
Atmospheric Environment 38 (2004) 3127–3141

ARTICLE IN PRESS
*Correspond

E-mail addr

1352-2310/$ - se

doi:10.1016/j.at
Mass size distributions and size resolved chemical composition
of fine particulate matter at the Pittsburgh supersite

Juan C. Cabadaa, Sarah Reesb,d, Satoshi Takahamaa, Andrey Khlystova,
Spyros N. Pandisa,d,*, Cliff I. Davidsonb,d, Allen L. Robinsonc,d

a Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213-7139, USA
bDepartment of Civil and Environmental Engineering, Carnegie Mellon University, Pittsburgh, PA 15213-7139, USA

c Department of Mechanical Engineering, Carnegie Mellon University, PA 15213-7139, USA
dDepartment of Engineering and Public Policy, Carnegie Mellon University, Pittsburgh, PA 15213-7139, USA
Abstract

Size-resolved aerosol mass and chemical composition were measured during the Pittsburgh Air Quality Study. Daily

samples were collected for 12 months from July 2001 to June 2002. Micro-orifice uniform deposit impactors (MOUDIs)

were used to collect aerosol samples of fine particulate matter smaller than 10 mm. Measurements of PM0.056, PM0.10,

PM0.18, PM0.32, PM0.56, PM1.0, PM1.8 and PM2.5 with the MOUDI are available for the full study period. Seasonal

variations in the concentrations are observed for all size cuts. Higher concentrations are observed during the summer

and lower during the winter.

Comparison between the PM2.5 measurements by the MOUDI and other integrated PM samplers reveals good

agreement. Good correlation is observed for PM10 between the MOUDI and an integrated sampler but the MOUDI

underestimates PM10 by 20%. Bouncing of particles from higher stages of the MOUDI (>PM2.5) is not a major

problem because of the low concentrations of coarse particles in the area. The main cause of coarse particle losses

appears to be losses to the wall of the MOUDI.

Samples were collected on aluminum foils for analysis of carbonaceous material and on Teflon filters for analysis of

particle mass and inorganic anions and cations. Daily samples were analyzed during the summer (July 2001) and the

winter intensives (January 2002). During the summer around 50% of the organic material is lost from the aluminum

foils as compared to a filter-based sampler. These losses are due to volatilization and bounce-off from the MOUDI

stages. High nitrate losses from the MOUDI are also observed during the summer (above 70%). Good agreement

between the gravimetrically determined mass and the sum of the masses of the individual compounds is obtained, if the

lost mass from organics and the aerosol water content are included for the summer. For the winter no significant losses

of material are detected and there exists reasonable agreement between the gravimetrical mass and the sum of the

concentrations of the individual compounds.

Ultrafine particles (below 100 nm) account on average, for o 5% of the PM2.5 mass, and show different composition

for the summer and the winter. During the summer the ultrafine mass is 50% carbonaceous material (organic material

and elemental carbon) and 50% inorganic (mainly sulfate and ammonium); during the winter these percentages are

70% and 30%, respectively.
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1. Introduction

Fine atmospheric aerosol mass concentrations (parti-

culate matter below 2.5mm, PM2.5) are of importance

because of their impact on human health (Dockery et al.,

1993), their ability to scatter light affecting visibility, and

their role in global climate change (Seinfeld and Pandis,

1998). Fine particulate matter size distributions can

provide information about the chemical and physical

processes affecting aerosols as they are transported in

the atmosphere (Wall et al., 1988). Aerosol size

distributions also are important for the optical proper-

ties and the effect of aerosols on the planet energy

balance (Seinfeld and Pandis, 1998).

Particles emitted from combustion sources (primary

emissions) and produced by nucleation start their

atmospheric lifetime in the smaller particle sizes

(diameters o 200 nm). Condensation of organic com-

pounds after the reaction of atmospheric oxidants and

organic gases (secondary organic aerosol, SOA) and

secondary production of sulfate affects mainly the

accumulation mode between 200 and 500 nm. Long-

range transported and cloud-processed aerosol tend to

be in the 200–1000 nm diameter range (Whitby, 1978;

Wexler and Ondov, 1998; Seinfeld and Pandis, 1998).

Recently, attention has been drawn to the ultrafine

(diameter below 100 nm) aerosol concentrations. Ultra-

fine particles account for practically all the aerosol

number concentration in the urban atmosphere, though

their mass contribution is in general small. These

particles can penetrate deep into the interstitial space

of the lungs and overwhelm the alveolar macrophages,

thereby impeding the natural cleaning mechanisms of

the lungs (Oberdorster et al., 1994; Oberdorster, 1995,

2001; Ferin et al., 1992). Furthermore, inhalation of

highly acidic particles can cause inflammation and

irritation of the lung tissue; if the chemical constituents

of the particles are carcinogenic, these particles may

induce cancer tumors (Oberdorster and Yu, 1990;

Donalson et al., 2002). Fine-particle regulations in the

US are focused on controlling the PM mass concentra-

tion (PM10 and PM2.5) (Environmental Protection

Agency, 1996). The effect of reductions of the PM2.5

and PM10 on the concentration of ultrafine particles is

not well understood. Ultrafine particles are emitted

mainly from mobile sources (automobiles and diesel

trucks) and stationary combustion sources. However,

they are also formed during the nucleation of sulfuric

acid and organic gases (Seinfeld and Pandis, 1998).

Results of studies combining measurements of aerosol

number concentrations and chemically speciated size

distributions, using micro-orifice uniform deposit im-

pactors (MOUDIs), are limited to southern and central

California (Hughes et al., 1998; Chung et al., 2001).

Both of these studies were done during the winter. For

Southern California (Pasadena) carbonaceous material
was the largest fraction of the PM2.5, followed by

nitrate. Small contributions of sulfate, ammonium and

trace compounds were reported for this winter aerosol.

An ‘‘unknown’’ component was determined by the

difference between the gravimetrically measured mass

and the sum of the masses of the individual compounds

on each MOUDI stage. Larger values of ‘‘unknown’’

material are associated with the upper stages of the

MOUDI (between 0.32 and 1.0 mm). The fraction of this

‘‘unknown’’ material is reported to be of the order of

10–30%. Central California (Bakersfield) was character-

ized by periods of clean and polluted air during the

winter. Clean days were characterized by high fractions

of carbonaceous material, nitrate and ammonium in the

PM2.5. During polluted days particles contained mainly

sulfate, nitrate, sodium and chloride. On the clean days,

the reported ‘‘unknown’’ mass was negligible, although

this discrepancy was significantly larger on polluted

days, occasionally over 30%.

The studies of Hughes et al. (1998) and Chung et al.

(2001) also provided information on ultrafines particles.

Both of these studies reported a lack of correlation

between ultrafine number and ultrafine mass concentra-

tions. Carbonaceous compounds were the largest frac-

tion of the ultrafine mass. Significant contributions of

sulfate, nitrate and trace compounds were reported in

both studies. The unknown fraction of material in the

ultrafine particles was reported to be between 0%

and 50%.

In this paper we present data on particle mass

concentrations in several size ranges (0.056–10 mm)

collected in the Pittsburgh Air Quality Study (PAQS)

from July 2001 to June 2002. For two intensive periods,

during 15 days in the summer of 2001 and 9 days in the

winter of 2002, impactor samples were chemically

resolved for inorganic components and carbonaceous

compounds.
2. Experimental

MOUDIs (Marple et al., 1991) (Model 110, MSP Co.,

Minneapolis, MN) were used to collect daily size-

resolved aerosol samples during PAQS, from July 2001

to June 2002. Aerodynamic size cuts for the impactor

are 0.056, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 2.5, 5.6 and

10 mm. The MOUDI sampling flow rate is 30 1 min�1.

The PAQS main site was located in Schenley park on the

top of a hill adjacent to the Carnegie Mellon University

campus, around 6 km east of downtown Pittsburgh.

Samples for the determination of total mass were

collected using 37mm ring-supported Teflon filters

(7592-104, Whatman, Clifton, NJ). The mass size

distribution of the aerosol collected by the MOUDI

stages was determined by weighing the filters using a

high-precision microbalance (UMX2, Mettler-Toledo,
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Columbus, OH). The MOUDI filters were weighed

inside a glove box with a controlled relative humidity

(3572%) and temperature (2171�C). Prior to weigh-

ing, the filters were equilibrated for 24 h inside the glove

box. During two intensive sampling periods, July of

2001 and January of 2002, two MOUDI samplers were

operated in parallel using different filter media to collect

aerosol particles. Teflon filters were used for determina-

tion of total mass and inorganic compounds, and

uncoated aluminum foils (MSP Corp.) were used for

the determination of carbonaceous aerosol concentra-

tions. Inorganic compound concentrations were deter-

mined by ion chromatography (Dionex DX-600 for

anions and DX-120 for cations) and carbonaceous

aerosol was analyzed using a thermal/optical transmit-

tance carbon analyzer (Sunset Laboratory Inc., OC-EC

Aerosol Carbon Analyzer Model-3) and temperature

program based on the NIOSH protocol (Cabada et al.,

2003). In the case of aluminum foils it is not possible to

determine the organic carbon (OC), elemental carbon

(EC) split by the optical transmittance method. Since

aluminum foil loads are low, the possible pyrolisis of

material is reduced. For this case, the OC concentrations

were determined by the amount of carbon evolved

during the helium atmosphere in the analysis and the EC

was considered to be the carbon evolved during the

helium/oxygen atmosphere. Viidanoja et al. (2002)

reported that defining organic and elemental carbon

without an optical correction for pyrolisis leads to an

upper limit in the estimation of EC and an error within

30% of the real EC concentration. This change in

definition has a small effect on the OC concentration

(o10%).

Aluminum foils were baked at 550�C for 24 h prior to

collection. The MOUDI collecting carbonaceous mate-

rial was operated without rotating the impactor stages,

as a multi-orifice impactor (MOI). OC concentrations

measured by the carbon analyzer are converted to

organic mass (OM) multiplying by a factor of 1.8 to

account for the hydrogen, oxygen, sulfur and nitrogen

associated with the organic compounds (Turpin and

Lim, 2001).

Measurements of PM0.056, PM0.01, PM0.18, PM0.32,

PM0.56, PM1.0, PM1.8 and PM2.5 with the MOUDI are

available for the full study period, while PM5.6 and

PM10 measurements were conducted only during 2001.

Independent measurements of PM10 with a dichotomous

sampler are available for the full study.

Particle bounce-off in cascade impactors has been

documented by several authors, particles as small as

0.2mm can bounce from their respective collection stage

and are collected on stages corresponding to smaller

sizes (Hinds, 1998; Pak et al., 1992). This problem is

more common in the upper stages of the impactors.

Experimental data show that once a large particle

bounces-off its proper stage it is likely to continue
bouncing-off other stages in the impactor and may not

be collected at all (Hinds, 1998). The use of fine PM

cyclones in front of cascade impactors and the use of

greased substrates can reduce this problem (Hinds,

1998). For this study greased Teflon substrates were

used for MOUDI stages collecting particles larger than

10 mm. No greased stages were used for the MOUDI

with aluminum foils substrates to avoid contamination

of organic material.

A dry-ambient aerosol size spectrometer (DAASS)

system (Stanier et al., 2003) operated during PAQS

reporting number, surface area and volume distributions

of aerosols. The system consists of two scanning

mobility particle sizers (SMPS, TSI 3936N25 and TSI

3936L10) and an aerodynamic particle sizer (APS, TSI

APS 3320) that measure the aerosol size distribution

between 3 nm and 10mm in diameter. The inlets of the

instruments and their sheath air lines were equipped

with computer-controlled valves that direct air through

Nafion dryers or bypass them. The Nafion dryers reduce

the RH to below 30%, at which ambient particles are

expected to lose most or all of the water and thus be

virtually dry. The instrument cycles between dried and

the ambient conditions every 7min and is synchronized

with the scan times of the aerosol spectrometers.

In addition to the size-resolved measurements using

the MOUDI and the DAASS system, integrated PM10

and PM2.5 samplers were operated at PAQS from July

2001 to July 2002. A dichotomous sampler (Series 241,

Thermo Andersen) measured daily average PM10 and

PM2.5 mass on Teflon filters (7592-104, Whatman), with

operational flow of 16.7 l min�1. An FRM sampler

(Partisol-2000, Rupprecht & Patashnick Co., Inc.)

measured daily average PM2.5 mass on Teflon substrates

(7592-104, Whatman), operating at 16.7 lmin�1. Deter-

mination of mass from these filters followed the same

procedure as for the MOUDI Teflon filters. A tapered

element oscillating microbalance (TEOM, Series 1400a,

Rupprecht & Patashnick Co., Inc.) operated continu-

ously for the length of the PAQS project, reporting

PM2.5 mass. The TEOM sampled at 30�C and was

equipped with a Nafion diffusion dryer sample equili-

bration system (SES, Rupprecht & Patashnick

Co., Inc.).

Several PM2.5 speciation samplers were used during

PAQS. Filter-based organic material measurements

were collected on quartz fiber filters (47mm Pallflex,

QAOT) on a daily basis using a denuded sampler during

the summer. During the winter, an undenuded sampler

using a front quartz filter and a backup quartz filter was

used (Cabada et al., 2004). For the winter, the

concentrations measured by the undenuded sampler

were corrected for positive artifact by subtracting the

measured organic concentration in the backup filter

(Subramanian et al., 2004). Measurements of total

concentrations of nitrate and ammonium (PM2.5 and
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gas), aerosol sulfate, sodium, potassium, magnesium,

calcium, chloride, nitrite and oxalate were made using

Teflon (Whatman Cat No. 7592-104) and nylon filters

(Whatman Cat No. 7410-004). Daily samples were

collected during the length of the project except for the

summer 2001 intensive period (July 2001), where five

samples a day were collected (4–6 h samples). Two

sampling lines were used for these species, one denuded

and one undenuded, to provide data for both gas and

particulate phase compounds. Analysis of the inorganic

material was performed by ion chromatography (Wittig

et al., 2003a).
3. PM10 and PM2.5 measurements

Fig. 1 shows the intercomparison of PM2.5 and PM10

mass concentrations measured by the MOUDI with

corresponding measurements by the dichotomous sam-

pler, FRM and TEOM. The correlation coefficient (R2)

exceeded 0.75, for the comparisons between the different

samplers. However, the original data indicate coarse

particle losses from the MOUDI. On average, the

MOUDI collects 15–20% less PM10 mass than the

dichotomous sampler. The integrated fine mass collected

by the MOUDI (sum of all stages up to 2.5 mm) and the

filter-based gravimetrical methods (FRM and dichot-

omous) are in good agreement. These results are

consistent with losses to the walls of some mainly coarse
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Fig. 1. Sampler inter-comparisons at PAQS, with forced fits throug

MOUDI PM2.5 vs. Dichot PM2.5 for 2001 and 2002. (c) MOUDI PM

TEOM PM2.5 for 2001 and 2002. All measurements are daily averag
particles in the MOUDI and limited bounce-off from the

larger to the smaller stages. Particles during PAQS are

expected to be liquid during most of the study because of

their ability to retain water at low RH during the

summer (Stanier et al., 2003) and their high organic

content during the winter (Wittig et al., 2003b). The

comparison between the MOUDI and the TEOM for

PM2.5 shows that the MOUDI measures, on average,

around 5% less mass than the TEOM. Statistical

analyses show no significant difference between these

two measurements.
4. PMx mass concentrations

The MOUDI results were used to construct time series

of the different PM concentrations measured. Fig. 2

shows the monthly averaged concentrations for the

different size cuts, from PM10 to PM0.056. A seasonal

dependence is observed for all PM sizes, with higher

concentrations observed during the summer and lower

during the winter. Lower size cuts mass concentrations

show more variability.

Comparisons between mass concentrations measured

in the different stages of the MOUDI show that good

correlations exist between PM2.5 and PMx, when PMx is

close to PM2.5. The correlation between the different

concentrations decreases significantly as PMx is smaller

than PM0.56. On average, around 80% of the PM10 is
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below 2.5mm in Pittsburgh (Fig. 3a). Eighty-five percent

of the PM2.5 mass is in aerosol particles smaller than

1.0mm in aerodynamic size (Fig. 3b). Fifty-five percent

of the PM2.5 is PM0.56 (Fig. 3c). PM0.32 and PM0.18

constitute around 30% and 12% of the total fine aerosol

mass, respectively (Fig. 3d and e). The ultrafine mass

contribution (below 100 nm) to PM2.5 is, on average,

around 5% (Fig. 3f).

Ultrafine particles contribute o 5% of the total fine

particle mass and the filter loads are low, making the

measurement of the mass of these particles prone to

errors during sampling and analysis. Even a few large

particles bouncing from higher stages can have a big

impact on the mass on the lower stages. Khlystov et al.

(2004) showed that good agreement is achieved between

the MOUDI and the DAASS system for particles bigger

than 100 nm, but not for the ultrafine particles (Fig. 4a).
Improved agreement is obtained when the ratios of

ultrafines mass to PM2.5 and ultrafines volume to V2.5

are compared (Fig. 4b). Comparing the ratios from the

two systems can give an estimate of particles bouncing

from higher stages of the MOUDI and that are collected

by lower stages, in this case stages corresponding to the

ultrafine particulate matter. If bounce-off is a significant

problem, the ratio of masses (PM0.10/PM2.5) would

exceed the ratio of volumes (V0.10/V2.5) and the

corresponding points would lie in the upper left corner

of Fig. 4b, which is not the case. The correlation

coefficient between these two measurements is reason-

able (R2=0.55) given the uncertainty of the ultrafine

mass concentration (estimated to be around 30%).

Variability in the absolute estimates could be due to

the measurement of the ultrafine mass in the MOUDI

or the fundamental differences in the measurement
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methods employed by the MOUDI and the SMPS

techniques (i.e. aerosol aerodynamic diameter vs.

mobility diameter). Ambient conditions and character-
istics of the aerosols (e.g. non-spherical shapes of

fresh particles) could also influence these estimates

(Shen et al., 2002).
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5. Size-resolved mass distributions

Seasonal average mass distributions collected with the

MOUDI are shown in Fig. 5. Mass size distributions

for each stage of the MOUDI were inverted using

MICRON (Wolfenbarger and Seinfeld, 1990). For all

seasons, most of the fine aerosol mass is concentrated

between 0.10 and 1.0 mm. Summer size distributions

show multiple modes. The droplet mode (around

0.7mm) dominates over the size distribution. The

condensation mode (around 0.2 mm) is clear only after

the data is inverted to create a smooth size distribution.

Fall size distributions show tri-modal distribution but in

this case the condensation mode is slightly larger than

the droplet mode. Winter size distributions show four

modes distribution with both, the condensation and the

droplet modes contributing equally to the distribution.

Spring size distributions are similar to the summer, with

a dominating droplet mode and lower condensation

mode.

Data collected during SCAQS in southern California,

using both MOUDIs and SMPS systems, showed two

modes in the fine mass distributions. One mode was

observed around 0.20mm (condensation mode) and the

second and larger mode was at around 0.70 mm (droplet

mode) (John et al., 1990; Eldering et al., 1994). Size

distributions measured at Fresno, CA, for two different

seasons (winter and spring) with an SMPS system

showed a bi-modal distribution (Lawless et al., 2001).

During the winter, size distributions showed a dominant

mode around 0.20mm and a smaller mode around

1.0mm. The same two modes existed in the spring, but

the 1.0mm mode was dominant.
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6. PM composition measurements

Comparisons of the major components of PM2.5 in

Pittsburgh between the MOUDIs and filter-based

samplers are shown in Fig. 6. The organic material

(OM, OC multiplied by 1.8) measurements show

reasonable correlation between the samplers for both

seasons (R2=0.55 for summer and R2=0.74 for winter).

However, around 50% of the OM, is lost from the

MOUDI aluminum foils during the summer (Fig. 6a).

EC measurements from the MOUDI (not shown) and

the filter-based sampler show agreement within experi-

mental uncertainty. Good agreement of the organic

material collected by the MOUDI and the filter-based

measurements is observed during the winter intensive

(Fig. 6b). EC is slightly overestimated during the winter

using the MOUDI, but still within experimental error.

There are a couple of possible reasons for the loss of

OC during the summer. The first is evaporation of semi-

volatile material, especially SOA. Volatilization of semi-

volatile material from impactor samplers has been

reported to be as large as 50% depending on the

pressure drop of the sampler, the prevalent sampling

conditions, and the ratio of gas to particle concentra-

tions in the sampled air (Zhang and McMurry, 1991). In

addition, McMurry and Zhang (1989) found significant

SOA volatilization from MOUDI impactors using

aluminum foils as collecting media. Anderson et al.

(2002) estimated that around 20% of the total PM2.5

consisted of semi-volatile organic compounds during the

summer of 2000 in the Pittsburgh area. Furthermore,

Cabada et al. (2003) report that between 20 and 50%

of the organic PM in the Pittsburgh area during the
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Fig. 6. Comparison between measurements of individual PM2.5 compounds by the MOUDI and the integrated samplers for the two

intensive periods. (a) Organic material (OM, 1.8�OC) measured with the MOUDI foils vs. OM measured using a denuder-based

sampler during the summer intensive. (b) OM measured with the MOUDI foils vs. OM measured using an undenuded sampler during

the winter intensive. The winter filter-based measurements were corrected for the positive artifact by the use of a backup quartz filter.

(c) Sulfate measured with the MOUDI vs. sulfate measured with a PM speciation sampler during the summer intensive. (d) Sulfate

measured with the MOUDI vs. sulfate measured on Teflon filters during the winter intensive. (e) Nitrate measured with the MOUDI

vs. nitrate measured with a speciation sampler during the summer intensive. (f) Nitrate measured with the MOUDI vs. nitrate

measured on Teflon filters during the summer intensive.
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summer is SOA material. The contribution of SOA to

the organic PM during the winter is o10% (Cabada

et al., 2002a). If all of the SOA is assumed to be semi-

volatile material, these estimates agree reasonably well

with the mass losses from the MOUDI sampler, using

aluminum foils, for both seasons.

The second explanation is related to the collection

efficiency of particles on aluminum foils substrates. The

use of non-greased substrates reduces the collection

efficiency; especially for larger particles which are more

likely to experience bounce-off. From analysis of the

geometrical mean diameters (GMD) of the size distribu-

tions collected by the MOUDI using Teflon substrates,

summer intensive GMDs are larger than those for
the winter (summer GMD=0.18 mm; winter GMD=

0.09 mm). Thus, particle loss by bounce-off may be a

factor in losses of organic material from the MOUDI

during the summer.

Offenberg and Baker (1999) compared PM10 mass

data from a Berner impactor using aluminum foils as

substrates with data from a dichotomous sampler. The

Berner impactor integrated mass accounted for only

45% of the PM mass collected by the dichotomous

sampler at a Chicago urban site. They also report no

significant difference between summer and winter

samples, though only three data points are reported

for the winter. McMurry et al. (1996) reported that

MOUDIs with aluminum foil substrates in Southern
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California collected only about 50% of the organic

aerosol mass compared to quartz fiber filters. In

contrast, Chung et al. (2001) found good agreement

for similar sampling in Central California in winter.

Overall, the results of all three studies are consistent

with the findings of PAQS reported here.

Fig. 6c and d show the comparison of sulfate collected

by the MOUDI and the filter-based sampler for the two

intensive periods. These results indicate around 20%

loss of sulfate from the MOUDI during the summer. No

significant difference between the MOUDI and the filter-

based sampler is detected during the winter. The

correlation between the samplers is high (R2>0.95)

during the summer. Lower correlation is observed at

lower sulfate levels during the winter. Comparisons in

other studies between MOUDI and integrated filter

samplers have shown o10% differences between the

sulfate collected by cascade impactors and sulfate

collected by filter-based samplers (Sloane et al., 1991;

Wall et al., 1988; Chung et al., 2001).

Fig. 6e and f show the comparison between the nitrate

collected by the MOUDI and the filter-based sampler.

Nitrate is an important constituent of PM2.5 during the

winter. During the summer, however, aerosol nitrate

concentrations are low due to the higher ambient

temperatures and the relatively high vapor pressure of

ammonium nitrate. More than 70% of the nitrate mass

is lost from the MOUDI during the summer. Good

agreement between the MOUDI and the filter-based

sampler is observed during the winter. Several studies

have reported small discrepancies in the measurement of

nitrate with cascade impactors and filter-based samplers

in California. Zhang and McMurry (1992) reported that

a cascade impactor measures from 10% to 20% less

nitrate than a denuded filter-based sampler. Wall et al.

(1988) also reported an under-sampling of nitrate in a

cascade impactor for a study done in Claremont, CA.

Sloane et al. (1991) reported a difference of around 15%

between the mass collected by a MOUDI and a filter-

based sampler, although they report that this difference

is not statistically significant. California is characterized

by nitrate concentrations that are one or two orders of

magnitude higher than Pittsburgh. This could explain

the significant losses as a fraction of the total in PAQS,

during the summer, that still represent 0.5 mgm�3 of

nitrate or less.
7. Size-resolved mass composition

7.1. Summer

The average size distributions of the major compo-

nents of PM2.5 during the summer are shown in Fig. 7.

The inorganic material, predominantly sulfate, has a

practically bi-modal distribution, with a higher peak
around 0.7mm (droplet mode) and a smaller peak

around 0.2 mm (condensation mode). The two modes

are overlapping and the condensation mode appears as a

‘‘shoulder’’ in the raw measurements. Several authors

(Hering and Friedlander, 1982; Wall et al., 1988; John

et al., 1990; McMurry and Wilson, 1983) have reported

the existence of these two modes in the size distribution

of the inorganic aerosol from ambient samples. The

sulfate condensation mode is associated with the gas

phase oxidation of SO2 and the droplet mode is the

product of heterogeneous reactions mainly in clouds and

the accumulation of material from the lower mode.

Measurements 50 km upwind (west of the central site) in

Florence, PA, indicate that more than 90% of PM2.5

sulfate concentration measured at the PAQS site during

July was the result of long-range transport into the area.

Sulfate is an important constituent of PM2.5 in

Pittsburgh during the summer (around 40% of total

PM2.5). The effect of long-range transport of emissions

and the high relative humidity in the northeast US

during the summer are reflected by the sulfate concen-

tration in the droplet mode. Ammonium size distribu-

tions are similar to those of sulfate, showing a smaller

condensation mode, indicating formation of aerosol

from the product of gas phase reactions, and a dominant

droplet mode, indicating formation of aerosol by

heterogeneous reactions (Wall et al., 1988; Walter

et al., 1990). The GMD of the inorganic material for

the summer is 0.36mm.

The OM and EC have wide size distributions, with a

peak between around 0.45mm, for both compounds.

This mode is the effect of long-range transport of

carbonaceous material as particles grow. The condensa-

tion of secondary components (organic and sulfate)

onto primary emitted particles is another mechanism of

particle growth into the droplet mode (Vankatamaran

and Friedlander, 1994; Pandis et al., 1993). Cabada et al.

(2004) estimated that 20–50% of the total OC concen-

tration is of secondary in origin for the Pittsburgh area,

providing some material for the growth of the particles.

Sulfate mass distributions indicate the influence of cloud

processing for the Pittsburgh aerosol. Cloud processed

organic aerosol or a higher fraction of water-soluble

organics could also contribute to the increase the

particle diameter. The GMD for OM during the summer

is around 0.30mm.

Fig. 8a shows the gravimetrically determined mass

and the sum of the masses of each chemical compound

identified. The sum of the identified compounds

accounts for 70% of the MOUDI mass. This discre-

pancy is mainly the result of the ability of the Teflon

filters used for the determination of mass, to retain more

OM than the aluminum foils. Other potential explana-

tions for the discrepancy are that the Teflon filters

promote less bounce-off of carbonaceous particles and

possibly absorb organic gases. Another possible reason
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Fig. 8. Chemically resolved average distribution during the two

intensive periods at PAQS (July 2001 and January 2002). The

PM2.5 mass corresponds to the gravimetrically determined mass

from the MOUDI stages.

0.0

0.5

1.0

0.01 0.1 1 10

0

3

6

0.01 0.1 1 10
0.0

0.5

1.0

0.01 0.1 1 10

0

3

6

0.01 0.1 1 10
0

10

20

0.01 0.1 1 10

Diameter, µm

dM
/ d

L
og

D
p

(µ
g/

m
3 )

Diameter, µm

dM
/ d

L
og

D
p

(µ
g/

m
3 )

Diameter, µm

dM
/ d

L
og

D
p

(µ
g/

m
3 )

Diameter, µm

dM
/ d

L
og

D
p

(µ
g/

m
3 )

Diameter, µm

dM
/ d

L
og

D
p

(µ
g/

m
3 )

Sulfate Ammonium

Nitrate OM

EC

Fig. 7. Summer intensive size resolved chemical composition during PAQS, for the major components of the PM2.5. Also shown the

MICRON-inverted size distributions (smooth lines). The error bars represent the sampling and analytical standard errors for each

compound.
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for the discrepancy is aerosol water. Water associated

with the inorganic salts and possibly the organic

material is not measured by the chemical analyses of

the various compounds. Rees et al. (2004) report that

Pittsburgh summer aerosol is ‘‘wet’’ even at low relative

humidity, indicating that the mass collected by the

MOUDI and measured gravimetrically contains aerosol

water. Most of the ‘‘unknown’’ mass, namely the

difference between the total gravimetric mass and the

sum of the chemical species, is between 0.1 and 1.0 mm,

where most of the mass of the inorganic salts is located.

Trajectory analyses of air masses passing thru an urban

area and measured at different downwind sites show

that the amount of ‘‘unknown’’ material increases as the

air mass ages in the atmosphere (Hughes et al., 1999,

2000). This is because fresh primary emissions and

secondary production of aerosols modify the composi-

tion during transport. Increases in concentration of

hydrophilic aerosol (via primary emissions as well as

secondary production) can increase the amount of

aerosol water content, leading to more ‘‘unknown’’

mass. For this work, if the MOUDI losses of organic

material are taken into consideration (assuming they are

size independent), the sum of masses of the individual

compounds accounts for 85% of the gravimetrically
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determined MOUDI mass. Viidanoja et al. (2002)

reported that gaseous or semi-volatile material collected

on quartz filters using a cascade impactor only modify

the total mass of carbon collected but had no significant

impact on the shape of the original size distribution

measured. Aerosol water content has been estimated to

be from 10% to 15% of the PM2.5 during the summer

for PAQS (Rees et al., 2004). The estimated aerosol

water mass was distributed into the different MOUDI

stages according to the size distribution presented by the

inorganic aerosol. These two corrections are sufficient

for the closure of the summer mass balance for all stages

within experimental error (Fig. 8a). The closure of mass

balance suggests that the shape of the OM size

distribution (Fig. 7) is correct despite the significant

losses during the sampling.

7.2. Winter

Average winter size distributions are shown in Fig. 9.

Sulfate shows practically a bi-modal distribution as the

summer, but in this case the droplet mode peak is not as

high. Production of sulfate from gas-phase reactions

(condensation mode, around 200 nm) is evident during

the winter, but in lower intensity than the summer. The
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lower mass accumulated in the droplet mode indicates

that even if heterogeneous sulfate formation is the

dominant pathway during the winter it is either slower

or the removal of these particles occurs faster. During

the winter, nitrate accounts for around 20% of the

PM2.5 mass. The nitrate droplet mode suggests cloud

processing and growth of the condensation mode of

ammonium nitrate. Ammonium size distributions follow

the same pattern as shown by sulfate and nitrate,

indicating reactions of nitric acid and existing ammonia

in the particulate phase and sulfur dioxide accumulate

mass in the droplet mode. The GMD of the inorganic

material for the winter is 0.34 mm practically the same as

the GMD during the summer. Unlike the summer where

most of the ammonia reacts to form ammonium sulfate,

a significant fraction of the ammonia in winter forms

ammonium nitrate.

Carbonaceous material size distributions, OM and

EC, are slightly different from the summer. In winter the

single mode peaks around 0.32 mm, indicating a greater

influence of primary particles in the size distribution

(Seinfeld and Pandis, 1998). The wide shape of the size

distribution indicates that growth of material and long-

range transport are still important factors. During the

winter, the GMD for the total carbonaceous PM2.5 size
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distributions is 0.25mm, reflecting the increased winter

influence of primary emissions and the slower growth to

larger particle sizes.

Fig. 8b shows the gravimetrically determined

mass and the sum of the masses of each chemical

compound identified for the winter. The sum of the

identified compounds is in agreement with the measured

PM2.5, within experimental errors, without any

corrections.
8. Ultrafine particles mass composition

The chemical composition of ultrafine particles

(0.056oDpo0.10mm, collected by the last MOUDI

stage) is shown in Fig. 10. Most of the ultrafine mass is

collected by the last stage of the MOUDI. For the two

intensive periods, ultrafine mass concentrations are

comparable, around 0.6 mgm�3. The fraction of ultrafine

mass to the total PM2.5 ranges from 0% to 11% for the

summer and from 0% to 18% for the winter. Number

concentrations of ultrafine particles are 23� 103 cm�3

for the summer and 19� 103 cm�3 for the winter

(Stanier et al., 2004).

During the summer, on average 70% of the measured

ultrafine mass can be explained by the sum of the

concentrations from the identified components. Depend-

ing on the errors of the measurements the identified

percentage ranges from 40% to 100% of the summer

ultrafine mass. Carbonaceous aerosol (OM and EC) is

the largest identified component of the ultrafine mass

(around 50%). Sulfate and ammonium contribute 28%
Fig. 10. Identified ultrafine mass composition (56 nmoDpo
100nm) for the summer and the winter intensive at PAQS.
and 12%, respectively. These three compounds account

for around 90% of the identified ultrafine mass during

the summer. The ‘‘other’’ fraction is inorganic material

(e.g. sodium, oxalate, potassium, magnesium and

chloride) with individual mass contribution o2% of

the ultrafines.

For the winter, on average 65% of the mass is

accounted for. The identified chemical species explain

from 40% to 100% of the ultrafine mass during the

winter. The chemical composition of the ultrafine

particles is different during the winter. Carbonaceous

material accounts for more than 70% of the

mass. Ammonium sulfate accounts for around 25% of

the ultrafine mass. The high contribution of carbonac-

eous material during the winter is consistent with the

increase in carbon emissions from combustion of

material for heating purposes (Cabada et al., 2002b).

A large fraction of crustal material in the ultrafine mass

has been identified in studies in Central California,

during the winter (Chung et al., 2001). For PAQS, the

contribution of crustal compounds to the ultrafine

mass is negligible, with o1% for both summer and

winter.

Southern and Central California studies indicate

similar mass composition of ultrafine particles during

the winter. Hughes et al. (1998) reported that most of

the ultrafine particle composition in Pasadena, Califor-

nia, was carbonaceous material (OM and EC) during the

winter (>40%), followed by around 5–25% of trace

metals. Negligible contributions of sulfate and nitrate

were reported. The unidentified fraction of material in

the ultrafine mass is reported to be from 23% to 43%.

Chung et al. (2001) reported that the ultrafine aerosol

composition for Bakersfield, California, during the

winter is mostly composed of inorganic material, crustal

compounds, and trace metals. However, one of the

major components identified is OC, contributing about

20% of the ultrafine mass. Calcium concentrations in

the ultrafine mass were reported to be around 20%.

Considerable amounts of nitrate, sodium and sulfate

were also found (>5%). The ‘‘unknown’’ material in the

ultrafine mass was reported to be between 0% and 50%.

During September 2002, an aerosol mass spectrometer

(AMS, Aerodyne Inc.) measured size distributions of

sulfate, nitrate and OM between 30 nm and 2 mm at

PAQS main site. On average, the ultrafine mass was

mostly composed of organic material (50–70%). Sulfate

was detected in the ultrafine section for particle

diameters larger than 70 nm. The sulfate contribution

to the ultrafine mass varied from 20% to 50%.

Negligible quantities of nitrate are reported for the

ultrafine mass. Results by the Aerodyne AMS are

consistent with the MOUDI ultrafine mass composition

for the summer. Both approaches show that OM is a

major component of the ultrafine mass in the area

followed by sulfates.
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9. Conclusions

Size-resolved mass distributions have been measured

using a MOUDI impactor for 12 months, during the

PAQS. Measurements of PM0.056, PM0.10, PM0.18,

PM0.32, PM0.56, PM1.0, PM1.8 and PM2.5 are available

for the length of the study. A seasonal dependence of all

the mass fractions is observed, with higher concentra-

tions during the summer and lower concentrations for

the winter and spring. High correlation exists between

PM2.5 and PM1.0.

The MOUDI PM10 concentration was around 20%

less than the gravimetrically determined PM10 mass. The

discrepancy is probably due to losses of coarse particles

to the walls of the impactor or bounce-off from the

collecting stages. Good agreement between the PM2.5

collected by the MOUDI and other integrated mass

samplers is obtained for the length of the study.

Mass distributions for all seasons are dominated by

the accumulation mode, with the condensation mode

around 0.2mm, and the droplet mode around 0.7 mm.

Size distributions of the major inorganic compounds

and carbonaceous material were measured for two

intensive periods (July 2001 and January 2002). The

summer is characterized by a higher peak in the droplet

mode, indicating a greater influence of heterogeneous

production of inorganic material (sulfate, ammonium)

and significant cloud processing. OM is also abundant in

the droplet mode. During the winter and fall, the

condensation mode becomes more important indicating

more influence from primary emissions of carbonaceous

material and slower photochemical production and

growth.

More than 50% of the OM is lost from the MOUDI

aluminum foils as compared to a filter-based sampler

during the summer. Good agreement is observed during

the winter. OM losses during the summer are mainly due

to volatilization of material due to higher ambient

temperatures and higher concentrations of secondary

organic species (i.e. SOA). Significant volatilization

of nitrate from the MOUDI is also observed in the

summer. Reasonable agreement between the gravime-

trically determined mass and the sum of the masses of

the individual compounds is achieved if the losses of

OM and nitrate are considered and if the water content

of the aerosol is taken into account.

Reasonable correlation is observed between the

MOUDI and the DAASS when the ratios of PM0.1 to

PM2.5 and V0.1 to V2.5 are compared between each other.

Possible bouncing of particles in the MOUDI is

introducing an error o30% for the ultrafine mass and

composition. Winter and summer intensives ultrafine

concentrations are somewhat different, with higher

contribution of carbonaceous material during the

winter. Number concentrations are slightly higher

during the winter. During the summer, carbonaceous
material contributes around 50% and sulfate and

ammonium contribute 28% and 12% of the ultrafine

mass, respectively. Small amounts of other inorganic

material (e.g. sodium, oxalate, potassium, magnesium

and chloride) account for around 10% of the ultrafine

mass. During the winter, carbonaceous material ac-

counts for more than 70% of the ultrafine mass,

indicating a greater influence of primary emissions from

combustion sources to the Pittsburgh ultrafine aerosol.

Sulfate and ammonium are the most important inor-

ganic compounds in the ultrafine regime accounting for

around 25% of the mass. Negligible amounts of crustal

material are detected in the ultrafine particles in either

summer or winter.
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