry-Ambient Aerosol Size 

Spectrometer (described in Chapter 2) for the period July 1, 2001 – June 30, 2002.  

Results such as the average and variation of the particle concentration at the 

Pittsburgh Air Quality Study are presented.  The results from the main sampling 
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site (Schenley Park) are compared to an upwind rural site, and the results from the 

Pittsburgh region are compared to results from other studies around the globe. 

New particle formation in the Pittsburgh region, as measured by the Dry-

Ambient Aerosol Size Spectrometer, is presented in Chapter 4.  The frequency, 

spatial scale, and meteorology of new particle formation are discussed, and the 

involvement of photochemically produced sulfuric acid is investigated. 

Aerosol size distributions are routinely monitored by Scanning Mobility 

Particle Sizers to sizes from 0.003 - 0.8 �m, and by Aerosol Particle Sizers from 

0.5 – 20 �m.  However, due to the different physical principles of these 

instruments (electrical mobility sizing versus aerodynamic sizing), there are 

difficulties in combining the results into a single aerosol size distribution.  An 

algorithm for combining the results is presented in Chapter 5. 

Aerosol water content as measured during the Pittsburgh Air Quality 

Study is discussed in detail in Chapter 6.  Predictions of an advanced 

thermodynamic equilibrium model, previously developed by Ansari and Pandis 

(1999) are compared to the measurements.  Crystallization behavior of ambient 

aerosols and the role of organics in water uptake are discussed. 

Laboratory experiments aimed at improving our understanding of 

secondary organic aerosol formation are presented in Chapter 7.  With a focus on 

the thermodynamics of secondary organic aerosols, several smog chamber 

experiments performed in Carnegie Mellon’s newly constructed Air Quality 

Laboratory are discussed.  Two new experimental techniques and their 
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implications for air quality modeling are also discussed.  Ozone oxidation of 

monoterpenes, particularly �-pinene is used as a model reaction. 

Chapter 8 summarizes the thesis and discusses future work that could be 

accomplished using this research as a starting point. 
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Chapter 2 A Method for the In-situ Measurement 
of Fine Aerosol Water Content of Ambient 
Aerosols: The Dry-Ambient Aerosol Size 
Spectrometer† 

2.1 Introduction 

The absorption of water by atmospheric aerosols with increasing relative 

humidity influences their size, composition, lifetime, chemical reactivity, and 

light scattering.  Water is the most prevalent aerosol component at relative 

humidities above 80% and is often a significant component at lower relative 

humidities (Hanel 1976).  Accordingly, hygroscopic growth is important in a 

number of air pollution problems, including visibility impairment, climate effects 

of aerosols, acid deposition, long range transport, and the ability of particles to 

penetrate into the human respiratory system. 

A number of laboratory investigations of water uptake by laboratory-

generated or smog chamber aerosols have been conducted.  Laboratory studies 

have used single-particle levitation (Tang and Munkelwitz 1993; Chan 1992; 

Wagner et al. 1996) and Hygroscopic Tandem DMA (H-TDMA) (Rader 1986) to 

investigate water uptake, deliquescence, and crystallization of a number of 

inorganic compounds.  More recently, these techniques have been used to 

investigate hygroscopicity in organic compounds and organic-inorganic mixtures 

(Xiong et al. 1998; Virkulla et al. 1999; Cruz and Pandis 2000; Peng et al. 2001; 

Cocker et al. 2001a,b; Brooks et al. 2002).   
                                                 
† Published as “A Method for the In-situ Measurement of Fine Aerosol Water Content of Ambient 
Aerosols: The Dry-Ambient Aerosol Size Spectrometer” by Charles Stanier, Andrey Khlystov, 
Wan-Yu R. Chan, Mulia Mandiro, and Spyros Pandis.  Aerosol Science and Technology, 2003 (in 
press). 
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Most field studies of water uptake in ambient aerosols have used a H-

TDMA (McMurry and Stolzenberg 1989; Berg et al. 1997; Dick 2000).  Results 

of H-TDMA studies are reviewed by Cocker et al. (2001c) and typically classify 

particles into more hygroscopic and less hygroscopic fractions, with the number 

of fractions, relative size of fractions, and growth factors varying at different sites.  

Other techniques devised to measure water uptake include RH-conditioned 

nephelometry (Rood 1987; ten Brink et al. 2000; Day et al. 2000), filter analysis 

by gravimetry (Vartiainen et al. 1994), filter analysis by chemical analysis (Ohta 

et al. 1998), filter analysis by beta attenuation (Speer et al. 1997), observation by 

Fourier transform infrared spectroscopy (Han and Martin 1999; Onasch et al. 

1999; Martin et al. 2001; Han et al. 2002), and in situ measurement of evaporated 

water (Lee and Hsu 1998).  Kreisberg et al. (2001) used an optical particle counter 

for in-situ automated measurement of dried, humidified, and ambient size 

distributions. 

Several thermodynamic models have been developed that calculate the 

water uptake of pure and mixed salts (see Ansari and Pandis 1999 and references 

therein).  Recently, these methods have been extended to particles containing 

organic compounds (Saxena and Hildemann 1997; Ansari and Pandis 2000;  

Clegg et al. 2001; Ming and Russell 2002). 

While this body of experimental, theoretical, and field research has 

significantly advanced understanding of water uptake by aerosols, significant 

uncertainties remain.  First, there is a limited amount of information about the 

liquid water content of “real” particles in the atmosphere.  Second, many aerosol 
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compositions exhibit hysteresis in aerosol water content, potentially existing at 

more than one thermodynamically stable state.  Third, field data are required to 

validate and improve models for mixed organic-inorganic-water models.  Finally, 

a method is needed for direct in-situ measurement of this important particulate 

matter component.  Therefore, there is a need for additional field measurements 

that focus on the in-situ aerosol water content, crystallization behavior, 

comparison with mass-based measurements, and the influence of organic 

compounds.   

This work describes a new field instrument, the Dry-Ambient Aerosol 

Size Spectrometer (DAASS) for the in situ measurement of the atmospheric fine 

aerosol liquid water content.  The DAASS was designed and deployed during the 

Pittsburgh Air Quality Study (PAQS) and its design, calibration, data reduction 

procedure, and first results are reported in this work.     

2.2 Experimental 

The DAASS is an automated combination of aerosol sizing instruments 

that measures the dried (<30%) and ambient relative humidity aerosol number 

distribution.  The aerosol water content is calculated from the difference of the 

dried and ambient volume distributions.   

The design goals for the DAASS included: 

� Measurement of the dried (< 30 % RH) aerosol size distribution 

from 3 nm to 10 microns for several months with a frequency of at 

least 4 times per hour. 
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� Measurement of the ambient aerosol water content, up to ambient 

RH levels of 90%, and on a frequency of at least once per hour. 

� Automatic operation and data-acquisition with minimal 

maintenance for field deployment. 

� Operation from -15 °C to 35 °C temperatures, and dewpoints up to 

25 °C.   

The Dry-Ambient Aerosol Size Spectrometer (DAASS) includes three 

particle sizing instruments with associated supporting equipment as shown in 

Figure 2.1.  The particle sizing instruments include two Scanning Mobility 

Particle Sizers (SMPS) and one Aerosol Particle Sizer (APS).  The SMPS 

instruments size particles from 3 – 80 nm (TSI 3936N25) and 13 – 680 nm (TSI 

3936L10), while the APS (TSI 3320) covers 0.5 – 10 �m.  These systems are 

referred to as the Nano-SMPS, SMPS, and APS systems in the rest of this paper.  

Two separate relative humidity controlled inlets served the aerosol sizing 

instruments.  One inlet conditioned aerosols for the SMPS systems while a 

separate inlet conditioned aerosols for the APS.  Supporting these components are 

a dry air supply system, and humidity conditioning systems for the sheath air 

flows of both SMPS systems and the APS. 
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Figure 2.1 Flow diagram of Dry-Ambient Aerosol Size Spectrometer (DAASS).  Aerosol 
streams are shown by dotted lines and other flows are indicated by solid lines. 

 
All components were housed in a weather-proof plywood enclosure with a 

volume of 3.6 m3.  To meet the goal of measuring the ambient aerosol size 

distribution at ambient temperature and relative humidity without active 

temperature and relative humidity control, the instruments, particularly the 

Differential Mobility Analyzer (DMA) columns needed be kept at ambient 

temperature.  In the first set of tests, all equipment, including the DMA columns 

was placed inside the enclosure, and temperatures were kept near ambient using a 

large exhaust fan (~35 m3min-1).  In spite of the large flow of outside air, the 

DMA column temperatures were elevated about 4 ºC relative to ambient and were 

therefore drying the ambient samples.  The ambient scans reached only 

approximately 80% of the ambient relative humidity (e.g. outdoor relative 
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humidity of 95% yielded an ambient channel RH of around 76%).  To keep the 

DMA column temperatures closer to ambient, the columns were moved to a 

protected ledge just outside the enclosure while fans pulled ambient air over them.  

This improved performance, and the DMAs then achieved greater than 90% of 

ambient relative humidity (e.g. outdoor relative humidity of 95% yielded an 

ambient channel RH of greater than 86%).  The effects of this mismatch are 

discussed in the data reduction section below. 

During winter, the enclosure was maintained at a minimum temperature of 

9 ºC which was required for the maintenance of condenser and saturator 

temperature setpoints in the CPCs.  This did not significantly affect the final 

sheath and aerosol relative humidities because the DMA columns were outside 

the enclosure at (or close to) the outdoor temperature.  However, the aerosol flow 

did pass through this heated enclosure, and the charger was located in the 

enclosed section of the inlet.  This caused the minimum relative humidity 

encountered by the aerosol flow and the relative humidity (and therefore size) 

during charging to be different from the final relative humidity at the Differential 

Mobility Analyzer column.  In future deployments of the DAASS, it is 

recommended that the entire inlet be placed outside of the enclosure in a shaded, 

ventilated area.  The effects of this relative humidity minimum are considered 

below in the data reduction section.  

Drying of aerosol streams was accomplished using Nafion™ membrane 

dryers (Permapure MD-110, Toms River, NJ).  Single tube dryers with stainless 

steel housings were selected for drying aerosols rather than multi-tube dryers to 
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limit losses (Woo et al., 2001).  For ambient relative humidity measurements, the 

dryer could be bypassed using automated valves.  For the SMPS system, three-

way solenoid valves (Alcon U33-43-21-12, Itasca, IL) were used.  For the APS 

inlet, flow selection between the dried and ambient inlet was achieved using full-

bore ball valves (Swagelock SS-41S2-31DDM) with orifice diameters that 

matched tubing inner diameters.  Copper and stainless steel tubing was used 

throughout to minimize particle losses. 

The APS was modified slightly to allow for drying.  With factory settings, 

the APS samples five liters per minute (LPM) and then separates the flow into a 1 

LPM aerosol flow and a 4 LPM sheath flow.  The sheath flow is filtered and 

returned in the time-of-flight section of the instrument.  In the DAASS system, 

the dry-ambient inlet sampled 1 LPM and was connected directly to the APS 

inner nozzle.  Particle free air was supplied at atmospheric pressure directly to the 

APS sheath air inlet (Figure 2.1).  Depending on the sampling mode, this air was 

at ambient relative humidity or dried.  The standard APS pump and flow control 

was used for both the aerosol and sheath flows.   

In the SMPS systems, the aerosol is assumed to equilibrate with the sheath 

flow relative humidity because of the 0.3-6 s exposure time of aerosols to the 

sheath flow (this assumption is considered in the data reduction section).  In the 

data analysis, it is the SMPS sheath flow relative humidity that is used to analyze 

particle size as a function of relative humidity.  However, in the APS, the aerosol 

has a much shorter exposure time to the sheath air (< 10-4 s).  In that case, the 
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aerosol is assumed to be equilibrated at the aerosol stream relative humidity and 

unaffected by the sheath relative humidity. 

Operation of the dry-ambient SMPS systems required three flow 

configurations of DMA sheath air: dried, ambient, and vent.  The flow 

configurations for these modes are shown in Figure 2.2.  In dried and ambient 

modes, the sheath air ran in a closed loop and passed through dryers or bypassed 

them, depending on the mode.  After the dried scans, the system was put in “vent” 

mode and the sheath flow was switched to a once-through flow configuration.  

Dry air was exhausted from the system and ambient relative humidity air was 

drawn into the system. 

Figure 2.2  Dry, ambient and vent configurations of the DAASS System.  Dark flow paths 
labeled with “D” are only active during the dried mode.  Light colored flow paths labeled 
with “A” are only active in the ambient sampling mode.  The third flow configuration is the 
venting of air from the sheath loops, shown in the lower right-hand inset. 
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Drying of sheath air flows for the SMPS systems was accomplished using 

Nafion™ membrane dryers (Permapure PD-50T and PD-200T).  Multitube dryers 

were selected to accommodate the flowrates, which were 3.2 and 7.0 LPM.  These 

dryers were rated to achieve dewpoints of -15 ºC for incoming air at a 20 ºC 

dewpoint using shell-side utility air supplied at a -40 ºC dewpoint.  This system 

achieved relative humidities in sheath air of less than 15% during the initial 

summer tests.  However, during the winter tests, silica gel desiccant was added to 

assist in the drying.  The winter drop in performance of the membrane dryers was 

partly due to problems in supplying -40 ºC dew point utility air during winter, and 

partly due to the need to reach lower dewpoints in winter than in summer to 

achieve relative humidities below 30% at ambient temperatures.  During the 

coldest periods of the study (-10 ºC), DMA sheath air dewpoints of less than -32 

ºC were required.  Figures 2.3 and 2.4 show examples of the relative humidity 

cycling achieved in the field for the SMPS systems and the APS, respectively.  

Two ambient cycles and two dry cycles are shown.  The SMPS sheath air 

responded quickly when the drying cycle started.  The venting took longer, and 

the relative humidity decreased somewhat during the ambient RH scans. 



 

31 

Figure 2.3  Example of relative humidity time series in the SMPS instruments in 
DAASS.  The SMPS Aerosol RH is the air sample RH before it enters the SMPS and is 
exposed to the sheath RH and further dried. 

Figure 2.4  Example of relative humidity time series for APS portion of DAASS. 

 
This slight mismatch in outdoor and SMPS ambient channel sheath flow 

relative humidities (evident in Figure 2.3) occurred during the duration of the 

Pittsburgh Air Quality Study.  The mismatch was caused by insufficient purging 

of dry air from the system during the vent mode, which was limited by the 

strength of the standard sheath and bypass blowers in the TSI 3080 Differential 
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Mobility Analyzers.  In future DAASS deployments, it is recommended that 

supplemental vacuum be used to assist in purging the system during the vent 

stage.  Other explanations, such as a leak at the 3-way solenoid for the dryer 

bypass, and a positive pressure leak from the sheath- to the tube-side of the dryers 

were ruled out.  When the vent time was increased from 5 minutes to 8 minutes 

for a test in August 2001, the outdoor-ambient water content mismatch decreased. 

Raw particle count data from SMPS systems, temperatures and relative 

humidities were acquired using a PC, which also controlled solenoid valves 

responsible for selecting the operation mode (ambient, dried, or vent).  Figure 2.5 

shows an example of dried and wet size distributions measured during one hour.  

During that hour, the DAASS measured four dried size distributions at around 

14% RH and 4 size distributions at 64% RH. 

Figure 2.5  Dried and ambient number size distributions measured during the Pittsburgh 
Air Quality Study.  Shown are one hour averages for 22:00 – 23:00 EST on July 3, 2001.  
The distribution labeled 64% RH is the average of 4 ambient distributions while the 
distribution labeled 14% RH is the average of 4 dried distributions.   
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2.3 Calibration and Testing 

A number of characterization tests were performed in the laboratory.  

Goals during the calibration and characterization stage included inlet loss 

characterization, determining absolute sizing accuracy, measuring the sizing 

precision for ambient and dried inlet paths, and measuring the sizing precision 

when two instruments measured particles of the same size.   

The APS time of flight response was calibrated using monodisperse 

aerosols prior to deployment in the field.  This was done using polystryrene latex 

(PSL) spheres (Duke Scientific, Palo Alto, CA) at diameters equal to 600 nm and 

2.1 �m and with monodisperse ammonium sulfate aerosols3 with aerodynamic 

diameters from 0.5 to 1.6 �m.  Above 2.1 �m, the factory time of flight 

calibration curve was used.    

After the APS calibration, all three instruments of the DAASS system 

were checked for sizing accuracy simultaneously with monodisperse aerosols fed 

through a common inlet.  PSL spheres (Duke Scientific, Palo Alto, CA) at 

diameters equal to 150 nm, 500 nm, 600 nm, and 2.1 �m were used.   

The nano-SMPS system and SMPS system measurements overlapped in 

the diameter range from 13 to 80 nm.  The SMPS and APS systems overlapped 

from 542 to 680 nm (mobility equivalent size).  Sizing precision between dried 

and ambient inlets, and sizing from instrument-to-instrument in overlapping size 

ranges, were checked by sizing monodisperse ammonium sulfate through a 

                                                 
3 Generated using a solution of ammonium sulfate in water, atomized using a TSI 3076 Constant 
Output Atomizer, dried in a silica gel diffusion dryer, and size classified using a TSI 3071 DMA. 
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common inlet to the DAASS in 14 different size ranges from 20 nm to 900 nm.  

Differences in particle sizing between instruments, and between ambient and 

drying inlet channels were less than 3% across the entire size range.  Size-

dependent inlet losses for the SMPS inlet were determined by measuring the 

difference in total particle counts across the DAASS inlet (including the aerosol 

dryer, dryer bypass line, neutralizers, and aerosol RH probe).  Particle losses 

below 20 nm were estimated using empirical particle loss correlations from 

Willeke and Baron (1993).  Default manufacture counting efficiencies were used 

for the CPC 3010 and CPC 3025. 

The APS RH-conditioning inlet was designed for maximum possible 

particle transmission by minimization of tubing restrictions and bends.  An inlet 

transmission efficiency was calculated accounting for turbulent inertial impaction 

to the inlet tubing walls with enhanced depositions at restrictions and bends 

(Willeke and Baron, 1993).  The calculated transmission was nearly 100% for 0.5 

�m particles and greater than 90% through 2.5 �m, but fell off to 85% 

transmission at 5 �m. 

APS counting efficiencies from Leinert and Weidensohler (2000) were 

used in data reduction, and ranged from 58% for 512 nm, reaching 90% at 1 �m, 

and 100% at 1.33 �m.  The APS 3320 is known to suffer from false counts, or 

“ghost particles” in sizing channels greater than 2.5 μm due to recirculation of 

small particles (Armendariz and Leith 2002).  This behavior can clearly be seen in 

the APS 3320 data, and the reported size distributions, especially the surface area 
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and volume distributions, are elevated, sometimes significantly, above 2.5 

microns. 

After all these basic system characterizations were performed, the DAASS 

was used to measure diameters of hydrated and dried ammonium sulfate particles.  

This test was performed at the Pittsburgh Air Quality Study central sampling site 

by filling a 2 m3 teflon bag with polydisperse ammonium sulfate particles.  The 

ammonium sulfate was drawn from the Teflon bag, through a humidifier, and into 

the DAASS system which sampled alternately at the elevated (hydrated) relative 

humidity and a lower relative humidity (< 10% sheath RH).  The results of the 

test are shown in Figure 2.6 and show reasonable agreement with calculated 

ammonium sulfate growth data (Ansari and Pandis 1999).  

Figure 2.6  Theoretical (line) and measured (squares) growth factors for ammonium 
sulfate aerosol.  Data for diameter growth factors calculated from Ansari and Pandis 
(1999).  Vamb and Vdry are the aerosol volumes measured by the DAASS system in the 
ambient and dried configurations. 
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2.4 Data Reduction 

2.4.1 Merging of separate size distributions into one size 
distribution 
The raw SMPS size distributions were inverted by the TSI SMPS program 

(Version 3.2) and the APS distributions were inverted by the TSI Aerosol 

Instrument Manager program (Version 4.3).  These inverted size distributions 

were then further corrected for counting efficiencies and inlet losses using the 

approach outlined in the previous section.  The three different instrument 

distributions (nano-SMPS, SMPS, and APS) were merged to form a single size 

distribution for each 7.5 minute sampling interval.  Merging size distributions 

between the nano-SMPS and SMPS instruments in the overlapping region of 13-

80 nm was accomplished by using nano-SMPS data up to 30 nm, and then SMPS 

data above 30 nm.  This creates a potential discontinuity in the merged size 

distribution at 30 nm.  During most periods of operation, the agreement between 

the nano-SMPS and SMPS in the overlap region was within 10%.4  However, 

when the strength of local sources varied rapidly relative to the 5 minute scan 

time, the agreement between the two instruments was not good on a distribution-

by-distribution comparison.  During periods of highly variable particle size 

distributions, one-hour averaging reduced, but did not always eliminate, the 

discontinuity in size distribution at 30 nm.  This limits the use of the data taken 

during these periods for applications that depend on the shape of the number 

distribution between 20 and 40 nm.  However, for applications using the aerosol 

volume distribution, the discontinuity is not a serious issue.     

                                                 
4 See the DAASS Data Quality Statement in the appendix for additional information on the 
accuracy and precision of the DAASS instrument during the Pittsburgh Air Quality Study. 
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Merging the SMPS and APS data was more involved, due to the inherent 

difference between the electrical mobility measured by the SMPS and the 

aerodynamic diameter measured by the APS.  The procedure used is explained in 

detail in Khylstov et al. (2002).  Briefly an apparent density was selected to 

minimize the difference between the SMPS and APS number distributions in the 

overlap region.  Thus, the shape of the APS distribution was preserved, while the 

x-axis of the APS-measured size distribution was shifted to achieve a good fit 

with the SMPS-measured size distribution.   

2.4.2 Calculation of aerosol water content 
A number of related calculations can be performed with the size 

distributions measured by the DAASS.  The selection among the data reduction 

methods depends on the application.  Described below are calculations for (a) 

volume growth factors; (b) PM2.5 water content; (c) efflorescence branch 

humidigrams; and (d) mass growth factors.  The first two calculations focus on 

measuring aerosol water at ambient relative humidity.  The third examines water 

content as a function of relative humidity, and the last is necessary for comparison 

of DAASS data to mass-based aerosol water correlations and models.  The first 

three calculations are performed with data solely from the DAASS, while the 

fourth calculation requires aerosol composition data. 

As discussed in the experimental section, the ambient channel relative 

humidity was slightly lower than the outdoor relative humidity.  Therefore, for the 

calculations presented below, it should be recognized that they are calculated and 
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reported as a function of the ambient channel relative humidity, rather than the 

outdoor relative humidity.5  

2.4.2.1 Calculation of volume growth factor 
Once the size distributions are merged, hygroscopic growth factors are 

calculated for pairs of ambient and dried size distributions using the volume 

distributions and assuming a single, size independent growth factor GFVOL: 
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where D is the particle diameter, VRH2 and VRH1 are the aerosol volume 

concentrations measured using the ambient (RH2) and dried (RH1) inlets, n°N,RH2 

and n°N,RH1 are the ambient and dried aerosol size distributions, and DRH2 and 

DRH1 are appropriately selected limits of integration.  Figure 2.7 shows an 

example of the relationship between hypothetical dried and ambient size 

distributions (assuming a single size-independent growth factor), and the limits of 

integration.  For this study, focusing on the water content of the fine aerosol, an 

upper integration limit DRH2 of 2.5 �m was used.  This limit is analogous to the 

size selection performed by the PM2.5 cyclone often employed in aerosol 

sampling.  Using larger diameters was not possible due to the ghost particle 

artifact in the APS 3320 volume distributions (Armendariz and Leith 2002).  The 

                                                 
5 This means that the reported absolute value of the aerosol water concentration of hydrated 
aerosols is biased low, especially when ambient RH > 80%.  However, the growth factor as a 
function of relative humidity is a property of the aerosol, and is measured without bias.  For 10 �g 
m-3 pure ammonium sulfate aerosol, an outdoor RH of 60% and an instrument RH of 48%, the 
reported vs. actual water concentration would be 4.0 vs. 6.0 �g m-3.  For an outdoor RH of 90% 
and an instrument RH of 72%, the reported vs. actual concentration is 9.2 vs. 24.5 �g m-3. 
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lower limit of integration is theoretically zero, but any value where there is 

minimal aerosol volume smaller than that size is acceptable.  The integration 

limits for the dried and ambient size distributions are related by the volume (or 

diameter) growth factor, again assuming a single, size independent growth factor: 
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Figure 2.7  Illustration of the difference between dried and hydrated number and 
volume distributions.  The figure shows a hypothetical tri-modal log-normal 
distribution being shifted by a size-independent growth factor.  The volume 
growth factor calculated in this study is the ratio of the volume integrals.  The 
shifting of the upper volume integration limit with hygroscopic growth (equation 
2.2) is shown by the difference between DRH2 and DRH1. 
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 3
12 VOLRHRH GFDD �  (2.2) 

Equations (2.1) and (2.2) can be solved iteratively6, given any pair of size 

distributions to find a volume growth factor GFVOL that accounts for the 

differences between the ambient and dried volume distributions. 

A brief discussion of the assumption of a single growth factor is 

instructive, as several H-TDMA investigations (Cocker et al. 2001b and sources 

therein) have shown that urban aerosols are usually externally mixed, with two or 

more populations of aerosols with different hygroscopicities.  What is calculated 

by equations (2.1) and (2.2) is approximately the volume-weighted average 

growth factor of the various externally mixed aerosol subpopulations.  

Interpretation of this growth factor (as a volume-weighted average) is relatively 

straight forward unless the limit of integration DRH2 is inappropriately selected 

and a significant fraction of the particle volume lies above the limit.  Simulations 

with log-normal externally-mixed aerosol modes of different hygroscopicities 

show that the growth factor calculated by equations (2.1) and (2.2) may be biased 

low under this circumstance.  This error is expected to be small for the Pittsburgh 

Air Quality Study when an upper integration limit of 2.5 �m is used, as most 

aerosol volume is less than 2.5 �m and coarse aerosols are expected to be less 

hygroscopic than the accumulation mode. 

As the dried and ambient aerosol distributions are not measured at the 

same time, but are separated by some sampling interval �t, steady increases or 
                                                 
6 The unknowns in the iterative solution of equations 2.1 and 2.2 are GFVOL and D2,RH1.  For the 
Pittsburgh Air Quality Study, the value of D2,RH2 was set at 2.5 �m or 0.56 �m depending on data 
availability in the size range 0.56-2.5 �m.  The lower limits of integration were 3 nm.  The size 
distribution functions no

N,RH1(logD) and no
N,RH2(logD) were measured by the DAASS.   
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decreases in the aerosol volume will lead to biases in the growth factor calculated 

by equation (2.1).  This can be corrected for with the following correction factor 

�:     

 
t

V
V

GFGFFG

dry

dry
VOLVOLVOL

�
	



��	

1

1�  (2.3) 

where �t is the amount of time by which the dried measurements precede 

the ambient measurements and dryV 	  is the rate of change of the background dry 

aerosol volume with respect to time.  In the limits where the dried and ambient 

measurements are performed simultaneously or the background aerosol volume is 

stable with respect to time, the correction factor � goes to unity.  This factor was 

usually between 0.97 and 1.03 for the Pittsburgh Air Quality Study. 

As the DAASS method relies on the difference between two aerosol size 

distributions measured at different times (about 7 minutes from the start of the 

ambient scan to the dried scan), variability in the underlying aerosol size 

distribution on a timescale of shorter than a few minutes can lead to random error 

in water content calculations.  Variability in the mean and average rate of change 

of the dried volume for each hour is calculated and propagated through the water 

content calculations as uncertainty in the parameters GFVOL calculated in equation 

(2.1) and � calculated in equation (2.2).  Calculated growth factors for four days 

of sampling are shown in Figure 2.8.  The time series shows that growth factors 

are not a simple function of relative humidity and that they can change rapidly 

with changing meteorology and composition. 
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Figure 2.8  Sample results of volume growth factors as measured by the DAASS for July 1 – 
July 4, 2001.  The relative humidity trace is the relative humidity of the ambient channel.  
The relative humidity of the dried samples was 18 ± 6%.   

 

2.4.2.2 Calculation of PM2.5 water content at ambient channel relative humidity 
Using the growth factor calculated above in equation (2.1), the aerosol 

water content can be estimated.  The method uses only data from the DAASS and 

relies on two assumptions:  (1) water is the only semivolative species causing a 

volume change; and (2) volume is additive between aerosol water and non-

volatile aerosol components.  Applying these assumptions, we can write equation 

(2.4) 

 1212,2 RHRHRHRHOH VVV ���  (2.4) 

where VH2O,RH2-RH1 is the volume of evaporated water from the ambient 

(RH2) channel to the dried (RH1) channel.  Combining equations (2.4) and (2.1)  

 112,2 )1( RHVOLRHRHOH VGFV ���  (2.5) 

where the upper limit for integration of aerosol volume is 2.5 �m for the ambient 

channel (DRH2) and the upper limit for integration of the dried distribution is given 

by equation (2.2).  If we further assume minimal residual water content at the 
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dried relative humidity, then VH2O,RH2-RH1 is equal to VH2O,RH2, or the amount of 

aerosol water at ambient relative humidity.  Aerosol water contents for July 1 – 

July 7, 2001 calculated using this method are shown by the filled squares in 

Figure 2.9b and as a fraction of total dried aerosol mass in Figure 2.9d.  These 

time series correspond to ambient channel relative humidities shown in Figure 

2.9a.  Figure 2.9 shows that that the DAASS system has good dynamic range in 

the aerosol water content measurements, ranging from less than 1 �g/m3 of water 

up to 20-30 �g/m3 of water and from less than 5% of the dried aerosol mass to 

around 100% of the dried aerosol mass.  Furthermore, the time response is 

excellent, with experimental system and data reduction methods following rapid 

changes in aerosol volume, aerosol water content, and hygroscopicity. 
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Figure 2.9  Example of aerosol water content measurement for a 7 day period.  (a) ambient 
channel relative humidity; (b) calculated mass of aerosol water by the difference of ambient 
and dried volume (equation 2.5) and using an estimated mass growth factor (equation 2.10); 
(c) PM2.5 measured by TEOM (circles and solid line) and using the DAASS measured 
volume and composition-based density estimate (x symbols); and (d) ratio of measured water 
to the TEOM.  As noted in the experimental section, these samples are from the time period 
when the DMA columns were inside the enclosure and the outdoor RH may be up to 20% 
higher than the ambient channel value in the figure. 

 

0.0

0.2

0.4

0.6

0.8

1.0

7/1 0:00 7/2 0:00 7/3 0:00 7/4 0:00 7/5 0:00 7/6 0:00 7/7 0:00 7/8 0:00

0

10

20

30
0

20

40

60

80

100

0

20

40

60

R
el

at
iv

e
H

um
id

ity
Ae

ro
so

l W
at

er
C

on
te

nt
 (�

g/
m

3 )
PM

2.
5 

 (�
g/

m
3 )

Ae
ro

so
l W

at
er

 /
TE

O
M

 P
M

2.
5

R
el

at
iv

e
H

um
id

ity
Ae

ro
so

l W
at

er
C

on
te

nt
 (�

g/
m

3 )
PM

2.
5 

 (�
g/

m
3 )

Ae
ro

so
l W

at
er

 /
TE

O
M

 P
M

2.
5

(a)

(b)

(c)

(d)

Equation (5)

Equation (10)

RH at SMPS Aerosol Charger, Ambient Scans

SMPS Sheath RH, Ambient Scans

(a)

(b)

(c)

(d)

Equation (5)

Equation (10)

RH at SMPS Aerosol Charger, Ambient Scans

SMPS Sheath RH, Ambient Scans

TEOM

DAASS & Density Estimate



 

45 

2.4.2.3 Calculation of efflorescence branch humidigrams 
Aerosol water content is a function of relative humidity, chemical 

composition, and state of hydration (deliquescence branch or efflorescence 

branch).  When aerosol water content is a smooth function of relative humidity 

(e.g. moving on the efflorescence branch without crystallization) growth factors 

as a function of relative humidity can be fit to simple empirical functions.  For 

significant periods of the Pittsburgh Air Quality Study, growth factors were a 

smooth function of relative humidity, with no apparent deliquescence or 

crystallization behavior (Khlystov et al. 2003).  Therefore, groups of growth 

factors representing relatively constant aerosol composition, but with different 

relative humidities, could be fit to an empirical function such as that used by Dick 

et al. (2000): 

 
RH

RHcRHbRHa
V
RHV

dry �



�

1
)(1)( 2  (2.6) 

where a, b, and c are adjustable parameters.  In conjunction with DAASS 

determined volume growth factors GFVOL, the parameters a, b, and c could be 

determined by regression: 
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Examples of the humidigrams calculated using groups of measured growth 

factors are shown in Figure 2.10.  The difference in the humidigrams between 

these two time periods is probably related to the aerosol chemistry, which 

contained more organic matter (52 wt%) on July 7 than on July 5 (38 wt%).  
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Figure 2.10  Example of humidigrams for two different days (July 5 and 7, 2001).  Points are 
measured hourly volume growth factors, and lines are fits of the hourly data to equation 
(2.7). 

 

In certain applications, it is necessary to calculate aerosol water content at 

a specific relative humidity.  For example, DAASS data has been used to help 

estimate residual aerosol water in filter-based samples equilibrated at relative 

humidities from 15-35% (Rees et al. 2003).  The calculation of residual water is 

performed using equation (2.6), subject to the assumptions discussed above. 

2.4.2.4 Calculation of the mass growth factor 
For comparison of volume growth factors to models and correlations 

involving mass growth factors, it can be useful to convert the DAASS measured 

volume growth factors to mass growth factors.  To do this we need to estimate the 

density of the aerosols as a function of relative humidity using aerosol 

composition information from sources other than the DAASS instrument.  The 

equations involved in the conversion from the volume to mass growth factor, and 
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a simple method for density estimation during the Pittsburgh Air Quality Study, 

are developed below. 

The volume and mass growth factors are related by equation (2.8)  

 
1

2

RH

RH
VOLMASS GFGF




�  (2.8) 

where RH2 and RH1 are the hydrated (RH2) and dried (RH1) densities. 

With this mass-based growth factor in hand, a mass-based estimate of 

aerosol water content can be made and compared to the volume-based calculation 

in equation (2.5).  The remainder of this section first covers the aerosol water 

mass balance, and then methods for aerosol density estimation for the Pittsburgh 

Air Quality Study are developed. 

This definition of the mass growth factor can be used to write the aerosol 

mass balance (assuming water is the only semivolatile species that partitions as 

relative humidity changes).  If Mdry is the completely dehydrated aerosol mass, 

MH2O,RH2-RH1 is the water released from the aerosol as it dries from ambient 

relative humidity (RH2) to the dried channel relative humidity (RH1), and 

MH2O,RH1 is the residual aerosol water at the dried relative humidity (RH1) then  

 � � MASSRHOHdryRHOHRHRHOHdryRH GFMMMMMM 1,21,212,22 
�

� �  (2.9) 

where RH2 and RH1 are the hydrated (RH2) and dried (RH1) densities.  MH2O,RH2-

RH1 is the water released from the aerosol as it dries from ambient relative 

humidity (RH2) to the dried channel relative humidity (RH1).  Conceptually, 

there are three possibilities for the behavior of the aerosol water content as the 

aerosol is dehydrated.  At the low RH all particles are dry, or they all have some 
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water, or some of them lose water and some do not.  The first case corresponds to 

MH2O,RH1 equal to zero.  The other two cases correspond to non-zero values for 

MH2O,RH1.  The DAASS instrument gives the a measurement of MH2O,RH2-RH1.  

Since the relative humidity RH1 is kept as low as possible, MH2O,RH1 is expected 

to be small compared to MH2O,RH2-RH1.  Assuming MH2O,RH1 is negligible, MH2O,RH2 

is then given by equation (2.10). 

 � �
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2,2 )1(1
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VOLdryMASSdryRHOH GFMGFMM




����  (2.10) 

The density calculations assume that the aerosol is an internal mixture 

consisting of  inorganic matter, organic matter, and elemental carbon fractions, 

each with a fixed characteristic density.  The dry density is calculated assuming 

volume additivity and that MH2O,RH1 is negligible:  
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where f refers to mass fraction, � to density, and the subscripts OM, EC, and 

inorg,dry refer to organic matter, elemental carbon, and dry inorganic mass.  The 

ambient humidity density is estimated assuming the aerosol consists of three 

fractions, a hydrated inorganic fraction, an elemental carbon fraction (assumed 

not to take up any water), and an organic fraction (assumed not to take up any 

aerosol water).  
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where �inorg,wet refers to the density of the hydrated inorganics. 
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For this work the PM2.5 measured by a TEOM (Rupprecht & Patashnick, 

Albany, NY) at 30 °C with a sample equilibration system (Meyer et al. 2002) was 

used for Mdry.  The mass measured by the instrument was in good agreement with 

the Federal Reference Method for particulate mass during these tests (Rees et al. 

2003).  The sample equilibration system is a semipermeable membrane drying 

inlet for the TEOM that conditions the aerosol sample at 30°C and ~15% relative 

humidity.  The organic matter mass used for calculations in this study was 1.8 

times the organic carbon (OC).  EC (elemental carbon) and OC were measured by 

the thermal optical method (Cabada et al. 2002).  The 1.8 multiplier for 

carbonaceous mass is based on estimates of Turpin and Lim (2001).  Densities of 

1.2, 1.6, and 1.77 g/cm-3 were assumed for organic matter, elemental carbon 

aerosol, and dry inorganic aerosol, respectively.  The organic matter density is 

based on Turpin and Lim (2001) and the dry inorganic mass corresponds to that of 

ammonium sulfate, the dominant inorganic component in the Pittsburgh area 

(Anderson et al. 2002).  The elemental carbon density is most uncertain as recent 

measurements show great variability in the effective density (0.2 – 1.6 g/cm3) of 

soot agglomerates depending on formation conditions (Park et al. 2003 and 

references therein).  However, because of the small contribution of elemental 

carbon to the total aerosol concentration in Pittsburgh, the specific value chosen 

has little effect on the volume to mass growth factor conversion in this study.  The 

1.6 g/cm3 value used in this work is at the upper end of effective densities 

measured by Park (2003) and at the lower end of the range for the physical 

density of graphite (Perry et al. 1984).  The carbonaceous fraction is assumed to 
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not take up any water in this work, and the hydrated density for ammonium 

sulfate, calculated using empirical values from Tang (1997), is used for the 

ambient relative humidity inorganic density. 

The main use of the equations (2.8) – (2.12) is for comparison of 

experimental (volume-based) growth factors with mass-based growth factors from 

other sources (i.e. thermodynamic models).  The comparison can be made on the 

basis of predicted versus measured aerosol water content, or on the basis of 

predicted versus measured growth factors.  In both cases, equations (2.8) – (2.12) 

will be required to make the comparison.  While this work does not contain any 

mass-based water content measurements or model predictions (see Khlystov et al. 

(2003) for model-measurement comparisons), this type of calculation is 

demonstrated by the open circles in Figure 2.9b, which are an estimate of aerosol 

water content from equation (2.10) based on the DAASS-measured volume 

growth factors, estimates of aerosol density using equations (2.11) and (2.12), and 

the time series of Mdry measured independently of the DAASS system.  The 

difference between the water content calculation by equations (2.5) and (2.10) can 

be attributed to (a) uncertainty in the density calculations, composition, and 

organic mass multiplier; (b) violations of assumptions such as non-hygroscopic 

organics and negligible water content in the dried channel; and (c) drifts in the 

absolute accuracies of the various independent instruments that are involved in 

making the volume-based aerosol calculations (SMPS & APS) and the mass-

based calculations (TEOM, OC/EC sampler, and inorganic ions sampler).   The 

mismatch is particularly evident during July 3 and 4.  In light of these possible 
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errors and uncertainties, equation (2.5) is recommended as a more robust estimate 

of aerosol water content than equation (2.10).  A further demonstration of the 

connection between aerosol mass, aerosol volume, and composition-based density 

estimates (all measured independently) is shown by the comparison in Figure 2.9c 

of Mdry measured by two independent techniques.  The TEOM mass measurement 

is compared to the DAASS estimated aerosol mass calculated using the density 

formula in equation (2.11). 

2.5 Discussion of some sources of error 

Differences in relative humidity between the bipolar aerosol charger, 

aerosol flow entering the DMA, and DMA sheath flow can cause changes in the 

physical state of the particles and errors in particle sizing and/or counting.  First, 

the aerosol may be charged in the bipolar charger while at a different relative 

humidity (and therefore size) than in the DMA.  Second, heated zones of the inlet 

prior to the classifier (which is at ambient temperature) may induce crystallization 

of the aerosol.  Finally, the difference in the aerosol and sheath flows may cause a 

size change during size classification.  The implications of these errors are 

discussed below. 

Parts of the aerosol inlet (including the bipolar charger) were inside the 

enclosure, which was usually a few degrees warmer than the DMA column, 

located outside the enclosure.  This caused the relative humidity of the aerosol 

flow during ambient scans to go through a minimum inside the enclosure, at the 

time of aerosol charging.  In winter, the enclosure (and bipolar charger) was 

maintained at 9 °C, while outdoor temperatures dropped to approximately -5 °C.  
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As a result of these two effects, in general, the aerosol charging was not at the 

same relative humidity as the size classification in the DMA.  For hydrated 

particles, this means that aerosols may be charged at one size and then classified 

at another, creating an error in the equilibrium charge distribution assumed during 

the inversion of the raw SMPS data.  This generally leads to an underestimation in 

the particle number at sizes smaller than about 200 nm, and an overestimation at 

sizes greater than about 200 nm.  The magnitude of this error was estimated using 

the study average size distribution and an assumed composition of 50% 

ammonium sulfate and 50% organics and other nonhygroscopic material.  

Volume growth factors are biased high by a factor of 1.00 to 1.14, with the 

greatest effects at low temperatures and humid conditions.  Our error estimates 

are shown in Table 2.1. 

Table 2.1  Estimates in growth factor bias due to charging 
under dryer conditions than classification 

 Outside Temperature 
Outside Relative 

Humidity 
5 °C 0 °C -5 °C 

50% + 3% + 3% + 3% 
70% + 2% + 6% + 6% 
85% + 4% + 6% + 10% 
92% + 7% + 10% + 14% 

 

The higher inlet temperatures compared to ambient caused temporary 

drying of the ambient channel aerosol before it was returned to ambient 

temperature for size classification.  During the coldest periods of the study, this 

drying effect could be important.  Therefore, the minimum relative humidity 

experienced by the aerosol en route to classification is calculated and reported 

with the PAQS data to allow more complete interpretation of the results. 
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Sheath-aerosol stream mismatch should not pose a problem as the 

thermodynamic equilibration time is expected to be short compared to the transit 

times in the DMAs (0.3 s and 6 s for the N-SMPS and SMPS, respectively).  

Characteristic times for equilibration of pure water droplets up to 1 micron in size 

under the conditions in the SMPS should be of order 10-3 s.  There is evidence 

from laboratory studies that coatings of hydrophobic organics over salts (5-60% 

wt% organics) may hinder mass transfer (Wagner et al. 1996; Xiong et al. 1998), 

although the extension of these laboratory studies to atmospheric particles has not 

been established.  To test the assumption that the sheath-aerosol relative humidity 

mismatch did not significantly affect the results, an experiment was performed in 

2002 during the Pittsburgh Air Quality Study where the SMPS aerosol was dried 

more thoroughly (~20% RH) than usual (~50% RH) while the sheath relative 

humidity was held at around 5%.  The organic fraction of the aerosol was between 

30 and 50% on the day of the experiment and the outdoor relative humidity was 

between 85 and 95%.  No shift in the dried aerosol size distribution could be 

detected due to the lower relative humidity and increased time for mass transfer at 

low relative humidity. 

2.6 Summary and Conclusion 

A system has been constructed for the in-situ measurement of aerosol 

water content at atmospheric conditions.  The system relies on a combination of 

aerosol sizing instruments and samples the atmospheric aerosol at ambient 

temperature and at two relative humidities.  The DAASS measures the aerosol 

volume growth factor (ratio of the ambient and dried aerosol volume 
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concentrations) and aerosol water content every 15 minutes.  A variety of data 

reduction procedures were presented to convert the raw data to growth factors and 

aerosol water content, and (when combined with aerosol composition 

measurements) to facilitate comparison with mass-based growth factors from 

other sources.  DAASS operated for a year during the Pittsburgh Air Quality 

Study.  

The system was tested with ammonium sulfate particles equilibrated at 

different relative humidities and its results were in good agreement with the 

known hygroscopic properties of the particles.  The preliminary field results show 

good response to relative humidity and dry particle mass with the water 

concentration varying from almost zero to more than 20 �g/m3 (0-50% of the 

hydrated particle mass).  The detailed measurements of water during PAQS and 

the comparison of these measurements with predictions of theoretical models are 

discussed in detail in a companion paper (Khlystov et al. 2003). 
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Chapter 3 Ambient Aerosol Size Distributions 
and Number Concentrations Measured During 
the Pittsburgh Air Quality Study (PAQS)† 

3.1 Introduction 

The size distribution of atmospheric aerosols, together with composition, 

sources, and sinks, is a key element in understanding and managing aerosol 

effects on health, visibility, and climate.  Numerous epidemiological studies have 

shown adverse health effects of particulate matter (PM) including respiratory 

irritation and changes in pulmonary function as well as associations between 

particulate mass concentrations and mortality (Samet et al., 2000; Wichmann et 

al., 2000; Lippmann et al., 2000).  Recently, there has been an increased interest 

in the relative health effects of particles of smaller sizes (Oberdörster et al., 1992; 

Oberdörster et al., 1995; Donaldson et al., 1998).  Some laboratory studies have 

also shown that for a given mass concentration, health effects are larger for 

smaller particle sizes (Wichmann and Peters, 2000).  In addition, for the 

estimation of the magnitude of direct and indirect aerosol-climate effects, the 

particle size distribution is an important parameter.   

Accordingly, there have been many sampling efforts to measure aerosol 

size distributions in urban, rural, and remote sites around the globe, and nearly all 

field campaigns now include some measurements of aerosol size distributions.  

Some recent continental sampling campaigns that measured size distributions 

include the Atlanta PM Supersite program (Woo et al., 2002), and sampling 
                                                 
† Submitted for publication as “Ambient Aerosol Size Distributions and Number Concentrations 
Meaured During the Pittsburgh Air Quality Study (PAQS)” by Charles Stanier, Andrey Khlystov, 
and Spyros Pandis.  Atmospheric Environment, 2003. 
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campaigns in Los Angeles (Kim et al., 2002), Northern Europe (Ruuskanen et al., 

2001), Tennessee (Cheng and Tanner, 2002), Brisbane, Australia (Morawska et 

al., 2002), England (Harrison et al., 1999), Estonia and Finland (Kikas et al., 

1996) and Central Europe (Birmili et al., 2001). 

Most of these studies find 24-hr average number concentrations (10-500 

nm) at continental sites in a range from around 5,000 to 25,000 cm-3 (Ruuskanen 

et al., 2001; Kim et al., 2002; Woo et al., 2000; Morawska et al., 2002).  Sites that 

have monitored 3-10 nm particles find comparable numbers of particles in that 

size range relative to the 10-500 nm size range (Woo et al., 2000).  Diurnal 

patterns vary between two extremes: (a) influenced predominantly by mixing 

height changes and meteorology for sites without local particle sources or 

nucleation; and (b) strongly influenced by local sources such as traffic and 

nucleation (Kim et al., 2002; Morawska et al. 2002).  Little has been reported 

regarding seasonal patterns in aerosol concentrations due to the lack of long term 

monitoring. 

Some parameterizations for model size distributions are available for 

urban and continental aerosols (Whitby, 1978; Jaenicke, 1993).  Even if these 

parameterizations are widely used, their applicability to areas other than the ones 

for which they were developed has not been investigated.  

This paper presents a statistical summary of size distributions measured 

during one year of continuous monitoring at the Pittsburgh Supersite during the 

Pittsburgh Air Quality Study (PAQS), forming one of the first long-term datasets 

for aerosol size distributions in the Northeastern United States.  Aerosol size 
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distributions from 3 nm to 2.5 �m were monitored for over 15 months at the 

central sampling site of the study.  Aerosol number size distributions were 

measured at low relative humidity, and at ambient relative humidity to assess the 

impact of aerosol water on the particulate matter size distribution.  Additional 

aerosol size distributions were collected at an upwind location for approximately 

two months to assess the difference between rural and urban particulate matter 

size distributions in the airshed.  The wide size range, long-term (more than a 

year) deployment, rural/urban comparison, and dual relative humidity sampling 

provide advantages in using the size distribution dataset to understand and 

quantify atmospheric aerosol formation, processes, and exposure. 

Statistical averages, diurnal and seasonal trends for the urban location, and 

local sources of particles are discussed.  These results are compared to size 

distributions measured continuously for 6 weeks at a rural site upwind of 

Pittsburgh to assess the spatial variability and impact of the urban sources on the 

particulate matter number distribution.  Finally, the measurement results are 

compared to other similar investigations and to model size distributions. 

3.2 Experimental 

The main sampling location was in a park 5 km east (downwind) of 

downtown Pittsburgh7.  Two SMPS systems (TSI 3936L10 and TSI 3936N25) 

were operated at the main location continuously from July 2001 – July 2002.  

                                                 
7 A brief site description of the PAQS sampling site is included in the experimental sections of 
Chapters 3-6.  The distances to sources such as roads are approximate and there are discrepancies 
between the values in the different chapters, which were each published separately.  For a 
complete description of the central and satellite sites, see Wittig et al. (2003).  The central site was 
at 40.4395 ºN / -79.9405 ºE.  Nearest major road (Forbes Ave.): 0.33 km N.  Nearest major 
stationary source: Bellafield Boiler: 0.6 km NW.  Nearest highway (376):  1.1 km S. 
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These instruments measured the size distribution of particles from 3 nm to 600 

nm.  These were augmented by a TSI APS 3320 measuring from 0.5 �m to 20 �m 

for the first 3 months of the sampling period and a TSI APS 3321 measuring in 

the same size range for the final 2 months of the sampling period.  Aerosol 

measurements at the main size were made at both low relative humidity and 

ambient relative humidities to assess the importance of relative humidity to the 

size distribution.  This combination of 3 sizing instruments with RH control, 

called the Dry-Ambient Aerosol Size Spectrometer (DAASS) is described in 

Stanier et al. (2003a).  Another SMPS system (TSI 3071/3010) was located at a 

rural site in Florence, Pennsylvania, 38 km west (mostly upwind) of the city 

during 2002.  At the Florence site, the aerosol size distribution was measured at 

slightly sub-ambient relative humidity.   

The urban sampling site was relatively far from local sources of primary 

particles.  The nearest major city street was 0.5 km away, and the nearest highway 

was 1.1 km away.  Small local sources included the nearby Carnegie Mellon 

University campus and a local coal-fired steam plant that was approximately 1 km 

away from the site. 

Each of the 3 sizing instruments acquired an aerosol size distribution 8 

times per hour, with 4 of these using the low relative humidity channel, and 4 of 

them using the ambient relative humidity inlet.  The raw data, and associated 

temperature and relative humidity information, were acquired using a PC and then 

processed afterward.  Data processing consisted of inversion of the raw size 

distributions using the TSI SMPS program (Version 3.2) and the TSI Aerosol 
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Instrument Manager Program (Version 4.3) and corrections for inlet losses and 

counting efficiencies (see Stanier et al., 2003a for additional discussion).  The size 

distributions from the individual instruments were then merged into a single size 

distribution by using the nano-SMPS data through 30 nm, the SMPS data from 

30-600 nm, and the APS data above 600 nm (together with an algorithm 

(Khlystov et al., 2003a) to account for the inherent difference between the 

mobility size measured by the SMPS instruments and the aerodynamic mobility 

measured by the APS).  The size distributions reported here are a function of 

mobility diameter for sizes below 600 nm and as a function of estimated mobility 

diameter for sizes above 600 nm. 

Extensive quality assurance checks were performed prior to instrument 

deployment and during the field study.  Pre-study tests are described in Stanier et 

al. (2003a) and include various counting and sizing precision and accuracy checks 

using monodisperse aerosols.  During the study, a schedule of maintenance 

activities was adhered to, including daily, weekly, and monthly equipment 

inspections focusing on maintenance of dry butanol in Condensation Particle 

Counters, leak checks, and flow calibration.   

After initial data reduction, two levels of data validation were performed.  

The first level of data validation focused on internal consistency of the size 

distribution data between the three instruments that made up the DAASS system, 

while the second looked for consistency between the DAASS system and other 

instruments, particularly those that provided continuous measurements of aerosol 

mass or aerosol chemical components (e.g. Tapered Element Oscillating 
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Microbalance).  During validation, a small portion of the data was flagged as 

invalid.  Calibration factors and flowrates used for data reduction were 

occasionally modified to maintain instrument-to-instrument precision, typically 

by ±20% or less.  Modifications in data reduction parameters were supported by 

field data (e.g. documented drift in a flowrate) and were typically associated with 

the replacement of major system components necessary for maintenance (e.g. 

particle counters, pumps & blowers, and dryers).  The cycling between low and 

ambient relative humidity caused a slightly higher frequency of failures in sizing 

equipment than is typical in long term sampling using SMPS, APS, and Optical 

Particle Counters. 

3.3 Results and Discussion 

The results are divided into several sections, including (a) summary 

statistics; (b) temporal (seasonal and diurnal) trends; (c) rural versus urban 

distributions; (d) sources of particles; and (e) comparison to other distribution 

measurements.   

3.3.1 Summary Statistics 
The grand average number distribution measured during the Pittsburgh Air 

Quality Study (Figure 3.1) has a number mode at 40 nm and a particle count of 

22,000 cm-3.  The corresponding surface area and volume distributions, calculated 

from the number distribution assuming spherical particles, are also shown in 

Figure 3.1.  The small discontinuity in the surface area and volume distributions 

are at the point where the SMPS and APS distributions are merged together.  

These are merged using a procedure described by Khlystov et al. (2003a).  The 
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merging procedure removes discontinuities almost completely in the number 

distribution, but not necessarily in the surface and volume distributions. 

Figure 3.1  Grand average (a) number, and (b) surface area and volume distributions from 
the Pittsburgh Air Quality Study (7/1/2001 – 6/30/2002). 

 
Various descriptive statistics regarding the measured size distributions are 

included in Table 3.1.  Key points from Table 3.1 include (a) the significant 

difference in surface area and volume between the low RH (14%) and ambient 

RH (58% on average) channels of the instrument; (b) the fact that 25% of the 

aerosol number is less than 10 nm and 75% of the aerosol number is less than 50 

nm in size; and (c) the relatively good data recovery for the SMPS instruments 

which operated up to 560 nm (84-92%) and relatively poor data recovery for the 

APS which operated from 0.5-2.5 �m (28%).  The APS was removed for service 

for upgrading and repair early in the study, and not returned to service until late in 

the study.   
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Table 3.1  Descriptive Statistics of Particulate Matter Size Distributions Measured During 
the Pittsburgh Air Quality Study (Size Range 3 nm – 2.5 �m) 

    Attributes of Distributions – Grand Average for Pittsburgh Air Quality Study Main Site 
(7/1/2001 – 6/30/2002) 
Distribution Integral Units Mode Mean Diameter 
Low RH1 Number 22,100 cm-3 40 41 
Low RH Surface Area 315 �m2/cm3 209 66 
Low RH Volume 11.5 �m3/cm3 322 99 
Ambient RH2 Number 24,500 cm-3 45 43 
Ambient RH Surface 
Area 

448 �m2/cm3 216 75 

Ambient RH Volume 31.1 �m3/cm3 414 113 
    Descriptive Statistics, 24-hr Averaged cm-3 (Low RH Channels Only) 
Size Bin Samples Mean Median Min Max Standard 

Deviation 
3-10 nm 307 5600 4900 1380 25,000 3200 
10-20 nm 307 4100 4100 1210 8800 1420 
20-50 nm 336 6500 6100 1880 14,000 2590 
50-100 
nm 

327 3600 3400 910 9700 1570 

100-200 
nm 

327 1710 1510 450 4550 790 

200-500 
nm 

327 460 361 64 1632 300 

0.5 – 1 �m 102 18 11 1 67 17 
1 – 2.5 �m 103 0.59 0.56 0.10 1.5 0.27 
1 Low relative humidity distributions were measured at an average relative humidity of 14% 
2 Ambient RH distributions were measured at an average relative humidity of 58% 

Hourly averaged low relative humidity number concentrations from the 

DAASS are compared in Figure 3.2 to hourly averaged PM2.5 values from the 

Tapered Element Oscillating Microbalance (TEOM, Rupprecht and Patashnick, 

Albany NY).  The TEOM is a continuous particulate mass monitor that operated 

at the Pittsburgh Air Quality Study (Wittig et al., 2003) with a Sample 

Equilibration System (Meyer et al., 2002) to reduce the interference of water 

vapor on the sample while retaining as much semivolatile mass as possible.  The 

highest number concentrations were observed during relatively clean days when 

the PM2.5 concentrations were less than 25 �g m-3.  The number concentration is 

not positively correlated with the mass concentration and there is evidence of a 

negative correlation.   
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Figure 3.2  Aerosol mass versus aerosol number for the Pittsburgh 
Air Quality Study.  Hourly average values from the TEOM (mass) 
are plotted against hourly number integrals from 3-560 nm 
measured by SMPS. 

 

3.3.2 Temporal Trends 
While the aerosol size distributions (especially the number distribution) 

can exhibit significant variability on the sub-hourly, hourly, and even daily 

timescales, the monthly average distributions are relatively stable.  Figures 3 and 

4 show monthly trends in properties of the size distributions for the low relative 

humidity and ambient relative humidity instrument channels, respectively.  Figure 

3.3a shows the number mean diameter, surface mean diameter, and volume mean 

diameter for each month.  While there is little variability in the monthly averaged 

number mean diameter (it varies from 39 to 52 without a consistent pattern), the 

surface area and volume mean diameters show a clear summer maximum and 

winter minimum.  This behavior is consistent given the summer peak in aerosol 

volume (and mass) in the Eastern United States (Figure 3.3c).  Figure 3.3b shows 

the absence of a clear seasonal trend in average particle number in three different 
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size ranges, while Figure 3.3c shows the strong summertime maximum in aerosol 

volume, with summer values approximately twice winter levels.   
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Figure 3.4  Monthly patterns in number, surface, and volume distributions for ambient 
relative humidity size distributions.  The DAASS operated in the low relative humidity 
mode only during September and October 2001. 

 
Differences in the ambient RH and low relative humidity distributions can 

be seen by comparing Figures 3.3 and 3.4.  While there is negligible difference in 

ambient and low relative humidity particles counts and number mean diameter, 

there are significant increases in the surface and volume integrals and mean 

diameters.  The difference is largest in summer, due to higher relative humidity 

and more hygroscopic aerosols (Khlystov et al., 2003b).  For example, the volume 

mean diameter during summer months (July and August 2001 plus June 2002) for 

particles from 3 nm to 2.5 �m was, on average 132 nm for the ambient channel 
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and 113 nm for the low relative humidity channel.   This corresponds to average 

growth ratios for the summer of 1.16 (diameter basis) and 1.60 (volume basis).  

The corresponding diameters for winter were 93 nm for the ambient channel and 

85 for the low relative humidity channel, with ratios of 1.09 (diameter basis) and 

1.30 (volume basis).  The average ambient summer and winter relative humidities 

were both 65%.  However, the organic aerosol content was significantly higher 

during the winter (Wittig et al., 2003).   

While seasonal trends were most apparent in the aerosol volume 

distribution, strong diurnal trends were observed in the aerosol number 

distribution.  The diurnal pattern of aerosol number, averaged over the entire 

study, is shown in Figure 3.5a.  The solid line at the top of the figure is the diurnal 

pattern for total aerosol number, while the other lines in the figure show the 

diurnal pattern for specific size classes of aerosols, ranging from the nuclei mode 

(3-10 nm) up to part of the accumulation mode (50-100 nm).  Figures 3.5b and 

3.5c plot diurnal patterns for specific types of days, rather than for the average 

day of the entire study.  Circled numbers refer to specific diurnal features 

discussed below in the text. 

Total aerosol number, on average, peaked at midday (Figure 3.5a – feature 

1).  Another features apparent in the grand average diurnal trend is the minimum 

in 3-20 nm particles during the early morning, when their sources are at a 

minimum (Figure 3.5a – feature 2).  Also apparent is the drop in concentration of 

50-100 nm particles from dilution during the morning when the mixing height is 

rapidly rising (Figure 3.5a – feature 3).
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Two of the most representative types of days, in terms of diurnal aerosol 

size distribution behavior, were days with in-situ nucleation and days with a 

morning rush hour (weekdays) but no apparent nucleation.  The former (regional 

nucleation) occurred on 30% of the study days and the average diurnal profile of 

these days is plotted in Figure 3.5b.  The latter (weekday without nucleation) also 

occurred on approximately 30% of the study days, and is plotted in Figure 3.5c.  

Key features of the nucleation diurnal profile include the midday peak in nuclei 

mode (3-10 nm) particles (Figure 3.5b – feature 4) as well as the slow growth in 

the number of 50-100 nm particles during the afternoon as the small particles 

created earlier in the day grow to larger sizes by coagulation and condensation 

(Figure 3.5b – feature 5).  An important feature of the non-nucleation weekday 

profile is the increase in particle number during the morning rush hour (Figure 

3.5c – feature 6).  This feature can also be seen in the grand average diurnal 

profile (Figure 3.5a) as a shoulder peak a few hours before the maximum from 

nucleation.  Figure 3.5c also shows that there is no afternoon rush hour peak and 

no midday peak.  The former is because the afternoon rush hour is more spread 

out in time than the morning rush hour, and the mixing height is rising during the 

late afternoon, diluting the emissions.  The latter is because the midday peak is 

primarily from nucleation.   

3.3.3 Rural versus Urban Distributions 
During February and March of 2003, an SMPS system sampled size 

distributions at a rural site (Florence PA) 38 km upwind from the main sampling 

site.  This provided information on the contribution of background aerosols, the 
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spatial homogeneity of aerosol processes (e.g. new particle formation from in-situ 

nucleation), and the difference between the “rural” and “urban” size distributions 

in the Pittsburgh Area.  For the remainder of this work, the main site results will 

be referred to as urban and the Florence site will be referred to as rural.  The 

average size distributions measured during February and March (Figure 3.6) show 

that number concentrations were, on average, 2-3 times higher at the urban site 

and that the rural site had a larger mode size (approximately 62 nm versus 32 nm 

at the urban site).  There was little difference in the number distributions above 

200 nm, consistent with the regional nature of the fine PM in the area and the 

similar PM2.5 mass concentrations measured at the two sites during the study. 

The rural site was impacted by nucleation very similarly to the urban site 

(Stanier et al., 2003b), but was not impacted nearly as strongly by traffic.  

Therefore, the diurnal patterns at the rural site were not as pronounced.   
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Figure 3.6  Average number size distributions from the rural site (Florence 
PA) and the urban site (Schenley Park, Pittsburgh PA). 
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Figure 3.7  Evolution of particles size distributions on a day without nucleation (August 10) 
and a day with nucleation (August 11).  The plots show instrument response (dN/dlogDp with 
units of cm-3) over all size channels.  Light colors are highest number concentrations and 
dark colors are the lowest number concentrations.  Contour lines drawn at dN/dlogDp values 
of 102, 103, 104, 104.5, and 105 cm-3. 

 

3.3.4 Sources of Particles 
Nucleation and vehicle emissions were the most important sources of 

particles impacting the main (urban) sampling site.  Figure 3.7 shows the 

evolution of the number size distribution on two consecutive days.  The first day 

(August 10; top panel) does not exhibit nucleation behavior, while the second day 

(August 11; bottom panel) does.  At 9 AM, there is significant new particle 

formation on August 11.  The frequency, intensity, meteorology, and possible 

chemistry of such new particle formation has been analyzed (Stanier et al., 
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2003b), showing that the nucleation events are associated with photochemical 

sulfuric acid production and occur on approximately 30% of the study days.  The 

same type of behavior has also been witnessed in St. Louis (Shi et al., 2002).  

Figure 3.8  Traffic as a source of particles.  10-20 nm particle count as function 
of time for weekends and weekdays at the urban site. 

 
The other major particle source impacting the urban site is traffic.  On 

weekdays, there was a pronounced increase in particle concentrations for particles 

primarily in the size range from 3 nm – 30 nm (Figure 3.8) beginning at 

approximately 04:00 EST.  The increase was much smaller, and later, on 

weekends.  A similar analysis for daytime traffic is complicated by changes in the 

mixing height and nucleation activity.8     

3.3.5 Comparison with Other Distribution Measurements 
 

It is useful to compare the PAQS size distribution measurements to (a) 

other studies and (b) commonly used “typical” or model size distributions 

                                                 
8 For a more complete discussion of the impact of motor vehicle traffic on particle size 
distributions during PAQS, see Zhou et al. (2003). 
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(Whitby, 1978; Jaenicke, 1993).  Comparison to the sampling study of Russkanen 

et al. (2001) in 3 Northern European cities shows very similar results for aerosol 

number concentration (Table 3.2). 

Table 3.2  Comparison to Other Size Distribution Measurement Campaigns 

Location Number 
Concentration 

10-100 nm (cm-3) 

Number Concentration 
100-500 nm (cm-3) 

Source 

Alkmaar, Netherlands 18,300 2,120 Russkanen (2001) 
Erfurt, Germany 17,700 2,270 Russkanen (2001) 
Helsinki, Finland 16,200 973 Russkanen (2001) 
Pittsburgh, Urban 14,300 2,170 This work 
Pittsburgh, Rural 6,500 1,900 This work 
 

The comparison with model distributions of Whitby and Jaenicke is shown 

in Figure 3.9, with number distributions in Figure 3.9a and volume distributions 

in Figure 3.9b.  The model distributions used are Whitby’s “urban average” 

distribution (labeled C-W1), Whitby’s “average background” distribution (labeled 

C-W2), and Jaenicke’s rural continental distribution (labeled C-J).  Not shown in 

the figure is Jaenicke’s urban distribution, which is very similar to Whitby’s 

urban average distribution.  The most general conclusion is that none of the model 

distributions fit either the urban or rural results from this study well.  The model 

urban size distributions have an order of magnitude higher particle concentrations, 

with a strong 15 nm mode not seen in the average distributions from Pittsburgh.  

The model urban distributions are more appropriate for sites close to (< 

approximately 100 m) to traffic or Los Angeles.  Based on these results, it is 

recommended that caution be exercised in using model distributions.   
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Figure 3.9  Comparison of model size distributions to Pittsburgh size distributions on an (a) 
number basis and (b) volume basis.  Model distributions: C-W1 = Whitby (1978) urban 
average; C-W2 = Whitby (1978) average background; and C-J = Jaenicke (1993) rural 
continental. 

 
3.4 Summary and Conclusions 

Twelve months of particulate matter size distributions from the Pittsburgh 

Air Quality Study were summarized.  The average Pittsburgh number 

concentration (3-500 nm) is 22,000 cm-3 with an average mode size of 40 nm.  

Seasonal patterns are not very strong for aerosol number, but are clearly evident 

for the aerosol volume distribution due to the summertime peak in aerosol mass 

concentrations.  Strong diurnal patterns in number concentrations are evident as a 

direct effect of the sources of particles (atmospheric nucleation, traffic, and other 

combustion sources).  Nucleation (involving sulfuric acid) is active on the 30-

50% of study days and over a wide area (at least a hundred kilometers).  Rural 

number concentrations are a factor of 2-3 lower (on average) than the urban 

values.  Number concentrations are comparable to those found in similar sampling 

studies in Northern Europe, and model size distributions tested against the 

Pittsburgh Air Quality Study results yield a poor fit between the sampled and 

model distributions. 
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The urban and rural particulate matter size distributions measured during 

the Pittsburgh Air Quality Study form an excellent dataset for further research on 

particle sources, nucleation, and aerosol processes.  To date, they have been used 

to address nucleation (Stanier et al., 2003b), aerosol water content (Khlystov et 

al., 2003b), and source-receptor relationships (Zhou et al., 2003).   
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Chapter 4 Nucleation Events During the 
Pittsburgh Air Quality Study: Description and 
Relation to Key Meteorological, Gas Phase, and 
Aerosol Parameters† 

4.1 Introduction 

The creation of new particles by homogenous nucleation of gas-phase 

atmospheric components is an important atmospheric process.  Together with 

primary particle emission, nucleation is responsible for maintaining the number 

concentration of particles throughout the atmosphere.  Nucleation affects climate 

and visibility by changing the size distribution of airborne particles (Charlson et 

al. 1987; Kulmala et al. 2000).  The formation of ultrafine particles and the 

condensation of secondary aerosol components on them may impact human 

health, as ultrafine particles are likely to cause adverse health effects 

disproportionate to their mass (Oberdoster et al. 1995; Schwartz et al. 1996; 

Peters et al. 1997).   

Until recently, nucleation was assumed to be limited to clean areas of the 

atmosphere such as the free troposphere.  However, a number of recent studies at 

both rural and urban sites around the world have reported frequent nucleation 

events (Allen et al. 1999; Harrison et al. 1999a; Harrison et al. 1999b; Harrison et 

al. 2001; Shi et al. 2001; Woo et al. 2001).  Woo et al. (2001) found elevated 

                                                 
† Published as “Nucleation Events During the Pittsburgh Air Quality Study: Description and 
Relation to Key Meteorological, Gas Phase, and Aerosol Parameters” by Charles Stanier, Andrey 
Khlystov, and Spyros Pandis.  Aerosol Science and Technology, 2003 (in press). 



 

 83

levels of 3-10 nm particles in Atlanta, with highest frequencies in spring and 

summer.  Birmili et al. (2001) measured elevated ultra-fine concentrations in 

continental Germany in April as well.  In both the German and Atlanta studies, 

nucleation occurred around midday with concentrations of NOx elevated prior to 

many of the nucleation events and SO2 elevated during the events (Woo et al. 

2001).   

Atmospheric homogeneous nucleation has been the subject of many 

theoretical and experimental studies.  It is recognized that there are two important 

steps to the production of new particles that can grow to detectable size (Zhang 

and Wexler 2002; Kerminen 1999).  The first step is the formation of an initial 

nucleus, and the second step is the growth of the particles to larger sizes.  A 

number of mechanisms have been proposed as candidates for the initial nucleus 

formation step based on observations and theoretical considerations, including (a) 

homogeneous binary nucleation of sulfuric acid and water (Weber et al. 1999); (b) 

homogeneous ternary nucleation of ammonia-water-sulfuric acid (Eisele and 

McMurry, 1997; Kulmala et al. 2001a; O’Dowd et al. 1999 ); (c) homogenous 

nucleation of low vapor pressure organic compounds (O’Dowd et al. 2002); (d) 

ion-induced nucleation (Kim et al. 2002).  The second step in forming detectable 

new particles, growth, is also uncertain.  These particles can grow by 

condensation of sulfuric acid or by self-coagulation. Both of these processes are 

relatively inefficient and additional growth mechanisms have been proposed 

(Kerminen 1999). The limited experimental evidence indicates a potential role for 

organic compounds (Novakov and Penner 1993; Rivera-Carpio et al. 1996).   
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Recent work considers the potential for heterogenous reactions of SO2 (Kerminen 

1999) and organic compounds (Kerminen 1999; Jang and Kamens 2001; Zhang 

and Wexler 2002) to significantly contribute to growth. 

Steps toward a better understanding of tropospheric nucleation include:  

(a) elucidation of the mechanism responsible for the initial nuclei formation in 

different environments; (b) identification of the chemical compounds responsible 

for growth; (c) determination of the geographic scope, frequency, strength and 

impact of tropospheric nucleation.   

The goal of this work is to describe the nucleation events observed during 

the Pittsburgh Air Quality Study from July 2001 – June 2002.  Analysis of the 

particle size distributions during this period shows over 100 days with nucleation 

activity.  The gas, aerosol phase concentrations, and meteorological conditions 

associated with nucleation in Pittsburgh are also discussed.  Identification of 

initial nuclei and condensing species chemistry is ongoing and will be discussed 

in a subsequent paper. 

4.2 Experimental 

All measurements were conducted as part of the Pittsburgh Air Quality 

Study (PAQS), a multidisciplinary air pollution study designed to characterize 

fine particulate matter around Pittsburgh, evaluate next-generation aerosol 

monitoring instrumentation, elucidate source-receptor relationships, and improve 

understanding of atmospheric processes governing aerosol concentrations.   

The bulk of the gas and particle measurements discussed in this paper 

were conducted at the main PAQS sampling location in a park 5 km east 
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(downwind) of downtown Pittsburgh (Figure 4.1).  Two SMPS systems (TSI 

3936R10 and TSI 3936N25) were operated at this location continuously.  These 

instruments measured the size distribution of particles from 3 nm to 680 nm.  The 

SMPS systems were a part of the Dry-Ambient Aerosol Sizing System (DAASS) 

(Stanier et al., 2002) and were specially configured to alternate between ambient 

RH samples and dried samples. The Differential Mobility Analyzers and most of 

the inlet tubing were kept at near ambient temperature to avoid volatilization of 

aerosols.  Portions of the inlet were maintained at above 9 ºC at all times because 

they shared an enclosure with the Condensation Particle Counters.  This sampling 

location was 0.5 km from the nearest major city street and 1.1 km from the 

nearest highway.  A small coal-fired heating plant operated 0.8 km from the site.9  

Its plume impacted the sampling site occasionally but did not typically contain 

nuclei mode particles. 

Upwind Rural Site
Florence, PA

Main Site (Urban)
Schenley Park,

Pittsburgh

ClevelandCleveland

Upwind Rural Site
Florence, PA

Main Site (Urban)
Schenley Park,

Pittsburgh

ClevelandCleveland

 
Figure 4.1  Map of Pittsburgh (main urban site) and Florence (rural upwind site) 

                                                 
9 See note 7, section 3.2 for additional discussion of the site and proximity to sources. 
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Another SMPS system (TSI 3071/3010) was located 38 km upwind from 

the main site in Florence, Pennsylvania during part of winter and spring 2002. 

The SMPS was sampling dried aerosol size distributions in the size range 12 – 

280 nm. The data from the rural site were used to assess the regional homogeneity 

of the events.   

Table 4.1  Instruments used to examine nucleation events in this work. 
Measurement Instrument Notes 
            Main supersite sampling location, Schenley Park, Pittsburgh (urban site) – Sampled 
7/1/01 – 9/30/02 

Particle size distribution, 
3-80 nm TSI 3085 DMA / TSI 3025A CPC 5 min upscan; 8 scans per hour 

Particle size distribution, 
13-680 nm TSI 3081 DMA / TSI 3010 CPC 5 min upscan; 8 scans per hour 

Particle size distribution, 
0.5-10 �m TSI 3320 APS Operated 7/1/01 – 10/26/01 

Particle size distribution, 
0.5-10 �m TSI 3321 APS Operated 5/26/02 – 9/30/02 

PM2.5 Mass R&P 1400A Running at 30 ºC with Sample 
Equilibration System 

Ozone API 400A  
NO & NOx API 200A  
SO2 API 100A  
CO API 300A  
Wind speed MetOne 014A  
Wind direction MetOne 024A  
Precipitation MetOne 370  
Temperature and RH Campbell HMP45C  
Barometric pressure Campbell CS105  
Downwelling broadband 
radiation Kipp & Zonen CM3 Pyranometer  

Downwelling UV 
radiation Kipp & Zonen CUV3 UV Pyranometer  

            Upwind sampling location, Florence, PA (rural site) 

Particle Size Distribution, 12 nm-
280 nm TSI 3071 DMA & 3010 CPC Sampled 2/24/02 – 3/28/02 

 
Other instruments deployed as part of the Pittsburgh Air Quality Study 

and used to understand nucleation in this work include:  O3, SO2, NO2/NO, and 

CO monitors, a Tapered Element Oscillating Microbalance (TEOM), solar 

radiation, and met station.  For PAQS, 10-minute averaged PM2.5 data were used 
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from the TEOM.  The TEOM operated at 30 °C to minimize volatilization of 

nitrate and organic compounds and the Sample Equilibration System was used to 

dry the aerosol stream prior to the mass measurement.  The complete list of 

instrumentation used to generate the data set for nucleation events is listed in 

Table 4.1. 

4.3 Results and Discussion 

Around 50 percent of the study days (July 2001 – June 2002) were 

characterized by nucleation events.  Of these, about 60% showed a characteristic 

growth pattern from the nuclei mode to 30-100 nm over the course of several 

hours.  During the other 40% of the nucleation events the sub-10 nm particles did 

not appear to grow to larger sizes.  The events varied in intensity from weak 

increases in the ultrafine and nuclei mode particle counts to intense events which 

increased the overall number concentration from 10,000 - 20,000 per cm3 to over 

100,000 per cm3 in a few hours.  As an example of the contrast between days with 

and without nucleation, Figure 4.2 depicts the size distributions measured during 

August 10 and August 11, 2001.  Figures 4.2a and 4.2b show evolution of the size 

distributions, while Figure 4.2c indicates the integrated particle concentration.  On 

August 10 there was no detectable nucleation activity, while an intense nucleation 

event was observed around 9 AM EST on August 11 followed by rapid growth of 

the particles to a size around 100 nm.  Missing size distributions in Figure 4.2 

correspond to maintenance of the particle sizing instruments in some cases, and 

data flagged as invalid in other cases.  Data was typically flagged invalid due to 
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occasional communication errors between the data acquisition system and the 

particle sizing instruments. 
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Figure 4.2  Evolution of particle size distributions and particle concentration on a day 
without nucleation (Aug 10) and a day with nucleation (Aug 11).  The top two plots show 
instrument response over all size channels.  The bottom plot shows the integrated particle 
concentration time series.  Nucleation is apparent at 9 AM EST on Aug 11. 

 

4.3.1 Classification of Events 
The size distributions from the study were first analyzed to determine the 

frequency of nucleation events.  The analysis was done by examining the 

evolution of size distributions on each day of the study and various time series, 

including those of total number concentration, nuclei mode number concentration, 

aerosol mass (TEOM), meteorological parameters, and gas phase concentrations 

of CO, NO, NO2, O3, and SO2.  

The most important marker for nucleation was a significant increase in the 

nuclei mode particle count, defined as particles from the lower detection limit of 3 
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nm up to 10 nm, referred to as N10 in this work.  Once a significant increase in N10 

was seen in the particle count time series, additional characteristics of the data 

were examined to rule out primary particle sources, such as vehicular traffic, 

which also produce particles smaller than 10 nm.  Traffic was fairly easy to screen 

out, as it has usually a weaker signal than most nucleation events. Diurnally 

averaged number concentrations during nucleation days and non-nucleation 

weekdays and weekends are shown in Figure 4.3.  The mode of the traffic-related 

size distribution was consistently from 15 to 20 nm, with most of the contribution 

to N10 between 6 and 10 nm.  The traffic influence usually increased N10 from a 

background level of around 2,000 cm-3 to an early morning level of 7,500 cm-3 

(Figure 4.3a). Finally, traffic was usually correlated with NO and CO (Zhou et al., 

2003) and independent of solar radiation.   
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Figure 4.3  Diurnal averaged number concentrations July – November 
2001.  Error bars signify the 95% confidence interval on the mean.  (a) 
particles between 3 and 10 nm, N10 and (b) particles smaller than 500 
nm, N500 
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Figure 4.4  Example of a short lived nucleation event on July 5, 2001. 
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Once vehicular traffic was ruled out as the cause of a particular increase in 

N10, the event was classified as a “short-lived” event, or a “regional” event 

following the approach by Shi et al. (2002).  Regional events were characterized 

by an increase in N10 followed by the growth of the nuclei mode to larger sizes, 

such as that shown in Figure 4.2 for August 11.  These growth events, lasting 

several hours, are called regional because throughout the day different air parcels 

are arriving at the site.  If nucleation happened at a given time, but was confined 

to a small area close by the site, the growing mode would disappear once air 

parcels began arriving at the site from outside the nucleation zone.  The other 

group classified as “short-lived” events, were characterized by an increase and 

then a decrease in N10, but without the growth of the nuclei mode to larger sizes.  

These increases in N10 were often shorter than 1-hour and correlated with SO2, 

indicating local plumes. An example of a short lived event is shown in Figure 4.4.  

Alternately, a regional event interrupted by precipitation, significant change in 

wind direction, or front would be classified as a short-lived event.   

Regional nucleation events were further classified as “weak”, “moderate”, 

and “strong” depending on the net rate of increase in N10 during the first hour of 

the event.  The divisions were as follows:  dN10/dt > 4,000 cm-3hr-1 was classified 

as weak, dN10/dt from 4,000 to 15,000 cm-3 hr-1 was classified as moderate, and 

dN10/dt > 15,000 cm-3hr-1 was classified as strong nucleation.  It should be noted 

that dN10/dt is not the nucleation rate, typically defined as the number of nuclei 

clusters growing larger than 1 nm.  Rather, this is a rough measure of the intensity 
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of the event and also of its impact on the particle number and size distribution in 

the region. 

One final challenge in distinguishing nucleation from primary particle 

emission was the observation of growth events beginning with particles larger 

than 6 nm, rather than the expected situation of nucleation accompanied by 

particles down to the instrument detection limit of 3 nm.  In these cases, the 

increase in N10 was rather modest and difficult to distinguish from the increase in 

N10 associated with traffic.  In all other respects, the events look like the other 

nucleation events, including an increase in N50 (number concentration of particles 

smaller than 50nm) significantly above levels seen on days without nucleation 

and the characteristic growth of the new mode to 30-100 nm in size.  An 

explanation for these events is that nucleation is occurring near the sampling site, 

but not directly at the site, and the particles travel to the site while growing and 

coagulating.  Another possible explanation is that these are primary particles from 

vehicle emissions that are growing by condensation, and that the increase in N50 is 

explained by an increased lifetime of primary particles due to their larger sizes.  

Our results support the former explanation for two reasons. First, the sources of 

primary particles in the 10-20 nm size range are mainly vehicles in and around the 

city of Pittsburgh.  The size of the grown primary particles as sampled would 

depend on the source distance from the site, the condensational growth rate, and 

the wind speed.  Since the sources are at a constant distance from the site, and the 

condensational growth rate varies with photochemical activity, one would expect 

an initial increase in the size of the grown primary particles, and then a decrease 
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later in the day.  Such behavior was not observed. The second reason is that the 

observed increases in N50 for stable wind directions are too rapid to be accounted 

for by increased lifetimes of particles as they grow in size.  Therefore, these 

events have been classified as nucleation events. 

Figure 4.5 shows the overall frequency of days with nucleation activity 

from July 2001 to June 2002 according to the classification scheme described 

above.  The overall nucleation frequency, counting all event types, was 53%, or 

181 of 345 study days.  The regional nucleation events occurred during 31% of 

the study days. Regional nucleation seemed to be more frequent during the spring 

and fall, and less active in summer and winter.  Table 4.2 summarizes key gas 

phase, meteorological, and aerosol variables during strong, regional nucleation 

events.   

0%
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100%

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

None
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Weak, "Regional"
Medium, "Regional"
Strong, "Regional"
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Figure 4.5  Overall Frequency of Nucleation.  Days are classified by the occurrence of 
nucleation activity.  Weak, medium, and strong refer to the rate of increase of N10 
during the first hour of the event.  dN10/dt > 4,000 cm-3hr-1 was classified as weak, 
dN10/dt from 4,000 to 15,000 cm-3hr-1 was classified as moderate, and dN10/dt > 15,000 
cm-3hr-1 was classified as strong nucleation.  Short-lived events refer to nucleation 
without growth to larger sizes. 
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4.3.2 Spatial Scale of Nucleation 
The spatial scale of nucleation was investigated by operating an SMPS in 

Florence, Pennsylvania (Figure 4.1) during parts of February and March of 2002.  

This site was 38 km to the west of the main site.  Although the lower limit of the 

size distributions was at 10 nm, the growth portion of the nucleation events was 

clearly evident and coincided in time well with the events at the main site (Figure 

4.6).  On other days of the study, no nucleation occurred at both sites.  Of the 34 

days of parallel sampling, all of the stronger nucleation events except one 

happened at both sites at nearly the same time.  Only 5 days show qualitative 

disagreement between the two sites, usually with weak nucleation at one site but 

not the other. 

 
Figure 4.6  Graphical representation of instrument response for two sites.  The top 
plot shows results at an urban sampling location in Pittsburgh, PA and the bottom 
graph shows results for the same time period from an upwind, rural site 40 km away.  
Nucleation is apparent at around 10 AM local time. 
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4.3.3 Conditions Favorable to Nucleation 
Nucleation occurred most frequently on sunny days with below average 

PM2.5 concentrations (Table 4.2).  This often occurred on days after the passage of 

a cold front through the area with subsequent high pressure and clear skies.  

Although this general pattern held, no simple relationship between sunlight, 

preexisting aerosols, and nucleation was identified.  During summer, regional 

nucleation was mostly associated with light northwesterly winds, while in fall and 

winter it was mostly associated with stronger southwesterly winds.  During 

spring, the wind direction for nucleation was highly variable. 

The hypothesis that these events are due to sulfuric acid nucleation was 

explored by correlating nucleation activity and H2SO4 production. This 

correlation, based on the ideas of Pirjola et al. (1999) and Wexler et al. (1994), 

was developed to see how well the observed nucleation events, both short-lived 

and regional, could be explained in terms of condensation and nucleation of 

H2SO4.  As neither OH nor H2SO4(g) were measured during PAQS, the product of 

ultraviolet light and SO2 was used as a surrogate parameter for H2SO4 production.  

The condensational sink, CS, was calculated from the measured size distribution 

at near-ambient relative humidity using the formula: 

 ��
nm

nm
pppp dDDnDDCS

500

3

)()(�     (4.1) 

where � is the transitional correction factor (Fuchs and Sutugin 1970), Dp is 

particle diameter, and n(Dp) is the measured number size distribution10.  The 

condensational sink is only integrated through 500 nm, because the size 
                                                 
10 The physical interpretation and units of the condensational sink are discussed in the glossary. 
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distributions extending beyond this size are not available for all time periods of 

the study.  Therefore, this is a low estimate of the actual condensational sink, 

especially when aged aerosols are sampled.   
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Figure 4.7  Correlation showing UV * SO2 vs. condensational sink for four different 
seasons.  Condensational sink (y-axis) is plotted against the product of ultraviolet light 
intensity and SO2 concentration (x-axis), a proxy for sulfuric acid production.  .  15-minute 
averaged values are plotted for all time periods of the study.  The black symbols 
correspond to onset of nucleation.  The grey symbols correspond to periods when 
nucleation is not observed.  The 45 degree line roughly divides the each plot into two 
regions – the upper left region I where nucleation is not generally observed, and the lower 
right region II where nucleation is more common. 

 
The result of the correlation is shown in Figure 4.7.  The panels of Figure 

4.7 can be divided into 2 qualitative regions.  The upper left portion of each figure 

(Region I), dominated by grey points, is where nucleation is relatively rare, 

because the sulfuric acid production is too slow, or there is too much area 

available for condensation.  The second region is where the bulk of the black 
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points are, indicating conditions more favorable to nucleation.  As the UV*SO2 

product increases and the condensational sink decreases, the ratio of nucleation 

points (in black) to non-nucleation point (in grey) increases.  The nucleating 

conditions do not form a sharp line in this plot.  While this is partly due to 

measurement errors and difficulty in assigning a precise start time to nucleation, it 

is probably mostly due to additional predictive variables that are important to 

nucleation.  During summer nucleation takes place at higher condensational sink 

values for the same value of UV*SO2.  Known variables that should be important 

include temperature and relative humidity.   

The nucleation measurements made during this study are compared to 

model-based correlations of Pirjola et al. (1999) and Wexler et al. (1994) in 

Figure 4.8.  Condensational sink (y-axis) is plotted against the product of 

ultraviolet light intensity and SO2 concentration (x-axis), a proxy for sulfuric acid 

production.  These models were designed to predict the required H2SO4 

production rates for nucleation and growth by H2SO4 as a function of 

condensational sink, relative humidity, and temperature.  The observed nucleation 

events are plotted as solid black circles, while the black lines are the correlation-

based thresholds for H2SO4 nucleation, with nucleation expected to the right of 

the lines and not expected to the left.  These thresholds are calculated at 

representative ground level relative humidity and temperature values.  The lines 

are calculated using some assumptions, including (1) a proportional relationship 

between UV and OH, with full summer sun of 36 Wm-2 UV corresponding to an 

OH concentration of 107 molec cm-3; and (2) a SO2 deposition characteristic time 
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of 104 s (Wexler et al. 1994).  With our assumed OH levels, both of the 

correlations suggest that the ground level conditions are several orders of 

magnitude cleaner than those required to induce binary nucleation and growth of 

fresh particles by sulfuric acid.   
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Figure 4.8  Comparisons of conditions during summer (a) and winter (b) nucleation to 
model-based correlations for sulfuric acid particle formation from Pirjola et al. (1999) and 
Wexler et al. (1994).  Condensational sink (y-axis) is plotted against the product of 
ultraviolet light intensity and SO2 concentration (x-axis), a proxy for sulfuric acid 
production.  Measured nucleation events (dark circles) are found at the highest 
condensational sink values.  Solid lines refer to correlation predictions for the nucleation 
threshold at a representative ground-level RH and temperature (nucleation favored to the 
right of the lines, and not expected to the left).  Additional correlation predictions (grey data 
points) are plotted to see if data-model agreement improves when specific RH and 
temperature values for each nucleation event are used in the models (triangles = Wexler et 
al. 1994; squares = Pirjola et al. 1999).  Filled symbols refer to RH and temperature at 
ground level while unfilled symbols refer to estimated conditions at the top of the boundary 
layer.   

 
Also plotted are grey points, which are model predictions for the critical 

condensational sink level at OH, SO2, temperature, and relative humidity levels 

matching those of the specific nucleation events.  This provides a better 

comparison of models to observations, because a representative relative humidity 

and temperature is not needed.  Each observation (black circle) is matched by 4 

grey points, at the same point on the x-axis, but with different condensational sink 

values.  Grey points refer to the correlations of Wexler et al., 1994 (triangles) and 
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Pirjola et al., 1999 (squares).  Filled grey symbols are calculated at ground level 

meteorological conditions while open grey symbols are calculated at reduced 

temperatures and elevated relative humidities corresponding to the top of the 

mixed layer.  This is done to check if conditions at the top of the mixed layer 

would be sufficient for sulfuric acid induced nucleation.  Key assumptions 

included constant vertical profiles of dewpoint, OH, and SO2 in the mixed layer, 

summertime afternoon mixing heights of 2000 m, wintertime afternoon mixing 

heights of 800 m, and adiabatic cooling of air parcels at a rate of 9.8 °C km-1.  

Using these assumptions, the gap between model predicted and observed 

condensational sink levels during nucleation narrowed, but did not close.   

The conclusions that can be drawn from comparing the nucleation models 

with the PAQS observations (Figure 4.8) are as follows: (1) Observed nucleation 

is occurring at significantly higher levels of preexisting aerosol surface area 

and/or lower levels of sulfuric acid production than predicted by the models; (2) 

this gap between models and observations is narrowed, but not removed, when 

lower temperatures and higher relative humidities at the top of the mixing layer 

are taken into account; and (3) the observations are not nearly as dependent on 

meteorology and sulfuric acid production rate as the models are.  These 

conclusions suggest that additional factors, currently absent from the models, such 

as ammonia chemistry or growth by organic compounds, are involved in the 

nucleation events. 

Many nucleation events were seen to coincide in time with the breakup of 

the morning inversion.  In Table 4.2, nucleation events where this was especially 
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prominent are noted in the inversion column.  Nucleation concurrent with 

inversion layer breakup is most common in spring and fall.  It is not common in 

winter, possibly due to higher average wind speeds during nucleation events.  

Figure 4.9 shows the average diurnal profile for regional nucleation events 

associated with inversion breakup.  The key features of Figure 4.9 are the 

unusually high morning peak of NO, significant decrease in PM2.5 during the 

morning, and increase in SO2 as NO decreases.  This indicates the possibility of 

nucleation occurring aloft in a SO2 enriched and low PM2.5 stable layer, followed 

by the mixing downward of the nuclei. 
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Figure 4.9  Diurnal profile for inversion-related nucleation.  Inversion-related nucleation 
events from July – November, 2001 are averaged.  Boundary layer mixing height increases 
during the mornings, with decreases in PM2.5 and NO, increases in SO2 levels, and nucleation 
activity.   

 
4.4 Summary and Conclusions 

Continuous particle size distribution measurements for one year during the 

Pittsburgh Air Quality Study indicate a high frequency of nucleation activity in 

the region, with nucleation occurring on about 50% of days, and regional 

nucleation events occurring on 30% of days on average.  Nucleation occurred 
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during all seasons but was most intense during spring and fall.  The nucleation 

events are more probable during bright sunny conditions with elevated SO2 

concentrations and low preexisting aerosol surface area.  This relationship was 

analyzed using a simple correlation of UV*SO2 versus condensational sink and 

compared to existing correlations for binary H2SO4-H2O nucleation. The 

correlation indicated that nucleation occurs under higher aerosol loading 

conditions and/or with lower H2SO4 production rates than expected.  A few events 

that did not follow the overall pattern appear to be influenced by conditions that 

made classification of the events problematic, such as a weak nucleation rate or a 

frontal passage.  The correlation between H2SO4 production and nucleation 

activity provides strong evidence that sulfate plays a major role in new particle 

formation in Western Pennsylvania.  The difference between the model-predicted 

and observed nucleation frequencies indicates that additional compounds, such as 

ammonia or organics, are possibly involved in the nuclei formation and/or growth 

in addition to sulfuric acid. 
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Chapter 5 An Algorithm for Combining 
Electrical Mobility and Aerodynamic Size 
Distributions Data When Measuring Ambient 
Aerosol† 

5.1 Introduction 

Ambient aerosol plays an important role in the atmosphere influencing 

visibility, affecting global climate, and participating in atmospheric chemistry 

(Seinfeld and Pandis 1998). Recently, increased concentrations of ambient aerosol 

smaller than 2.5 �m (PM2.5) have been associated with increased morbidity and 

mortality rates (Swartz and Dockery, 1992; Dockery et al. 1993).  Size 

distribution of atmospheric particles spans a wide size range from a few 

nanometers to several micrometers. In order to study aerosol dynamics in such a 

broad size range a combination of several separate instruments is necessary. 

Typical combinations have been that of an SMPS (Scanning Mobility Particle 

Sizer, TSI Inc., St. Paul, MN) with an APS (Aerodynamic Particle Sizer, TSI 

Inc.). For example, such a combination was employed in several recent studies to 

measure ambient aerosol (Shen et al. 2002; Hand and Kreidenweis, 2002; Shi et 

al. 2001). The integrated volume concentration measured with the SMPS-APS can 

be used to estimate the mass concentration using an assumed bulk aerosol density 

                                                 
† Published as “An Algorithm for Combining Electrical Mobility and Aerodynamic Size 
Distributions Data When Measuring Ambient Aerosol” by Andrey Khlystov, Charles Stanier, and 
Spyros Pandis, Aerosol Science and Technology, 2003 (in press). 
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(Shen et al. 2002). If this approach proves accurate, the SMPS-APS can be used 

as high time resolution substitution for the filter based mass measurements.  

The SMPS and the APS have different measurement principles. The 

SMPS classifies particles according to their mobility in an electric field (Wang 

and Flagan 1989). The electrical mobility size depends on the particle cross-

section and for a spherical particle is the same as the physical size. Unlike the 

SMPS, the APS measures aerodynamic size. Particles are accelerated in a nozzle 

and their time-of-flight is related to their aerodynamic size (Armendariz and Leith 

2002). The aerodynamic size is proportional to the physical size and the square 

root of particle density (Hinds, 1999). Thus, for a sphere the aerodynamic size is 

equal to the physical size only for unit density particles.  

Because of the different measurement principles (e.g. electrical mobility 

vs. aerodynamic sizing) difficulties arise in attempts to create a single size 

spectrum from the data measured with the SMPS and APS. Some researchers 

have approached this problem by selecting data from each instrument such that 

the SMPS is used up to a certain size beyond which the APS is used (Shen et al. 

2002). Hand and Kreidenweis (2002) have developed an algorithm that combines 

electrical mobility, optical particle counter (OPC) and APS data into a single 

spectrum. The OPC data are first matched with the SMPS spectrum by finding an 

optimal refractive index. Then the APS data are matched to the modified OPC 

spectrum by finding an effective density that would provide the best fit with the 

OPC. The reason for matching the APS to the OPC and not directly to the SMPS 

was that the size overlap between the APS and the SMPS is rather small.  



 

 108

In this study we attempted to fit the APS size distribution to the SMPS 

distribution in the absence of an optical particle counter. A simple algorithm was 

developed to combine the aerodynamic and electrical mobility spectra into a 

single distribution. The algorithm provides a ratio of the particle density to the 

shape factor of particles in the 540 nm – 800 nm size range where the SMPS and 

the APS measurement ranges overlap. The ratio of aerosol density to its shape 

factor is usually called the “effective” density. However, the algorithm does not 

provide means of separating the density and the shape factor. It should also be 

noted that the particle shape factor and density may differ through the aerosol 

spectrum, as the composition and the physical properties of ambient particles 

usually vary with size. Instead of concentrating on the narrow overlap size range 

we have determined the average (bulk) aerosol “effective” density during a month 

of ambient aerosol measurements within the Pittsburgh Air Quality Study 

(PAQS).  

The measurements were carried out at the central site of the PAQS, in an 

urban park approximately 5 km from the downtown Pittsburgh.11 The aerosol 

originated from both urban and long-range sources.  Ammonium salts of sulfate 

were the dominant aerosol components, comprising approximately 50% of the 

PM2.5 aerosol mass, carbonaceous material was the second largest component, 

contributing approximately 25% to the mass of fine particles (Wittig et al., 2003). 

The results obtained with the SMPS-APS system were compared to the 

simultaneous measurements of the aerosol PM2.5 mass concentration using a 

                                                 
11 See note 7, section 3.2 for additional discussion of the site and proximity to sources. 
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TEOM (R&P Co., Albany NY) and size-fractionated mass measurements using 

MOUDI (MSP Co., Minneapolis, MN) cascade impactor. The comparison of the 

PM2.5 particle volume concentration from the merged SMPS-APS distribution 

with the TEOM PM2.5 mass concentration has provided us with an estimate of a 

bulk “effective” particle density.  

5.2 Experimental 

5.2.1 General Description of the SMPS-APS System 
The SMPS-APS system used in the Pittsburgh Air Quality Study was a 

part of the Dry-Ambient Aerosol Size Spectrometer (DAASS), described in 

Stanier et al. (2003). The system consists of an ultra-fine SMPS system for 3 – 80 

nm (TSI 3936N25), an SMPS for 13 – 680 nm (TSI 3936L10), and an Aerosol 

Particle Sizer (TSI APS 3320) covering 0.5 – 10 �m. In this study we used data 

up to 2.5 �m in aerodynamic diameter. The DAASS system is equipped with a 

number of computer-controlled solenoid valves that direct the sample and sheath 

flows of the instruments either directly to the instruments or through nafion driers 

(Perma Pure Inc.). Single channel nafion dryers in stainless steel casing were used 

in the sample lines to minimize particle losses. The sheath lines were equipped 

with multi-channel dryers, because of the higher capacity needed to dry larger 

flows and because particle loss is not an issue in particle-free flows. To avoid 

losses of semi-volatile aerosol components the whole system was maintained at a 

temperature that was within 2oC of the ambient temperature. When the aerosol is 

sampled through the dryers, the DAASS provides measurements of dried ambient 

aerosol (at the relative humidity of 10-35%). When the sample bypasses the 
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dryers, the system measures the aerosol at ambient relative humidity. Four dried 

and four “ambient” (or “wet”) size distributions are measured each hour.  

No impactor was used in front of the SMPS systems. It was found that the 

cut-off characteristics of the TSI impactor change as the sampling progresses 

because of accumulation of material on the impactor plate. Even with daily 

cleaning, it was observed that the impactor was cutting into progressively smaller 

than nominal sizes. The purpose of the impactor in SMPS systems is to facilitate 

the data inversion. The impactor is to remove particles larger than the 

measurement range of the SMPS, such that there is no contribution of multiply-

charged particles to the last channels of the instrument. If no impactor is used, the 

concentration in the last channels will be overestimated due to the contribution of 

multiple-charge particles from particles larger than the upper instrument size 

limit.  

The effect of multiple charging was minimal in the present study. During 

this study the ambient aerosol number concentration was rapidly declining with 

size for the particles larger than 100 nm, with the number size distribution at those 

sizes closely following the power law function of -3 to -6 power. In other words, 

when moving a factor of 2 in size the concentration drops by 2-3 to 2-6 (there are 8 

to 32 times less particles). If an SMPS channel measures 700 nm single-charge 

particles, it will also measure approximately 2 times larger double-charge 

particles. Even though the charging for single charge at 700 nm is approximately 

equal to that for double-charge particles at 1400 nm, the maximum contribution of 

double charge particles to the last SMPS channel would be about 10%. A more 
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rigorous analysis of the possible error due to the presence of multiple-charge 

particles in the last SMPS channels was done using MICRON software package 

(Wolfenbarger and Seinfeld 1991). The results confirm that the error due to the 

presence of multiple-charge particles at sizes larger than the upper size limit of 

the SMPS is less than 10% in this study. It should be also noted, that the SMPS is 

not designed to allow a 100% penetration of particles larger than 1 �m. Particle 

losses of the super-micrometer particles will further reduce the error due to 

multiple-charge particles outside the SMPS size range.  

The APS can be operated in two modes: “summed”, in which the time-of-

flight (TOF) and the optical signals are saved separately, and “correlated”, in 

which the TOF and optical signal are saved together on a per particle basis. Since 

less memory storage is required in the summed mode, more bits of the TOF 

information can be stored. Thus, the size resolution of the instrument in that mode 

is better. In this study the APS was operated in the summed mode, because the 

correlated mode has been reported to have problems at low aerosol concentrations 

(Armendariz and Leith 2002). 

To facilitate the matching of electrical-mobility size distributions with the 

aerodynamic size data, the APS was “mobility” calibrated using ammonium 

sulfate aerosol. Ammonium sulfate was chosen because it is the dominant aerosol 

component in ambient aerosol in the Pittsburgh area (Rees et al. 2003). The 

almost mono-disperse ammonium sulfate aerosol was produced by selecting a 

narrow mobility range with a Differential Mobility Analyzer (DMA 3081, TSI 

Inc.) from a wider spectrum of artificially generated ammonium sulfate particles. 
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The artificial aerosol was produced by spraying aqueous ammonium sulfate 

solution with a constant output atomizer (Model 3076, TSI Inc.) and drying it 

with a silica-gel diffusion drier. After passing the drier the aerosol was fed to the 

DMA. The sheath and aerosol flows of the DMA were set to be 2 l min-1 and 0.2 l 

min-1, respectively. This was done to extend the size range of the DMA to about a 

1.2 �m mobility diameter. The mono-disperse output of the DMA was diluted 

with 0.8 l min-1 of clean filtered air. The resulting flow of 1 l min-1 containing the 

mono-disperse aerosol was fed directly to the inner inlet nozzle of the APS. The 

size of the mono-disperse particles was adjusted by changing the voltage of the 

DMA. Mono-disperse ammonium sulfate aerosol with sizes from 0.4 to 1 �m was 

used to calibrate the APS. The DMA output contained smaller amounts of double- 

and triple-charge particles, that have approximately 2 and 3 times larger sizes than 

the main peak of single-charge particles. Because the original poly-disperse 

aerosol size distribution was rapidly decreasing with size and because the size 

resolution of the APS is substantially better than a factor of 2 in size, these 

double- and triple-charge particle peaks were not interfering with the analysis of 

calibration results. Since it was impossible to produce particles larger than 1.2 �m 

with the DMA, the calibration curve obtained at smaller sizes was extrapolated to 

the larger sizes.   

Sizing precision of the SMPS was checked using mono-disperse PSL 

aerosol as well as by sizing mono-disperse ammonium sulfate in 14 different size 

ranges from 20 nm to 900 nm. The mono-disperse ammonium sulfate particles 

were produced using a DMA. Similarly to the APS, the double- and triple-charge 
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particles did not interfere with the analysis of the calibration results. Differences 

in particle sizing were less than 3% across the entire size range. 

Prior to the ambient study the APS was tested in the laboratory using 

artificial ammonium sulfate aerosol. The merging algorithm, as will be shown 

later, requires the counting efficiency of the SMPS and the APS to be equal in the 

overlap range. The integrated counting efficiency of the SMPS was compared to 

that of a standalone condensation particle counter (CPC Model 3025, TSI Inc) and 

was found to be within 10% of that of the CPC. The counting efficiency of the 

APS in the summed mode relatively to that of the SMPS was assessed by 

comparing its counts with those of the SMPS in the overlap size range of 0.5 – 1 

�m in mobility diameter. The APS was mobility calibrated with mono-disperse 

ammonium sulfate aerosol, as described above, and the calibration information for 

this laboratory inter-comparison was stored in the APS with the particle density 

and the shape factor set both to 1. In this way, no post processing of the data was 

required for the APS data: the APS was reporting “mobility-equivalent” size of 

ammonium sulfate particles. 

5.2.2 Merging of the SMPS and APS Size Distributions 
Data obtained with the SMPS/APS were combined into one single size 

distribution in two ways. In the first approach, similarly to Shen et al. (2002), the 

APS data were merged with the SMPS assuming the aerodynamic size is the same 

as the physical size. In the second, similarly to Hand and Kreidenweis (2002), a 

size correction factor was searched for the APS data to be merged with the SMPS 

data. Unlike Hand and Kreidenweis (2002), who used optical counter 
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measurements as an intermediate to match the distributions, we converted the 

APS data to the mobility spectrum by finding a size correction factor that gives 

the best least squares fit directly with the SMPS in the overlap size range.  

The fitting of the APS to the SMPS was done in the following way. The 

SMPS and APS systems overlapped from 542 to 680 nm for unit density particles. 

The SMPS data were fitted with a power-law (Junge size distribution) function 

(Willeke and Baron 1997) in this overlap size range. A size correction was then 

found for the APS size distribution, expressed as dN/dLog(D), to have the least 

squares fit with the power-law approximation of the SMPS data. Applying the 

correction factor preserves the shape of the APS distribution, while shifting it 

along the dLog(D)-axis to achieve a good fit with the SMPS size distribution. 

Given the narrow size range of the overlap region, the size correction factor is 

assumed to be constant within the overlap size range.  

The size correction factor is selected to minimize the difference between 

the SMPS and shifted APS size distributions, with the objective function S2 

shown in the following equation. 
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in which Ns is the power-law function representing the smoothed dN/dLog(D) 

size distribution measured by the SMPS, and  Na is the APS size distribution; x is 

the size correction factor; n1 and n2 are the numbers of the first and the last APS 

channel that fit, after applying the correction, into the 540 nm – 800 nm mobility 

size range. The first two channels of the APS were not used for the fitting 
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procedure because of their unreliable counting. The logarithms of the size 

distribution values are used to give the same relative weight to all points in the 

overlap range. 

It should be noted that a dN/dLog(D) distribution should be used for the 

minimization procedure. If a dN/dD distribution is used, the APS distribution will 

need to be shifted not only along the abscissa, but also vertically: 
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in which Da is the aerodynamic size, Dp is the physical size and x is the 

size correction factor (Da = x Dp). In contrast, under the assumption that the shift 

factor does not vary within the overlap size range, the dN/dLog(D) distribution 

does not need a vertical shift: 
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The size correction factor relates to the ratio of the aerosol density to its 

shape factor in the size range used for the fitting, and is usually called an 

“effective” density (Hand and Kreidenweis 2002). This relationship can be seen 

from the formula relating the mobility size to the aerodynamic size (Hinds, 1999): 
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in which Dp and Da are the mobility and the aerodynamic diameters, respectively, 

Cs is the Cunnigham slip correction factor, 0 is the reference density (1 g cm-3), 

p is the density of the particle, and � is the shape factor. At sizes of the APS-
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SMPS overlap size range the slip correction can be neglected: for the particle 

density of 2 g cm-3, the shape factor of 1 and the physical diameter of 500 nm the 

error in calculating the aerodynamic diameter is 4%. At lower particle densities 

and larger shape factors the error will be even smaller. Neglecting the slip 

correction, Equation 5.4 becomes: 
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Thus, the size correction factor is: 

 
0�

 px �  (5.6) 

The size correction factor depends on both the particle density and the 

shape factor in the overlap size range. Consequently, it is not possible to 

determine each of these parameters from the size correction factor without 

complementary measurements. However, the particle density in the overlap size 

range may differ from the average bulk aerosol density, which will introduce 

errors in determination of the shape factor from the size correction factor. This 

problem can be avoided by using mass measurements within the narrow overlap 

size range. For practical purposes, however, it is more useful to obtain integrated 

aerosol properties in the PM2.5 size range, such that, for example, the aerosol 

volume measured with the SMPS-APS can be converted to the aerosol mass, 

substituting filter-based measurements, and the volume size distribution can be 

converted to the aerodynamic size distribution to substitute cascade impactor 

measurements. For this reason we concentrated our efforts to find the bulk PM2.5 
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aerosol effective density from comparisons of the SMPS-APS with a TEOM and a 

MOUDI cascade impactor. 

It should be noted that errors may be introduced into the merged size 

distribution, if the SMPS and the APS have different counting efficiencies in the 

overlap size range. To demonstrate the magnitude of the errors due to 

miscounting, a short analysis is performed here. As an example we will assume 

the SMPS to be correct and the APS is counting Z times lower than the SMPS. If 

the dN/dLog(D) size distribution follows the power-law function proportional to 

D-B, it can be shown that the merging procedure would shift the APS distribution 

by Z1/B times extra, relative to what the correction factor should be if the APS is 

correct. If the size distribution in physical sizes is fp(D) = A D-B, then the size 

distribution in aerodynamic sizes, fa(D), will be: 
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Consequently, the size correction factor is: 
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An error in concentration measurements of aerodynamic distribution of a 

factor of Z will translate to an error in the correction factor of a factor Z1/B. In 

other words, a flatter distribution (lower B) will have a larger error in the shift 

factor. However, if the APS is miscounting with a constant factor throughout its 

size range and the distribution is power-law, there will be no error in the volume 

concentration measurements after the merging procedure. 
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5.2.3 Comparison of the SMPS-APS with TEOM and MOUDI 
measurements 
The SMPS-APS were compared with the Tapered Element Oscillating 

Microbalance (TEOM Model 1400a, R&P Co.) and MOUDI cascade impactor 

(Model 110, MSP Co., Minneapolis, MN) during measurements of ambient 

aerosol in Pittsburgh, PA during July 2001.  

The integrated aerosol volume concentrations in the PM2.5 size range were 

compared to the simultaneous measurements with the TEOM. Dried (low relative 

humidity) measurements of the DAASS were used for this comparison, because 

the relative humidity conditions were close to those of the TEOM (below 

30%RH). The TEOM was operated at 30oC and was equipped with a Nafion 

diffusion dryer Sample Equilibration System (SES, R&P Co.) to minimize 

evaporative losses of volatile aerosol components. During the study, the TEOM 

has shown a very good agreement with the Federal Reference Method (FRM). 

The TEOM was on average 1.5% higher than the FRM, both instruments giving 

readings within 10% of each other during the whole study (Rees et al. 2003). 

Because of the relatively small fraction of ammonium nitrate in July in Pittsburgh, 

and because the TEOM was operated at 30oC, the volatilization artifact in the 

TEOM was relatively small during this study. The accuracy and the artifacts of 

the FRM observed during the study are discussed in detail in Rees at al. (2003). 

For comparison with the TEOM two combined spectra were calculated 

from the SMPS-APS measurements: 1) without converting the APS data to 

mobility diameter, similarly to Shen et al. (2002), or 2) with the conversion of 

APS data to the mobility size using the procedure described in the Experimental 
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section. These two spectra were used to calculate the volume concentrations in 

PM2.5 range. These volume concentrations were compared to the PM2.5 mass 

measured with the TEOM.  

The MOUDI was operated with 47 mm ring-supported Teflon membrane 

filters (7592-104, Whatman) as the stage substrates to reduce bounce during the 

sampling. The mass size distribution of the aerosol collected with the MOUDI 

was determined gravimetrically by pre- and after-weighing of the MOUDI stages 

using a precision micro-balance (UMX2, Mettler-Toledo, Columbus, OH). The 

MOUDI stages were weighed in a controlled relative humidity (35±2%RH) and 

temperature (22±1oC) glove box. Prior to the weighing the stages were 

equilibrated for 24 hours at the conditions of the weighing box. The combined 

accuracy of determination of the mass was ±5 �g per impactor stage.  

The PM2.5 mass collected with the MOUDI agreed well with the FRM 

measurements (Cabada et al. 2003). It was, however, found that volatile material 

was lost from the MOUDI stages. During the summer more than 70% of nitrate 

was lost from the MOUDI stages (Cabada et al. 2003). The nitrate contribution to 

the PM2.5 mass in summer is small in the Pittsburgh region, so the effect of nitrate 

loss on the fine mass is negligible. No evident losses of organic carbon from 

Teflon MOUDI substrates were observed. 

The MOUDI was sampling at ambient conditions (temperature and 

relative humidity). Because of the hygroscopic growth at high relative humidities 

(especially at night), the aerosol mass size distribution is shifted to larger sizes 

relatively to low relative humidity conditions. For the comparison with MOUDI 
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size distributions, merged dried SMPS-APS distributions need to be converted to 

aerodynamic size and corrected for the hygroscopic growth. This was done in the 

following way. 

The DAASS measures both dried and wet size distributions. Comparing 

the integrated volumes from the dried and ambient measurements provides us 

with the increase in volume due to water accretion. Assuming volume additivity, 

the aerosol density at ambient conditions is: 
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in which d and a are the dried and ambient aerosol densities, respectively; w is 

the density of water; Vd and Va are the dried and ambient aerosol integrated 

volumes. The aerodynamic size at ambient relative humidity was then found using 

the following equation (slip correction is ignored here): 
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in which Dp is the physical size and Da is the corresponding size at ambient 

relative humidity. 

The dry density of 1.5 g cm-3 was used (Tuch et al., 1997; Hand and 

Kreidenweis, 2002). As will be shown in the Results section, this value of the 

aerosol density is also applicable to this study. Because during this study the 

ambient aerosol contained water even at low relative humidities (Stanier et al. 

2003), the particles are expected to be spherical and, thus, the shape factor of 1 

was used to convert physical to aerodynamic size.  
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The geometric mean diameters and geometric mean standard deviations of 

the distributions in the PM2.5 range measured with the MOUDI and the SMPS-

APS were compared to assess the size-distribution comparability of the two 

instruments.  To compare the SMPS-APS data with the size fractionated mass 

measurements of the MOUDI, the SMPS-APS data have been summed up to 

match the MOUDI stage size ranges. Then, values from individual stages have 

been summed up such that the PM2.5 range is divided into 4 fractions: < 0.1 �m, 

0.1 – 0.3 �m, 0.3 – 1 �m, 1 – 2.5 �m. The grouping corresponds to summing 2 

impactor stages. The values found with the MOUDI and the SMPS-APS within 

these size fractions are compared.  

5.3 Results and Discussion 

5.3.1 Laboratory Tests of the APS 
The counting efficiency of the APS in the sub-micrometer size range is 

assessed by comparing it to the SMPS in the overlap size range. The APS was 

mobility calibrated using ammonium sulfate aerosol. The calibration information 

was stored with the density and the shape factor being both one. In this way the 

APS was measuring the mobility equivalent size of ammonium sulfate particles 

and no further data reduction was needed. The APS was found to agree well with 

the SMPS in the overlap size range of 580 - 720 nm (mobility equivalent size), 

with the counting efficiency differences of no more than 10% (Figure 5.1). The 

first APS channel, however, had a lower efficiency of about 70%. Armendariz 

and Leith (2002) suggested that the counting efficiency was steadily going up 

from about 30% at 0.5 �m to about 90% at 1 �m. However, they did not test the 
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efficiency between these sizes. Our results indicate, however, that the counting 

efficiency is constant and close to 100% except for the first APS channel. 
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Figure 5.1 Comparison of the APS and the SMPS in the overlap size 
range using ammonium sulfate aerosol. 

 

5.3.2 Comparison with TEOM 
Figure 5.2 shows a comparison of the integrated ambient volume 

concentrations with the TEOM measurements. The agreement between the 

SMPS/APS and the TEOM is considerably improved when the APS is fitted to 

the SMPS distribution. The ratio of the aerosol mass to the aerosol volume is a 

measure of the aerosol effective density, which is equal to the bulk aerosol density 

if the shape factor is 1. If the APS data are used without any corrections, the 

density is unrealistically low (often below 1 g cm-3). However, when the APS is 

fitted to the SMPS, the estimated density is 1.52 g cm-3, which  is very close to the 

values reported in the literature, around 1.5 g cm-3 (Tuch et al., 1997; Hand and 
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Kreidenweis, 2002).  The density data appear to be normally distributed around 

the mean value with the standard deviation of 0.26 g cm-3. It is thus concluded 

that the SMPS-APS size distribution data, in which the APS data are fitted to the 

SMPS, can be used to estimate the PM2.5 mass concentration with an average 

standard error of about 20% by using an average aerosol density of 1.5 g cm-3. 
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Figure 5.2  Comparison of mass concentrations with 
volume concentration in the PM2.5 range. A) APS size 
distributions were not converted to electrical mobility; B) 
APS size distributions were converted to electrical mobility 
using the algorithm. 
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The estimated density is in good agreement with the density estimated 

from the average chemical composition of the aerosol during this study. The 

aerosol consisted for about 50% of ammonium salts of sulfate, 25% organic 

carbon, 3% elemental carbon, 2% nitrate, and 2% crustal material (Wittig et al. 

2003). It was also shown that the FRM and the TEOM retained water, which 

comprised on average about 20% of the aerosol mass measured with those 

instruments. Assuming the density of organic carbon to be 1.4 g/cm3 and the 

density of crustal material and elemental carbon to be 2 g/cm3, and taking the 

density of salts of ammonium to be 1.8 g/cm3, the average density of the aerosol 

according to its chemical composition is estimated to be 1.56 g/cm3, which is 

close to the density estimated from the SMPS-APS and TEOM comparison. This 

suggests that the aerosol during this study had the shape factor close to 1. 

5.3.3 Comparison with MOUDI 
Comparisons of the geometric mean diameters (GMD) and the geometric 

mean standard deviations (GSTD) of the ambient aerosol size distributions 

measured with the MOUDI and the SMPS-APS converted to the aerodynamic 

size and corrected for the hygroscopic growth are shown in Figure 5.3 and Figure 

5.4, respectively. Both the GMD and GSTD show a good correlation between the 

instruments. The slope of the regression line for GMD is virtually 1. A shape 

factor of 1 was used to convert the SMPS-APS distributions to aerodynamic sizes. 

The equality of the GMDs suggests that the shape factor of 1 is justified for this 

study. During this study the aerosol was found to be always wet (i.e. contain 

water), even at relative humidities as low as 30%. Thus, particles are expected to 
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be spherical droplets and have the shape factor of 1, which explains our 

observation. 

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

 

G
eo

m
et

ric
 M

ea
n 

D
ia

m
et

er
 S

M
PS

, �
m

Geometric Mean Diameter MOUDI, �m

Y = 1.02 X
R2 = 0.61

 
Figure 5.3  Comparison of geometric mean diameters. 
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Figure 5.4  Comparison of geometric standard deviations. 
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Figure 5.5  Comparison of size fractionated mass concentrations from MOUDI and 
volume concentrations from SMPS-APS. 

 
Figure 5.5 shows a size-fractionated comparison of the MOUDI and the 

SMPS-APS. With the exception of the lowest stages (below 0.1 �m) the MOUDI 

and the SMPS-APS appear to be well correlated. The R2 values are similar or 

higher than those found during the similar study by Shen et al. (2002). The slopes 

for the stages between 0.1 and 1 �m are 0.61 – 0.66. Such slopes correspond to 

aerosol densities between 1.52 and 1.64 g cm-3, which again are close to the ones 

reported in the literature and to the density found during the comparison with the 

TEOM. The slope for the 1 – 2.5 �m range indicates a density of about 2 g cm-3, 

which is probably due to a larger contribution of the crustal material to this size 

range.  
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The absence of correlation between the SMPS-APS and the MOUDI 

below 0.1 �m is similar to the observations by Shen et al. (2002). Similarly, we 

found that the MOUDI measures on average more than the SMPS-APS in that 

size range. A possible explanation for this observation is the particle bounce from 

the upper stages of the MOUDI (Pak et al. 1992). The mass loading on the last 

stages of the MOUDI is usually small and even a small contribution due to the 

bounce would introduce a large relative error on those stages, while losses from 

the larger stages will probably remain insignificant.  
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Figure 5.6  Comparison of size distributions measured with SMPS-
APS and MOUDI.   

 
The comparison of representative size distributions measured with the 

SMPS-APS and the MOUDI is shown in Figure 5.6. The SMPS-APS distribution 

was converted to the mass size distribution in aerodynamic space using the 

density of 1.5 g cm-3 and correcting for the hygroscopic growth as explained in 

the Experimental section. Qualitatively similar distributions are measured with the 
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two instruments. The sharp increase in the volume concentration after 7 �m 

measured with the SMPS-APS is most probably due to the well documented 

artifact counts in the APS in the large size range (Stein et al. 2002). In this study, 

however, these artifact counts were not observed to contribute significantly to the 

PM2.5 range.  

5.4 Conclusions 

A simple algorithm was developed to combine electrical mobility and 

aerodynamic size distribution data into a single size distribution. This algorithm 

was tested during a month of ambient aerosol measurements by comparing size 

distributions measured using an SMPS-APS combination with simultaneous 

measurements using a MOUDI cascade impactor and PM2.5 mass concentration 

measurements using a TEOM.  

Size distributions obtained by using the algorithm have better correlations 

with PM2.5 measurements than do size distributions in which aerodynamic sizes 

were not converted to electrical mobility diameters. 

A comparison of the TEOM PM2.5 mass concentrations with the volume 

concentrations from the SMPS-APS data indicates that the ambient aerosol during 

the study had an effective density of 1.52 ± 0.26 g cm-3. This density is close to 

1.56 g cm-3, the density estimated from the average aerosol chemical composition 

during this study. This suggests that the aerosol shape factor during this study is 

close to 1. 

The SMPS-APS size distributions obtained using the algorithm agree with 

the mass distributions measured with MOUDI cascade impactors within 0.1 – 2.5 
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�m size range, if a density of 1.5 g cm-3 and a shape factor of 1 are used, and the 

hygroscopic growth of aerosol is taken into account. However, there was no 

agreement below 0.1 �m, probably due contamination of the low impactor stages 

because of the bounce of large particles, and / or a different shape factor based on 

the composition in this size range, which may affect particle mobility of ultra-fine 

particles. 
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Chapter 6 Water Content of Ambient Aerosol 
During the Pittsburgh Air Quality Study 

6.1 Introduction 

Absorption of water by aerosol particles has a major effect on many of 

their properties. Water increases particle size and thus alters the particle’s lifetime 

in the atmosphere. The light scattering, and consequently, the visibility reduction 

and direct climate forcing by the aerosol particles strongly depends on the amount 

of water present in the particles (Ramaswamy, 2001). The presence of water 

changes the partitioning of semi-volatile species between the gas and aerosol 

phases (Ansari and Pandis, 2000).  In addition, water provides a medium for 

numerous chemical reactions in the atmosphere (Seinfeld and Pandis, 1998). 
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Figure 6.1  Ammonium sulfate hygroscopic growth and hysteresis. 

 
The hygroscopic behavior (absorption of water) of aerosol particles 

exhibits a hysteresis effect as shown in Figure 6.1. A dry single-salt particle 

becomes wet only at a certain relative humidity, the so-called deliquescence 

relative humidity. For example, the deliquescence point of ammonium sulfate is 
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80% RH (Tang and Munkelwitz, 1993). After becoming wet, the particle will 

absorb more water if the relative humidity is increased. If the relative humidity is 

decreased, the particle will release some of the absorbed water to equilibrate with 

the new conditions. However, if the relative humidity is decreased below the 

deliquescence point, the particle will not crystallize, but rather will remain wet 

until a substantially lower RH is reached (e.g., 35-40% for ammonium sulfate). 

Ammonium sulfate is a major component of the ambient aerosol, and other 

inorganic species present in the ambient aerosol have been shown to exhibit a 

similar behavior (Tang, 1997). Because of the hysteresis effect there is a wide 

range of relative humidity (40-80%) within which the physical state (dry or wet) 

of the ambient particles is not known. This leads to uncertainties in predicting 

aerosol properties that depend on absorbed water, including partitioning of semi-

volatile compounds and light scattering. 

In addition to the uncertainty in the physical state of the particles, there is 

difficulty in predicting the amount of water that would be present in the aerosol 

phase at the given atmospheric conditions and chemical composition. The 

difficulty arises from the multi-component nature of the aerosol and high 

concentrations of dissolved species, especially at or below the deliquescence 

point.  

The role of the organic aerosol fraction in water absorption is especially 

uncertain, with a number of recent investigations arriving at differing conclusions 

regarding the role of organics in water uptake.  Saxena et al. (1995) reported that 

organics at a remote continental location increased water absorption by ~30% at 
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85% relative humidity, while at an urban location, organics decreased overall 

water absorption by ~30% at 85% relative humidity due to interactions with 

hygroscopic inorganic compounds.  Dick et al. (2000) found, for a rural 

continental site, organics contributed significantly to water uptake at relative 

humidity below 50% and less significantly at higher relative humidities.  In a 

modeling study, Ansari and Pandis (2000) found that a high loading (35% by 

mass) of secondary organic compounds increased water content by about 20% at 

50% relative humidity, with lesser effects at higher relative humidities. 

The hygroscopic aerosol growth is usually studied with Humidified 

Tandem Differential Mobility Analyzers (H-TDMA). H-TDMAs select a narrow 

size range of particles, equilibrate the sample in a flow tube to a certain relative 

humidity, and then measure the sizes of the grown particles (e.g. Cocker et al.; 

2001, Weingartner 2002a,b). The H-TDMA studies typically show that particles 

are externally mixed with respect to their water absorption properties, i.e. there 

are more hygroscopic and less hygroscopic fractions. The number of fractions and 

their behavior vary with time, place and size (e.g., Cocker et al., 2001). The H-

TDMA studies, however, can provide information on the hygroscopic properties 

of only a few size classes. The overall hygroscopic behavior of the full aerosol 

spectrum and the amount of water present in the aerosol need to be inferred from 

measurements of a few separate size classes.  

In this work we have used the recently developed Dry and Ambient 

Aerosol Size Spectrometer (DAASS) that measures aerosol size distributions at 

ambient and low (<35% RH) relative humidity conditions (Stanier et al., 2003a). 
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The DAASS provides information on both the effect of ambient humidity on the 

whole size distribution and the amount of water present in the aerosol phase. Here 

we report our observations of aerosol water and hygroscopic size changes of 

ambient aerosol during the Pittsburgh Air Quality Study (PAQS).  

Measurements of aerosol water content were carried out during July-

August 2001 and January-July 2002 at the central monitoring site of the PAQS 

located in an urban park approximately 6 km from downtown Pittsburgh, PA.  

The aerosol originated from both urban and long-range sources.  Ammonium salts 

of sulfate were the dominant aerosol components, comprising approximately 50% 

of the PM2.5 aerosol mass, carbonaceous material was the second largest 

component, contributing approximately 25% to the mass of fine particles (Wittig 

et al., 2003a). 

The following two hypotheses were tested during this study: 

� the ambient aerosol is in its lower hysteresis branch (i.e. is dry) 

below 80%RH; 

� the contribution of organics to water absorption by the aerosol is 

negligible in comparison to that of the inorganic component of the 

aerosol. 

6.2 Experimental 

6.2.1 Sampling Site 
The measurements were carried out at the main sampling station of the 

Pittsburgh Air Quality Study. The site was located in Schenley Park, 
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approximately 6 kilometers east of downtown Pittsburgh, PA.12 The site was 

surrounded by parkland, urban, and residential areas and roughly one kilometer of 

parkland exists between the site and the city in the predominant upwind direction 

(south and west). The site was more than several hundred meters from any major 

sources. 

6.2.2 Dry-Ambient Aerosol Size Spectrometer (DAASS) 
Measurements of water content of ambient aerosol and its hygroscopic 

growth were made using the Dry and Ambient Aerosol Size Spectrometer 

(DAASS).  The design, calibration, and data reduction are described in detail in 

Stanier et al. (2003a).  Briefly, the DAASS alternates between measuring the 

aerosol size distribution at ambient conditions and at low RH (10-35%) (referred 

to as ambient and dried, respectively). A comparison of the dried and ambient 

distributions provides information on both the amount of absorbed water and the 

change in aerosol size with RH. The amount of absorbed water can be calculated 

from the increase in the aerosol volume at ambient conditions relative to the low 

RH state. The changes in size can be deduced from the mass or number mean 

diameters, shifts in the position of different modes in the distribution, etc.  The 

detailed procedure of data reduction and interpretation is given in Stanier et al. 

(2003a), and data reduction equations used particularly in this work are 

summarized in a separate section below.  

Uncertainties in the DAASS measurements are described in detail in 

Stanier et al. (2003a). For accurate determination of water amount in the aerosol 

                                                 
12 See note 7, section 3.2 for additional discussion of the site and proximity to sources. 
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phase, it is important that there is no significant bias between the dried and 

ambient channels of the DAASS. It was shown that no such significant bias exists 

and the channels agree within 5% of each other. The other sources of error are 

associated with the differences in temperature between aerosol charging and 

actual measurements during winter months when the ambient temperature was 

below 9oC. It was shown that at low ambient RH (around 50%) the growth is 

biased positively by about 3%. The maximum error is expected at low 

temperatures and high relative humidity conditions. The error at -5oC and 92% 

RH is estimated to be 14% positive. 

6.2.3 Complementary Measurements 
The amount of absorbed water as a function of ambient RH was related to 

the amount of water-soluble inorganic constituents and the amount of organic 

matter present in the PM2.5 aerosol. These aerosol constituents were measured in 

parallel to and at the same location as the DAASS measurements. The 

measurements of chemical constituents are described in Wittig et al. (2003a). 

Aerosol sulfate and nitrate were measured with denuder filter-pack system and at 

a higher time resolution with Rupprecht and Patashnick Models 8400S and 8400N 

(R&P Co., Albany, NY). Total nitrate (sum of PM2.5 aerosol nitrate gas phase 

nitric acid) and total ammonia (sum of PM2.5 aerosol ammonium and gas phase 

ammonia) were measured with a steam sampler (Khlystov et al., 1995). Organic 

and elemental carbon content in the aerosol was measured with a denuder – filter 

pack system described in Subramanian et al. (2003) and at a higher frequency 

with Sunset Labs in-situ analyzer (Sunset Labs Co., Portland, Oregon).  
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Because of the differences in measurement principles and difference in 

accuracies between the instruments, data from the different instruments were 

combined to form a best estimate.  This procedure is described in Wittig et al. 

(2003b). The instruments measuring the same component were inter-compared 

and the outliers identified. After the outliers were removed, a regression was 

found to match high-time resolution measurements with the filter-based methods. 

This was done because the denuder filter-pack techniques are generally 

considered to be the reference for newer and less widely adopted high-time 

resolution methods. The regression coefficients were then used to convert the 

high-time resolution data to “filter-equivalent” values.  For comparison with the 

DAASS results, the chemical composition measurements were then averaged or 

interpolated to an hourly basis as needed. 

6.2.4 Data Reduction Methods 
The DAASS data reduction is reported in detail in Stanier et al. (2003a). 

For this work we have used two methods: (1) calculation of the amount of water 

in the aerosol phase, and (2) the volume-based growth factors. These methods are 

described briefly below. 

The amount of aerosol water can be found from the comparison of 

integrated dried and ambient aerosol volumes. Assuming volume additivity, the 

increase in volume between the ambient and the dried measurements is 

proportional to the mass of absorbed water (the proportionality factor being the 

density of liquid water). Consequently, the amount of absorbed water can be 

calculated as: 
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 )( drywetww VVm ��   (6.1)  

in which mw is the mass concentration of water, w is the density of liquid water, 

Vwet and Vdry are, respectively, the ambient and dried integrated volume 

concentrations. 

When integrating the volume concentrations, the shift in aerosol size 

distribution due to the hygroscopic growth needs to be accounted for. This is done 

by iteration, searching for the size boundaries that satisfy the following criteria: 
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in which GFv is the volumetric growth factor, D is the particle size, nwet(D) and 

ndry(D) are the number-based ambient and dried size distributions, respectively, 

and subscripts w and d correspond to the ambient and dried integration limits.13 

The amount of absorbed water was calculated from the DAASS 

measurements for the dried size range up to 2.5 �m. This was done to allow a 

straightforward comparison of the amount of water to the amounts of different 

chemical species measured simultaneously in the PM2.5 size range. However, due 

to the frequent malfunction of the Aerosol Particle Sizer (APS) in the DAASS, 

                                                 
13 See section 2.4.2.1 for additional information on this calculation. 
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consistent measurements of water content in the PM2.5 range are only available for 

July and August 2001. For the rest of the study the measurements extended only 

up to 0.5 �m in diameter (ambient size).  

When the APS was not available, the volumetric growth factor was 

calculated based on the available size range. The volumetric growth factor method 

is less straightforward than the method described above since its interpretation 

requires knowledge of the particle density, as will be shown below. The 

volumetric growth factor is calculated according to the following formula: 
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where D is the particle diameter, VRH2 and VRH1 are the aerosol volume 

concentrations measured using the ambient (RH2) and dried (RH1) inlets, n°N,RH2 

and n°N,RH1 are the ambient and dried aerosol size distributions, and DRH2 and 

DRH1 are appropriately selected limits of integration.   

Because in the absence of the APS the data are available only up to 0.5 

�m instead of 2.5 �m, the amount of water in the PM2.5 range can not be deduced. 

Instead, the mass growth factor expected from the chemical composition is 

compared to the volume GF from the DAASS measurements. To compare the 

mass with the volume GF, particle densities in the dried and ambient state need to 

be calculated. 
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The density calculations assume that the aerosol is an internal mixture 

consisting of inorganic matter (which may be hydrated), organic matter (assumed 

not to take up any aerosol water), and elemental carbon fractions (assumed not to 

take up any aerosol water), each with a fixed characteristic density.  Densities of 

1.2, 1.6, and 1.77 g cm-3 were assumed (Stanier et al., 2003a) for organic matter, 

elemental carbon aerosol, and dry inorganic aerosol, respectively, and a multiplier 

of 1.8 was used to calculate organic aerosol from organic carbon (to account for 

elements other than carbon not detected in the OC analysis).   

6.2.5 Comparison with a Thermodynamic Model 
The observations were compared to the GFEMN thermodynamic model 

(Ansari and Pandis, 1999). The model finds aerosol composition and the amount 

of aerosol bound water that corresponds to thermodynamic equilibrium using 

direct minimum of Gibbs free energy of the system, which is calculated from gas- 

and particle-phase compositions using an activity coefficient model. The model 

inputs include PM2.5 concentrations of sulfate and sodium as well as the sum of 

gas and PM2.5 concentrations of nitrate, chloride, ammonia and ammonium. The 

model assumes that organic carbon does not contribute to water absorption. 

6.3 Results and Discussion 

6.3.1 Aerosol Water Content 
The volume based growth factors (the aerosol volume at ambient 

conditions divided by the volume at low RH, as described in the Experimental 

section) observed at ambient RH during different months of the study are shown 

in Figure 6.2. A growth factor greater than one indicates that the aerosol contains 

water. The aerosol was found to always contain water when the relative humidity 
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is above 60%. However, the aerosol water content below 60% RH exhibits a 

seasonal behavior. As an example we will first concentrate on July 2001 and 

January 2002 as the months representing summer and winter aerosol in the 

Pittsburgh area. Growth factor data for these months are summarized in Table 6.1.  

The volume growth factors for July, with a few exceptions, are above one 

indicating that the aerosol contained water, even at RH as low as 30%. A similar 

behavior was observed in June and August (Figure 6.2). It can be concluded that 

summer-time aerosol in the Pittsburgh area practically always contains water. 

During winter months, however, the volume ratios at RH below about 60% did 

not differ from unity within the experimental error, indicating absence of aerosol 

bound water. The spring months show a transitional behavior: the fraction of 

observations when the GF is higher than 1 below 60% RH progressively increases 

from March to June (Figure 6.3). 
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Table 6.1  Statistical Summary of Summer and Winter Growth Factor Results 

July 2001 Hygroscopic Growth Data (Based on Hourly Averages) 
Ambient Channel RH Range 20-30 30-40 40-50 50-60 60-70 70-80 80-90 
Growth Factor (-560 nm)*       

NO 
DATA 

    Mean 1.141 1.261 1.328 1.432 1.69 1.97 
    95% C.I. on Mean 0.023 0.022 0.027 0.028 0.04 0.08 
    Median 1.13 1.26 1.34 1.41 1.71 1.97 
    10th Percentile 1.05 1.13 1.11 1.21 1.38 1.51 
    25th Percentile 1.10 1.16 1.23 1.29 1.49 1.87 
    75th Percentile 1.19 1.33 1.41 1.55 1.86 2.16 
    90th Percentile 1.23 1.40 1.54 1.70 2.02 2.32 
Number of Values 38 105 132 175 154 46 
Relative Humidity Averages       
    Outdoor 34.9 45.5 56.8 69.1 83.0 91.5 
    Ambient Channel 26.2 35.5 45.0 55.1 65.0 71.9 
    Dried Channel 9.9 13.5 16.5 19.7 20.6 21.5 
    Aerosol Charger, 
        Ambient Scans 27.9 38.1 49.8 62.7 75.3 81.3 
TEOM PM2.5 (�g m-3) 14.4 20.2 22.7 19.1 25.8 22.7 
       
January 2002 Hygroscopic Growth Data (Based on Hourly Averages) 
Growth Factor (-560 nm)*        
    Mean 1.008 1.020 1.034 1.118 1.340 1.63 1.89 
    95% C.I. on Mean 0.01 0.012 0.014 0.017 0.019 0.05 0.04 
    Median 1.009 1.009 1.025 1.09 1.33 1.58 1.91 
    10th Percentile 0.990 0.995 0.99 1.02 1.17 1.37 1.68 
    25th Percentile 0.998 0.998 1.00 1.05 1.25 1.50 1.78 
    75th Percentile 1.017 1.034 1.05 1.16 1.45 1.72 2.01 
    90th Percentile 1.023 1.063 1.08 1.25 1.52 1.89 2.08 
Number of Values 10 36 88 143 197 92 53 
Relative Humidity Averages        
    Outdoor 27.6 35.8 46.0 59.3 70.7 84.1 94.3 
    Ambient Channel 27.4 36.0 45.5 55.8 64.5 74.4 82.3 
    Dried Channel -2.0 -0.4 1.3 3.0 4.4 4.9 5.5 
    Aerosol Charger,  
        Ambient Scans 19.6 26.4 49.0 41.0 42.3 48 54.7 
TEOM PM2.5 (�g m-3) 7.1 7.8 9.2 11.1 12 13.4 11.5 
*The volume growth factors reported in this table are based on an upper limit for volume 
integration of 560 nm (the upper limit of SMPS instrument).  This corresponds to equation 6.3 
with DRH2 at 560 nm. 
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Figure 6.2  The volume GF as a function of ambient RH for different months of the study. 
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Figure 6.3  Fraction of hydrated hours with RH < 60% by month. 
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Figure 6.4  Average chemical composition during Summer (a) and Winter (b) 

 
The seasonal behavior of aerosol bound water below 60% RH follows that 

of the aerosol acidity in the Pittsburgh area. Figure 6.4 shows average chemical 

composition for July and January in Pittsburgh as measured during PAQS. The 

sulfate to ammonium ratio (moles sulfate to moles ammonium) in summer is 1.4 

which corresponds to an approximately equal mixture of ammonium sulfate 

[(NH4)2SO4] and ammonium bisulfate [(NH4)HSO4]. The ammonium bisulfate 

crystallizes at about 5% RH, conditions that do not occur in the Pittsburgh region.  

However, the RH often exceeds the deliquescence point of ammonium bisulfate 
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(40%) during most nights and also may be reached at upper layers of the 

boundary layer during the day. Thus, the particles during their life time (a few 

days) have a chance to become hydrated. However, they are not subjected to RH 

below the crystallization point of ammonium bisulfate, thus leaving the aerosol 

almost always in the wet state. In contrast to summer, the ammonium to sulfate 

mole equivalent ratio in winter is higher than 2 indicating that all of sulfate is 

neutralized by ammonium (the ratio is higher than 2 because some of the 

ammonium is in the form of ammonium nitrate). Sulfate exists during the winter 

as ammonium sulfate that crystallizes at about 40% RH, which is frequently 

encountered during the daytime in the mixed boundary layer, providing the 

opportunity for crystallization. Spring months exhibit a transitional behavior as 

the aerosol becomes progressively more acidic.  

As was mentioned in the Experimental section, in winter months during 

periods when the temperature was below 9oC the aerosol passed through a heated 

enclosure before it was re-equilibrated to the ambient RH at which the 

measurements were done. If the aerosol crystallizes during the passage through 

the heated section (where the relative humidity is accordingly low) it would 

remain dry even after re-equilibration, unless the ambient RH is above the 

deliquescence point of the aerosol. This possibility was investigated by comparing 

growth factors of aerosols that were dried significantly (<40% RH) at the aerosol 

charger to those that were not. The results (Table 6.2) show that the fraction of 

hours with growth factors less than 1.05 depends on the ambient relative 

humidity, not the relative humidity at the aerosol charger.  Thus aerosol 
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crystallization during the passage through the heated section is not thought to 

occur during this study, probably because of the very short residence time. 

Table 6.2  Fraction of hours in January 2002 with low growth factors as a function of 
ambient and aerosol charger humidity 

 Ambient 
Relative 

Humidity 

Aerosol Charger 
Relative Humidity 

(Ambient RH 
Scans) 

Fraction of 
Aerosols with 
GFVOL < 1.05 

CASE 1, no significant drying 
expected at charger > 60% > 60% 0% 

CASE 2, aerosols expected to 
be dehydrated < 40% < 40% 88% 

CASE 3, drying by aerosol 
charger possible > 60% < 40% 2% 

 

6.3.2 Comparison with a Thermodynamic Model 
The observations with the DAASS were compared to the thermodynamic 

model GFEMN (Ansari and Pandis, 1999). The comparison was done with two 

objectives: 1) assess the contribution of organic aerosol to water absorption and 2) 

to determine whether all particles remained wet below 60% RH. The contribution 

of organic material was assessed as a difference between the observations and the 

predictions, because the model assumes that the organic aerosol does not 

participate in water absorption. When the APS measurements were available (July 

– August 2001) the amount of aerosol water was compared. When the APS was 

not available (January-April 2002), the volume based growth factors were 

compared, as described in the Experimental section.  



 

 148

0

10

20

30

40

50

0 10 20 30 40 50
0.1

1

10

100

0.1 1 10 100

(a) Linear Scale (b) Logarithmic Scale

G
FE

M
N

 M
od

el
 P

re
di

ct
ed

W
at

er
 C

on
te

nt
 (�

g 
m

-3
)

DAASS Measured Water Content 
(�g m-3)

0.5

1

1.5

2

2.5

0.5 1 1.5 2 2.5

0.5

1

1.5

2

2.5

0.5 1 1.5 2 2.5

Measured Volume Growth Factor (VRH2/VRH1)

M
od

el
ed

 V
ol

um
e 

G
ro

w
th

Fa
ct

or
 (V

R
H

2/V
R

H
1)

(c) Assuming no crystallization 
in model at RH1

(d) Assuming crystallization in 
model at RH1

0

10

20

30

40

50

0 10 20 30 40 50
0.1

1

10

100

0.1 1 10 100

(a) Linear Scale (b) Logarithmic Scale

G
FE

M
N

 M
od

el
 P

re
di

ct
ed

W
at

er
 C

on
te

nt
 (�

g 
m

-3
)

DAASS Measured Water Content 
(�g m-3)

0

10

20

30

40

50

0 10 20 30 40 50
0.1

1

10

100

0.1 1 10 100

(a) Linear Scale (b) Logarithmic Scale

G
FE

M
N

 M
od

el
 P

re
di

ct
ed

W
at

er
 C

on
te

nt
 (�

g 
m

-3
)

DAASS Measured Water Content 
(�g m-3)

0.5

1

1.5

2

2.5

0.5 1 1.5 2 2.5

0.5

1

1.5

2

2.5

0.5 1 1.5 2 2.5

Measured Volume Growth Factor (VRH2/VRH1)

M
od

el
ed

 V
ol

um
e 

G
ro

w
th

Fa
ct

or
 (V

R
H

2/V
R

H
1)

(c) Assuming no crystallization 
in model at RH1

(d) Assuming crystallization in 
model at RH1

0.5

1

1.5

2

2.5

0.5 1 1.5 2 2.5

0.5

1

1.5

2

2.5

0.5 1 1.5 2 2.5

Measured Volume Growth Factor (VRH2/VRH1)

M
od

el
ed

 V
ol

um
e 

G
ro

w
th

Fa
ct

or
 (V

R
H

2/V
R

H
1)

(c) Assuming no crystallization 
in model at RH1

(d) Assuming crystallization in 
model at RH1

 
Figure 6.5  Model versus measurement for July-August 2001.  The upper graphs show 
measured (x-axis) versus modeled (y-axis) aerosol water in �g m-3.  Graphs (a) and (b) are 
both calculated on the efflorescence branch of the model (no crystallization).  The volume 
growth factors corresponding to graphs (a) and (b) are shown in panel (c).  The larger 
growth factors calculated under the assumption of crystallization in the dried channel are 
shown in panel (d). 

 
A comparison of the aerosol water content during July 2001 observed with 

the DAASS and predicted with the GFEMN is shown in Figure 6.5. The model 

provides two predictions: 1) assuming it remains wet during the low-RH 

measurements (in which case the predictions are smaller); 2) assuming the aerosol 

crystallizes during the low-RH measurements.  Under the first assumption the 

observations tend to be higher than the predicted values at high water 

concentrations/high growth factors and in agreement at low water 

concentrations/low growth factors (Figure 6.5a-c). Under the second assumption 
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the measured growth factors are somewhat lower than the modeled ones (Figure 

6.5d).  Based on the lack of observations of dried (GF = 1) aerosols during the 

summer months and supported by the aerosol acidity and low crystallization RH 

for ammonium bisulfate, it is assumed that the aerosol is hydrated and moves 

along the efflorescence branch in a metastable state during most (but not all) time 

periods during the summer.  Therefore, the measurement-model comparisons 

using the model without crystallization (Figures 6a-c) are thought to be more 

appropriate than the model with crystallization (Figure 6.5d). 

The discrepancy between the measurements and model in July was 

investigated starting with the assumption that it was caused by water uptake from 

hygroscopic organic compounds, similar to results seen by Saxena et al. (1995) 

and Dick et al. (2000).  This was investigated by examining if the measurement-

model disagreement correlated with either the mass fraction of organic aerosols or 

secondary organic aerosols.  To do this, we first limited the dataset to acidic 

periods to reduce the chance of including data with crystallization behavior in the 

analysis.  This was done by screening out hours with aerosol acid:base equivalent 

mole ratios less than 1.1 (as calculated by GFEMN).  Then, for each hour, a 

measurement-model mismatch parameter r was calculated: 

 
�

�
�

inorganicRHf
OHOHr GFEMNmeasured

)(
22  (6.4) 

where the �inorganic is the sum of aerosol sulfate, nitrate, chloride, sodium, and 

ammonium.  The function used for  f(RH) is RH/(1-RH).  The terms in the 

denominator serve to normalize the error parameter, an important step in 
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analyzing for correlations with other variables.  As f(RH) is 1 at 50% RH, the 

error parameter r is equivalent to mass model underprediction per mass of 

inorganic aerosol at 50% RH.  If organics (currently neglected in the model 

GFEMN) absorbed water in similar quantities to inorganics and were present in a 

mass ratio of 1 part organics to 2 parts inorganics, then we would expect an error 

r of around 0.2 g/g.  Previous studies, as discussed in the introduction, have found 

results for water absorption that are consistent with a parameter r in Pittsburgh 

from -0.15 to around +0.2 if similar water absorption is occurring (Saxena et al., 

1995, Dick et al., 2000, Ansari and Pandis 2000).  The Pittsburgh data for July 

and August 2001 have an average error r of 0.3 and a median of 0.25.  However, 

this error is only weakly correlated with the fraction of organic and secondary 

organic aerosols.  The correlation of the error term with secondary organic / 

inorganic ratio, ozone, and temperature are shown in Figure 6.6.   
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Figure 6.6  Three variables correlated with summertime water measurement-model 
mismatch.  Negative secondary organic aerosol concentrations occur because this quantity is 
calculated by difference of two uncertain numbers.  They are retained in the statistical 
analysis to avoid introducing bias in this uncertain parameter.   

 
A linear model was used to search for variables that might be correlated in 

a statistically significant fashion with the error term, including relative humidity 

values at different points in the instrument, relative humidity differences, aerosol 

composition, time of day, and temperature.  The model consistently found that 
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temperature, or variables correlated with temperature (ozone, secondary organics, 

time of day) were correlated with the model underprediction.  Of these, 

temperature (Figure 6.6c) correlated most strongly (equivalent to an increase of 

approximately 30% in measured water for a 10 ºC temperature increase).  The 

strong correlation with temperature does not rule out water absorption due to 

aerosol chemistry (e.g. organics) as the fraction of secondary organics was also 

positively correlated with temperature.  Interestingly, if the entire measure-model 

mismatch is attributed to organics, secondary organics are positively correlated 

with water uptake, total organic matter less so, and primary organic matter is 

negatively correlated (with coefficients of +0.29±0.11 g/g at 50% RH for SOA, 

+0.16±0.09 for total organic matter, and -0.26±0.09 for primary organic matter).  

However, at this time, it cannot be determined which relationship(s) are causal, 

and which are caused by coincidence.  Hypotheses for the causal mechanism 

include (1) water uptake by (mainly secondary) organics; (2) a temperature 

dependent error in the relative humidity sensor for the SMPS sheath air; (3) other 

(unknown) factors positively correlated with temperature.  

6.4 Summary and Conclusion 

Eight months of continuous aerosol water content measurements were 

analyzed using the Dry-Ambient Aerosol Size Spectrometer data which operated 

as part of the Pittsburgh Air Quality Study in Pittsburgh, Pennsylvania during 

2001 and 2002.  Important features regarding aerosol water content were 

determined in the analysis.  These include: (1) the summertime aerosol is usually 

hydrated, even at low relative humidities, and therefore exists along in the 
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metastable efflorescence condition; (2) the situation is different in the winter; the 

aerosol is usually dry at relative humidities up to 60%; (3) this seasonal behavior 

is tied to aerosol acidity, with acidic condition predominating in summer; (4) the 

acidic compound believed to prevent crystallization is ammonium bisulfate 

[(NH4)HSO4], which is present during summer months but not during the winter 

months; (5) thermodynamic predictions of water uptake based on inorganic 

aerosol composition compared to measurements in July and August show good 

agreement at low water content (<5 �g m-3) but underpredict water content by 

approximately 30% at higher concentrations; (6) the underprediction is correlated 

positively with ambient temperature and a number of other variables correlated 

with temperature, including ozone concentration and the ratio of secondary 

organic aerosol to inorganics; (7) the amount of water uptake by organic and 

secondary organic compounds cannot be determined at this time.  The data is 

consistent with the hypothesis that organic aerosols, or at least some organic 

aerosols, take up modest amounts of water.  However, alternative explanations 

cannot be ruled out 
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Chapter 7 The Role of Temperature In 
Secondary Organic Aerosol Partitioning 

7.1 Introduction 

Secondary organic compounds are important constituents of aerosols in 

urban, rural, and remote areas.  In an urban and regional context, organic aerosol 

precursors, of both manmade and biogenic sources, can have important 

contributions to aerosol concentrations, particularly during photochemical smog 

episodes and periods of reduced summertime visibility.  On a global scale, the 

large fluxes of reactive biogenic compounds may lead to aerosol formation 

significant for both the direct and indirect climate effects (Müller, 1992; Guenther 

et al. 1995; Griffin et al. 1999).   

Currently, our ability to accurately model the formation of secondary 

organic aerosol and its impact on air quality is limited by our understanding of its 

chemistry, gas-aerosol partitioning, and hygroscopic properties.   

The potential for secondary organic aerosol (SOA) formation was 

recognized more than 40 years ago (Went, 1960).  Work in environmental 

(“smog”) chambers in the 1980s showed significant aerosol yields from oxidation 

reactions of compounds such as �- and �-pinene (Hatakeyama et al.,1989).  These 

early smog chamber experiments were translated into aerosol models by assuming 

an aerosol yield for each precursor.  For example, experiments showed an average 

yield of 18% for �-pinene.  With additional chamber experiments, investigators 

showed that yields from the chamber experiments were not constant, but 

depended on aerosol concentration in a manner expected from equilibrium gas-
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particle partitioning of organic gases over organic condensed phase mixtures 

(Pankow 1994a,b; Odum et al., 1996). 

As more chamber experiments were performed and analyzed according to 

equilibrium partitioning theory, a database of empirical concentration-dependent 

aerosol yields was developed and implemented in some air quality models (Pandis 

et al., 1992; Lurmann et al., 1997; Strader et al.; 1999).  During this time, 

secondary organic aerosol markers, both biogenic and anthropogenic, were being 

identified using gas chromatography-mass spectrometry, and the same techniques 

were used to isolate gas- and particle-phase products in chamber experiments (Yu 

et al., 1999; Hallquist et al., 1999; Glasius et al., 2000). 

Attention then turned to the role of water vapor and temperature in 

determining aerosol concentrations.  Temperature was recognized (Strader et al., 

1999; Sheehan and Bowman, 2001) as having a potentially mixed role in 

influencing secondary organic aerosol (SOA) concentrations, with high 

temperatures favoring greater formation of species from increased reaction rates 

and low temperatures favoring partitioning of semivolatile species to the 

condensed phase.  Particle volatility of a few pure components found in SOA was 

measured by Bilde and Pandis (2001). 

This body of theoretical and experimental work on SOA formation is 

increasingly finding application in air quality models for use at the local, regional, 

and global scale.  Therefore, it makes sense to check for errors as we translate 

experimental chamber data into simplified SOA formation expressions suitable 

for large scale computer models.  There has been little work in this area.  For 
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example, Bian and Bowman (2002) performed calculations showing potential 

errors in lumping n-component product formation data into smaller numbers of 

“lumped” products.  It is prudent to check, as thoroughly as possible, the validity 

of the physical models and assumptions used to paramaterize SOA formation.  

Four assumptions are typically incorporated into the modeling efforts: 

1. Reversible gas-particle partitioning is the mechanism for particle 

formation, growth, and evaporation.  There are no particle-phase 

reactions (isomerizations, physical interactions, chemical 

interactions, heterogeneous reactions) that further process particles. 

2. Stoichiometric yields depend on the precursor-oxidant combination 

only and do not depend on temperature, or the presence of 

additional compounds such as water. 

3. Yield and saturation concentration parameters fitted from chamber 

experiments at high concentration adequately predict ambient 

aerosol yields at much lower concentrations. 

4. Temperature dependence of aerosol yield can be calculated by 

using temperature dependent saturation concentrations; 

furthermore, the temperature dependence can be represented by the 

Clausius-Clapeyron equation with enthalpies of vaporization 

drawn from the literature or group contribution methods. 

Consider Figure 7.1, which shows organic aerosol concentrations as a 

function of both temperature and precursor concentration (the Reactive Organic 

Gas ROG) for a typical system.  The concentration and temperature of smog 

chamber experiments used to produce partitioning data is plotted, and lies at the 

high temperature-high concentration region B.  However, the models that predict 

secondary organic aerosol for areas around the globe encounter a wide range of 
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reactant concentrations and temperatures, usually lower than those in the chamber 

experiments – sometimes by orders of magnitude.  This modeling domain is 

shown as region A.  The assumptions listed above are used, either implicitly or 

explicitly, to extend chamber measurements from region B to region A.   

 
Figure 7.1  Conceptual diagram of range of potential atmospheric conditions and 
chamber experiments for SOA formation.  Reactant concentration (x-axis) is plotted 
against temperature (y-axis).  Contour level is the equilibrium concentration of SOA 
formation.  The larger shaded area (A) corresponds to real-worl conditions, while 
the small shaded box shows laboratory values (B). 

 
The fourth assumption, concerning temperature effects on secondary 

organic aerosol partitioning, is the main topic of this chapter.  Assumption 

number four is tested directly through smog chamber experiments with the ozone 

oxidation products of �-pinene, �-pinene, and 3-carene, three prevalent biogenic 

secondary organic aerosol precursor gases.  
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7.2 Experimental 

The laboratory SOA used in the study was generated by the reaction of 

volatile organic compounds and ozone inside a Teflon chamber.  Two chambers 

were used: a 5 m3 chamber for initial experiments, and a ~25 m3 chamber for later 

experiments (Welch Fluorocarbons, Dover NH).  Concentrations of VOC, ozone, 

and particles were monitored by a gas chromatograph (Perkin Elmer AutoSystem 

XL with FID and J&W Scientific DB-624 capillary column, 30 m x 0.530 mm), a 

continuous ozone analyzer (Dasibi 1008-PC), and a Scanning Mobility Particle 

Sizer (SPMS, TSI 3936), respectively.  The Teflon smog chamber was positioned 

inside a temperature-controlled enclosure which enabled rapid temperature 

changes (approximately 2 minute per °C) (Figure 7.2).   
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Figure 7.2  Schematic of Smog Chamber and Enclosure (Side View).  Reactions are 
performed inside the Teflon reactor.  Temperature control is provided by a large HVAC 
system – airflows are depicted by the large open arrows.  Ultraviolet light (labeled hv) is 
provided by banks of fluorescent lamps.  Gas- and particle-monitoring instruments are 
deployed around the enclosure. 
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Reactants included monoterpenes in the 50-150 ppb concentration range 

and ozone produced from an ozone generator (Azco HTU500AC).  Reactions 

were carried out in the presence of an OH-scavenger (2-butanol) in the same 

concentration ratios used by Yu et al. (1999).  Reagents were HPLC or ACS 

purity from Sigma Aldrich. Reactions were carried out under dry conditions 

(<10% RH) and without a seed aerosol.   

Each of the experiments involved a two step process: (1) formation of 

SOA at room temperature (20-25 ºC); (2) perturbation of gas-particle equilibrium 

by heating or dilution.  Step 2 was performed by one of two different techniques, 

(a) Tandem Differential Mobility Analysis, TDMA (Rader et al., 1987, Turner 

1997); and (b) heating of the entire smog chamber.  The TDMA measures the 

dynamic response of the particles with relatively rapid heating (up to 60 ºC/min 

with a time scale of 0.25-4 min, Bilde and Pandis, 2001; Cruz and Pandis, 2000).  

On the other hand, the whole chamber temperature change approach allows the 

study of temperature changes under equilibrium, as opposed to dynamic, 

conditions.  A list of experiments analyzed in this paper is shown in Table 7.1. 
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Table 7.1  List of chamber experiments 

Date Reactant Conc. Scavenger Perturbation 
5/22/03 �-pinene ~150 ppb Yes Dilution 
8/21/02 3-carene ~150 ppb Yes Chamber Temp. 
8/19/02 
 

limonene ~150 ppb Yes Chamber Temp. 

8/9/02 �-pinene ~150 ppb Yes Chamber Temp. 
8/8/02 �-pinene ~150 ppb Yes Chamber Temp. 
10/03/01 �-pinene 73 ppb Yes Chamber Temp. 
9/29/01 
 

�-pinene 110 ppb Yes Chamber Temp. 

1/17/01 �-pinene ~100 ppb Yes TDMA 
1/15/01 �-pinene ~100 ppb Yes TDMA 
1/9/01 �-pinene ~100 ppb Yes TDMA 
10/30/00 
 

�-pinene ~100 ppb Yes TDMA 

6/26/00 �-pinene > 1 ppm No TDMA 

7.2.1 Data Reduction 
Calculating volatility for single component aerosols by TDMA is well 

established (Bilde and Pandis 2001; Zhang et al., 1993).  One can compute the 

reduction in diameter with time (dDp/dt) for an evaporating particle of a 

compound in the transition regime in an environment of zero gas-phase 

concentration.  The relavent equation is: 
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where Mi is the molar mass of species i, �i is the density, R is the gas constant, T 

is the temperature, pi
o is the vapor pressure of species i over a flat surface, �i is the 

surface free energy, Dp is the particle diameter, Kni is the Knudsen number, Di,air 

is the binary diffusivity of species i in air, and �i is the accommodation 

coefficient.  Several expressions have been proposed for the transition regime 

correction term F(Kni,�i).  The transition regime correction of Fuchs and Sutugin 

(1971) is used in this work.  While not used in this work, the TDMA data analysis 
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has been extended to multicomponent mixtures (Pesci and Pandis, 1997) and may 

be useful in future work. 

In the temperature change experiments, the aerosol size distribution is 

monitored by SMPS as the chamber (and aerosol) temperature changes.  The 

SMPS system is run in recirculation mode and is located inside the heated 

chamber so that gas-particle equilibrium is not changed en route to or during 

particle sizing.  The reference temperature used for the system is that of a surface-

mounted thermocouple on the DMA column.  The system was used to size non-

volatile ammonium sulfate at temperatures from 15-40 ºC to rule out size changes 

due to instrument temperature alone.  The time series of the aerosol size 

distribution is used to calculate an aerosol volume time series.  The volatility of 

the SOA is then assessed by the amount of volume change observed during a 

ramp from an initial to final temperature.  

The aerosol volume time series is corrected for wall losses by calculating 

the mass of aerosol on the wall Cw (assuming no production or loss of product C 

via reaction).   

 ��
�

�
��
�

�


�

dt
dC

Ck
C
C

Ck
dt

dC p
pw

p

w
pw

w   (7.2) 

where Cp is the aerosol concentration inside the chamber and kw is a size-

independent first order wall loss constant.  Consider the limiting case when there 

is no reaction (required in the assumption) and no evaporation or condensation.  

Under this limiting case, the decrease in gas phase particle concentration with 

respect to time in the bag is simply equal to kwCp, the right hand term drops out of 
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the equation, and the wall “phase” concentration increases by the same amount.  

The wall loss rate is determined for each experiment by holding the temperature 

of the chamber constant and recording the rate of decay of the gas-phase aerosols.  

Thus, the time series of Cp(t) (recorded for each experiment), and the wall loss 

constant (determined for each experiment), are used to calculate Cw(t) and thus 

the total aerosol yield Cw+Cp.   

Given the relatively slow temperature changes (up to 2 ºC min-1), the 

aerosol is expected to maintain equilibrium, and the change in aerosol volume 

with temperature should be described by thermodynamic equilibrium only.  For 

single components, the vapor pressure as a function of temperature is described 

by the Clausius-Clapyeron equation: 
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where p(T) and p(Tref) are saturation vapor pressures at the temperature in 

question T and a reference temperature Tref.  �H is the enthalpy of evaporation for 

the compound in question and R is the gas constant. 

7.3 Results and Discussion 

As previous investigations have shown (Yu et al., 1999, Hallquist et al., 

1999, Glasius et al., 2000), SOA consists of a complex mixture of many (often 10 

or more) components.  Therefore, it is difficult to extract thermodynamic 

parameters for individual compounds, such as vapor pressures or enthalpies of 

vaporization, from evaporation data.  However, the evaporation experiments serve 

two useful purposes.  First, they provide a “reality check” for multiparameter 
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chemical-thermodynamic models.  In other words, SOA models should be 

consistent with the evaporation behavior measured in these experiments.  Second, 

the evaporation experiments provide a way to check the validity of the commonly 

made assumption of absorptive partitioning in SOA formation. 

7.3.1 Results from Evaporation of SOA from ozone oxidation of 
monoterpenes 

7.3.1.1 Temperature-ramped chamber experiments 
With temperature ramps from 22 ºC to 35 ºC, aerosol volume reductions 

of 16%, 35%, and 35% was seen for �-pinene, �-pinene, and 3-carene, 

respectively.  An example of one of these experiments is shown in Figure 7.3.  

Figure 7.4 shows aerosol volume versus temperature for 3 experiments.  Although 

the aerosol concentrations in the chamber for the �-pinene runs are quite different 

due to different initial reactant concentrations, the percentage changes in aerosol 

volume upon heating (Figure 7.4b) are fairly similar. 



 

 165

0

10

20

30

40

50

60

70

-30 0 30 60 90 120 150 180

Minutes from O3 injection

SO
A 

m
as

s  
��

g/
m

3 )

10

15

20

25

30

35

40

45

Te
m

pe
ra

tu
re

 (C
)SOA

evaporationB

A

Temperature
A is the expected mass decay due to wall loss

if the temperature had been left at 22 °C
B is actual mass vs. time signal, showing evaporation

of SOA due to heating

0

10

20

30

40

50

60

70

-30 0 30 60 90 120 150 180

Minutes from O3 injection

SO
A 

m
as

s  
��

g/
m

3 )

10

15

20

25

30

35

40

45

Te
m

pe
ra

tu
re

 (C
)SOA

evaporationB

A

Temperature
A is the expected mass decay due to wall loss

if the temperature had been left at 22 °C
B is actual mass vs. time signal, showing evaporation

of SOA due to heating

 
Figure 7.3  Example of time series of organic aerosol mass (actual and expected 
from wall-losses alone) and temperature.  Experiment shows �-pinene-O3 
reaction (73 ppb of �-pinene and 400 ppb ozone).  Soon after ozone injection, 
there is a rapid increase in particle (SOA) mass.  At about 60 minutes into the 
reaction, the formation of SOA is nearly complete and the concentration begins to 
decline due to wall losses.  At 90 minutes into the reaction, the temperature 
setpoint is increased.  Line A shows expected decay from wall losses while line B 
shows actual decay.  Arrow shows amount of SOA evaporated due to temperature 
ramp. 
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Figure 7.4.  Results from smog temperature-change smog chamber experiments.  Results 
are plotted as (a) wall-corrected concentrations in the chamber and as (b) relative 
concentrations, normalized to their values at 34ºC. 

 

7.3.1.2 Tandem Differential Mobility Analyzer (TDMA) experiments 
A number of smog chamber experiments with O3 - �-pinene were 

conducted.  Each chamber experiment generated a number of TDMA data points 

as residence time, temperature, particle size, and particle concentration were 



 

 166

varied in the TDMA system.  These results are plotted together in Figure 7.5 as 

the effective single component vapor pressure calculated from each TDMA 

experiment using equation 7.1 assuming an aerosol surface tension of 0.31 J m-2 

(see Bilde and Pandis (2001) for a discussion of sensitivity to this parameter).  

Most of the TDMA experiments used temperatures between 30 and 43 ºC and 

residence times between 14 s and 1 min.  Most runs exhibited particle size change 

from 0-10% (diameter change).  This was much smaller than expected, based on 

literature values of vapor pressures and saturation vapor concentrations.   
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Figure 7.5.  All TDMA data reduced as effective (single component) vapor pressure 
required for observed volume change assuming accommodation coefficient = 1 and 
surface tension = 0.31 J m-2. 

 
For a true single component, one would expect a constant vapor pressure 

with respect to residence time.  However, the SOA showed a marked dropoff in 

the effective vapor pressure, indicating fast evaporation initially and slower 

evaporation later on.  This is the result of the multicomponent makeup of the 

SOA, with small amounts of high vapor pressure compounds coming off early 

and lower volatility compounds coming off later.   



 

 167

The TDMA experimental results are tabulated in Table 7.2. 

7.3.2 Parameter estimation and comparison with other 
investigators 

7.3.2.1 Temperature-ramped chamber experiments 
Temperature-ramp smog chamber experiment results for �-pinene were 

used to assess the validity of yields as a function of temperature predicted using 

accepted techniques and a combination of theoretical and empirical data from the 

literature.  The predictions for evaporation of �-pinene plus O3 SOA were made 

using two different models.  Both assume equilibrium partitioning of organic 

semi-volatile species, but differ in the number of components assumed as reaction 

products.   

The first model assumes a 9-component mixture for the SOA.  Vapor 

pressures and yields were from Bian and Bowman (2002) who adapted them from 

experimental results of Yu et al. (1999).  The amount of aerosol evaporation 

expected as a function of temperature in this system, assuming different values for 

the enthalpy of vaporization (assumed to be the same for all nine components in 

the aerosol) is shown in Figure 7.6 and indicates that �Hevap of 25-30 kcal/mol 

predicts the experimentally observed evaporation well.   
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Table 7.2  Numerical values for TDMA experiments 

Mo (�g m-3)* Date Temperature time(s) Dp,initial (nm) Dp,final(nm) % Change 

191 1/17/2001 43 

44.5 153.9 146.6 -4.7%
44.5 155.2 146.9 -5.3% 
49.9 155.3 147.1 -5.3% 
49.9 155.3 147.3 -5.2% 
53.2 155.0 146.9 -5.2% 
51.5 152.3 145.0 -4.8% 
46.1 152.4 145.8 -4.3% 
45.7 151.9 145.5 -4.2% 
23.3 148.5 143.2 -3.6% 
22.0 147.8 142.4 -3.7% 

128.7 154.4 144.5 -6.4% 
139.7 152.2 141.6 -7.0% 
125.4 203.0 190.7 -6.1% 
47.5 201.7 192.7 -4.5% 
22.2 195.4 187.8 -3.9% 
48.9 151.5 144.1 -4.9% 

40 1/15/2001 25 

32.6 92.1 92.6 0.5%
32.6 98.4 98.7 0.3% 
32.6 148.8 148.3 -0.3% 
35.7 197.9 196.2 -0.9% 
46.6 148.5 148.3 -0.1% 
48.9 98.8 99.5 0.7% 

40 1/15/2001 35 

30.6 98.9 99.2 0.3% 
30.6 148.6 147.2 -0.9% 
32.6 176.6 177.1 0.3% 
48.9 178.2 175.2 -1.7% 
48.9 150.1 148.4 -1.1% 
48.9 99.9 99.3 -0.6% 

40 1/15/2001 43 88.9 147.3 149.4 1.4% 
32.6 148.7 147.3 -0.9% 

2 1/9/2001 30 31.8 29.7 29.7 0.0% 
20 1/9/2001 35 48.9 38.7 39.3 1.6% 
31 1/9/2001 38 48.9 49.2 48.6 -1.2% 
38 1/9/2001 38 95.9 48.6 47.1 -3.1% 
50 1/9/2001 38 95.9 69.9 67.1 -4.0% 
63 1/9/2001 38 50.4 69.7 67.7 -2.9% 
87 1/9/2001 38 24.5 70.5 69.8 -1.0% 

112 1/9/2001 38 50.4 105.6 106.1 0.5% 
127 1/9/2001 43 34.9 111.7 107.5 -3.8% 
133 1/9/2001 43 50.4 111.1 106.2 -4.4% 
140 1/9/2001 43 95.9 111.0 105.4 -5.0% 

102 10/30/2000 35 

163.0 147.1 140.2 -4.6% 
271.7 146.5 137.9 -5.9% 
108.7 152.9 148.1 -3.1% 
32.6 148.7 142.1 -4.4% 

163.0 183.3 173.5 -5.3% 
150 6/26/2000 40 44.1 98.6 92.4 -6.3% 
600 6/26/2000 40 14.2 98.5 95.5 -3.1% 
280 6/26/2000 40 44.1 148.4 140.2 -5.6% 
500 6/26/2000 40 14.2 147.8 142.7 -3.4% 

700 6/26/2000 45 44.1 147.8 139.7 -5.5% 
44.1 98.5 92.8 -5.7% 

700 6/26/2000 30 44.1 147.3 145.3 -1.4% 
44.1 98.4 97.2 -1.2% 

700 6/26/2000 23 44.1 147.3 147.2 -0.1% 
*The mass concentration of secondary organic aerosol in the chamber. 
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Figure 7.6  Comparison of data (points) to model prediction of evaporation 
behavior (lines) from secondary organic aerosol (SOA) created from ozone 
oxidation of 73 ppb �-pinene.  Thermodynamic and yield parameters for 9 
component model of the SOA from Bian and Bowman (2002) .  Enthalpy of 
vaporization was assumed to be equal for all 9 components. 
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Figure 7.7  Comparison of data (points) to model prediction of evaporation 
behavior (lines) from secondary organic aerosol (SOA) created from ozone 
oxidation of 73 ppb �-pinene.  Thermodynamic and yield are from Griffin 
et al. (1999), a common data source for air quality models. 
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The results were also compared with a simpler single component model 

with parameters from the chamber work of Griffin et al. (1999), indicating that 

the simpler model was not robust enough for extension to other temperatures 

(Figure 7.7). 

7.4 Summary and Conclusion 

Several new techniques with potential for improving the prediction of 

secondary organic aerosols were presented, including TDMA of secondary 

organic aerosols and temperature-ramp chamber experiments. 

Changes in aerosol concentrations of 15-35% were measured in chamber 

experiments with temperature variations from 20 to 40 ºC, consistent with �Hevap 

of 25-30 kcal for the components making up the secondary organic aerosol.   

While not fully exploited to date, these techniques will provide a 

promising tool determining secondary organic aerosol yields in the future. 
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Chapter 8 Summary and Future Work 

8.1 Summary 

Several important field and laboratory results regarding the formation and 

properties of fine and ultrafine aerosols were shown.  Key field results included 

(1) the importance of in situ new particle formation in Western Pennsylvania; (2) 

production of a high quality dataset of ambient aerosol size distributions; (3) 

measurement of the ambient aerosol liquid water content; and (4) discovery of 

large seasonal differences in aerosol water content during the Pittsburgh Air 

Quality Study.  The key laboratory result was the direct measurement of 

secondary organic aerosol volatility at thermodynamic equilibrium.   

The realization of these experimental and field results required the 

development of new aerosol measurement systems and data processing tools.  The 

most important contributions in these areas were (1) the design, development, and 

demonstration of the Dry-Ambient Aerosol Spectrometer; (2) the algorithm for 

merging Scanning Mobility Particle Sizer and Aerosol Particle Sizer data; (3) 

equations and computer programs for automated computation of aerosol water 

content from size distributions; and (4) the development of the temperature-

change smog chamber experimental method for determination of aerosol 

volatility. 
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8.2 Future Work 

Future work in the area of ultrafine particles is grouped into at least three 

categories.  The first category is in the health effects of the particles.  This body of 

research guides and motivates much of the fundamental and applied research 

regarding ultrafine particles.  As health effects research on issues such as the 

relative toxicity of particles as a function of size and composition progresses, the 

priorities for additional research in aerosol science are refined accordingly. 

The second group of future work is in applied research, often taking the 

form of better predictive models to help in the management of air quality and 

development of air pollution control strategies and regulations.  The models range 

in scale from air quality around a single factory to global models that evaluate 

climate change.  Accurate modeling of ultrafine particles often involves 

generalization, simplification, and parameterization of field and laboratory data. 

The third group of future work is fundamental research, probing the 

chemistry, physics, and thermodynamics of aerosols.  This often involves 

hypothesis testing and clever experimental design. 

With respect to ultrafine aerosols, all three of these require further 

research.  While future avenues in aerosol health effects research is beyond the 

scope of this thesis, some promising projects in applied and fundamental research 

regarding ultrafine aerosols are described below. 
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8.2.1 Particle Sources 

8.2.1.1 Determine the chemistry of new particle formation 
A number of mechanisms have been proposed as candidates for new 

particle formation based on observations and theoretical considerations, including 

(a) homogeneous binary nucleation of sulfuric acid and water; (b) homogeneous 

ternary nucleation of ammonia-water-sulfuric acid; (c) homogenous nucleation of 

low vapor pressure organic compounds; (d) and ion-induced nucleation.   

However, because of difficulties in determining the chemical composition of sub-

10 nm particles, it has been difficult to tell the mechanism(s) responsible for the 

observed nucleation. 

New techniques such as sensitive mass spectrometry techniques for both 

short- and long-lived atmospheric constituents will be an important tool in 

determining the new particle formation chemistry, as will chamber experiments 

and monitoring of ultrafine aerosols in additional different places around the 

world. 

8.2.1.2 Develop a predictive model for new particle formation 
As nucleation data sets from field studies such as the Pittsburgh Air 

Quality Study are fully analyzed, elucidation of the nucleation mechanism and 

development of predictive nucleation models will become possible.  These can 

then be used in conjunction with chemical transport models to assess the impact 

of nucleation on climate (via aerosol-cloud interactions) and on human health (via 

the inhalation of ultrafine particles).   
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8.2.2 Aerosol Water Content 

8.2.2.1 Resolve differences seen in water uptake by organic compounds 
Analysis of water content data from the Pittsburgh Air Quality Study 

showed an uncertain water uptake from organic compounds.  The water uptake of 

organic compounds could be investigated more precisely by (1) sampling at rural 

locations to reduce the impact of local sources which increase the uncertainty in 

DAASS water measurements; (2) deployment of a combination of instruments for 

a water-specific study including an aerosol mass spectrometer, relative-humidity 

controlled nephelometer, in situ organic carbon analyzer, Dry-Ambient Aerosol 

Size Spectrometer, Hygroscopic Tandem Differential Mobility Analyzer, and 

organic speciation filters; (3) repeated deployment of identical instruments (to 

reduce impact of bias) at different locations such as Western Pennsylvania 

(sulfate dominated), Blue Ridge Mountains (biogenic organic influenced), and 

downwind of LA (anthropogenic organic dominated).   

8.2.2.2 Next generation Dry-Ambient Aerosol Size Spectrometer 
As with any first-generation instrument, several potential improvements to 

the Dry-Ambient Aerosol Size Spectrometer were identified during the Pittsburgh 

Air Quality Study.  A list of specific improvements for increased accuracy, 

reliability, and ease of operation are included in the Appendix. 

8.2.2.3 Test recently proposed organic-water-salt thermodynamic models 
Recently, several methods for calculating organic water uptake have been 

published.  These need to be tested against real datasets.  As discussed above, the 

organic water uptake is relatively small and existing measurements of aerosol 

water content and chemical composition may not be able to discriminate between 
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small differences in modeled water content from alternate models.  However, 

large discrepancies between models and measurement could be identified at this 

point and specific areas of model disagreement could be identified, leading to 

better targeted field experiments. 

8.2.3 Secondary Organic Aerosols 

8.2.3.1 Extend and generalize this work for use in mathematical models 
This work shows that, especially with respect to temperature and 

concentration, existing parameterizations of smog chamber data for prediction of 

secondary organic aerosols in the atmosphere may lead to significant errors.  

There are a large number of reactive organic gases in the urban atmosphere, and 

these produce an even larger number of semivolatile organic products (many of 

which are unknown).  Therefore, at this time, these reaction products cannot be 

incorporated explicitly into chemical transport models for prediction of aerosol 

formation.  New parameterization schemes are required that reflect the 

temperature and concentration dependence of organic aerosol yields more 

accurately.

Glossary 
Arranged alphabetically, including terms from all chapters of thesis: 
 
APS, Aerosol Particle Sizer:  Instrument (TSI Model 3320 and 3321) for 

determining the aerodynamic size (number) distribution of aerosol particles 

from 0.5 to 20 �m.  Instrument sizes particles by time of flight while under 

flow-induced acceleration.  Particles are detected in the APS by light 

scattering using a red laser. 
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CPC, Condensation Particle Counter:  Instrument (TSI Model  3010 and 3025) 

that measures the number concentration of particles in air down to sizes of 

about 3 nm.  CPCs operate exposing the aerosols to a supersaturation of 

butanol vapor, which condenses on the aerosols to form optically detectable (> 

0.5 �m) particles.  Used as the detector in SMPS systems. 

CS, Condensational Sink:  A proportionality constant in the rate of condensation 

that is a function of particle surface area, particle size, and particle 

concentration, the mean free path of the condensing molecule, and the 

accommodation coefficient.  Its physical interpretation is as follows:  The rate 

of condensation of a supersaturated vapor a to the particle phase is (Pirjola et 

al. 1999, full reference in Chapter 4): 

� �saturationaaaira
particlea MMD

dt
dM

,,
,  CS 4 �� !��  

where dMa/dt is the change in the particle phase concentration of a (�g m-3s-1), 

CS is the condensational sink (cm-2), Da-air is the diffusivity of a in air (cm2 s-

1), Ma,� is the gas-phase concentration of a in the bulk gas (far from the 

particles), and Ma,saturation is the equilibrium saturation concentration of a (�g 

m-3).  From dimensional analysis, the rate of condensation for a single particle 

is proportional to particle surface area (L2), diffusivity of the condensing 

vapor (L2 T-1), the supersaturation driving force (M L-3), and inversely 

proportional to the thickness of the mass transfer layer (L), giving units of the 

condensation rate of mass per time or M T-1.  Comparing this dimensional 

analysis with the equation above, the condensational sink for a single particle 

is proportional to its surface area divided by the mass transfer layer thickness, 

for units of L1.  Furthermore, the condensational sink “concentration” for a 

group of N particles then has units of L1 L-3 or L-2.  Accordingly, the 

condensational sink values used in this work (e.g. plots in Chapter 4) have 

units of cm-2.  For a single particle in the continuum regime (Dp > 10 �m), CS 

is proportional to Dp
1.  This has a physical interpretation of the mass transfer 

layer thickness being proportional to the particle size.  For particles in the 

kinetic regime (< 10 nm), CS is proportional to Dp
2 and mass transfer is more 
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efficient (on a per surface area basis).  This has the physical interpretation of a 

constant (particle size independent) mass transfer layer thickness.  For 

particles in the transition regime, CS is proportional to Dp
x where x is between 

1 and 2, depending on particle size. 

CRH, Crystallization Relative Humidity:  RH at which a supersaturated hydrated 

aerosol reaches a critical supersaturation, nucleation of a solid phase occurs, 

and the aerosol dehydrates spontaneously forming a solid particle (Figure 6.1). 

DAASS, Dry-Ambient Aerosol Size Spectrometer:  Instrument described in 

Chapter 2 which measures the size (number) distribution of ambient aerosols 

from 3 nm to 20 �m at both ambient and dried relative humidities.  Results 

from the DAASS are used in Chapters 3-6.  Designed and deployed for the 

Pittsburgh Air Quality Study, DAASS was a combination of specially-

configured commercial instruments and in-house elements. 

DMA, Differential Mobility Analyzer:  Device which separates particles 

according electrical mobility (related to particle size).  The DMA is widely 

used in aerosol studies and is mentioned throughout this work in several 

contexts.   DMAs have two operational modes.  They can either be used to 

select particles of a specific size (classification) or they can be used in 

conjunction with a particle detector to measure the size distribution of an 

aerosol sample (SMPS).  Sold by TSI (Model 3071, 3081, and 3083).  Length 

of the flow path is a key path in determining the size range accessible to the 

instrument.  Two sizes were used in this work, and they are referred to as the 

Long-DMA (LDMA, TSI Models 3071 and 3081), and Nano-DMA (NDMA, 

TSI Model 3083). 

dN/dlog(Dp):  Units for the ordinate (y-value) aerosol number size distribution.  

Used rather than the simpler dN/dDp for clarity of presentation.  See Chapter 7 

of Seinfeld and Pandis, Atmospheric Chemistry and Physics, 1998, John 

Weily and Sons. 

DRH, deliquescence relative humidity:  RH where a solid particle spontaneously 

absorbs water vapor to form a saturated aqueous solution.  See figure 6.1. 

efflorescence:  crystallization from an evaporating aqueous solution. 
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efflorescence branch:  part of the aerosol humidigraph (Figure 6.1) where aerosol 

is hydrated and supersaturated, and thus metastable.  This occurs between the 

crystallization (CRH) and deliquescence (DRH) relative humidities.   

GMD, Geometric Mean Diameter:  Property of an aerosol size distribution.  For a 

measurement with n size bins each with a number of particles Ni and size Di, 

the GMD is given by: 

�
��
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alternately, logarithms can be used to compute the GMD is the product in the 

above formula is too large. 

GSTD, Geometric Standard Deviation:  Property of an aerosol size distribution.  

For a measurement with n size bins each with a number of particles Ni and 

size Di, the GSTD is given by: 
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GF, Growth Factor:  The ratio of particle size at two different relative humidities.  

Can be calculated on a size-basis or volume-basis.  Volume growth factors are 

used throughout this work unless otherwise mentioned. 

�Hevap:  Enthalpy of evaporation, with units of kJ/mol or kcal/mol. 

H-TDMA, Hygroscopic Tandem Differential Mobility Analysis:  See entry for 

TDMA. 

LDMA, Long Differential Mobility Analyzer:  see entry for DMA. 

NDMA, Nano-Differential Mobility Analyzer:  see entry for DMA. 

PAQS, Pittsburgh Air Quality Study:  a multi-investigator air quality field 

investigation conducted during 2001-2002 focused on the sources, 

concentrations, and chemistry of fine particulate matter in and around 

Pittsburgh, PA.   

PM, Particulate Matter:  Solid or liquid particles suspended in air. 

PM2.5: Particulate matter smaller than 2.5 �m.  Sometimes referred to as fine 

particulate matter.  Sometimes used to indicate the mass concentration in air 
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of particulate matter smaller than 2.5 �m (aerodynamic diameter) as measured 

by specific techniques approved by the U.S. Environmental Protection 

Agency (EPA) and usually reported in units of �g m-3.  EPA limits for PM2.5 

are 15 �g m-3 for an annual average and 65 �g m-3 for a 24-hour average. 

primary:  see SOA. 

PSL, Polystyrene Latex Spheres:  Commercially available (Duke Scientific) 

spheres in solution used for instrument calibration. 

secondary:  see SOA. 

SMPS, Scanning Mobility Particle Sizer:  Instrument (TSI Model 3936) that 

measures the size (number) distribution of aerosol particles from as low as 3 

nm to up to about 1 �m.  SMPS is actually a combination of an aerosol 

charger (TSI 3077), DMA (for size classification), and a CPC (for particle 

detection).  Specific choice of the DMA geometry, flow settings, and CPC 

determine the actual size range analyzed.  In this work size ranges are 

indicated by a prefix: Nano-SMPS = 3 – 80 nm while SMPS refers to 15-680 

nm. 

SOA, Secondary Organic Aerosol:  Aerosol particles, or portions of aerosol 

particles, formed in the atmosphere from gas-to-particle conversion.  Gas 

vapors that are supersaturated relative to their equilibrium concentrations 

condense or nucleate, forming secondary particulate matter.  If the vapor is 

organic, then the secondary aerosol is referred to as secondary organic aerosol 

(SOA).  The other source classification for particulate matter is primary, 

meaning emitted directly in solid or liquid from sources such as stacks, 

tailpipes, vegetation, and soil.  Aerosols that form from gas-to-particle 

conversion in cooling exhaust plumes of combustion sources (e.g. vehicle and 

power plant plumes) are an exception to the rule stated above; they are 

considered primary particles. 

TDMA, Tandem Differential Mobility Analysis:  Technique for studying aerosol 

physical and chemical properties by monitoring the size change of a mono-

disperse group of aerosols after exposure to controlled conditions such as 

elevated temperature or exposure to water (or other) vapor.  The technique has 
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three main steps: (1) creation of a mono-disperse population of aerosols using 

a DMA; (2) residence time to allow size change under controlled conditions; 

(3) measurement of size distribution by SMPS.  When the size change of the 

aerosol is due to evaporation or absorption of water vapor, it is called 

Hygroscopic-TDMA or H-TDMA. 

ROG, Reactive Organic Gas:  Gases that are susceptible to degradation by 

atmospheric oxidants such as OH, NO3, and O3.  

VOC, Volatile Organic Compound:  Organic compounds that are found in the gas 

phase.  Compounds are classified as volatile and semi-volatile based on vapor 

pressure, but threshold vapor pressures for classifications are not standardized. 
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Appendices 

Appendix A  Daily Graphs of PAQS Size Distributions 

All colorplots depict evolution of number size distribution from midnight 

to midnight as measured by DAASS at the Schenley Park station.  Y-axis is in 

nm.  X-axis is in hours (EST).  Z-axis is in dN/dlogDp  (cm-3).  A key is shown 

here: 
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Appendix B   
Dry-Ambient Aerosol Size Spectrometer Data Quality 
Statement 

 

1.  Introduction 

 The purpose of this data quality statement is to provide information on the 

quality of size distributions measured by the Dry-Ambient Aerosol Size 

Spectrometer (DAASS) during the Pittsburgh Air Quality Study. 

The Dry-Ambient Aerosol Size Spectrometer (DAASS) includes three 

particle sizing instruments with associated supporting equipment as shown in 

Figure 1.  The particle sizing instruments include two Scanning Mobility Particle 

Sizers (SMPS) and one Aerosol Particle Sizer (APS).  The SMPS instruments size 

particles from 3 – 80 nm (TSI 3936N25) and 13 – 680 nm (TSI 3936L10), while 

the APS (TSI 3320/3321) covered 0.5 – 10 μm.  These systems are referred to as 

the Nano-SMPS, SMPS, and APS systems.  Two separate relative humidity 

controlled inlets served the aerosol sizing instruments.  One inlet conditioned 

aerosols for the SMPS systems while a separate inlet conditioned aerosols for the 

APS.  Supporting these components are a dry air supply system, and humidity 

conditioning systems for the sheath air flows of both SMPS systems and the APS. 

The DAASS ran from June 1, 2001 – September 26, 2002.  However, as of 

May 22, 2003 only the dried size distributions from the first 12 month period 

(2001/7/1 – 2002/6/30) have been submitted to NARSTO.  Two papers 

summarize the first 12 months of results and the design and operation of the 

DAASS.  These are: 

 Charles O. Stanier, Andrey Y. Khlystov, Wanyu R. Chan, Mulia Mandiro, 
Spyros N. Pandis.  (2003) A Method for the In-situ Measurement of Fine 
Aerosol Water Content of Ambient Aerosols: The Dry-Ambient Aerosol Size 
Spectrometer (DAASS).  Aerosol Science and Technology, in press. 

 
 Charles O. Stanier, Andrey Y. Khlystov, and Spyros N. Pandis. (2003) 

Ambient Aerosol Size Distributions and Number Concentrations Measured 
During the Pittsburgh Air Quality Study (PAQS).  Submitted to Atmospheric 
Environment. 
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Also of interest to the data user may be the paper: 

 Andrey Khlystov, Charles Stanier, Spyros Pandis. (2003) An Algorithm For 
Combining Electrical Mobility And Aerodynamic Size Distributions Data 
When Measuring Ambient Aerosol.  Aerosol Science and Technology, in 
press. 

 
 For the design and operation of the DAASS, the reader is referred to the 

method paper listed above.  The discussions of error and uncertainty in the cited 

papers are used in this data quality assessment with additional quantification. 

 

2. Quality Control Information 

 The data presented here are Level 2 validated, i.e. NARSTO flags were 

applied to all data points, data between the 3 aerosol size instruments were 

reviewed comparatively, and data was compared to other highly time-resolved 

measurements and checked for qualitative (meteorology, SO2, NOx, CO) and 

quantitative (TEOM PM2.5) agreement. 

 

3.  Methods for calculating MDL, Precision, Accuracy, and Data 
Completeness 
 
 The following calculations are done to assess how faithfully the DAASS 

data represents the true aerosol size distribution.  The DAASS size distributions 

are reported in the NARSTO data archive as 5 minute samples reported every 7.5 

or 15 minutes.  Ideally the reported size distribution would equal the true 5-

minute average of the size distribution with perfect precision and zero bias. 

 
3.1 MDL (Minimum Detection Limit) 

 
Each of the instruments operated on physical principles allowing detection 

of individual particles.  Therefore, there is no inherent “minimum detection limit” 

in terms of aerosol number concentration.  The smallest size particle detectable by 

the system was governed by the ability of the TSI 3025 ultrafine CPC to detect 

particles.  The 50% detection cutoff of this particle counter was determined by 

laboratory tests at the University of Minnesota Particle Technology Laboratory to 

be 2.9 nm (Sakurai, 2002).  The sampling of very small (<20 nm) particles and 
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large (> 1 μm) particles was also affected by losses in the inlet.  The effect of this 

is discussed in the accuracy and precision sections. 

 
3.2  Precision (The coefficient of variation, CV(%)) 

 
 Sampling precision by an SMPS system is dependent on particle size and 

the ambient particle concentration.  The equations for theoretical precision of the 

instruments are developed in Appendix 1 and then applied to the DAASS in Table 

2.  The coefficient of variation (σN/N) for the individual size channels of the 

instruments when measuring a typical size distribution are below 15% for all 

instruments for aerosol sizes greater than 10 nm.  The best precision (<2% 

coefficient of variation) is expected by the SMPS instrument between about 50 

and 300 nm, and by the APS instrument between 0.63 and 1.0 μm.  The worst 

precision is expected by the N-SMPS below 10 nm, with decreasing precision at 

smaller sizes.   

 The coefficient of variation is calculated in Table 2 for some 

representative particle sizes and values of N.  It should be noted that the precision 

is calculated in Table 2 is for the bin sizes reported for the DAASS in the 

NARSTO archive (64 channels per decade for SMPS & manufacturer size bins 

for APS).  Precision can be improved by binning data less finely.   The non size-

dependent parameters are listed for the various instruments in the following 

Table. 

 
 N-SMPS SMPS APS 
Δt 2.34 sec 2.34 sec 90 sec 
Q 1.5 LPM 1.0 LPM 1 LPM 
Qmono/Qsh 1.5 / 7.0 1.0 / 3.2 NA 
DRCPC 50 1 1 
 
Table 1.  Important parameters for instrument precision



 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
perfect inlet with inlet losses

Size (nm)
Concen. 

dN/dln(Dp) Inst deltat Q Qmono Qsh Qmono/Qsh DRCPC f+1 transinlet effcount c CV c CV
3 7000 N-SMPS 2.34 1.5 1.5 7 0.21 50 1.1% 1.0% 100% 19.3 22.8% 0.2 227.6%
6 7000 N-SMPS 2.34 1.5 1.5 7 0.21 50 2.3% 24% 100% 40.7 15.7% 9.8 32.0%

10 7000 N-SMPS 2.34 1.5 1.5 7 0.21 50 4.1% 55% 100% 72.1 11.8% 39.7 15.9%
15 7000 N-SMPS 2.34 1.5 1.5 7 0.21 50 6.4% 70% 100% 111.6 9.5% 78.1 11.3%
15 7000 SMPS 2.34 1 1 3.2 0.31 1 6.4% 70% 100% 5,427.0 1.4% 3,798.9 1.6%
50 7000 N-SMPS 2.34 1.5 1.5 7 0.21 50 17% 93% 100% 297.7 5.8% 275.4 6.0%
50 7000 SMPS 2.34 1 1 3.2 0.31 1 17% 93% 100% 14,471.9 0.8% 13,386.5 0.9%

100 7000 SMPS 2.34 1 1 3.2 0.31 1 21% 96% 100% 18,243.5 0.7% 17,513.7 0.8%
500 57 SMPS 2.34 1 1 3.2 0.31 1 14% 95% 100% 97.5 10.1% 92.6 10.4%
630 31 SMPS 2.34 1 1 3.2 0.31 1 13% 95% 100% 47.3 14.5% 44.9 14.9%
630 31 APS 90 1 na na na na na 100% 72% 33,486.7 0.5% 33,486.7 0.5%

1000 2.2 APS 90 1 na na na na na 100% 90% 2,970.6 1.8% 2,970.6 1.8%
2500 0.26 APS 90 1 na na na na na 83% 100% 390.1 5.1% 323.8 5.6%  

 
Table 2.  Results of precision calculation for size distribution measurements at PAQS.  Notice that coefficient of variation (CV), columns 14 and 16 is very size 
(Column 1) dependent.  Concentrations (column 2) are within 50% of the grand average for the study.  Column 4 is the approximate time (sec) spent sampling at 
a given size channel during each 5 minute scan.  Q is the inlet flow in LPM.  Qmono and Qsheath are flows in the DMA (LPM).  f+1 is the fraction of particles 
charged to +1.  c (columns 13 and 15) are the expected number of particles seen at the detector during the sampling period and the CV (column 14) is the 
coefficient of variation expected from Poisson statistics. 
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3.3  Accuracy 

 

 There are two types of accuracy required in the particle size distributions – 

sizing accuracy (i.e. reporting the correct mobility diameter of particle and correct 

position of modes in particle size distributions), and counting accuracy (e.g. 

reporting the correct concentration of particles for a given size). 

 

3.3.1 Sizing Accuracy, SMPS 

 

Sizing accuracy is mainly determined by performing the data inversion 

with correct values for sheath flow and column voltage.  Sizing accuracy can be 

checked by sizing particles of known size (often monodisperse polystyrene latex 

(PSL) spheres).  Sizing accuracy can also be assessed by comparing sizing results 

from one SMPS to another SMPS.  Prior to the study, sizing accuracy of the 

SMPS instruments was measured at 3% or better using monodisperse aerosols in 

the laboratory.  Sizing accuracy during the study was maintained to within about 

10%, based on monthly checks of sheath flow values.  After one year of 

operation, the SMPS was challenged with 155 nm PSL (6/11/02) and sized the 

PSL at 151-157 nm.  Relative sizing between the SMPS and N-SMPS was 

checked extensively on 6/9/02 and 6/12/02 with agreement from 5-10% (on 

average N-SMPS was sizing 7% larger than SMPS). 

 

3.3.2  Counting Accuracy, SMPS 

 

 Assessing counting accuracy is difficult as there is no primary standard for 

total or size resolved particle counts.  However, estimates are made for the SMPS 

counting accuracy during PAQS.  To summarize, the SMPS size-resolved 

counting accuracy is within 25% for sizes greater than 50 nm, accurate to a factor 

of 2 at 10 nm, accurate to a factor of 4 at 6 nm, and accurate to a factor of 10 at 4 

nm.    



 265

 Accurate counting by SMPS depends on accurate inversion of the raw 

data.  The inversion requires knowledge of many parameters, including the charge 

distribution of particles, instrument flowrates, inlet transmission efficiency, and 

the DMA transfer function.  The accuracy of the inversion at 5 nm is estimated by 

Birmili et al. (2003) as ~ ±30% including errors in CPC counting efficiency (~ 

10%), DMA transfer function (~ 20%), and bipolar charge distribution (~ 20%).  

This accuracy improves to ~20% at larger sizes (50 nm – 500 nm).  This can be 

thought of as a best case accuracy of SMPS in a long-term field deployment.  

Indeed, one spot check of counting efficiency was done during PAQS where 

aerosol in the 50-500 nm range was fed to the DAASS system and to a stand-

alone 3010 CPC, with agreement in particle number to 20%. 

 This best case accuracy (± ~30% at 5 nm and ± ~20% from 20-500 nm) is 

modified by circumstances specific to the DAASS and the Pittsburgh Air Quality 

Study.  These are listed in the following table: 
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Feature or 
circumstance 

Affect on SMPS accuracy Reference 

Inversion only 
considered +1 charges 
and impactor not used to 
reduce contribution of 
multiple charging 

Bias count of large (>~300 nm) particles high by 
up to 10% 

Khlystov et al. 
(2003) 

Charging may be done at 
different relative 
humidity than particle 
sizing due to placement 
of charger relative to 
DMA.  Charging was 
typically done at a RH 
higher than the final RH 
of the dried samples. 

Bias count of particles <200 nm high by as much 
at 15%.  Bias count of particles >200 nm low by 
as much as 15%. 

Stanier et al. 
(2003a) 

Larger inlet (for drying) 
than typically used for 
N-SMPS studies had 
high and uncertain losses 

In data inversion , 50% transmission of inlet 
assumed at 9 nm, but could be anywhere from 3 
nm- 10 nm.  Therefore, particle counts become 
increasingly uncertain from 10 nm to 3 nm.  The 
following estimates may be useful in interpreting 
data: 
 
Size    Transmission used     Possible 
range 
        In data reduction 
-----   -----------------     -----------
---  
 10 nm    54%                 50% - 75% 
  8 nm    40%                 38% - 69% 
  6 nm    26%                 21% - 58% 
  5 nm    14%                 13% - 50% 
  4 nm     5%                  5% - 40% 
  3 nm     1%                 0.6% - 25% 

 Experimental 
data on inlet 
loss down to 20 
nm and 
modeling of 
losses using 
correlations in 
Willeke and 
Baron (1993) 

Table 3.  Known biases and uncertainties in SMPS particle counts 

 

3.3.3  Combined Sizing and Counting Accuracy, APS 

 Because of the lack of a primary standard for particle number, a 

reasonable method for assessing sizing and counting accuracy for an APS is to 

first gage sizing accuracy by challenging with monodisperse aerosol, and then 

(with known sizing accuracy) compare the APS aerosol volume (in conjunction 

with other particle sizers) to continuous mass records such as TEOM2.5 or FRM 

filters.  One can then compute an effective density required to reconcile the mass 

time series (TEOM) and the volume (APS-SMPS) time series. If the counting and 

sizing of the APS is accurate, the effective density will be a reasonable value 

consistent with the aerosol chemistry.   
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 Unfortunately, during PAQS, the APS was only challenged with 

monodisperse aerosol prior to deployment and once in the field.  As a 

consequence, there is not a sufficient database to independently judge sizing and 

counting accuracy.  Therefore, counting and sizing accuracy are assessed 

together, rather than independently.  Details of the assessment follow, but results 

are summarized here: 

(1) July1 – October 7, 2001.  Assessment for this time period (1) is that sizing and counting are the 
least biased of the study.  Calculated densities for overlap with SMPS are reasonable, if 
somewhat more variable than expected.  Ghost particles distorting volume distribution at sizes 
above 5 microns.  APS PV2.5 volume good to about a factor of 1.5. 

(2a) May 7, – May 31, 2002.  APS response highly variable during this period.  On average, either 
sizing is biased toward large sizes or counting is high.  Accuracy of aerosol PV2.5 volume 
calculated from APS probably only good to a factor of 2.  Ghost particle problem gone. 

(2b) June 1 – June 17, 2002.  APS response less variable than previous period, but biased toward 
small sizes by about 20% and to low counts.  APS calculated PV2.5 volume during this period 
good to about a factor of 3. 

(2c) June 18  – June 30, 2002.  APS variability not too bad, although sizing and/or counting seem 
to be biased high.  APS PV2.5 volumes during this period good to about a factor of 2. 

  

 An important note before the detailed QA considerations:  The sizes 

reported in the NARSTO archive are the aerodynamic sizes recorded by the APS 

assuming a density of 1.0.  The calibration curves are based on calibration with 

monodisperse PSL (correcting for density of 1.05) and monodisperse ammonium 

sulfate (correcting for density of 1.76) for sizes less than 2.5 μm and manufacturer 

calibration curve at sizes > 2.5 μm.   In other words, a spherical particle of 

diameter 1.0 μm with density 1.0 gcm-3 is reported as a 1.0 μm particle.  A 1.0 μm 

with density 1.5 gcm-3 is reported as a 1.0/ 5.1  = 0.82 μm particle (neglecting 

slip correction).  The relationship between density, size, and shape is discussed at 

length by Khlystov et al. (2003).  Also reported in the NARSTO archive is an 

effective density, calculated for each hour of the study according to the 

procedures in Khlystov et al. (2003).  Using the effective density, the reported 

aerodynamic number distribution can be converted to a “mobility” number 

distribution that should line up with the SMPS in the overlap region of 530-680 

nm.  The following section assesses the accuracy of the aerodynamic sizes 

measured by the APS, but not the accuracy of the effective density estimates or 
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the “mobility” number distributions (for that, the data user is referred to Khlystov 

et al. 2003).  The sizing of the APS depends on the calibration curve relating the 

time of flight of particles (measured by the APS) to their aerodynamic size.  This 

calibration table is provided by the manufacturer (TSI Inc.) based on individual 

instrument calibrations done with monodisperse PSL.  For PAQS, the 

manufacturer calibration curve was discarded and new calibration curves were 

constructed, using the procedure described in Khystov et al. (2003).   

 For QA purposes, the APS deployment is divided into:  (1) the APS 3320 

deployment (July – October, 2001) where accuracy was relatively good; and (2) 

the APS 3321 deployment May 7 – June 30, 2002.  Period (2) was characterized 

by poor stability of the sizing calibration, inlet flowrate, and sheath flowrate.  

Period (2) can be divided into three periods:  (2a) May 7 – May 31; (2b) June 1 – 

17; and (2c) June 18 – June 30, 2002. 

Deployment period 1:  July – October 2001 

 The APS was run for two distinct periods during PAQS, and was serviced 

and upgraded during the interval between.  The APS ran from July 1, 2001 – 

October 7, 2001 in the “3320” model number configuration.  The 3320 APS 

model suffers from an internal recirculation problem leading to the 

misclassification of small particles as large (Armendariz and Leith, 2002).  This 

“ghost particle” problem has little effect on the number distribution, but badly 

distorts the volume distribution at sizes above 5 μm, as can be seen from the 

impactor-APS comparison in Figure 2.  The second problem experienced from 

July 1 – October 7 was an electronic problem specific to the instrument run at 

PAQS.  During increasing frequent intervals, the APS reported unreasonably high 

particle counts, and reported particle counts even with a filter attached to the inlet.  

These periods typically lasted several hours and occurred during times of high 

(>80% RH) and low temperature (<18 ºC).  This transient problem was 

determined to be an electronic problem in the photodetector sensitivity.  During 

the problem periods, the threshold for particle detection was lowered such that 

particles were incorrectly counted.  These periods have been identified through 

comparison with the LDMA and invalidated using NARSTO flag M2. 
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Deployment periods 2:  May – June 2002 

 During the winter of 2001-2002, the APS was upgraded to the “3321” 

model configuration.  The upgrade specifically includes a redesigned inlet to 

remove the particle recirculation causing the “ghost particle” phenomenon.  The 

electronics are upgraded as well, improving performance in the correlated 

sampling mode (not used during PAQS).  Through laboratory testing, it was 

verified that the ghost particle problem was eliminated by the upgrade.  The APS 

3321 was then deployed and sampled from May 7, 2002 – June 30, 2002, using an 

in-house calibration curve.  The APS 3321 was challenged with 2.06 μm PSL on 

June 12, 2002 and sized it at 1.6-1.7 μm.  During this time, the APS sheath and 

aerosol flows were not as stable as normally seen (variations of ±30% from 

setpoints).  The APS inlet was cleaned on June 17, improving the flow stability 

issue, and recalibrated on 6/18/02.  From June 18, 2002 – June 30, 2002, it 

performed well and compared reasonably to the SMPS results in the overlap 

range. 

 To quantify the performance of the APS, we rely on the fact that a 

“reasonable” density should reconcile the aerodynamic diameter measured by the 

APS with the mobility size measured by the SMPS.  An effective density of 1.0 

means that no adjustment to the APS distribution is required for agreement.  

Effective densities of greater than 1.0 mean that the APS distribution must be 

shifted to the smaller sizes to match SMPS data and that the raw APS particle 

counts at aerodynamic sizes 530-680 nm are greater than the particle counts at 

mobility sizes 530-680 nm by SMPS.  Effective densities of less than 1.0 mean 

that the APS distribution must be shifted to larger sizes and that the raw APS 

particle counts at aerodynamic sizes 530-680 nm are less than the particle counts 

at mobility sizes 530-680 nm by SMPS.  A time series of hourly effective 

densities is shown in Figure 3.  Figure 3b shows that the counting (and possibly 

sizing) accuracy of the APS was poor after its redeployment on May 7, 2002.  

Figure 3b divides that data into three periods: May 7 – May 31, June 1-June 17, 

and June 18-June 30.  As noted in section 3.3.1.2, flow control problems were 

noted during this period.  
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 To make a quantitative estimate of bias, we assume a correct density, and 

calculate a combined sizing/error according to the following formula, adapted 

from Khlystov et al. 2003: 

 ( ) MZ B

true

calceff /1, =
ρ
ρ

 (5)

 

 Where Z is the factor by which the APS undercounts (e.g. Z=1 is perfect 

counting; Z=1.1 is undercounting by 10%), M is the factor by which sizing if off 

(M=1.1 means measured aerodynamic size is 10% larger than actual), B is the 

slope of the power law that describes the decay of the number distribution 

(assumed to be -3 Khlystov et al. 2003), and ρtrue and ρeff,calc are the true particle 

density and density required for SMPS-APS reconciliation, respectively.  ρeff,calc is 

graphed in Figure 3 for Periods 1 and 2 of the APS deployment.   

 By plugging in reasonable values* of ρtrue into equation (5) we can 

calculate estimates of counting accuracy (assuming perfect sizing) and sizing 

accuracy (assuming perfect sizing).  These results of this analysis are shown in the 

following table. 

                                                 
* As both the SMPS and APS are measuring dried aerosol size distributions, we expect particle 
densities representative of ammonium sulfate and organic compounds, the main contributors to 
aerosol mass (Anderson et al. 2002).  In other words, we expect densities between 1.2 and 1.77 
gcm-3 (Stanier et al. 2003a). 
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Table 4.  Assessment of sizing/counting accuracy of APS 
Period Range 

ρtrue 

Range 
ρcalc 

Worst case 
sizing accuracy 
if perfect 
counting* 

Worst case 
counting 
accuracy if 
perfect sizing* 

Source 

(1) July1 – 
October 7, 
2001 

1.2 – 1.77 0.94 – 
1.94 

x 1.2, ÷ 1.4 x 1.25, ÷ 2 Figure 3a 

 1.5 1.25 – 
1.8 

x 1.4, ÷ 1.4 x 1.7, ÷ 1.7 Figure 4 

 Assessment for this time period (1) is that sizing and counting are the least biased 
of the study.   
Calculated densities for overlap with SMPS are reasonable, if somewhat more 
variable than expected.  Ghost particles distorting volume distribution at sizes 
above 5 microns.  APS PV2.5 volume good to about a factor of 1.5. 

(2a) May 7, – 
May 31, 2002 

1.2 – 1.77 1.1 – 2.5 x 2.0, ÷ 1.15 x 2.8, ÷ 1.3 Figure 3b 

 APS response highly variable during this period.  On average, either sizing is 
biased toward large sizes or counting is high (note factory calibration was used).  
Accuracy of aerosol PV2.5 volume calculated from APS probably only good to a 
factor of 2.  Ghost particle problem gone. 

(2b) June 1 – 
June 17, 2002 

1.2 – 1.77 0.7 – 1.8 ÷ 1.1 to 2.4 ÷ 1.1 to 3.3 Figure 3b 

    ÷ 1.2 Challenge with 
PSL 

 APS response less variable than previous period, but biased toward small sizes 
by about 20% and to low counts.  APS calculated PV2.5 volume during this 
period good to about a factor of 3. 

(2c) June 18  
– June 30, 
2002 

1.2 – 1.77 1.4 – 2.2 x 1.3 to 1.5 x 1.5 to 1.9 Figure 3b 

 APS variability not too bad, although sizing and/or counting seem to be biased 
high.  APS PV2.5 volumes during this period good to about a factor of 2. 

*x 1.2 means APS is measuring 1.2 times true aerodynamic diameter or counting 1.2 times the 
true number of particles. 
 

3.4  Data Completeness 

 Data completeness is calculated from Table 1 of Stanier et al. (2003b).  A 

complete day of data is defined as having valid data for at least 75% of the hours 

of the day.  (A complete hour has at least 75% of possible scans valid during the 

hour).  Using this metric, data completeness was 83%, 90%, and 28% for the N-

SMPS, SMPS, and APS respectively, versus a data completeness objective of 

70%. 
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4. List of key calibrations and maintenance activities 

   

 During the 12 months covered by this data quality statement, there were 

several major malfunctions, including the APS, the dry air supply system, a CPC 

3010, and two N-SMPS sheath blowers.  These are listed in Appendix 2 together 

with the routine checks performed for quality assurance.   

 

5. Overall Data Quality Findings 

 Relative to data quality objectives stated at the beginning of the project, 

the quality of the data collected during the period July 1, 2001 – June 30, 2002 

met objectives except as noted below: 

 APS data completeness 28% versus target of 70% 

 APS accuracy goals of sizing (±20% goal) & counting (±30% goal) met 

during all operational periods accept 5/7/02-5/31/02. 

 SMPS sizing accuracy goal (±4% goal) not met for entire study.  Sizing 

accuracy was maintained to ~10% or better (and to 4% or better for Summer 

2001 intensive) 

 SMPS counting accuracy (±30% goal) met except at sizes below 10 nm, 

where uncertain aerosol charging and inlet losses increase uncertainty 
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Figure 1.  Flow diagram of Dry-Ambient Aerosol Size Spectrometer (DAASS).  

Aerosol streams are shown by dotted lines and other flows are indicated by solid 

lines. 
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Figure 2.  APS – MOUDI comparison 
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Figure 3.  Time series of APS effective densities, (a) July – October 2001, and  

(b) May – June 2002. 
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Figure 4.  Comparison of SMPS-APS volume to TEOM PM2.5 for July 2001 
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Attachment 1 – Theoretical Precision for Particle Sizing Instruments 
 
 In SMPS sampling, if the size distribution function (dN/dlnDp) is ne

N at 

the size in question, the concentration of +1 charged particles reaching the 

condensation particle counter, accounting for the DMA transfer function and 

particle charging (but not particle losses) is approximately. 
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where f+1 is the fraction of +1 particles, and Qmono/Qsheath is the ratio of the aerosol 

to sheath flow in the DMA.  Assuming that the SMPS system spends a time 

interval Δt sampling at this size channel, the number of +1 particles reaching the 

CPC (ignoring losses) is given by:  

 tQNp Δ= +167.16  (2)

where Q is the sample flowrate (Lmin-1), and Δt is the time (s) spent on that size 

channel. 

 Factoring in size dependent losses, CPC counting efficiency, and any 

internal dilution in the CPC, the number of particles counted by the CPC is given 

by: 

 
CPC

pcountinlet

DR
Deffptrans

c
)(

=  (3)

where transinlet is the transmission efficiency through the inlet and transfer tubing, 

effcount is the detector counting efficiency, and DRCPC is dilution occurring within 

the CPC.  This type of sampling follows a Poisson distribution such that the 

standard deviation on c is cc =σ  (Weiss, 1995). 

 Precision will be calculated as the coefficient of variation (CV), the ratio 

of standard deviation of N to the value N (σN/N).  This coefficient can be 

calculated as: 
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 (4) 

The formula for CV makes intuitive sense.  The CV can be reduced by sampling 
for a longer time, increasing the inlet flow Q, and increasing the total 
concentration.  The CV is increased as the DMA resolution in improved, CPC 
dilution is used, and as the charging fraction, counting fraction, and transmission 
efficiency are reduced.  Equation (4) also applies to the APS, but ignoring 
(replacing by unity) the Qmono/Qsheath, f+1, and DRCPC terms.   
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Attachment 2 – List of Major Maintenance and QA Activities 
Date Description Value (if 

applicable) 
Goal or 
Setpoint (if 
applicable) 

7/17/01 HEPA on inlet Acceptable  
7/28/01 HEPA on inlet Acceptable  
8/4/01 SMPS Sheath Flow Calibration Check 3.21 / 6.94 3.20 / 7.00 
8/17/01 SMPS Sheath Flow Calibration Check 3.25 / 7.05 3.20 / 7.00 
 APS Sheath Flow Calibration Check 4.03 4.00 
 LDMA Sheath Loop Integrity Acceptable  
 Inlet Flow Rate  2.60 SMPS 

1.02 APS dry 
2.50 
1.00 

8/24/01 DMA Columns moved outside to reduce temperature difference between DMA’s and 
ambient 

 HEPA on inlet Acceptable  
8/26/01 Alternation between ambient RH and dried stopped due to compressor failure.  

Sampling in dried mode only, with limited drying capacity 
8/28/01 HEPA on inlet Acceptable  
10/7/01 HEPA on inlet – APS failed due to electronic 

noise problem 
FAILURE  

10/7/01 SMPS Sheath Flow Calibration Check 3.24 / 7.15 3.20 / 7.00 
10/17/01 Inlet Flow Rate 2.51 SMPS 

1.03 APS dry 
2.50 
1.00 

10/23/01 HEPA on inlet – SMPS failed due to failure in 
CPC-3010 Laser 

FAILURE  

10/26/01 “CPC3” is swapped in for malfunctioning “CPC2” S/N XXXX on SMPS system 
10/26/01 HEPA on inlet Acceptable  
10/30/01 Inspection of APS inlet for buildup of aerosol No buildup  
11/14/01 “CPC2” S/N is swapped in after repair by TSI Inc. on SMPS system 
11/14/01 HEPA on inlet SMPS 

unusually high 
at 6 #/cm3 (still 
OK) 

 

11/26/01 HEPA on inlet SMPS 
unusually high 
at 0.6 #/cm3 

 

11/26/01 SMPS Sheath Calibration Check 3.25 / 7.07 3.20 / 7.00 
11/26/01 Inlet flowrate check 2.51 2.50 
12/05/01 HEPA on inlet; SMPS fails badly; CPC2 returned to TSI due to incomplete repair job 
12/06/01 “CPC3” S/N put in SMPS system 
12/06/01 HEPA on inlet Acceptable  
12/07/01 SMPS CPC Zero Check (see if particles counted 

with zero flow) 
Zero particles 
counted 

 

12/23/01 Desiccant dryer added to SMPS Sheath Loop to reduce RH 
12/31/01 Desiccant dryer added to N-SMPS Sheath Loop to reduce RH 
12/31/01 HEPA on inlet Acceptable  
1/1/02 N-SMPS Desiccant moved to outside enclosure; comparison of size distributions 

shows that data reduction (for the period 12/31/01 – 2/2/02) requires a N-SMPS 
sheath flow rate of 6.0 LPM rather than setpoint of 7.0 LPM.  Reason for this is (1) 
increased pressure drop due to dryer in loop; (2) gradual failure of N-SMPS bypass 
blower; (3) possible positive pressure leak. 

1/8/02 HEPA on inlet Acceptable  
1/30/02 N-SMPS Sheath Calibration Check (check 

showed flowrate was not as steady as usual) 
7.2±0.25 7.0 
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Date Description Value (if 
applicable) 

Goal or 
Setpoint (if 
applicable) 

2/2/02 N-SMPS bypass blower replaced; still having trouble reaching and staying at 7.0 LPM 
setpoint 

2/2/02 HEPA on inlet Acceptable  
2/2/02 Inlet flow check 2.56 2.50 
2/11/02 HEPA on inlet Acceptable  
2/11/02 SMPS Sheath Calibration Check – N-SMPS 

Flow out of range 
3.27 / 7.54 3.20 / 7.00 

2/13/02 N-SMPS desiccant dryer removed to reduce pressure drop 
2/15/02 Nafion dryer for N-SMPS sheath loop swapped 

for new unit (no change in drying performance) 
  

2/15/02 SMPS Sheath Calibration Check 7.01 7.00 
2/15/02 Inline Sheath Flowrate Check 3.37 / 7.10  3.20 / 7.00 
3/3/02 Failure of N-SMPS Sheath Blower; reconfiguration to run in “single blower mode” 

but with no drying of the sheath air loop.  N-SMPS not dried as much as usual during 
the period 3/6/02 – 4/19/02 

3/6/02 HEPA on inlet Acceptable  
3/6/02 N-SMPS Sheath Calibration Check 7.0±0.2 7.0 
3/6/02 Inlet flowrate check 2.69 2.50 
4/9/02 Inline sheath flowrate check 3.20±0.05 3.20 
4/13/02 HEPA on inlet Acceptable  
4/13/02 Inlet flowrate check 2.45 2.50 
4/19/02 N-SMPS Sheath Calibration Check 7.0±0.1 7.0 
4/19/02 N-SMPS Sheath blower replaced with new and system returned to “dual blower 

mode” with sheath air drying 
4/19/02 N-SMPS Sheath Calibration Check 6.96 7.00 
4/19/02 N-SMPS and SMPS sizing of monodisperse 

ammonium sulfate compared 
N-SMPS=42 
nm 
SMPS = 41 nm 

 

5/6/02 APS returned to service after servicing, upgrade to 3321 model, and laboratory 
calibration 

5/6/02 APS inlet HEPA check Acceptable  
5/12/02 SMPS inlet HEPA check Acceptable  
5/27/02 U-CPC removed from service for calibration; replaced with 3010 CPC borrowed from 

Lynn Russell at Princeton University (N-SMPS) 
5/27/02 Inlet flowrate check (SMPS) 1.83 1.91 
6/9/02 Inlet flowrate check (APS) 1.16 1.00 
6/9/02 HEPA on inlet  Acceptable  
6/9/02 Inline sheath flowrate check 3.06 / 7.68 3.20 / 7.00 
6/9/02 Challenge SMPS with 155 nm PSL 151-157 nm 155 nm 
6/9/02 Compare sizing of monodisperse ammonium 

sulfate with N-SMPS and SMPS.  Results listed 
as N-SMPS / SMPS size 

60 / 56 
40 / 36 

 

6/10/02 HEPA on inlet Acceptable  
6/10/02 SMPS sheath calibration check 3.22 3.20 
6/11/02 Inlet flow rate check (APS / SMPS) 1.10 / 2.45 1.00 / 2.50 
6/11/02 Removed Princeton 3010 CPC from N-SMPS and returned the U-CPC to service. 
6/11/02 HEPA on SMPS inlet Acceptable  
6/11/02 Challenge SMPS with 155 nm PSL 151-157 nm 155 nm 
6/12/02 Challenge APS with 2.06 μm PSL  1.60-1.72 μm 2.06 μm 
6/18/02 APS pulled from service for poor flow control and sizing; inlet cleaned; returned to 

service and recalibrated 
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Date Description Value (if 
applicable) 

Goal or 
Setpoint (if 
applicable) 

6/18/02 HEPA on SMPS and APS inlets Acceptable  
6/18/02 APS Sheath Calibration Check 3.87 4.00 
6/21/02 HEPA on SMPS and APS inlets Acceptable  
6/25/02 U-CPC flooded with butanol; returned to service after replacing all internal filters and 

butanol fill valve 
6/25/02 HEPA on SMPS and APS inlets Acceptable  
6/27/02 HEPA on SMPS and APS inlets Acceptable  
6/27/02 SMPS sheath loop accidentally flooded with liquid water & took several days to dry 

out 
6/30/02 Inlet flow rate check 2.42 2.50 
 

These results of the checks in Appendix 2, together with analysis of time series of 

aerosol size data, analyses of aerosol counts and mode positions in overlapping 

size ranges, and comparisons of TEOM PM2.5 data with SMPS and APS data, 

have been used to make minor adjustments to the size distributions entered into 

the NARSTO database.   
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Appendix C 
Research Protocol for Operation of the Aerosol 
Spectrometers for Measurement of Aerosol Size 
Distributions 

 
SCOPE & APPLICABILITY. 

This Research Protocol contains procedures necessary for performing 
measurements of dry and wet particle number size distributions (3 nm – 10 mm in 
diameter) in outdoor air for the Pittsburgh EPA PM supersite study using a newly 
designed set of aerosol instruments. The set consists of two Scanning Mobility 
Particle Sizers (SMPS, TSI Inc, Models 3936L10 and 3936N25) and 
Aerodynamic Particle Sizer (APS, TSI Inc, Model 3320).  

This is an evaluation version of an anticipated standard operating procedure 
(SOP), which will result from experiences with this research protocol (RP). Due 
to this fact this RP is subject to changes. Every addition to this RP will be added 
as an Appendix during this study. 

 
SUMMARY OF METHOD. 

Aerosol size distributions are measured using a newly designed instrument that 
couples a differential mobility analyzer (DMA) with a condensation nucleus 
counter (CNC) and an aerodynamic particle sizer (APS). The instruments employ 
the principle of size classification according to electrical mobility (SMPS) and 
aerodynamic sizing (APS). These instruments and their operating principles are in 
detail described in references 1 - 5.  Presently, no single technique is available for 
sizing particles over the entire range of interest for this study (0.01 to 10.0 μm 
diameter), so multiple instruments are necessary.  Data are reported as number 
concentration per size bin. The SMPS-1 measures particle concentration as a 
function of size in the size range from 3 nm to 60 nm (diameter) at concentrations 
in that size range between 0 and 107 cm-3. The SMPS-2 measures particles in the 
size range from 20 nm to 500 nm (diameter) at concentrations between 0 and 107 
cm-3. The APS measures particle concentration as a function of size in the size 
range from 0.5 μm to 10 μm (diameter) at concentrations in that size range 
between 0 and 104 cm-3.  

Measurements of the dry and wet size distributions are made using a flow system 
that incorporates several Nafion diffusion dryers and several solenoid valves 
(Fig.1). During the “wet” measurements the dryers are bypassed and the aerosol is 
measured at ambient conditions. During “dry” measurements the aerosol is led 
through a the dyers which bring it to equilibrium at 30-40% RH. Dry and wet 
measurements are made alternately every 6 minutes. 
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Figure 1. A flow diagram for dry and wet measurements of aerosol size 
distributions.  

(see revised figure – Attached) 

 
DATA QUALITY OBJECTIVES. 

Data accuracy is ensured through a combination of advanced instrumentation, 
routine tests, and consistency checks with collocated measurements.   

Aerosol size spectrometers measure both size and number concentration of 
particles. Thus, quality assurance procedures are required for both the sizing and 
counting. The accuracy and precision of sizing can be verified using available 
standards, like monodisperse latex (PSL) particles. There is no verifiable standard 
for counting accuracy. 

The sizing accuracy of the SMPS and APS depend on the accuracy of each of the 
flow rates in the instruments and the applied voltage in the SMPS. For this reason 
all of these parameters will be precisely controlled. Computer-based data 
acquisition cards are used to fully automate the system, thereby enabling 
continuous monitoring of all relevant parameters, and control of flow rates and 
voltage to within 1% accuracy.  All flow rates are monitored using mass flow 
meters with the pressure and temperature correction, by measuring differential 
pressure drop across laminar flow elements, and controlled using either 
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proportional solenoid valves or variable-speed pumps.  The flows will be verified 
using certified Gilibrator. 

The sizing accuracy will be verified monthly using monodisperse PSL particles. 
The objective for the accuracy and precision of the sizing of the SMPS is 4% and 
for the APS – 10% (the values correspond to the size resolution of the 
instruments). 

 

Uncertainty in concentration measurements using SMPS arises from the 
uncertainty in charge properties of the aerosol, errors in aerosol sizing and flow 
rates. Aerosol charging probability has been extensively studied, but is still often 
poorly characterized due to variability in charging techniques, environmental 
conditions, and aerosol properties and concentration.  Past experience has shown 
that variability in charging probability between seemingly identical chargers can 
exceed 20%.  Prior calibration may only partially improve upon this due to the 
sensitivity of particle charging to gas-phase properties, which are likely to change 
in the field.   

Additional uncertainties arise as a result of multiple charging.  Large particles 
possessing more than one elementary charge will have mobility characteristics 
identical to smaller particles with only a single charge.  This must be taken into 
consideration when relating the concentration of particles reaching the detector to 
the ambient concentration, and is especially a problem for those particles that are 
beyond the DMA size range when singly charged.  To minimize this source of 
uncertainty, the APS is operated in parallel to the SMPS.  The independent sizing 
capability of the APS facilitates the multiple charge correction due to large 
particles and permits verification of the multiple charge correction in the overlap 
size region between the SMPS and APS.   

Particle loss and poor counting statistics also contribute to the uncertainty of the 
number concentration measurements using the SMPS and APS. The size 
dependent particle losses through the sampling lines and in the instruments will 
be carefully determined prior to the study. 

The uncertainty in the counting efficiencies of both of the SMPS systems will be 
assessed by comparing the concentrations of each of the SMPS in the overlap size 
range (20-50nm) and in the overlap size range with the APS (500-800 nm). 
Occasional tests with a stand-alone CPC will be made to compare the total 
number concentration measured with the CPC and the number concentration 
obtained by integrating measurements of the SMPS systems and the APS. Also 
comparisons with other techniques (cascade impactors, single particle analyzer) 
will also be used to assess the accuracy of the instruments. 



  

  286

The objective for the precision of the counting for the SMPS and APS is 30%. It 
is not possible to determine the accuracy of counting, because there is no absolute 
standard.  

The objective for the completeness of the data set is 70%. 

 

 
DEFINITIONS 

APS:  Aerodynamic Particle Sizer, Model …, TSI Inc. 

SMPS:  Scanning Mobility Particle Sizer,  
  Model 3936L10 and 3936N25, TSI Inc. 

CPC:  Condensation Particle Counter, Model 3010 and 3025A, TSI Inc. 

 
HEALTH & SAFETY WARNINGS. 

LASER SAFETY 

The Model 3936 SMPS and Model 3010, 3025A CPC are Class I laser-based 
instruments. During normal operation you will not be exposed to laser radiation. 
However, you must take this precaution: do not remove any instrument housing or 
parts when power is applied. 

ELECTRICAL SAFETY 

The Model 3981 and 3083 DMAs and Model 3010, 3025A CPC have high 
voltage points within their cabinets/cases. Service or maintenance should be 
performed only by qualified personnel. 

CHEMICAL SAFETY 

CPCs use n-butyl alcohol (butanol) as a working liquid. Butanol is flammable. 
Butanol is also toxic if inhaled. Refer to a material safety data sheet on butanol 
and take these precautions: 

• Use butanol only in a well ventilated area 

• Butanol vapor is identified by its characteristically strong odor and can 
easily be detected. If you smell butanol and develop a headache, faint or 
nauseous, leave the area at once. 
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RADIATION SAFETY 

The Model 3081 and 3085 DMA contain model 3077 Aerosol Neutrolizer with a 
Krypton-85 source. Under normal circumstances, you will not come into contact 
with hazardous radiation. Use precautions specified in the user manual to assure 
safe operation of the instrument.  

 
CAUTIONS. 

The CPCs and the APS are optical instruments. Avoid sudden shocks to the 
instrument body and the inlet. 

The CPCs contain liquid butanol. Do not tip the instrument, otherwise butanol can 
be drawn into the optical chamber and cause instrument malfunction. 

Do not overfill CPCs with butanol to avoid flooding of the optics. 

Do not leave the supply bottle with butanol connected to the CPC. The automatic 
valve may malfunction which will lead to flooding of the optics. 

 
PERSONNEL QUALIFICATIONS. 

All maintenance operations should be performed by personnel familiar with the 
instruments. 

 
APPARATUS & MATERIALS. 

SMPS-1 

a) DMA (Model 3083, TSI) 

b) Kr-85 neutralizer (Model 3077, TSI) 

c) CPC (Model 3025, TSI) 

d) Personal computer 

e) Spare parts SMPS (filters, fitting, tubing, computer cables) 

f) Spare parts CPC (filters, butanol) 

SMPS-2 

a) DMA (Model 3081, TSI) 
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b) Kr-85 neutralizer (Model 3077, TSI) 

c) CPC (Model 3010, TSI) 

d) Personal computer 

e) Spare parts SMPS (filters, fitting, tubing, computer cables) 

f) Spare parts CPC (filters, butanol) 

APS 

a) APS (Model 3320, TSI) 

b) Spare parts APS (filters, fitting, tubing, computer cables) 

 

DRYING SYSTEM 

a) Nafion single and multi-channel dryers (Permapure) 

b) Heatless dryer (Permapure) 

c) 3-way solenoid valves 

d) Air compressor 

e) Temperature and RH sensors 

FLOW METER 

a) Gilian Gilibrator 2  

b) Flow cell 2-30 lpm 

c) Flow cell 20 cc – 6 lpm 

d) Flow cell soap 

MATERIALS 

a) Filters for SMPS: TSI P/N 1602015, Gelman 12144 

b) Filter for CPC: TSI P/N 1602028, TSI P/N 1602059,  
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c) Filter for CPC: Balston P/N DFU-9922-05-AQ 

d) 1-butanol extra pure (Merck) 

PAPER MATERIALS 

a) Field forms to record performance parameters in the field 

b) Laboratory book  

 
INSTRUMENT CALIBRATION AND QUALITY ASSURANCE. 

The sizing accuracy of the instruments will be checked once each 6 months with 
monodisperse PSL aerosol (see Sections 12.7 and 12.8). 

Quality control of the data is achieved on daily basis by:  

a) checking the critical operation parameters of the instruments (flow rates 
etc., see 9.3) 

b) comparing number concentrations in the overlapping size ranges of 
different instruments (see 9.4) 

c) visual checks of hourly averaged size distributions (see 9.5) 

CHECK FOR CRITICAL OPERATION PARAMETERS 

The following operation parameters will be checked according to the maintenance 
schedule: 

a) sheath and excess flow rates of SMPS should be within 5% of the set 
points of the flow controllers 

b) the standard deviation of both sheath and excess flows of SMPS during 
one scan is within 10% 

c) sample flow rate of SMPS should be within 20% from the set point. 

d) sample flow rate of APS should be within 10% from the set point. 

e) sizing accuracy of SMPS as determined with PSL is within 5% 

f) sizing accuracy of APS as determined with PSL is within 20%. 

If one or more operating parameters are deviating from the nominal, the 
instrument in question should be checked and adjusted to the nominal parameters 
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as soon as possible. Data collected with that instrument during the period of 
malfunction should be corrected, if possible, for the observed deviations (see 9.6). 

COMPARISON OF NUMBER CONCENTRATIONS IN THE OVERLAPPING 
SIZE RANGES 

Hourly averaged number concentrations in the following overlap regions will be 
regularly checked: 

a) SMPS-1 vs. SMPS-2:     20 - 50 nm 

b) SMPS vs. APS:     500-600 nm 

If the instruments consistently deviate by more than 30%, both instruments should 
be checked as soon as possible. If instrument is found to be malfunctioning, it 
should be adjusted to normal operation. Data collected with that instrument 
during the period of malfunction should be corrected, if possible, for the observed 
deviations from nominal operating parameters (see 9.6). If no malfunctioning is 
found, data from both instruments is accepted as is and is not rejected. However, 
it should be marked appropriately to indicate the discrepancy between the two 
instruments. 

 VISUAL CHECKS OF HOURLY AVERAGED SIZE DISTRIBUTIONS 

Hourly-averaged size distributions should be checked visually by an experienced 
operator for persistent (for more than 3 hours in a row) “gaps”, i.e. whether the 
spectra appear to be “missing” particles at some sizes. 

If such persistent “gaps” are found the instruments should be checked as soon as 
possible by an experienced operator. If instrument is found to be malfunctioning, 
it should be adjusted to normal operation. Data collected with that instrument 
during the period of malfunction should be corrected, if possible, for the observed 
deviations from nominal operating parameters (see 9.6). If no malfunctioning is 
found, data from the instruments is accepted as is and is not rejected. 

CORRECTION OF DATA FOR RECOVERABLE INSTRUMENTAL 
MALFUNCTION 

If an instrumental malfunction was found, the data can be corrected for the 
observed deviation, in the following cases: 

a) sample flow of SMPS deviates by less than 50% from the set point. 

b) sheath /excess flows of SMPS deviate by less than 50% from the set point. 
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c) std of sheath and excess flows in SMPS during one scan is less than 10%. 

d) sample and sheath flows of APS deviate by less than 50% from the set 
points. 

Corrected data should be marked, the reason and the procedure of correction 
should be described. 

 DATA VALIDATION 

The data are considered invalid, if it is discovered that the instrument was 
operated outside the nominal operating conditions, for which no correction can be 
applied (see 9.6), or if one or more critical parts of the instrument (i.e. laser of 
CPC or APS, pumps, empty butanol reservoir of CPC, etc.) were not functioning 
or were out of order. 

 
SAMPLE COLLECTION AND HANDLING. 

Not applicable. 

 
SAMPLE PREPARATION AND ANALYSIS. 

Not applicable. 

 
ROUTINE OPERATION / PREVENTIVE MAINTENANCE & REPAIRS. 

DAILY MAINTENANCE OF SMPS 

a) Check whether the voltage indicated by the program is changing 
synchronically with the voltage indicated on the DMA. 

b) Check butanol level in CPC, fill if necessary (do not leave refill bottle 
connected to the CPC). Record the time of filling. 

c) Check indicator LED on CPC front. 

d) Check flows. 

e) Check operation of the dryers (observe RH during dry measurements). 

DAILY MAINTENANCE OF APS 

a) Check and record indicator LEDs on the instrument 
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b) Check (remotely) flows and their std  

WEEKLY MAINTENANCE OF SMPS 

a) Stop data acquisition. Record the time. 

b) Drain CPC and refill with fresh butanol (more frequent refills may be 
required if the weather is warm an humid). 

c) Check null counts of the SMPS, while scanning, by placing an absolute 
filter in front of the sample inlet. Record the time. 

d) Start data acquisition. Record the time.  

WEEKLY MAINTENANCE OF APS 

a) Check null counts by placing an absolute filter in front of the sample inlet. 
Record the time. 

MONTHLY MAINTENANCE OF SMPS 

b) Check and record sample flow rate with the Gilibrator, thorough check of 
the plumbing and flow meters will be needed if the flow deviates by more 
than 10% from the set value. 

c) Once in 6 months check sizing properties with monodisperse PSL aerosol 
of 30 and 100 nm. Record the time and file name. 

MONTHLY MAINTENANCE OF APS 

a) Check sample flow with Gilibrator 

b) Change label with operation parameters on front of the instrument and 
inform routine personal if necessary 

c) Once in 6 months check sizing properties with monodisperse PSL aerosol 
of 0.2 μm (to be done simultaneously with the calibration of SMPS, see 
7.3). Record the time and file name. 

HANDLING OF PERSISTENT INSTRUMENTAL DEVIATIONS 

If any adjustment of the operating parameters (see 7.1 and 7.2) yields no 
sufficient result (i.e. normal operating conditions can not be achieved) or number 
concentration differences between the instruments (see 8.3) remain unacceptable, 
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personal doing the routine maintenance is requested to report the problem and 
actions undertaken to solve it to an experienced operator as soon as possible.  

 
TROUBLESHOOTING. 

Refer to the user manual or an experienced operator for troubleshooting. 

 
DATA ACQUISITION, CALCULATIONS & DATA REDUCTION. 

Instrument operation and data acquisition will be performed using advanced 
computerized systems. The data will be inverted using the state of the art software 
packages. Size distribution data will be reported as dN/dLgD in cm-3. The format 
of the data output will be as defined by the data management protocol of the 
study. 

AVERAGING OF HOURLY AND DAILY MEAN SIZE DISTRIBUTIONS 

For the purpose of quality assurance comparisons will be done with other 
instruments operated in this study. Since most of the other instruments operate on 
hourly or daily basis, averaging of the spectrometer data will be performed.  

Hourly average concentrations are calculated if at least 66% of the valid data (see 
8.5) for one hour are available. Daily average number concentrations are valid, if 
at least 16 hourly averages are available for one day. Daily means will be 
provided for time intervals corresponding to other 24-hour measurements 
employed in the study. 

CALCULATION OF PARTICLE VOLUME AND MASS DISTRIBUTIONS  

To compare the size spectrometers with the mass-based (gravimetric) 
measurements, size distributions in dN/dLgD will be converted into volume or 
mass size distributions (dV/dLgD and dM/dLgD, respectively). 

The number concentration distribution data will be convoluted into particle 
volume distributions assuming spherical particles of the nominal particle diameter 
of the given size intervals. 

From the daily means of the particle volume concentrations and the daily PM2.5 
measurements an apparent density will be determined for each day, which will be 
averaged over the entire measuring period. 

Based on the particle volume distribution data and the mean apparent particle 
density particle mass concentration will be calculated.  
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DATA MANAGEMENT & RECORDS MANAGEMENT. 

All maintenance procedures must be recorded in the respective field forms. All 
data will be validated and flagged. All data will be backed up on two copes of 
storage media (zip-discs or CDs). 

  
CONTACTS. 

A. Khlystov  
e-mail:  andrey@andrew.cmu.edu 
tel.:  (412) 268-5778 

TSI Inc. 
e-mail:  particle@tsi.com 
tel.:  1-800-677-2708 / (651) 490-2833 

 
REFERENCES.  

1. Model 3936 SMPS (Scanning Mobility Particle Sizer). Instruction manual. 
(1999) TSI Incorporated, St.Paul, MN. 
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3. Knutson, Whitby (1975) J.Aerosol Sci., 6:443. 

4. Wang, Flagan (1990) Aerosol Sci. Technol. 13:230-240. 

5. Wiedensohler, Lutkemeier, Feldpausch, Helsper (1986) J.Aerosol Sci. 
17:413. 
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Attachment 1 

Revised diagram of DAASS as constructed and operated during the field 
study.  Revision date 6/2/03. 
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Correction to section 4.  APS model number is 3320 and 3321. 

Addition to section 9.1, Critical Operation Parameters 

g) Computer clock shall be within 2.5 minutes of standard time, and 
corrected if outside this range 

h) An inlet leak test performed with a HEPA filter should give less than 1% 
of typical ambient concentration of particles (10 particles per cm3 for 
Nano-SMPS and SMPS, 0.1 particle per cm3 for APS).   

Addition to section 12.1, Daily Maintenance 

f)  Check that computer clock is within acceptable range of standard time. 
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Appendix D 
Suggested Improvements for a 2nd Generation  
Dry-Ambient Aerosol Spectrometer 
 

 Improved aerosol drying performance.  For example, Nafion dryer 

performance can be improved by drawing a vacuum on the shell-side dry-

air outlet to reduce the partial pressure of water vapor on the shell side.  

For example, see the TEOM Sample Equilibration System by Rupprecht 

and Pataschnick (Meyer et al., 2000). 

 Improved sheath and aerosol flow control and monitoring.  Include a 

conveniently located differential pressure flow indicator (magnehelic gage 

and coil of tubing for pressure drop) for each leg of the sheath flow. 

 Operate ambient channel relative humidities closer to ambient relative 

humidity through (a) more complete purging of the DMAs, possibly using 

supplemental vacuum or pressure during venting; and (b) active 

humidification of air. 

 Include ability to humidify to a standard (85%) humidity as an operating 

mode in addition to drying and ambient relative humidity. 

 Adapt design for easy manual calibration or automated daily calibration.  

This is particularly important for the APS, whose calibration curve seemed 

to change with time. 

 Automate butanol sheath air drying and butanol fill-drain cycles. 

 Improve resolution of DMAs by using 10:1 sheath to aerosol flow ratios. 

 Use low-pressure drop valves rather than electrical solenoid valves to 

reduce system pressure drop and prevent wear-and-tear on minispiral 

blowers. 

 Improve the mechanical stiffness of the APS inlet, as the APS sizing and 

counting seems to be sensitive to small changes in the alignment of the 

inlet. 
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 Change the inlet plumbing for (a) lower particle losses; (b) no heating of 

the aerosol en route to sizing (e.g. – move entire inlet to a ventilated, 

shaded, outdoor area).  Consider a short low-loss ambient RH inlet for 

sampling < 15 nm aerosols (sacrificing dry-ambient data).  Dry sheath air 

only for the NDMA. 

 Improve data acquisition system for (a) automatic time synchronization 

with a time server; (b) eliminate bad data points from serial data 

acquisition errors; (c) eliminate missed data due to software crashes. 

 Improve automatic recovery after power failure.   

 Avoid the use of Labview for control software.  Use a “traditional” line-

by-line programming language, with graphical user interface to build a 

control panel.  Contact John Ondov regarding control software used for 

the SEAS metals sampler. 

 
References 
 
Meyer, M.B., Patashnick, H., Ambs, J.L., and Rupprecht, E., 2000. Development 

of a sample equilibration system for the TEOM continuous PM monitor. 

Journal of Air and Waste Mangement 50:8, 1345-1349. 
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Appendix E 
Procedures for Data Reduction and Validation of  
DAASS Data 
 
Documents have been scanned for this Appendix.  Scanned documents have titles 
of Appendix A and Appendix B.  Scanned documents refer to MATLAB code 
that handled processing of DAASS data.  Source code is not included in this 
thesis and can be obtained by contacting Charles Stanier at the permanent 
forwarding address: cstanier@alumni.princeton.edu. 
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Appendix F 
Smog Chamber Port Design 
 
 
 In 2002, ports for Teflon chambers were designed by Ken Meyer and 

Charles Stanier, and machined from Teflon sheet (McMaster-Carr) by Ken Meyer.  

The ports were designed for leak-free insertion of various tubes into the chamber, 

and to be supported externally to minimize stress on the weak Teflon bag.   

 One drawing and two photographs are attached.  

 

 
Teflon port installed on 10 m3 teflon bag. 
 
 

 
Aluminum port installed in wall of smog chamber.
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Appendix G 
Laboratory and Field Photographs 
 
Photos that supplement Chapter 7. 
 

   
Smog Chamber (Exterior) B201 Doherty 

Hall 
Glassware for Evaporating Volatile 
Organic Liquids into the Chamber 

 

   
Teflon Bag Hanging inside the HVAC 

Controlled Enclosure 
Photo through Teflon Bag to Port with 

Various Lines Going Into Chamber 
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Photos that supplement chapters 3 and 4. 
 

   
Main Sampling Site at Schenley Park 

DAASS is in White Shed on Top 
View Toward Downtown Pittsburgh (West) 

from Main Sampling Site on Clean (top) 
and Dirty (bottom) Days 

 
 

   
Satellite Site in Florence PA View Toward PA State Game Lands from 

Florence Site 
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Photos that supplement chapters 2-6. 
 

   
LDMA Running in Small Enclosure at 

Florence 
DAASS System Running at Schenley Park 

 

   
Detail of DMA Columns of DAASS, 

Deployed Outside of Enclosure to Reach 
Ambient Temperature 

DAASS Set Up in Laboratory for Pre-
PAQS Testing and Development 
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These photos supplement the text description and diagrams of DAASS in section 
2.2. 
 

   
Detail of Top Portion of APS Inlet 

Showing Flow Splitting to Dryer (Left) 
and Bypass (Right) 

Side View of Lower Portion of APS Inlet 
and APS.  Arrow points to Ball Valve Used 

to Select Flow Path. 
 

   
Arrows Point to Electrically Actuated 

Solenoid Valves Used in Sheath Drying 
Loops for NDMA and LDMA.  Valves are 
partially obsured by support for Vaisala 

RH Meter Electronics 

Behind many signal wires, the Analog to 
Digital “Fieldpoint” Unit used for Analog 
Signal Acquisition and Control of Relays 

 



Appendix H  Temperature and Relative Humidity Sensor Locations for DAASS 
 
The following diagram shows locations (relative to the overall process flow) of the 7 relative humidity and temperature sensors used 
in the DAASS.   In raw relative humidity and temperature files, the signals are recorded in the following format: 
 
Column 1 Time  (Measured in days since 00:00:00 1/1/2001) 
Column 2 RH1  NDMA Sheath RH 
Column 3 RH2  Utility Flow RH 
Column 4 RH3  SMPS Aerosol RH 
Column 5 RH4  LDMA Sheath RH 
Column 6 RH5  APS Aerosol RH 
Column 7 RH6  Inside Shed RH 
Column 8 RH7  Outside Shed RH 
Column 9 T1  NDMA Sheath T 
Column 10 T2  Utility Flow T 
Column 11 T3  SMPS Aerosol T 
Column 12 T4  LDMA Sheath T 
Column 13 T5  APS Aerosol T 
Column 14 T6  Inside Shed T 
Column 15 T7  Outside Shed T 
   



Starting on  8/23/01, an additional Omega HX93 sensor was installed.  Although the signal was acquired and saved, the sensor was 
never plumbed into a line and can be considered an additional “inside shed” sensor, although the position of the sensor was not 
representative.  It was usually located by the inside wall of the enclosure, above and to the right of the APS.  After 8/23/01, the 
column assignments of the raw RH and temperature file is: 
 
Column 1 Time  (Measured in days since 00:00:00 1/1/2001) 
Column 2 RH1  NDMA Sheath RH 
Column 3 RH2  Utility Flow RH 
Column 4 RH3  SMPS Aerosol RH 
Column 5 RH4  LDMA Sheath RH 
Column 6 RH5  APS Aerosol RH 
Column 7 RHnew Inside Shed RH (see above) 
Column 8 RH6  Inside Shed RH 
Column 9 RH7  Outside Shed RH 
Column 10 T1  NDMA Sheath T 
Column 11 T2  Utility Flow T 
Column 12 T3  SMPS Aerosol T 
Column 13 T4  LDMA Sheath T 
Column 14 T5  APS Aerosol T 
Column 15 Tnew  Inside Shed T (see above) 
Column 16 T6  Inside Shed T 
Column 17 T7  Outside Shed T 
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Sensors 2,5 & 6 located inside shed
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T1 – NDMA Sheath RH&T - Omege w/ exposed sensor
T2 – Utility Air RH&T - Omega w/ exposed sensor
T3 – SMPS Aerosol RH&T - Omega w/ flush sensor (1/4”)
T4 – LDMA Sheath RH&T - Omega w/ exposed sensor
T5 – APS Aerosol RH&T - Omega w/ flush sensor (1/8”)
T6 – Inside Shed RH&T - Vaisala
T7 – Outside Shed RH&T – Vaisala
Omega Sensors are model HX93
Vaisala Sensors are model MMP233
Sensors 1,3,4 & 7 located in shaded locations on exterior of shed
Sensors 2,5 & 6 located inside shed
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