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[1] During the Atlanta Supersite Experiment (ASSE) in August 1999, a three-channel
particle composition monitor (PCM) was used to measure PM2.5 mass and composition as
well as gas-phase NH3, HCl, HNO3, HONO, SO2, and acetic, formic, and oxalic acids
over integrating periods of 10–24 hours. The period was characterized by stagnant periods
associated with high temperatures, relative humidities, and UV radiation, underlying
parameters causing photochemical activity with intense ozone, and PM2.5 formation.
Analysis of diurnal measurements points to photochemical sources of HNO3, HONO,
acetic, and formic acids. NO2 denuder artifact reactions are assessed, and it is found that
the secondary heterogeneous O3 reaction potentially overcorrects the nitrite to nitrate
oxidation step on the denuder walls, underestimating [HNO3] and correspondingly
overestimating [HONO]. The high ambient humidity caused gravimetric mass to be
systematically high by about 20 ± 8%, which was interpreted as hydrate artifact and
corrected for. Despite this correction, and inclusion of other organic elements (OOE)
(OOE = 0.6 * organic carbon (OC)), an average percent fraction unidentified mass of 13 ±
10% relative to the total reported mass concentration still remained. However, if
semivolatile OC collected on an XAD-coated quartz backup filter placed downstream of
an XAD-denuded quartz front filter are included, an almost complete closure in the mass
balance is achieved. The possible use of different OOE factors for OC and semivolatile
OC (here 0.6 and 0.4, respectively) is also investigated, taking into account the different
physical properties of carbon species collected from quartz front and XAD-coated quartz
backup filters. It can be speculated that photochemically well-aged and well-mixed air
masses contain organic compounds with more highly oxygenated and less volatile
functional groups, whereas under more stagnant conditions, particle-phase organics might
be less oxygenated and therefore more volatile. Sulfate and all organic compounds
(including particle bound light organic acids, organic carbon, and OOE) are the main
identified contributors to overall PM2.5 mass with 32 ± 8 and 39 ± 12%, respectively.
Acidity calculations based on the particle-phase SO4
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�/NH4
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1. Introduction

[2] Time-integrating measurements of fine particles with
aerodynamic diameters �2.5 mm (PM2.5) were made during
the Atlanta Supersite Experiment (ASSE) in August 1999.
PM2.5 mass and species concentrations were measured by a
particle composition monitor (PCM) developed at the
Southern Center for the Integrated Study of Secondary Air
Pollutants (SCISSAP). The particle-phase species reported

here are sodium (Na+), calcium (Ca2+), ammonium (NH4
+),

chloride (Cl�), nitrate (NO3
�), sulfate (SO4

2�), the salts of
certain light organic acids, i.e., formate (HCOO�), acetate
(CH3COO

�), and oxalate (C2O4
2�), as well as elemental

carbon (EC) and organic carbon (OC). In addition to the
particle-bound species, the PCM operation allows the deter-
mination and quantification of the following important gas-
phase species NH3, HCl, HONO, HNO3, SO2, HCOOH,
CH3COOH, and (COOH)2, which are reported here as well.
[3] The ASSE was sponsored by the U.S. Environmental

Protection Agency (EPA) providing a platform to compare
and evaluate the performance of a variety of different
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measurement techniques under summertime conditions
[Solomon et al., 2003a]. While EPA’s interest was partic-
ularly focused on the evaluation of discrete chemical
speciation samplers that have been historically used accord-
ing to EPA’s PM2.5 Federal Reference Method (FRM) [see
U.S. Environmental Protection Agency (EPA), 1997] versus
new innovative designs that allowed a more comprehensive
and complete speciation measurement over 24 h sampling
intervals, higher time-resolved research grade instruments
were operated as well. A detailed analysis and comparison
of the various discrete sampling methods employed during
ASSE is provided by Solomon et al. [2003b]. The results of
our discrete method are also compared with higher-resolved
techniques by P. K. Dasgupta et al. (unpublished manu-
script, 2001) and by Weber et al. [2003]. We report here the
design and performance of SCISSAP’s PCM, detailing
operational criteria for the measurement of PM2.5 mass
and composition, as well as most relevant gaseous species.

2. Methods Description

[4] The measurement principle of our PCM is based on
successive separation of particles larger than 2.5 microns
aerodynamic diameter, followed by the separation of gas-
eous species from the particles prior to PM2.5 collection on
inert substrates with absorbing backup filters. The sampler
is a 3-channel system designed to collect 6 to 24 hour
integrated PM2.5 samples at nominal flow rates of 16.7 l
min�1. The sample air flow rate is mass flow controlled, and
the sample media are kept �4�C above ambient temperature
inside the box. Figure 1 provides a schematic of the general
setup and critical operating parameters.
[5] In all 3 channels, PM2.5 separation is achieved by a

standard, Teflon coated cyclone head manufactured by the
University Research Glass Corp. (URG, 116 S Merrit Mill
Rd, Chapel Hill, NC 27516) adapted from Cooper and Alley
[1994]. This type of cyclone was characterized by Kenny
[1998], who reports a D50 cut-off value for 50% aerosol
penetration of 2.46 ± 0.015 mm (1-sigma), and a ‘‘sharp-
ness’’ defined by Peters and Vanderpool [1996] as (D16/
D84)

0.5 of 1.45. Compared to impactors, the cyclone is
believed to be advantageous in that it is not subject to
particle bounce, contamination and possible collection
capacity exceedances [Turner and Hering, 1987; Keuken
et al., 1988, Pak et al., 1992; Stein et al., 1994]. A 30 cm
long inlet tube, 14 mm ID, is attached to each cyclone.
Tubes and cyclones are coated with two 25 mm thick layers
of polytetrafluorethylene (PTFE) and perfluoroalkoxy
(PFA) monomers. Special tests performed in comparison
with fused silica coated inlets and cyclones showed the
Teflon coat having superior characteristics for the trans-
mission of NH3 and HNO3 gases. The transmission effi-
ciency of new, cleaned surfaces varied between 82 and 99%,
supporting the findings from Neuman et al. [1999]. The
efficiency with which the inlet tubes and cyclone heads
would transmit gaseous NH3 and HNO3 in the sampled air
was checked again at the end of the study, after more than 4
weeks of continuous air sampling, and showed only slightly
higher values, that were statistically indistinguishable, but
still pointing to possible surface passivation effects.
[6] As illustrated in Figure 1, two of the three PCM

channels are dedicated for the determination of ionic species

following sample analysis via ion chromatography (IC),
while the third channel yields quantitative analysis of the
elemental and organic carbon (EC, OC) content of the
PM2.5 samples using the thermal optical transmittance
(TOT) method of Birch and Cary [1996]. The following
sections describe the specific details of the sampling pro-
cedure, the IC and EC, OC analyses, and assumptions made
for the calculations of the final concentrations data.

2.1. Analysis of Gas and Particle-Phase Ionic Species

[7] Each of the three channels is configured differently in
that different gases are removed from the sample stream

Figure 1. Standard PCM setup with three independent
sampling channels in a weather proof, temperature con-
trolled box. The 30 cm long Teflon coated inlets (ID = 1.4
cm) are attached to cyclones with 50% cutpoint efficiency
for 2.46 mm aerodynamic diameter at a flow rate of 16.7 l
min�1 resulting in a filter face velocity of 20 cm s�1 for
each channel. D1, D2. . . 3-annuli denuder tandem Na2CO3/
C6H8O7 coated, 24 and 15 cm long, 0.1 and 0.06 s sample
residence time under plug flow (Re = 295), respectively;
XAD. . .8-annuli coated denuder, 28.5 cm long 0.8 s
residence time; T. . .Teflon filter, 2 mm Zeflour2; P. . .paper
paper filter, Whatman 41, Na2CO3/C6H8O7 coated;
Q. . .quartz filter, prebaked; XAD-Q. . .XAD coated quartz
filter; see text for more details.
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prior to particle collection, by means of appropriately coated
diffusion tubes (denuders). Alkaline gases like NH3 are
removed in the first channel, and acidic gases such as
HONO, HNO3 etc. are removed in the second channel.
The quantitative removal of gaseous species upstream from
the Teflon filter minimizes the occurrence of positive
artifacts typically encountered in undenuded filter pair
sampling; e.g., if HNO3 is not removed by the sodium
carbonate denuder, it will be collected on the sodium
carbonate coated paper backup filter, causing an overesti-
mation of the volatilized fraction of particle-phase nitrate.
Similarly, if NH3 is not removed by the citric-acid coated
denuder, it will potentially neutralize acidic sulfate particles
collected on the Teflon filter, or it will be collected on the
citric acid coated backup filter, causing a positive artifact in
both cases. If denuders are used that quantitatively remove
these gases that are otherwise susceptible to uptake, the
positive artifact is in principle eliminated. However, the
imposed change in equilibrium between particle and gas-
phase species can now cause an increased volatility of
semivolatile species associated with the collected particles
thus generating a negative artifact and necessitating a
backup adsorber [Eatough et al., 1985].
[8] Three concentrically arranged etched glass tubes, 3-

annuli denuders (URG Corp.) are coated with citric acid for
adsorption of alkaline gases, particularly NH3 in the first
channel, and with sodium carbonate for adsorption of acidic
gases, (e.g., HCl, HONO, HNO3, SO2, and light organic
acids, i.e., formic (HCOOH), acetic (CH3COOH), and
oxalic ((COOH)2) in the second channel of the PCM. The
sodium carbonate solution is made up of 20 g Na2CO3 and
20 ml of glycerol dissolved in 500 ml of distilled deionized
water (DDW) and mixed with 750 ml of methanol. The
citric acid solution contains 10 g C6H8O7 and 5 ml of
glycerol mixed into 250 ml of methanol. The same coating
solutions are applied to Whatman 41 cellulose fiber filters
placed downstream of the Teflon filters (see Figure 1), in
order to capture volatilization losses that occur as a result of
the altered gas/solid-phase equilibrium after removal of
gaseous species via the denuders. The recipe for the coating
solution as well as the general denuder-Teflon filter
adsorber setup follows recommendations and experiences
described in the literature [e.g., Allegrini et al., 1987;
Sickles et al., 1988; Vossler et al., 1988; Brauer et al.,
1989; Tanner et al., 1989; Wiebe et al., 1990; Possanzini et
al., 1992; Koutrakis et al., 1993; Suh et al., 1994]. The
coating solutions for both denuders and paper filters are
prepared and applied in dedicated glove boxes under clean,
filtered air microenvironments, in order to keep laboratory
contamination, and therefore field blank levels at a mini-
mum (see data quality section).
[9] The denuder collection efficiency based on the dif-

fusivity of a certain gaseous species can be calculated
according to Possanzini et al. [1983], which results in
99.7% for HNO3, and 99.9% for NH3 for the 24 cm long
denuders, assuming diffusivities of 0.15 and 0.24 cm2 s�1,
respectively. The diffusion-based efficiencies of only 15 cm
long denuders, that were also used here, are less than 3%
smaller and considered indistinguishable from the 24 cm
long ones for the gaseous species presented in this study.
The alkaline coated denuders of different lengths are
assumed 100% effective in retaining the particularly

‘‘sticky’’ gaseous species HONO and HNO3, respectively.
The actual efficiency with which the denuders retain less
sticky species, e.g., light organic acids, is governed, how-
ever, by the adsorption efficiency of the coated surface, and
can only be determined experimentally via a tandem setup
as is the case here. Therefore two denuders of same coating
are operated in tandem where a 15 cm short one follows a
24 cm long one. The sample residence times through the
triple-annuli portion of each denuder, assuming plug flow at
Re = 295, are 0.06 s and 0.1 s, respectively.
[10] Extractions are performed under a laminar flow hood

with a mixed filter bed of activated carbon and citric acid.
Each denuder is subject to a two-step extraction assuming a
total volume of 30 ml DDW. Field blanks for each sample
medium type (i.e., denuders, Teflon and coated paper filters)
are carried together with each sample. These blanks are
handled the same way as the actual samples and serve two
purposes, taking into account possible contaminations as a
result of handling/mounting/dismounting the samples (see
description of calculations below), and determination of the
detection limits for each species investigated.
[11] The Teflon and paper backup filters from channel 1

are dedicated for particle-phase cations Na+, Ca2+, and NH4
+,

while particle bound concentrations of Cl�, NO3
�, SO4

2�, as
well as formate, acetate, and oxalate are determined from
the channel 2 samples. Only ammonium nitrate and the
organic acids are considered subject to possible volatiliza-
tion loss off the Teflon filters (negative artifact). All filters
are 47 mm in diameter and experience a face volicity of
�20 cm s�1 at nominal sample flow rates of 16.7 lpm. The
gravimetric mass of the sampled PM2.5 is determined from
the Teflon filters, after an equilibration process as described
later. Once the Teflon filter mass has been determined, the
filters are extracted via 30 min sonication in 30 ml heated
DDW. The paper filters (blank included) undergo a two-step
20 ml DDW extraction under a laminar flow hood supplied
with a bed of activated carbon and citric acid providing
contaminant-free air.
[12] IC analysis was used to determine the soluble ion

content of the various extracts applying a dual-channel
Dionex DX-500 ion chromatograph with two separate
EG40 eluent generators; KOH for anions, methane-sulfonic
acid (MSA) for cations, controllable to within 0.5 and 50
mM, and IonPac analytical columns AG11-HC for anions
and CS12A for cations, both in the 2 mm ID microbore
format. Each channel operates a self-regenerating SRS-
ULTRA suppressor in external DDW regeneration mode,
a CD20 conductivity detector, and a GP50 gradient pump.
The applied microbore system allows economical analyte
flow rates of 0.25 ml/min for cations, and 0.35 ml/min for
anions. DDW is supplied by a Barnstead E-Pure at a
resistivity of 18.0 ± 0.3 M� and fed directly to the EG40.
Degassing is performed on-line immediately after the eluent
is added to the DDW well upstream of the injector.

2.2. Analysis of Particle-Phase Elemental
and Organic Carbon

[13] Undenuded quartz filter collection of particulate
organic compounds suffers from positive or negative sam-
pling artifacts due to the adsorption of condensable organic
vapors on, or volatilization of semivolatiles off the sample
filters [Turpin et al., 1994; Eatough et al., 1995]. In a
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former carbonaceous species method intercomparison study
in the western United States, it was estimated that organic
vapor adsorption on quartz filters causes organic aerosol
concentrations to be overestimated by 14 to 53% [Hering et
al., 1990]. A more recent study based on filter measure-
ments made during the summer of 2000 in Atlanta, Macon,
Augusta, and Columbus, Georgia, revealed potential site-
specific overestimations between 38 and 68% (K. Baumann
et al., unpublished manuscript, 2001).
[14] In order to minimize the artifacts induced by semi-

volatile organic compounds (SVOC) that exist in the
atmosphere in equilibrium between the gas and particle
phases, a specially coated denuder was applied upstream of
sample quartz filters during the study described here.
Diffusion-based air sampling of SVOC using specially
coated glass annular denuders was first reported by Gundel
et al. [1995], and it has been used in the Integrated Organic
Gas And Particle Sampler (IOGAPS) for the measurement
of gas and particle-phase concentrations of SVOCs such as
polycyclic aromatic compounds (PAH), pesticides, and
halogenated species [Lane and Gundel, 1996; Gundel and
Lane, 1998; Lane, 1999]. The denuder used here is a
downsized version of the one used in the IOGAPS, and
identical to what has been reported as the Versatile Air
Pollution Sampler (VAPS) by Stevens et al. [1993] and
Pinto et al. [1998]. The effective coating material is finely
ground XAD-4 resin, a porous macroreticular, nonpolar,
polystyrene-divinylbenzene resin, which is insensitive to
highly volatile organic compounds (VOC) but was selected
as the sorbent because of its high surface area (725 m2/g) for
adsorption of a wide range of gas-phase SVOC from the air
stream [Lane et al., 2000]. In order to increase the denuder
efficiency and capacity, the denuder has 8 annuli with a 1
mm separation, etched quartz glass surfaces, and is 285 mm
long and 52 mm in diameter. The denuder is prepared and
coated in a controlled environment prior to sampling, using
procedures adapted from Gundel et al. [1998].
[15] The XAD coated denuder efficiency depends on the

concentrations of the sorbed species in the air stream and
the amount of sorbent [Adams et al., 1977]. However, at
low concentrations the volumetric capacity depends on the
total volume of air sampled and is independent of the gas-
phase concentrations of the sorbed species. At higher inlet
gas-phase concentrations the adsorption sites could be filled
before the volumetric capacity is exceeded because the
weight capacity of the sorbent has been reached [Gundel
and Lane, 1999]. Thus the best choice of sampling time and
flow rate depends on the anticipated mass loading in the
sampled air, as well as the total amount of air that is passing
through the sampler. For the measurements described here,
the XAD coated denuders are assumed to have a 100%
collection efficiency for SVOC vapors such as PAH. The
denuders were extracted according to a specific SOP, and
the extract was concentrated via rotary-evaporator but
speciation of the aliquots is still pending.
[16] As indicated in the introduction to above section, and

illustrated in Figure 1, the principle sampling setup for
EC,OC is identical to the one for inorganic species in
channel 1 and 2, in that the separation of the vapor phase
by means of denuders requires the use of an appropriate
adsorber downstream of the main PM2.5 filter substrate, in
order to adequately account for volatilization losses of

semivolatile compounds. Prior to sampling, the sample
quartz filters as well as the quartz backup filters (both
Pallflex #2500 QAT-UP) are baked at 600�C for at least 2
hours and stored in polystyrene petri dishes at 1�C until
sampling. All quartz filters that have been sampled on,
including the field blanks, are stored in same petri dishes at
�19�C until TOT analysis, which is in accordance with the
NIOSH method described by Chow et al. [2001], and more
specifically detailed for the measurements here in a com-
panion paper by K. Baumann et al. (unpublished manu-
script, 2001).
[17] Quartz filters are assumed to have substantial more

sorbing capacity for condensable organic vapors than Tef-
lon filters. For example, Turpin et al. [1994] found the
surface area of quartz fiber filters about 5 times larger than
that of Teflon membrane filters, hence providing a micro-
environment in which condensable organics may not reach
equilibrium between the gas phase and the adsorbed phase
with respect to the quartz fibers during sampling. Eatough
[1999] reported significant amounts of adsorbed vapor on a
quartz fiber filter (positive artifact) in urban environments.
However, the removal of vapor-phase SVOCs by the XAD-
denuder upstream of the quartz filter disturbs the gas-
particle equilibrium of the condensable organics, enhancing
losses of semivolatiles from the collected particles (negative
artifact). Since most of the denuded particle mass collected
on the quartz front filter resides in the furthest upstream
portion of the fibers [McDow, 1999], it seems possible that
some semivolatiles might condense onto the farther down-
stream portion of the same filter. Due to the depth (thick-
ness) of a quartz fiber filter, we distinguish between the side
that faces the denuder (i.e., upstream) and the side that faces
the backup filter (i.e., downstream). Therefore under the
assumption of 100% denuder efficiency, the amount of OC
measured on the XAD coated backup filter is considered a
lower estimate for semivolatile organic carbon (denoted
svOC due to the method of detection).
[18] For the measurements described here, an XAD-4

resin coated quartz filter was used as the backup adsorber
and analyzed. The coating solution is made from a slurry of
1.22 g finely ground XAD-4 and 200 ml hexane, which is
used to coat 40 prebaked quartz filters. The coating proce-
dure is as described by K. Baumann et al. (unpublished
manuscript, 2001). While the sampled front filter is subject
to TOT analysis according to Birch and Cary [1996], the
XAD coated backup filter undergoes a modified analysis
which is significantly different from that used for the
conventional quartz filters. As in the case for the regular
quartz filter, a precision tool is used to punch out a 1.45 cm2

section of the XAD coated quartz filter. The sample punch
is then placed into the TOT analysis oven, where carbon
from condensable organic vapors that have been captured
on the XAD-coated filter is catalytically oxidized to CO2. In
contrast to the conventional TOT analysis program [Birch
and Cary, 1996], where EC is measured in a 5.24% O2

atmosphere after the O2-free OC stage, the evolving carbon
here is being oxidized exclusively by surface catalysis
(using the MnO2 bed at 900�C) in a pure He atmosphere.
The oven temperature at the punch is stepped up to 176�C
from �50�C within �1 min and held constant at 176�C for
a period of �3 min. In contrast to a regular, uncoated quartz
filter run, no O2 is introduced to the oven and no EC is
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generated or measured. The split point between OC and EC,
which is usually determined by the point where the same
amount of laser light is being transmitted through the punch
as before the sample run, is made here meaningless and set
before the internal CH4 calibration. As for all sample media,
field blanks are carried and analyzed for each XAD-coated
quartz sample filter as well.

2.3. Quantitation of Atmospheric Concentrations
and Underlying Assumptions

[19] Denuder-sampling and separation of reactive gases
from particles make use of (1) the diffusivity of gases being
orders of magnitude larger than that of particles, and (2) the
ability of a suitably coated wall surface to adsorb or absorb
(depending on the strengths of the physical and chemical
forces) a gas molecule that diffuses onto it, generally
referred to in terms of a ‘‘sticking coefficient.’’ Obviously,
the overall efficiency with which denuders remove these
gases is a combination of both processes. Since the gas
species investigated here all have similar diffusivities, the
overall collection efficiency of a denuder for a given gas is
largely governed by the sticking coefficient of the gas on the
specific wall surface. The sticking coefficient represents
complex interactions and may involve both physical and
chemical forces. Specific uptake of a given species may be
promoted by applying a specific surface coating. Since the
denuders are extracted and quantitated for the species
reported here, artifact reactions are an important consider-
ation as well, and need to be accounted for. The chosen
tandem setup of two identically coated denuders in series
allows an estimate for the possible level of artifact if the
responsible species and mechanisms leading to the artifact
are known. Considerations related to known artifact reac-
tions influencing the HONO and HNO3 measurements
using an alkaline denuder for collection are discussed in
the following.
2.3.1. Nitrous and Nitric Acids
[20] Although sodium carbonate coated denuders of the

present dimensions are 100% efficient for the collection of
HONO and HNO3 sampled at 16.7 l/min, NO2

� and NO3
�

are generally also found in the downstream denuder
extracts. The blank-corrected nitrite and nitrate fractions
retrieved from the second relative to the first denuder are
significant and range up to a maximum 0.29 at average
0.12 ± 0.07 for nitrite and up to a maximum 0.20 at
average 0.07 ± 0.05 for nitrate, respectively. The following
reactions need to be considered to understand this phe-
nomenon and to possibly correct for artifacts during the
second half of the study when no tandem denuder setup
was employed. Ambient NO2 and O3 are known to
undergo heterogeneous reactions on the surface of sodium
carbonate impregnated denuders, in that one nitrite ion
(NO2

�) is produced for each NO2 molecule adsorbed on the
coated surface, and a small fraction of that NO2

� is
oxidized by O3 to produce nitrate ion (NO3

�) [Ferm and
Sjödin, 1985; Allegrini et al., 1987; Koutrakis et al., 1988;
Perrino et al., 1990], which can be expressed as

NO2g þ Na2CO3 � wall ! NO�
2 surfaceðR1Þ

NO�
2 surface þ O3 ! NO�

3 surface þ O2:ðR2Þ

[21] Allegrini et al. [1987], e.g., showed that a sodium
carbonate denuder has typically an NO2 collection effi-
ciency of �2% for 12 h sampling periods, and further
oxidation of NO2

� collected on each of the denuders to
NO3

� by reaction with ambient O3 would be relatively slow.
Therefore the amount of NO2 collected on the second
denuder essentially equals the small amount of the first,
and consequently the magnitude of the O3-induced NO3

�

artifact requiring correction for HNO3 is expected to be
even smaller. However, O3 can as well oxidize NO2

� formed
from HONO adsorption in the first denuder. The NO2

�

derived from NO2g is of course indistinguishable from
NO2

� formed from HONO and both would be oxidized by
O3 at the same rate. The net outcome of the ozone oxidation
is that it produces a negative bias in [HONO] measurement
and an error in [HNO3] measurement that is similar in
magnitude but in the opposite direction.
[22] Another possible mechanism for nitrite artifact is

discussed by Febo et al. [1993], who found HONO artifact
nitrite on sodium carbonate denuders under high ambient
NO2 and SO2 concentrations as a result of changing proper-
ties of the coating layer ‘‘due to the presence of high SO2

concentrations.’’ Tests were performed under laboratory
conditions with ‘‘artificial atmospheres containing 400
ppb of NO2’’ and [SO2] ranging between 50 and 1000
ppbv. It was observed that ‘‘noticeable amounts of interfer-
ing-nitrite are formed on the Na2CO3 denuders and that the
nitrite amount increases with the increase in SO2 concen-
tration.’’ Only a few sample volumes ranging from 1.5 to 5
m3 were exposed to SO2 concentrations between 10 and 50
ppbv, for which a HONO artifact of 0.5 to 1 ppbv was
determined. During ASSE SO2 levels in that range were
observed on only a few days, all during short-term episodes
of a few minutes to a couple of hours during midday;
namely on 08/09 a 10 min spike of 75 ppbv, on 08/11 a 80
min period with [SO2] between 35 and 62 ppbv, and on 08/
13 a 150 min period with elevated SO2 ranging from 31 to
53 ppbv with a 10 min spike of 87 ppbv in between. The 10
min average NO2 levels during these particular episodes
were 28 ppbv, 26 ± 6 ppbv, and 27 ± 12 ppbv, respectively.
Since both NO2 and SO2 levels encountered during ASSE
were significantly lower than what Febo et al. [1993] based
their results on, the possibility of artifact nitrite being
formed on the sulfite layer from heterogeneous SO2-
Na2CO3 reactions on the walls of the first denuder is
considered negligible here. The sporadic occurrence of
SO2 peaks were a typical characteristic of the ASSE
measurement period, and all occurrences other than the
above mentioned had 10 min SO2 spikes less than 50 ppbv,
always accompanied by [NO2] < 40 ppbv. The average SO2

and NO2 levels measured during each PCM sampling period
are presented later on in the discussion section.
[23] Although both the NO2 adsorption and O3 oxidation

of NO2
�
surface are relatively slow, the much greater abun-

dance of NO2g and O3 relative to HONO (typically 1–2
orders of magnitude greater in urban environments), may
still have a significant impact on both the HONO and HNO3

artifacts, and this is investigated here in more detail. As
indicated above, the nitrite initially formed by surface-NO2

adsorption can be assumed the same in both denuders and
the fraction of the total nitrite (which, for the first denuder,
includes that from HONO) converted to nitrate by ozone is
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assumed to be the same in both denuders as well. If the
amount of nitrite measured in denuder 2 downstream of
denuder 1 is assumed to originate exclusively from NO2

adsorption and is x (mmoles), and the nitrate measured in the
same denuder and originating from O3-oxidation of this
NO2-nitrite is y (mmoles), then the artifact nitrite originally
formed is (x + y) mmoles and the fraction of the original
oxidized to nitrate by ozone is y/(x + y). If the measured
amount of nitrite in denuder 1 is z (mmoles) then the NO2

artifact-corrected nitrite (z � x) equals the actual mmoles of
ambient HONO sampled (mHONO) less the amount of nitrite
thus collected that has been further oxidized to nitrate by
ozone, i.e.,

z� xð Þ ¼ mHONO � mHONO 	 y= xþ yð Þ;

yielding

mHONO ¼ z� xð Þ 	 xþ yð Þ=x: ð1Þ

Similarly, if the amount of nitrate measured in denuder 1 is
w (mmoles) the measured NO2 artifact corrected nitrate (w–
y) equals the mmoles of ambient HNO3 sampled (mHNO3)
plus the nitrate derived from ozone oxidation of HONO-
originated nitrite, i.e.,

w� yð Þ ¼ mHNO3 þ mHONO 	 y= xþ yð Þ;

substituting in equation (1),

mHNO3 ¼ w� yð Þ � z� xð Þ 	 y=x: ð2Þ

[24] In addition to the above reactions R1 and R2, NO2
�

and NO3
� artifacts can also be formed due to another

heterogeneous surface reaction involving water vapor as
originally advocated by Ferm and Sjödin [1985]:

2NO2 þ H2O ! HNO3 þ HONO:ðR3Þ

In this surface mediated hydrolytic reaction, formally N(IV)
disproportionates to N(III) and N(V). If we consider the
combined disproportionation reaction R3 plus the reductive
surface conversion of NO2 to nitrate (R1) but neglect the
secondary O3 oxidation step (R2), the actual micromoles of
HONO and HNO3 sampled would be simply calculated
from the differences in nitrite and nitrate found on the 1st
and 2nd denuder, i.e., using the above symbolism:

mHONO ¼ z� xð Þ ð3Þ

and

mHONO3 ¼ w� yð Þ: ð4Þ

[25] Mixing ratios of HONO and HNO3 were calculated
for the period where tandem denuder setup was employed;
i.e., 3 to 18 August, based on both approaches according to
equations (1) and (2) and (3) and (4), respectively, and are
depicted in Figure 2. Note that the only difference in the two
approaches is the assumption considered in equations (1)
and (2), that HONO-nitrite exclusively present in denuder 1

is oxidized by O3 at the same rate as NO2-nitrite, which is
equally present in both denuders. While validity of models
cannot directly be judged, the results shown in Figure 2
indicate that in three cases, at least if taken by itself, the
consideration of the secondary O3 oxidation produces
negative values for HNO3, i.e., it likely overcorrects for
the nitrite to nitrate O3 oxidation step and underestimates
the ambient [HNO3], and correspondingly overestimates
[HONO]. On the other hand if only reactions R1 and R3
are effective, we completely ignore any nitrite to nitrate
oxidation in both denuders and the values from equations
(3) and (4) thus possibly represent the upper bounds for
[HNO3] and lower bounds for [HONO]. The validity of this
assumption as well as the overall accuracy of our denuder-
derived HONO and HNO3 measurements is assessed in
more detail by P. K. Dasgupta et al. (unpublished manu-
script, 2001).
[26] Rather than assuming the exclusive existence of

either scenario, it is possible that all of the reactions are
important. Since no tandem setup was employed during the
second half of the study, i.e., 18 through 31 August, the
above reactions (R1) through (R3) were considered together
with the rationale that the best fit values will automatically
adjust for the relative importance of each reaction. If all
mechanisms are assumed to follow homogeneous kinetics,
such that

d½NO�
2 �surface ¼ p NO2½ �g H2O½ �g dt ð5Þ

d½NO�
3 �surface ¼ p NO2½ �g H2O½ �g dt; ð6Þ

with p being the second order rate constant of R3, and

d½NO�
2 �surface ¼ q NO2½ �g dt � m½NO�

2 �surface O3½ �dt ð7Þ

d½NO�
3 �surface ¼ m½NO�

2 �surface O3½ �dt; ð8Þ

with q being the first order and m the second order rate
constants for R1 and R2, respectively, this yields the
combined expression

d½NO�
2 �surface=dt ¼ p NO2½ �g H2O½ �gþq NO2½ �g�m½NO�

2 �surface O3½ �
ð9Þ

d½NO�
3 �surface=dt ¼ p NO2½ �g H2O½ �gþ m½NO�

2 �surface O3½ �; ð10Þ

for the nitrite and nitrate artifact formation based on
combined effects from ambient NO2, O3, and water vapor in
the presence of the sodium carbonate coated denuder wall
surface. Transforming the above equations and solving for
these nitrite and nitrate artifacts, yields

½NO�
2 �surface¼ð NO2½ �gð p H2O½ �gþqÞÞ= m O3½ �ð Þ� 1� exp �m O3½ �tð Þð Þ

ð11Þ

and

½NO�
3 �surface ¼ NO2½ �gð2p H2O½ �gþqÞt þ ð NO2½ �gð p H2O½ �gþqÞÞ

= m O3½ �ð Þ exp �m O3½ �tð Þ � 1ð Þ; ð12Þ
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respectively. The best fit values for p, q, and m were
determined by iterative nonlinear least squares minimiza-
tion routine [Walsh and Diamond, 1995], using the nitrite
and nitrate values calculated from 10 min NO2, O3, and
H2O data and integrated over the sampling periods using
equations (11) and (12) at each step and the corresponding

nitrite and nitrate values observed for denuder 2 (x and y,
respectively). The fit between modeled and measured nitrite
and nitrate artifacts is presented in Figure 3. The horizontal
bars indicate combined error estimates from the denuder
blank uncertainties and random errors. Both correlations
have similar significance at the 95% confidence level (r2 =

Figure 2. Time series plot of HONO and HNO3 mixing ratios determined according to (a) equations (1)
and (2) based on the assumption that HONO-nitrite in denuder 1 is oxidized by O3 at a rate equal to NO2-
nitrite, and (b) equations (3) and (4) assuming heterogeneous surface reactions involving NO2 and water
vapor equally in both denuders but neglecting the secondary O3 oxidation step; error bars represent the
uncertainty of these measurements based on error propagation.

BAUMANN ET AL.: PM2.5 MASS AND COMPOSITION SOS 4 - 7



0.52 and 0.51 for nitrite and nitrate, respectively). While the
nitrate artifact regression yields a slope and intercept close
to 1:1 correspondence (0.94 and 0.0037 mmol, respec-
tively), the model seems to underestimate the nitrite artifact
especially for increased sampling times and pollution
levels. Similar results have been found when the hetero-
geneous NO2 + H2O reaction is assumed first order in
[NO2] and independent of [H2O]g as suggested by
Kleffmann et al. [1998]. They found a first order rate
constant of �0.002 min�1 for a surface area similar to ours.
However, applying the first order assumption and solving
the modified equations (11) and (12) (where the [H2O]g
terms are essentially eliminated) with the above mentioned
routine, yields a rate constant of �2 	 10�6 min�1, about
three orders of magnitude smaller. This difference can well
be a result of the different surface reactivity, since
Kleffmann et al. [1998] studied the NO2 wall uptake in
an highly acidic milieu, which seemed to effectively
enhance the NO2 uptake via parallel reaction with sulfuric
acid.
[27] The deviation of the modeled nitrite and nitrate

artifact levels from the measured ones might be due to the
fact that artifacts potentially induced by ambient peroxya-
cetylnitrate (PAN) are not considered by the model,
although the PAN artifact might be relatively small [Alle-
grini et al., 1987]. Despite the neglection of PAN’s influ-
ence, the combined model approach seems to explain fairly
well the mechanisms that lead to nitrite and nitrate artifacts
observed on the second sodium carbonate impregnated
denuder, therefore model results are used to estimate

denuder 2 levels for days when no tandem denuder setup
was operated, i.e., the last 8 samples of the study.
2.3.2. Other Reactive Gases
[28] NH3, SO2, and light organic acids are not known to

be subject to artifact reactions that might cause a detectable
signal in the second denuder such as for HONO and HNO3.
However, levels of corresponding ions are found on the
second denuder during this study, that are significantly
higher than the ones found on the field blanks (used to
determine detection limits, see in data quality section).
Therefore a ‘‘chromatographic’’ effect or denuder ‘‘break-
through’’ is considered here for these species. From the
‘‘tandem’’ denuder setup, which employs a 24 cm long
denuder followed by a 15 cm long one of same coating,
denuder efficiencies for these other reactive gases, i.e., NH3,
SO2, and light organic acids are determined. We define the
efficiency fn1 of denuder 1 for species n

fn1 ¼ cnðD1Þ=cnðairÞ; ð13aÞ

and a similar efficiency fn2 of denuder 2 downstream of 1

fn2 ¼ cnðD2Þ= 1� fn1ð Þ 	 cn airð Þf g; ð13bÞ

denoting cn(D1) and cn(D2) the ion concentration retrieved
from denuder 1 and denuder 2 expressed as ambient
concentration respectively, and cn(air) = cn(D1) + cn(D2)
being the ambient concentration of species n. Further
assuming that i) both denuders capture close to 100% of the

Figure 3. Nitrite and nitrate artifacts calculated for the combined two-step NO2-adsorption, O3-
oxidation (R1 and R2) and surface mediated hydrolytic NO2 disproportionation reaction (R3) according
to equations (11) and (12), where results for each 10 min [NO2], [O3], and [H2O] input data were
integrated over the denuder sampling times, versus the nitrite and nitrate levels measured on the 2nd
sodium carbonate coated denuder. The horizontal bars denote the uncertainty of the measurements based
on the combined random errors from the precision estimates and denuder field blank values.
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ambient gases, and ii) denuder 2 has a specific denuder
efficiency equal to denuder 1, i.e., fn1 = fn2 = fn, then the
overall efficiency of the tandem setup for removing gaseous
species n is

�n ¼ fcnðD1Þ þ cnðD2Þg=cnðairÞ
¼ fn1 	 cnðairÞf þfn2 	 ð1� fn1Þ 	 cnðairÞg=cnðairÞ;

resulting in the total fraction of gaseous species removed
from the system

�n ¼ 2fn � f2
n: ð14Þ

In certain cases when no tandem setup is employed, an
average denuder efficiency fn from the previous standard
setup run is assumed. Denuder efficiencies fn achieved for
the August 1999 period are summarized in Table 1. For all
gases (except HONO, and HNO3) the amount found on
denuder 2 is considered breakthrough from denuder 1
upstream. The ambient concentration of a gaseous species n
is then

cn;gas ¼
cn;ionðD1Þ þ cn;ionðD2Þ � 2	 cn;ionðDBÞ

� �
	Mn

�n
ð15Þ

where cn,ion(D1/D2/DB) is the concentration of species n
from denuder 1, 2, or blank, respectively, and Mn is the
mass correction factor (Mgas/Mion), with Mgas/ion being the
molar mass of the gaseous or conjugated ionic species,
respectively. The IC concentration cn,gas (in mg ml-1) is
simply converted to atmospheric mixing ratio in ppbv.
Table 1 clearly indicates that denuder breakthrough is
insignificant for NH3 and SO2, but not so for HCl and the
light organic acids, which can be seen by the overall
denuder efficiencies �n for hydrochloric, formic and acetic
acids being 0.99, 0.989 and 0.971, respectively. The reason
for the observed <100% denuder efficiency for HCl is
unclear. While chloride depletion reactions commonly
observed in sea-salt aerosols seem less plausible here Tsai
and Huang [1995] report a significant evaporative loss of
ammonium chloride from high volume PM10 samples in a

continental environment. It requires more in depth analysis
to investigate if the residence times in our denuders (0.1 and
0.06 s) would allow such an effect, though. It should also be
clearly noted, here that only due to the lack of known
artifact reactions and mechanisms, are the levels of light
organic acids measured on the 2nd denuder interpreted as
breakthrough from denuder 1.
2.3.3. PM2.5 Composition
[29] Among all ions detected on the Teflon filters, Na+,

Ca2+, Cl�, SO4 = are considered nonvolatile; therefore

cn;ion ¼ cn;ionðTÞ � cn;ionðTBÞ; ð16Þ

where cn,ion(T/TB) is the concentration of species n from the
Teflon filter/blank, respectively. The other ions, NH4

+, NO3
�,

acetate, formate, oxalate, which are considered semivolatile,
and therefore require the appropriately coated paper backup
filter, are calculated as follows

cn ¼ cn;ionðTÞ þ cn;ionðPÞ � cn;ionðTBÞ � cn;ionðPBÞ

� 1� �nð Þ* cn;gas
Mn

� �
;

ð17Þ

where cn, ion(P/PB) is the concentration of species n from the
paper filter/blank, respectively. Note that �n equals 1 for
NO3

�. According to above assumptions, the calculations for
EC, OC, and svOC are similar to the soluble, nonvolatile
ions, i.e.,

cEC;OC ¼ cEC;OCðQÞ � cEC;OCðQBÞ ð18Þ

csvOC ¼ csvOCðXQÞ � csvOCðXQBÞ; ð19Þ

in that the amount of EC and OC from the blank quartz
(QB) and the amount of svOC from the blank XAD coated
quartz (XQB) filters are subtracted form the sample quartz
(Q) and XAD quartz (XQ) filters, respectively.
[30] Other organic elements (OOE) were accounted for by

multiplying OC analyzed with a factor of 0.6 according to a
recent study by Turpin and Lim [2001]. The applicability of

Table 1. Data Quality Indicators for Gas and Particle-Phase Species Measured via the PCM During the ASSE99a

NH3 HNO3 SO2 HCl HCOOH CH3COOH (COOH)2

Retrieved from D, ca D, sc D, sc D, sc D, sc D, sc D, sc
fn, % 99 ± 1 100* 99 ± 3 90 89 ± 2 83 ± 7 -
DL, ppbv 0.14 0.05 0.18 0.20 0.10 0.47 0.02
Bias, % 10 11 6 14 6 12 20
Accuracy,% �11

NH4
+ Na+ Ca2+ EC OC SVOC Mtot

Retrieved From T + P T T Q Q XQ T + P
DL, mg m�3 0.29 0.49 0.16 0.31 0.42 1.50 1.44
Bias, % 8 - - 7 5 25 12
Accuracy, % +9 �10 +7

NO3
� SO4

2� Cl� HCOO� CH3COO
� C2O4H

=

Retrieved from T + P T T T + P T + P T + P
DL, mg m�3 0.32 0.21 0.29 0.55 1.10 0.12
Bias, % 24 6 - 17 11 55

aWith denuder efficiencies, fn; detection limits, DL; biases; and accuracies. The data were derived from the different sampling
media, i.e., citric acid or sodium carbonate coated denuders (D(ca)/D(sc), respectively), Teflon filters (T), paper filters (P), quartz
filters (Q), and XAD coated quartz filters (XQ). A denuder efficiency of 100% was assumed for nitric acid (see text). For detailed
description of the procedures used to derive the data, see text.
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this factor’s approximated value, as well as its sensitivity
and uncertainty relative to its effect on mass closure are
discussed later in the Results section.
2.3.4. PM2.5 Mass
[31] Due to the disturbance of the gas/particle-phase

equilibria imposed on the particles collected on the Teflon
filters by use of denuders, blow off of semivolatile species
has to be accounted for. The semivolatile fractions of NH4

+,
NO3

�, and the light organic acids retrieved from the adsorb-
ing paper backup filters (considering blanks and denuder
efficiencies) are added to the gravimetric mass determined
from the Teflon sample filter and blank similar to equation
(17), i.e.,

cm ¼ cmðTÞ � cmðTBÞ þ
X
n

cn;ionðPÞ
�

�cn;ionðPBÞ

� 1� �nð Þ* cn;gas
Mn

� ��
; ð20Þ

where again �n is assumed equal to 1 for HONO- and
HNO3-associated nitrate. Due to their relatively high
volatility, the light organic acids are assumed to be
undetectable via the TOT analysis on quartz filters.
[32] The total PM2.5 mass concentration was determined

gravimetrically from the Teflon filters prior to IC extraction
using a Mettler Toledo MT5 Electronic Balance in a
temperature (21 ± 1�C) and humidity (35 ± 3%) controlled
clean room. The study was characterized by relatively high
levels of ambient relative humidity (K. Baumann et al.,
manuscript in preparation, 2001), and the Teflon filter
samples were found to be systematically high in gravimetric
mass. Therefore a subset of Teflon filter samples was
investigated further and the level of mass artifact possibly
introduced by hydrates was quantitated. Considering the
levels of relative humidity encountered, hydrates can be
formed from water vapor attracted by the hydrophylic
components of the sampled particles and incorporated in a
matrix of molecules or ions. Therefore, if the water con-
centration is not high enough to yield a liquid solution,
water molecules will be incorporated into the solid-phase
compounds and result in hydrates. In order to accelerate the

dehydration process, the subset of Teflon filters was placed
in a desiccator using anhydrous calcium sulfate (97%
CaSO4, 3% CoCl2, W.A. Hammond Drierite Co. Ltd.,
Xenia, Ohio), which resulted in an acceleration of the
dehydration rate of up to 9-fold compared to simple
exposure in the clean room. The dehydration process was
determined to be complete when subsequent weighings
yielded a change within ±10%, which was typically the
case after �4 weeks of clean room exposure. The subset of
these Teflon filters was also used to verify that the observed
loss of mass is not due to losses of any of the identified
ionic species. Corresponding IC analyses showed that the
change in ion content after dehydration was indeed below
the determined level of precision of the measurement.
Therefore the mass loss is assumed to be predominantly
caused by condensed water vapor in the form of hydrates.
[33] Figure 4a shows the final mass after dehydration

versus the initial mass weighed after the samples had been
exposed in the controlled clean room environment for �24
to 48 h. As shown by the slope of the linear regression
(0.774 ± 0.028 standard error), the water vapor induced
mass artifact is on average �20% (r2 = 0.94, n = 11), and
the 1-sigma variation of the individually determined arti-
facts is ±8%. This correction is applied to the gravimetric
masses of all other Teflon filters that were not subject to this
particular experiment and are reported here. Note that
during the experiment the microbalance has maintained a
linear range between 0 and 500 mg to within ±0.0004% and
a detection limit of 0.37 ± 0.7 mg. Also shown in Figure 4
are the PM2.5 mass concentrations of all inorganic com-
pounds (TIC) detected via IC in Figure 4b, and OC in
Figure 4c, each versus the calculated mass of hydrates
Mhydrates, respectively. While the correlations in Figures
4a and 4b are statistically significant at the 95% and 90%
confidence levels, respectively, Figure 4c indicates not more
than a trend. Nevertheless, it is interesting to note that the
OC determined from quartz filters show a negative trend
relative to the amount of water hydrated, while TIC indi-
cates a clear positive trend, which is expected considering
that TIC are mainly water-soluble, polar substances (e.g.,
sulfate, nitrate, sodium, chloride, etc.). It should be noted
here, that TIC includes the amount of semivolatile ammo-

Figure 4. (a) Absolute mass lost due to dehydration (Mfinal) versus the initial gravimetric PM2.5 mass
(Minitial) of a subset of 11 Teflon sample filters, and correlations between the assumed mass of hydrates
and average ambient PM2.5 mass concentrations of (b) total inorganic species (TIC), and (c) organic
carbon (OC).
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nium and nitrate retrieved from the backup adsorber, which
is typically only 10 to 20% of the amount of semivolatile
organic acids. The contribution of all semivolatile ionic
species from the paper backup adsorber combined, relative
to the final dehydrated gravimetric mass varies between 1
and 17%, and on average 6 ± 4%. In contrast to the water-
soluble TIC, most organic components are relatively much
less polar and less water soluble. Therefore a high concen-
tration of inorganics will tend to ‘‘attract’’ more water due to
solution processes. On the other hand, relatively hydro-
phobic organic substances will be prone to reject water,
therefore exhibiting lower hydrate artifacts at high concen-
trations. Unfortunately, the real PM composition is not
exhibiting any dominant presence of either one class of
species, rather a mix of components, which results in
relatively poor correlations as shown in Figure 4b and 4c.

3. Data Quality

[34] Field blanks for each sample medium type (i.e.,
denuders, Teflon/paper/quartz/XAD coated quartz filters)
were carried together with the samples on every sampling
day. These blanks are handled the same way as the actual
samples and serve two purposes, taking into account pos-
sible contaminations as a result of handling/mounting/dis-
mounting the samples, and determination of the detection
limits for each species investigated. In calculating the
detection limits, a two-tailed student’s t-distribution and a
confidence level of 95% are assumed. In order to allow for
outliers, 5% of the number of field blanks for each species
are disregarded, with some exceptions in cases of extremely
uniform distributions (no values removed) or extreme out-
liers (up to 10% of values removed due to obvious labo-
ratory contamination, as these cases, including the field
blank outliers, could be associated with certain instances
that deviated significantly from the standard laboratory
procedure). The detection limits for a species n, DLn, were
calculated in the following manner:

DLn ¼ cn;avgðBÞ þ tN�1 � snðBÞ; ð21Þ

where cn,avg(B) is the average blank concentration for
species n,sn(B) is the standard deviation of the blanks
distribution for species n, and tN�1 is the t-value for N � 1
blanks (N = total number of blanks) at 95% confidence level
in a two-tailed student’s t-distribution.
[35] For particulate species concentrations with semivo-

latile character that are derived from a combination of
Teflon and coated paper backup filter values (NH4

+, NO3
�,

acetate, formate, and oxalate), a combined DL, based on the
root mean square, was calculated. Table 1 summarizes the
DLs for each species as part of the general data quality
indicators determined for this data set. Since it is assumed
that vapor-phase SVOC of the sample air are quantitatively
removed by the XAD denuder, therefore disturbing the gas/
solid-phase equilibrium in the vicinity of the quartz front
filter, particle-phase SVOC that might volatilize off the
quartz filter are captured on the XAD coated quartz backup
filter. However, as discussed earlier, the semivolatile portion
of particle-phase OC (svOC) determined from the XAD
backup filter is considered here a lower limit and is treated
separately from the OC determined from the front filter.

Special considerations of svOC are discussed in the mass
balance approach later.
[36] Special side-by-side runs of identical setups, as

performed during the period 18 through 31 August, allow
an assessment of the measurements precision based on the
evaluation of bias. Similar tests investigating the quality of
our EC,OC measurements were performed shortly before
and after the study. The total data set of side-by-side runs is
used to assess the precision for each species n, Pn, which is
defined as follows:

Pn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cn1 � cn2ð Þ2

q
c0n1 þ c0n2
� 


=2
� 100; ð22Þ

where cn1/2 are the concentrations of species nmeasured from
sample media of channel 1 and 2, respectively, and cn1/2

0 are
the final reported concentrations, including semivolatile
components and blank values, as described above. Precision
was calculated for each individual pair of values greater than
theDL. After removal of up to 10% of outliers (identified via
association with abovementioned laboratory contamination),
an average was taken to get the overall precision estimate for
each species reported in Table 1. No data quality indicators
are reported for certain species, particularly oxalic acid (no
D-eff ), sodium, calcium, and chloride (no Pn), since their
values remained below DL for all side-by-side runs.
[37] Accuracy is assessed for SO2, PM2.5 mass, EC, and

OC concentrations. SO2 was also measured continuously by
use of a modified commercial, pulsed UV fluorescence
instrument (model TEI 43C-TL), for which data quality
indicators were determined separately amounting to DL =
0.18 ppbv (for 1 h integration), Pn = ±4% at 88 ppbv and
95% confidence level, and a total uncertainty of ±17% for
the entire measurement range. A least squares linear regres-
sion with the continuous measurements averaged over the
discrete sampling periods, indicates a relative deviation of
the denuder-derived SO2 of 0.91 ± 0.03 at an offset of
�0.10 ± 0.15 ppbv (below DL) and an r2 = 0.99 (at N = 19).
[38] The accuracy of our reported gravimetric PM2.5 mass

concentration is assessed by comparing the dehydrated
Teflon filter mass (related to the ambient sample volumes)
with the corresponding averages from a commercial
Tapered Element Oscillating Monitor (TEOM, R&P Co.,
Inc., Albany, NY). The instrument was operated at constant
50% relative humidity and 60 min integration. The Teflon
filters from the first 9 samples corrected for hydrates
according to the procedure mentioned earlier, and combined
with the successive 11 samples that had been dehydrated,
were linearly regressed with the TEOM data. The least
squares linear fit (slope = 1.06 ± 0.07, intercept = 0.43 ± 2.1
mg m�3) indicated a thus interpreted accuracy of +6% at r2=
0.93. Although the semivolatiles determined from the paper
backup filters have a combined uncertainty of ±25%, the
error propagation analysis yields an average uncertainty of
the reported total gravimetric mass concentration of +7%.
[39] The accuracy estimates for EC (+9%) and OC

(�10%) listed in Table 1, were derived from comparison
measurements sending punches of three different quartz
filter samples to the National Institute for Standards and
Technology for analysis (NIST). The least squares linear fit
with the NIST measurements being the independent varia-
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bles, resulted in a slope of 1.09 ± 0.43 (r2 = 0.87) and an
intercept of 0.34 ± 0.56 mg m�3 for EC, which is below the
DL, whereas the OC regression had to be forced through
zero, since the OC values ranged between a relatively
narrow span of 13 and 20 mg m�3 yielding a slope of
0.90 ± 0.02 at a coefficient of determination (r2) of 0.97.
Note that these are uncertainties related only to the principle
of quartz sample analyses, and that uncertainties arising
from intrinsic sampling errors such as positive and negative
artifacts, specificity and efficiency of XAD-coated denuders
and backup adsorbers are much harder to assess. Probably
the biggest uncertainty in the EC determination arises from
the pyrolysis correction, which Chow et al. [2001] report to
be between a factor of 1.2 and 10 too low, with urban
samples at the lower and rural samples at the higher end.
[40] Lewtas et al. [2001] showed that trace-level VOC

potentially released from residual solvent (hexane, dichlor-
methane, acetone) used for denuder extractions between
sample runs, were not causing a significant artifact OC
signal on the quartz filters downstream, demonstrating that
these solvents’ vapor pressures are too high to allow
condensation onto the quartz fibers under ambient sampling
conditions. It should be noted, that instead of acetone, the
slightly less volatile methanol was used here in the last
extraction/cleaning step. K. Baumann et al. (unpublished
manuscript, 2001) determined the XAD denuder efficiency
to be better than 95% for Atlanta air, and that a negligible
amount (between 0.14 to 0.29 mg m�3) of VOC being part
of the sample air or possibly released by the denuder itself,
or gas-phase SVOC that is not being retained by the
denuder, is captured by the XAD coated backup adsorber.
Hence, we have reason to assume that the XAD resin
whether applied as a coating on the denuder walls or on
the quartz filter fibers retains the same species of gas-phase
SVOC, and therefore does not change the adsorbing char-
acteristics and affinity toward certain species. Nevertheless,
the data quality indicators stated for XAD quartz filters in
Table 1, DL = 1.5 mg m�3 and ±25% precision, indicate that
the use of XAD coated quartz filters bear great potential for
contamination during the entire sampling and analysis
process.
[41] When investigating closure between gravimetric

mass and identified species concentrations, the term Other
Organic Elements (OOE) is considered, which takes into
account all noncarbon elements contributing to an average
molecular weight per carbon weight of a typical organic
aerosol. The factor 0.4 that has been widely used in the past,
originates from very limited theoretical and laboratory
studies from more than 20 years ago, suggesting it to be
the lowest reasonable estimate for urban aerosols [White
and Roberts, 1977; Countess et al., 1980; Japar et al.,
1984]. A more recent investigation by Turpin and Lim
[2001], however, suggests a factor of 0.6 ± 0.2 to be more
accurate in an urban environment, which will be used in this
study. Therefore the uncertainty in the OOE reported here
can be assumed at ±33%, undoubtedly the largest uncer-
tainty of all otherwise identified contributors to the total
PM2.5 mass concentration. The magnitude of this factor is
further investigated later on, using the mass closure
approach for this data set. The error propagation of indi-
vidual unidentified mass concentrations determined from
the uncertainties of all identified species (including OOE =

0.6 * OC) by approaching mass closure, varies between
±3.7 and ±10.4 mg m�3 with average ±7.5 mg m�3, or ±22%
relative to the total mass concentration.

4. Results and Discussion

4.1. Gas-Phase and Ionic PM2.5 Species

[42] This section characterizes the study period with
respect to the general pollution levels of gas and particle-
phase compounds measured, identifies and describes certain
events and how they affect the measurements, and evaluates
the PM2.5 mass balance and acidity. The following figures
present time series plots of atmospheric mixing ratios of
reactive gases, and PM2.5 mass and individual species
concentrations versus the sample stop times in Eastern
Standard Time (EST). Averages of individual species for
the entire period (labeled ‘‘AVG’’) are arithmetic means,
weighted by the individual sampling times for each period
and associated species variability, since the sampling loca-
tion was in close proximity to a number of different
emission sources with different emission strengths and
under the influence of variable air masses and meteorolog-
ical conditions. PCM measurements and sample analyses
were made for 20 discrete periods during the ASSE. The
duration of most measurements was �24 h every second
day from 0600 EST until 0600 EST on the following day.
On three days, this 24-hour period was split into two 12-
hour periods from 0600 EST until 1800 EST (hereafter
referred to as daytime measurements and marked as ‘‘AM’’
in Figures 5 through 7) and from 1800 EST until 0600 EST
the following day (hereafter referred to as nighttime meas-
urements and marked as ‘‘PM’’). As an exception to the
regular two-day schedule, one additional 12-hour nighttime
measurement was performed on 10/11 August and on two
consecutive days (18 and 19 August), only daytime meas-
urements were conducted.
[43] Figures 5a, 5b, and 5c show the mixing ratios of

gaseous species for each measurement period, as deter-
mined from the citric acid and sodium carbonate coated
denuders. The figures also include, NO2, as well as ambient
temperature, relative humidity and a vertical temperature
gradient measured between 9.5 and 1.5 m agl, averaged
over the respective sampling periods. Acetic and formic
acids are closely correlated with each other (slope = 0.99 ±
0.13, intercept = 1.16 ± 0.56 ppbv formic acid, at r2 = 0.75),
and still significantly correlated with ambient temperature at
r2 = 0.64 and 0.24, and slopes of 0.49 ± 0.08 and 0.27 ±
0.11 (95% confidence level) for formic and acetic acid,
respectively. Similar relationships have been reported in
previous studies indicating that these specific carboxylic
acids can be formed via secondary photochemical pathways
as well as emitted from common sources, e.g., microbial
soil activity and decay [Talbot et al., 1995], or combustion
processes [Khwaja, 1995]. The nighttime measurement
ending on Sunday morning the 8th at 0600 EST where high
formic and even (exceptionally) higher acetic acid levels
correlate with high [NO2] and [HONO] under extremely
stable atmospheric mixing conditions as indicated by the
positive temperature gradient of �1�C per 8 m, suggest a
potential sensitivity to nearby vehicular sources and lack of
mixing, supporting earlier findings from Khwaja [1995]. It
seems very likely that these sources were automotive
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combustion engines, since a) the road bordering the site to
the south was used for recreational drag racing on some
weekends, and b) a Greyhound bus depot was located just
across this road.
[44] On days when two consecutive 12-hour measure-

ments were performed, nitric acid shows a clear diurnal
pattern, with daytime values significantly higher than night-
time values, also pointing to a photochemical source.
Another observation indicating photochemical sources is
that during an ozone episode on 17–19 August (as
described below), formic and acetic acids are constantly

elevated (between 5.9 and 7.0 ppbv). This observation is
mirrored by some of the campaign’s highest particulate
formate and acetate levels found in the fine mass particles
on 18 August (AM) and 19 August. Nitric acid mixing
ratios are constantly rising (from 3.2 to 7.0 ppbv) during the
three-day period. Even oxalic acid, which is close to or
below its detection limit of 0.02 ppbv for most of the
measurement periods, exhibits its highest mixing ratio
during the campaign of 0.20 ppbv for the daytime measure-
ment on 19 August. From these observations, it seems likely
that during the period 17–19 August, atmospheric condi-

Figure 5. Mixing ratios of important gaseous species and meteorological parameters averaged over the
discrete PCM sampling times denoted as end times in EST for (a) NH3, HCl, and SO2 in ppbv (left axis),
and vertical temperature difference between 1.5 and 9.5 m agl in �C (right axis); (b) the light organic
acids in ppbv, and maximum 1 hour UVB in W m�2 (left), and ambient temperature in �C (right); (c)
HONO and HNO3 in ppbv (left), as well as NO2 in ppbv, and relative humidity in% (right). HNO3 and
HONO values after 08/18 are corrected for modeled NO2 artifact reactions, as described in the text. All
met parameters as well as NO2 are averaged from 10 min data.
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tions leading to a buildup of ozone also resulted in for-
mation of acidic gases and fine particle mass.
[45] Another notable feature in the time series of gas

measurements are minima for three periods, 11 August
(PM), 14–15 August, and 26 August. The patterns during
the two latter periods can be explained by meteorological
conditions. For the nighttime measurement ending on the
morning of 14 August, light rain was prevalent during most
of the sampling time (as indicated by the clearly higher
average relative humidity levels compared to the previous
12 h daytime period), likely leading to washout/rainout of
the gaseous species, which are all easily soluble in water.
During the daytime of the 15th, all photochemical products,
including ozone, remain relatively low despite high light
levels as suggested by the maximum 1 h UVB intensity of
3.4 W m�2. UVB was measured by a pyranometer (model
UVB-1 from YES, Inc., Turner Falls, MA) utilizing a
fluorescent inorganic P-MgWO4 material to convert UVB
light to visible light, which is in turn measured by a solid-
state GaAsP photodiode (Hamamatsu G1117). The sensor
has its peak spectral response in the green between 280 and
320 nm. However, as the weather pattern changed, with
winds veering from northerly to southerly directions under
increasing barometric pressure, relatively clean air was
brought in, as seen by the absolute lowest NO2 levels of
the entire study, suggesting generally low levels of photo-
chemical precursors. During the period ending on 26
August, all gases exhibit mixing ratios less than 2 ppbv,
with the exception of ammonia (and SO2). On 24 August, a
strong cold front moved across Georgia intercepting moist
air from the east, causing widespread precipitation and
almost 4 cm of rain at the site. The front was followed by
a 2–3 day period of moderate westerly winds associated
with cloudy skies, cooler temperatures and considerably
lower O3 levels, as the Atlanta urban plume was carried out
to the east (seen by Figures 5 and 6). The 24-hour measure-
ment period ending on the morning of 26 August was
therefore characterized by reduced UVB-radiation, the
study’s highest average humidity and lowest ambient tem-
perature levels and overall lowest mixing ratios of most
gases. On the contrary, SO2 did not experience a significant
drop in its mixing ratio, instead seems to generally correlate
with the vertical temperature gradient, i.e., it is the lowest
under stable atmospheric conditions of nocturnal surface
inversions and highest under well-mixed daytime condi-
tions, pointing to more regional transport and dispersion
characteristics associated with power plant emissions.
[46] As opposed to these two periods above, there was no

local precipitation during the nighttime measurement period
ending on the morning of 11 August. However, light,
scattered rain and hazy conditions were reported throughout
the region, particularly in Alabama, Georgia, and northern
Florida, and the average relative humidity at the site was
87%. All gases exhibit very low mixing ratios (less than 1.2
ppbv) except NO2, which averages 20 ppbv, and acetic and
formic acids, which are still at some of their lowest values
(2.8 and 3.4 ppbv, respectively), as the site is under the
influence of slow westerly flow. The hourly maximum ozone
mixing ratio on 10 August was 75 ppbv, the second lowest
value during the campaign, and is depicted in Figure 6 next
to the results from the 10–11 August nighttime measure-
ments. While this might explain the low gas mixing ratios, it

is somewhat contradicted by the high fine mass concentra-
tion encountered during the same period (45.1 mg m�3). A
reversed diurnal pattern is detected for HONO, with higher
values during the p.m. periods, compared to the respective
preceding a.m. periods. The reason for this is that during
most of the p.m. periods no or very little sunlight is available,
minimizing HONO removal via photolysis in the 300 to 405
nm range [Stutz et al., 2002]. It is also known that primary
vehicular emissions can produce large amounts of HONO
[Atkinson et al., 1986; Sjödin and Ferm, 1986; Kirchstetter
et al., 1996; Li et al., 1997]. P. K. Dasgupta et al. (unpub-
lished manuscript, 2001) therefore suggest that the elevated
[HONO] are largely due to primary vehicular emissions
combined with secondary heterogeneous nighttime reactions
similar to the ones discussed above (see section 2.3.1). No
obvious correlation can be seen between PM2.5 species such
as sulfate and nitrate and their gaseous precursors SO2,
HONO and/or HNO3, which might be due to the fact that
the site was under the influence of various different sources,
many of them in very close proximity, allowing very little
atmospheric processing. Due to the impact of air masses of
different origins and compositions, good correlations
between the gas and the particle phases are not expected.
[47] Figure 6 shows the chemical composition of PM2.5

mass for each single measurement period. The unidentified
mass is the remainder of the gravimetrically determined
mass (including the semivolatile components of ammonium,
nitrate, acetate, formate, and oxalate as determined from the
paper backup filters described earlier) that is not accounted
for by the species detected and quantified here, which
includes OOE considered as 0.6 times OC. On one single
occasion, the nighttime measurement ending on the morning
of 16 August, a negative unidentified mass (�5.3 mg m�3) is
obtained, meaning that our identified mass is higher than the
gravimetrically determined one. Therefore no unidentified
mass can be reported for that measurement period. As
mentioned before, a big factor of uncertainty in the deter-
mination of the unidentified fraction is the OOE factor of 0.6
employed here. Consequently, one possible explanation for
the overdetermination on 16 August could be that the
organic fine mass had a specific composition with a lower
OOE factor, which for this period would result in 0.23 for
mass closure, indicating the presence of relatively oxygen-
poor organic compounds. However, no conclusions can be
drawn about the possible composition of the organic com-
pounds since we are looking only at an average OOE-value
that can be derived from many different distributions.
[48] The main contributors to fine mass concentrations are

SO4
2� and OC as illustrated in Figure 6 and more explicitly in

Table 2. The percent fractions of sulfate and unidentified
mass seem to correlate positively with the total gravimetric
mass concentrations (with slopes of 0.27 ± 0.18 and 0.41 ±
0.16, and r = 0.33 and 0.57, respectively); i.e., during periods
with the highest overall mass concentrations, the sulfate and
unidentified mass fractions are even higher, i.e., their mass
concentrations seem to increase nonlinearly with gravimetric
mass. The total organic compounds (TOC) (including OC,
OOE, and LOA), on the contrary, are relatively constant, i.e.,
TOC seems to vary proportionally to mass contributing 39 ±
12% to the total (slope =�0.47 ± 0.31, intercept = 58 ± 11%,
and r = 0.35). The third largest (identified) contributor to fine
mass is ammonium which, like TOC, varies proportionally
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Table 2. Chemical Composition of Fine Mass Aerosol for Each of the Measurement Periodsa

Time Start,
EST

Time Stop,
EST

Mass,
mg m�3

NH4
+ SO4

= NO3
� LOAs EC OC OOE Unid svOC

% Error % Error % Error % Error % Error % Error % Error % Error % Error

8/3/99 6:03 8/4/99 6:01 32.2 12 1.0 33 2.0 2 0.4 1 0.5 3 0.2 26 1.3 16 5.1 7 22
8/5/99 6:03 8/6/99 6:01 50.8 11 0.9 36 2.2 1 0.3 1 0.4 2 0.2 18 0.9 11 3.6 18 20
8/7/99 6:03 8/7/99 18:01 40.6 10 0.8 33 2.0 2 0.4 2 0.3 2 0.1 20 1.0 12 3.9 20 21 10 2.4
8/7/99 18:13 8/8/99 6:01 47.8 11 0.9 27 1.6 1 0.3 3 0.4 1 0.1 21 1.0 13 4.1 23 21 15 3.8
8/9/99 6:03 8/10/99 6:00 31.3 11 0.9 31 1.9 2 0.4 2 0.4 2 0.2 19 1.0 11 3.8 21 20 11 2.8
8/10/99 18:01 8/11/99 5:58 45.1 14 1.1 37 2.2 2 0.4 2 0.5 2 0.2 24 1.2 14 4.8 4 22 2 0.4
8/11/99 6:04 8/12/99 6:00 40.4 11 0.9 28 1.7 2 0.4 4 0.8 2 0.1 23 1.1 14 4.5 16 22 10 2.4
8/13/99 6:02 8/13/99 17:43 37.1 8 0.7 23 1.4 2 0.4 2 0.3 4 0.3 27 1.4 16 5.4 17 22 6 1.6
8/13/99 18:00 8/14/99 6:56 20.0 12 1.0 29 1.8 3 0.6 0 0.0
8/15/99 6:02 8/15/99 17:45 23.1 13 1.0 25 1.5 2 0.5 8 1.1 1 0.1 29 1.4 17 5.7 5 23
8/15/99 17:59 8/16/99 6:00 31.7 11 0.9 24 1.4 1 0.2 6 0.9 2 0.2 45 2.3 27 9.0 �17 27
8/17/99 6:01 8/18/99 6:00 42.1 9 0.7 27 1.6 1 0.4 3 0.5 2 0.2 25 1.3 15 5.0 17 22 9 2.3
8/18/99 10:02 8/18/99 17:00 35.7 10 0.8 27 1.6 6 1.4 12 1.9 1 0.1 22 1.1 13 4.3 8 23 3 0.8
8/19/99 6:02 8/19/99 18:00 40.4 10 0.8 25 1.5 4 0.9 10 1.5 4 0.3 22 1.1 13 4.3 12 22 12 3.1
8/21/99 6:02 8/22/99 6:00 30.1 14 1.1 44 2.6 2 0.6 6 1.1 2 0.1 18 0.9 11 3.5 3 22 13 3.2
8/23/99 6:02 8/24/99 6:00 28.7 12 0.9 38 2.3 4 0.9 4 1.0 2 0.1 22 1.1 13 4.3 5 23 15 3.7
8/25/99 6:02 8/26/99 6:00 21.1 7 0.6 25 1.5 5 1.2 3 0.5 4 0.3 16 0.8 10 3.2 30 20 15 3.8
8/27/99 6:02 8/28/99 6:00 37.9 13 1.0 40 2.4 2 0.6 4 0.7 2 0.2 18 0.9 11 3.6 10 21 13 3.2
8/29/99 6:02 8/30/99 6:00 35.1 14 1.2 46 2.8 0 0.1 1 0.2 1 0.1 18 0.9 11 3.6 7 21 9 2.3
8/31/99 6:02 9/1/99 6:00 15.6 7 0.6 14 0.9 2 0.5 4 0.8 4 0.3 35 1.8 21 7.0 12 24 8 2.0

AVG 34.4 11 32 2 4 2 22 13 13 11
Std 9.4 2 8 1 3 1 7 4 10 4

aThe species’ percentages are related to the reported gravimetric masses (including semivolatile compounds) as shown. The percent errors are based on
the biases shown in Table 1 indicating a ± range of the individual species’ percent mass contribution. Sampling time-weighted average values (AVG) and
nonweighted standard deviations (std) of each species contribution for the entire data set are also shown.

Figure 6. Chemical composition of PM2.5 mass concentrations averaged over the discrete PCM
sampling times denoted as end times in EST. ‘‘Others’’ denotes the sum of Na+, Ca2+, and Cl�; ‘‘LOA’’
the sum of formate, acetate, and oxalate. Measurement periods usually lasted 24 hours, from 0600 until
0600 EST. On several occasions, measurements lasted only 12 hours, from 0600 to 1800 EST (AM) and
from 1800 to 0600 EST (PM); one AM-measurement (18 August) lasted only 7 hours. Also shown are
daily maximum 1 hour ozone values, as determined from 10 min running averages.
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with the overall fine mass concentration (slope 0.04 ± 0.05,
intercept = 9.6 ± 1.9%, and r = 0.18). Nitrate and EC exhibit
very low concentrations (less than 1 mg m�3, with the
exception of four periods for each species). The same is true
for the LOA, with exceptions for acetate on 18, 19, and 22
August and for formate on 18 August. The remaining species
sodium, calcium, chloride, and oxalate are always less than
0.3 mg m�3 and are therefore negligible. The percent fraction
unidentified mass is 13 ± 10% (± standard deviation as
measure of variability among all 19 samples) relative to the
total reported mass concentration.
[49] During or after periods of rain (in particular after the

one on 8/24), fine mass is significantly lower, as expected.
A correlation between ozone and fine mass can be detected,
since in several cases, elevated ozone depicted in Figure 6
as maximum hourly average, is accompanied by elevated
fine mass concentrations. On the day with the highest
hourly ozone maximum of the measurement period (8/19,
182 ppbv), one of the highest fine mass concentrations (41
mg m�3; daytime measurement) is detected. During the two
preceding days, maximum ozone also shows elevated mix-
ing ratios (138 ppbv and 136 ppbv on 17 and 18 August,
respectively), indicating the buildup of an ozone episode
over the three days, which is further investigated by K.
Baumann et al. (manuscript in preparation, 2001). However,
this buildup is not mirrored by the fine mass concentrations
since on the second day (18 August, daytime measurement)
fine mass is significantly lower (35.7 mg m�3) than on the
preceding and following days. A possible explanation might

be that this particular measurement lasted only seven hours
(from 1000 until 1700 EST), i.e., the integration time was
only little more than half that of regular a.m. or p.m.
measurements, excluding all of the morning rush hour and
part of the evening rush hour, but more importantly this
period coincided with maximum mixing height of the
boundary layer providing maximum dilution. Therefore it
is very well possible that a longer measurement time could
have provided higher concentrations, mirroring the ozone
buildup during this period. Under these considerations, the
data seem to show positive correlations between ozone,
sulfate, and fine particle mass concentrations, pointing to a
mechanistic link between photochemical ozone and PM2.5

sulfate formation as suggested by Meng et al. [1997].
[50] The net fine aerosol acidity based on its components

sulfate, nitrate, and ammonium, are shown in Figure 7. The
net acidity is a measure of the degree to which an aerosol is
neutralized, taking into account the most abundant acidic
and alkaline species (sulfate, nitrate, and ammonium in this
case) and the number of protons they can donate or accept.
By our definition of acidity, a positive acidity denotes an
excess of acid, i.e., an acidic aerosol and a negative acidity
denotes an alkaline aerosol. The pattern of fine mass acidity
shows that, except during two measurement periods, the
aerosol is always slightly acidic or neutralized.

4.2. Carbonaceous PM2.5

[51] As mentioned earlier, there is a significant amount of
unidentified mass for each of the measurement periods, and

Figure 7. Net PM2.5 aerosol acidity and its components averaged over the discrete PCM sampling times
denoted as end times in EST. All values are given in nanoequivalents per m3 (ne m�3). For each species,
the equivalent is defined as its atmospheric concentration (in mg m�3) times the maximum number of
protons donated/accepted, divided by the molecular mass. For ammonium, the conjugated species of
alkaline ammonia, the equivalent is defined as a negative number. The net acidity is defined as the sum of
the individual contributing equivalents.
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one of the greatest uncertainties in our measurements is the
assumption of an OOE factor of 0.6. Also, the above reported
OC does not include the semivolatile organic carbon (svOC)
captured on the XAD coated quartz backup adsorber behind
the uncoated quartz front filter downstream of the XAD
coated denuder. In the following, we will investigate how
mass closure can be achieved and what implications this has
on the OOE factor and the inclusion of svOC.
[52] Considering OC from the front quartz filters only, an

average OOE factor (weighted for different sampling times)
of 1.21 ± 0.49 is obtained when mass closure is achieved for
each individual sampling period (see Table 3). This value
appears to be very unrealistic, considering a recommended
value of 0.6 ± 0.2 for urban aerosols [Turpin and Lim,
2001]. Even when taking into account the fact that this ratio
is subject to considerable variability depending on location,
season, measurement time/duration, and source influences,
the ratio obtained is still far too high, suggesting almost
complete domination of the fine organic aerosol by highly
oxygenated organic compounds like dicarboxylic acids.
This contradicts virtually all studies in which urban fine
mass organic composition was, at least partially, determined
[e.g., Rogge et al., 1993; Schauer et al., 1996].
[53] A reasonable explanation for this significant over-

estimation of the OOE factor is that in this calculation we do

not account for semivolatile organic carbon (svOC). Since
particulate SVOC can be lost from particles collected on
denuded quartz filters [Cui et al., 1998; Lewtas et al., 2001;
Pang et al., 2001; K. Baumann et al., unpublished manu-
script, 2001], OC determined only from denuded quartz
front filters are likely to be underestimated. Therefore, in a
second step, we include the svOC determined from our
XAD coated backup quartz adsorbers into the mass balance.
The average OOE factor that has to be applied to the sum of
OC and svOC in order to achieve mass closure in this case
is 0.50 ± 0.25. It should be noted that this average is based
on a subset of 15 measurements (from a total of 19) where
XAD coated quartz backup filters were used. This factor
comes much closer to the value recommended by Turpin
and Lim [2001], indicating that the inclusion of svOC into
our OC estimate is a reasonable procedure. However, this
approach is only valid if we assume that svOC is also
captured on the Teflon filters downstream of the sodium
carbonate and citric acid coated denuders. If this were not
the case, svOC would have to be added to the gravimetric
mass determined from these Teflon filters (as is done for
semivolatile nitrate, ammonia, and light organic acids), and
as a consequence, the mass balance would remain
unchanged. The loss of particle bound SVOC from our
Teflon filters is unlikely, since the atmospheric equilibrium
between gas and particle-phase SVOC is not disturbed by
the acidic and alkaline denuders upstream of the Teflon
filters, therefore volatilization loss of particle-phase SVOC
is not induced (K. Baumann et al., unpublished manuscript,
2001).
[54] Turpin and Lim [2001] also argue that ‘‘less’’ and

‘‘more’’ water-soluble organic compounds (with water sol-
ubilities of less or greater than 1 g solute per 100 g water,
respectively) exhibit different OOE ratios. This is based on
the fact that ‘‘more’’ soluble compounds have chemical
structures leading to higher OOE factors, as a consequence
of the presence of functional groups like carboxylic and
amino substituents. We are reasoning here that enhanced
water solubility based on polar functional groups will also
result in reduced volatility as a consequence of stronger
intermolecular interactions, in particular hydrogen bonding.
Therefore one would expect that the more volatile com-
pounds captured on our XAD quartz backup filters will
have lower OOE factors than the less volatile ones that are
captured on the quartz front filter. In order to investigate this
assumption, an OOE factor of 0.6 is employed for OC
determined from the quartz front filter, and the mass balance
is then solved for the OOE factor that has to be applied to
SVOC from the XAD coated quartz backup filter in order to
achieve closure. The average value obtained is 0.41 ± 0.79.
This value is still within the range recommended by Turpin
and Lim [2001] but lower than the one obtained when
solving the mass balance for the sum of OC and svOC, and
also lower than the factor of 0.6 we assumed for OC. This
finding supports the assumption made earlier, that volatil-
ized SVOC might be represented better by lower OOE
factors based on their chemical structure. It has to be noted,
however, that our average svOC-OOE factor is highly
variable (standard deviation of 0.79) and four of the 15
values on which the average is based are significantly
negative, meaning that for these four cases, either OOE of
0.6 for the OC from the quartz front filter is overestimated,

Table 3. OOE Factors Required to Receive Mass Closure for

Individual Measurement Periodsa

Time
Start,
EST

Time
Stop,
EST

OOE
(OC) for
Closure,
Excluding
svOC

OOE
(OC + svOC)
for Closure,
Including
svOC

OOE
(svOC)

for Closure,
Assumed OOE
(OC) = 0.6

8/3/99 6:03 8/4/99 6:01 0.89
8/5/99 6:03 8/6/99 6:01 1.60
8/7/99 6:03 8/7/99 18:01 1.62 0.77 1.11
8/7/99 18:13 8/8/99 6:01 1.70 0.56 0.50
8/9/99 6:03 8/10/99 6:00 1.70 0.70 0.86
8/10/99 18:01 8/11/99 5:58 0.76 0.66 1.50
8/11/99 6:04 8/12/99 6:00 1.31 0.62 0.66
8/13/99 6:02 8/13/99 17:43 1.22 0.80 1.63
8/13/99 18:00 8/14/99 6:56
8/15/99 6:02 8/15/99 17:45 0.78
8/15/99 17:59 8/16/99 6:00 0.23
8/17/99 6:01 8/18/99 6:00 1.28 0.68 0.89
8/18/99 10:02 8/18/99 17:00 0.98 0.73 1.65
8/19/99 6:02 8/19/99 18:00 1.14 0.37 �0.05
8/21/99 6:02 8/22/99 6:00 0.76 0.02 �0.77
8/23/99 6:02 8/24/99 6:00 0.85 0.10 �0.63
8/25/99 6:02 8/26/99 6:00 2.44 0.78 0.98
8/27/99 6:02 8/28/99 6:00 1.13 0.25 �0.25
8/29/99 6:02 8/30/99 6:00 1.00 0.33 �0.21
8/31/99 6:02 9/1/99 6:00 0.95 0.59 0.54

AVG 1.21 0.50 0.41
Std 0.49 0.25 0.79

aFactors are given with respect to the reported masses shown in Table 2.
OOE(OC) is the factor that has to be applied to OC from the front quartz
filter without taking semivolatile OC (svOC) from the XAD coated quartz
backup filter into account, as opposed to OOE(OC + svOC), where the
mass balance is solved based on the sum of carbon obtained from both
filters and the factor has to be applied to the sum. OOE(svOC) takes into
account the possibility that organic compounds captured on the two
different quartz filters might have distinct physical and chemical properties
and represents the factor that has to be applied to svOC from the XAD
coated backup filter after applying the recommended factor of 0.6 to OC
from the front quartz filter. Sampling time-weighted average values (AVG)
and standard deviations (std) (not weighted) are also shown.
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or the inclusion of svOC from the coated quartz backup
adsorber are unjustified. It is peculiar to note that these four
cases occurred all after the episode with maximum ozone
pollution on 19 August (with exception of the 25 August
sample following the heavy precipitation event), when the
weather pattern changed significantly also due to the
appearance of hurricane Dennis moving slowly northeast-
ward, parallel to the southeast Atlantic Coast during the last
4 to 5 days of the month (J. C. St. John et al., unpublished
manuscript, 2002). Therefore, for individual days and
sampling conditions, different approaches might be neces-
sary to account for the great variability in sources and air
masses by which the site was influenced. The above
analysis of OOE and svOC suggests that fine particles
associated with photochemically well-aged and well-mixed
air masses like the ones preceding the frontal passage on 24
August, and the ones being pushed in from the east due to a
large synoptic disturbance in form of a hurricane, contain
organic compounds with more highly oxygenated and less
volatile functional groups, whereas under more stagnant
conditions, as the case during the first 3 weeks of August,
particle-phase organics might be less oxygenated and there-
fore more volatile.

5. Summary and Conclusions

[55] We report here the design and performance of a 3-
channel particle composition monitor, detailing operational
criteria for discrete measurements of PM2.5 mass and com-
position, as well as most relevant gas-phase species, in
particular NH3, HONO, HNO3, and SO2. Before the data
are interpreted in the context of atmospheric processing and
transport, the data quality is evaluated based on experimen-
tally determined detection limits and precision. Artifact
reactions involving NO2, O3, and water vapor are particularly
important in the HONO and HNO3 denuder measurements,
and consideration of the secondary surface induced O3

reaction potentially overcorrects the nitrite to nitrate oxida-
tion step on the denuder walls, underestimating [HNO3] and
correspondingly overestimating [HONO]. Denuder break-
through is insignificant for NH3 and SO2, but not so for the
light organic acids, particularly formic and acetic.
[56] HNO3 shows diurnal variability with indications for

photochemical formation similar to ozone, correlating with
temperature and radiation as expected, whereas HONO has
a reverse diurnal pattern due to its rapid photolysis at
daytimes and possible heterogeneous formation combined
with direct vehicular emissions at night, correlating posi-
tively with NO2. The levels of SO2, on the other hand, are
lowest (down to 0.66 ppbv) under stable atmospheric
conditions of nocturnal surface inversions and highest (up
to 9.3 ppbv) under well-mixed daytime conditions, pointing
to more regional transport and dispersion characteristics of
typically buoyant power plant plumes.
[57] The high humidity levels that were prevalent during

the study most likely caused a water vapor induced artifact
of the gravimetric PM2.5 mass concentration, and is quanti-
fied to approx. 20 ± 8% on average. The semivolatile
ammonium, nitrate and organic acids retrieved from the
backup adsorber, which are added to the gravimetric mass
determined from the Teflon front filter, contribute to the
final reported mass concentration on average by 6 ± 4%.

When other organic elements (OOE) are taken into account
as 0.6 * OC, an average percent fraction unidentified mass
of 13 ± 10% (1-sigma) relative to the total reported mass
concentration still remains. The uncertainty of this uniden-
tified mass concentration determined from the error prop-
agation of uncertainties of all identified species (including
OOE = 0.6 * OC) and the total gravimetric mass, varies
between ±3.7 and ±10.4 mg m�3 with average ±7.5 mg m�3,
or ±22% relative to the total mass concentration.
[58] Particle-phase semivolatile organic carbon (svOC) is

also quantitated by measuring the OC content of an XAD-
coated quartz backup adsorber placed downstream of the
XAD-denuded quartz filter. A reasonable assumption is
established that the XAD resin whether applied as a coating
on the denuder walls or on the quartz filter fibers, retains the
same species of gas-phase SVOC, and therefore does not
change the adsorbing characteristics and affinity toward
certain species. The OOE portion added to svOC, which
takes into account the weight contribution of all noncarbon
elements relative to carbon weight of an average mix of
SVOC, was determined via mass closure yielding 0.5 ± 0.25
confirming the suggestion of 0.6 ± 0.2 by Turpin and Lim
[2001]. The 0.5 factor, however, required the inclusion of
svOC measured from the XAD-coated backup filter. If 0.6
was applied to the OC from the front quartz filter only, the
included semivolatile OC would have to be multiplied with
0.41 (±0.79) in order to achieve mass closure. It seems
reasonable to assume that enhanced water solubility based
on polar functional groups results in reduced volatility as a
consequence of stronger intermolecular interactions, and
that more volatile compounds are captured on the XAD
quartz backup filter, which have lower OOE factors than the
less volatile ones captured on the quartz front filter. It can be
speculated, that photochemically well-aged and well-mixed
air masses contain particle-phase organics that are more
oxygenated and less volatile compared to more stagnant air
masses where less polar and more volatile organics can be
found possibly due to incomplete photochemical oxidation
leading to more labile functional groups and intermediates.
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