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Abstract

During the New England Air Quality Study (NEAQS) in the summer of 2004, airborne
measurements were made of the major inorganic ions and the water-soluble organic
carbon (WSOC) of the submicron (PM1.0) aerosol. These and ancillary data are used
to describe the overall aerosol chemical characteristics encountered during the study.5

Fine particle mass was estimated from particle volume and a calculated density based
on measured particle composition. Fine particle organic matter (OM) was estimated
from WSOC and a mass balance analysis. The aerosol over the northeastern United
States (U.S.) and Canada was predominately sulfate and associated ammonium, and
organic components, although in unique plumes additional ionic components were also10

periodically above detection limits. In power generation regions, and especially in the
Ohio River Valley region, the aerosol tended to be predominantly sulfate (∼60% µg
µg−1) and apparently acidic, based on an excess of measured anions compared to
cations. In all other regions where sulfate concentrations were lower and a smaller
fraction of overall mass, the cations and anions were balanced suggesting a more15

neutral aerosol. In contrast, the WSOC and estimated OM were more spatially uniform
and the fraction of OM relative to PM mass largely influenced by sources of sulfate.
The study median OM mass fraction was 40%. Throughout the study region, sulfate
and organic aerosol mass were highest near the surface and decreased rapidly with
increasing altitude. The relative fraction of organic mass to sulfate was similar within20

the boundary layer (altitude less than ∼2.5 km), but was significantly higher in the free
troposphere (above ∼2.5 km). A number of distinct biomass burning plumes from fires
in Alaska and the Yukon were periodically intercepted, mostly at altitudes between 3
and 4 km. These plumes were associated with highest aerosol concentrations of the
study and were largely comprised of organic aerosol components (∼60%).25
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1 Introduction

Atmospheric aerosols are known to be detrimental to human health (Dockery, et al.,
1993) and play a role in climate forcing through both a direct and indirect influence
on the planetary radiation balance (Houghton and Intergovernmental Panel on Cli-
mate Change. Working Group I., 2001). On average, sulfate is currently one of the5

most abundant aerosol species (by mass) observed in the atmosphere (Heintzenberg,
1989), and its thermodynamic and physical properties have been widely documented.
Ammonium and nitrate are also common inorganic components of ambient particles.
Inorganic compounds, such as sodium, chloride, potassium, calcium, and magnesium
can also significantly contribute to particle mass in regions impacted by sea-spray and10

mineral dust. Carbonaceous material is another abundant aerosol component, how-
ever it is not well characterized due to its complex chemical nature (Eatough et al.,
1993; Rogge et al., 1993; Zappoli et al., 1999). New insights into the sources and
processing of atmospheric aerosols can be gained by large intensive field campaigns
in which multiple gas-phase and aerosol measurements, together with meteorological15

analysis tools and emission inventories, can be used to identify specific characteristics,
sources, and processes involving the aerosol and their chemical precursors.

It has long been established that the northeastern U.S. and Canada are often af-
fected by anthropogenic emissions from the midwestern U.S. (Kelleher and Feder,
1978), and that this transport can extend from the continent for 500 km or more (Beattie20

and Whelpdale, 1989). Previous research programs, such as NARE (Fehsenfeld et al.,
1996), TARFOX (Russell et al., 1999), and NEAQS2002 (Bates et al., 2005), have in-
vestigated the characteristics and sources of aerosol particles and gases in this region
of the U.S.

The International Consortium for Atmospheric Research on Transport and Transfor-25

mation (ICARTT), a multinational and multiplatform research initiative, recently stud-
ied the transport of pollutants and atmospheric chemistry of the Northeastern United
States and Canada (Fehsenfeld et al., 2006). The National Oceanic and Atmospheric
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Administration’s (NOAA) WP-3D research aircraft participated in these experiments.
Based in Portsmouth, NH (43.08 N, –70.82 W), research flights were conducted over
regions that included the Canadian Maritime provinces, northern Quebec, New Eng-
land, the Ohio River Valley, and western edge of the North Atlantic. Measurements
were made during the period of 5 July to 15 August 2004.5

This paper identifies the main chemical components, their sources and the resulting
spatial distribution of the bulk PM1.0 aerosol (aerodynamic diameters less than 1.0µm)
that were sampled throughout the summer field campaign. Other papers focus on spe-
cific plumes to investigate the evolution of fine particles from anthropogenic emissions
along the urban corridor from Washington D.C. to Boston MA (Sullivan et al., 2006;10

Brock et al., 20071).

2 Experimental methods

Fine particle bulk chemical composition was measured online from the NOAA WP-
3D aircraft with two automated systems, each involving a Particle-Into-Liquid Sam-
pler (PILS). One PILS was coupled to two Metrohm® ion chromatographs (Model 761,15

Houston, TX), while the second was coupled to a Sievers total organic carbon analyzer
(GE Water Systems, Model 800T, Boulder, CO). The first instrument package is re-
ferred to as PILS-IC (ion chromatography), and the second as PILS-TOC (total organic
carbon). PILS-IC has been described in previous research (Ma et al., 2003; Orsini
et al., 2003; Weber et al., 2001). The PILS-TOC instrument is described in detail by20

Sullivan et al. (2006). Both instruments sampled ambient aerosol from a shared low-
turbulence inlet (LTI) (Wilson et al., 2004), each sampling at 15.0 l/min. Upstream of
the instruments, a non-rotating micro-orifice impactor (Marple et al., 1991) with 1.0µm
cut size (at 1 atmosphere) removed particles with aerodynamic diameters greater than

1Brock, C. A., Sullivan, A., Peltier, R. E.: Secondary Aerosol Formation in Pollution Plumes
Transported from the East Coast of the United States, in preparation, 2007.
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1.0µm at close to ambient relative humidity.

2.1 PILS-IC

The PILS-IC was operated using a chromatographic separation of 2.45 minutes for both
the cations (ammonium, sodium, calcium, potassium, magnesium) and anions (chlo-
ride, sulfate, and nitrate). A “Cation 1-2” column and “Anion A Supp 5 (100 mm)” col-5

umn (Metrohm-Peak, Houston, TX) was operated at an eluent flow rate of 1.5 ml min−1,
and 1.05 ml min−1, respectively. Eluents used during this campaign were 11 mM
Na2CO3, 6 mM NaHCO3 for anion exchange, and 8.5 mM L-tartaric acid, 4.1 mM dipi-
colinic acid for cation exchange. With the liquid flow rates used in this campaign, limit
of detection ranged from 0.2µg m−3 for cation species (except potassium ion, which10

was 0.5µg m−3) to 0.02–0.04µg m−3 for anions. The PILS impactor was continuously
washed with a transport flow of 0.19 ml min−1 of ultrapure deionized water spiked with
lithium fluoride as an internal standard. Liquid sample from the PILS was split between
the anion and cation ICs. Each flow was continuously drawn via syringe pumps into
a 150µl sample loop at a rate of 100µl min−1, resulting in a 90 s sample integration15

time. The resulting measurement interval was 2.45 min, with each sample representing
a 90-s collection time.

To eliminate interferences from gases, sample air passed through a carbon monolith
denuder and a set of etched glass honeycomb denuders prior to entering the PILS-IC.
One etched glass denuder was coated with citric acid (for removal of gases such as20

NH3 (ammonia)), and the second was coated with sodium carbonate (for removal of
gases such as HNO3 (nitric acid), SO2 (sulfur dioxide), and HCl (hydrochloric acid)).
Before each flight, a valve diverted the sampled aerosol through a HEPA filter for an
assessment of denuder function, as well as a quantification of backgrounds. Sulfate
was the only ionic compound measured with detectable background interference, which25

was generally constant at 0.015µg l−1 (equivalent to ambient aerosol concentration of
10 ng m−3). The sulfate background was subtracted from the dataset.

The ion chromatographs were calibrated using known dilutions of NIST-traceable
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liquid anion and cation stock standards. Linear calibration curves forced through zero
were determined from five different concentrations of anions and cations that spanned
the range of ionic concentrations typical for aerosol liquid samples collected from the
PILS. The cation IC was calibrated before the mission began, and was re-calibrated
near the middle and at the end of the mission. Sensitivity changed by less than 5% over5

the 6-week project. The anion column was calibrated before the mission; however, the
column was replaced and calibrated on 29 July 2004 and the system was re-calibrated
at the end of the mission (again, with no significant change in calibration constants).

2.2 PILS-TOC

A particle-into-liquid sampler coupled to a total organic carbon (TOC) analyzer (GE10

Water Systems, 800T, Boulder, CO) was used to measure the water-soluble organic
carbon (WSOC) component of fine particles. WSOC was measured with a PILS-TOC
that functions similar to a PILS-IC, however, in this case the PILS liquid sample is
quantified for carbon mass. The PILS was operated so that the collected particles
were mixed with a transport flow of ultrapure deionized water to produce a total liquid15

flow rate of 1.3 ml min−1. This sample liquid was pumped through a 0.5µm PEEK filter
via two 2.5 ml glass syringe pumps (Versa 3, Kloehn Inc.) operating in an alternat-
ing tandem mode to provide a smooth continuous flow. The TOC analyzed most of
this flow by running at a sample flow rate of 1.2 ml min−1. The instrument quantifies the
carbon mass by converting carbon in the liquid sample to CO2 (carbon dioxide) through20

a combination of chemical and UV oxidation. The CO2 is then detected by conductiv-
ity. This instrument operated at a 3-sec measurement rate with a detection limit of ap-
proximately 0.1µg C/m3 and estimated measurement uncertainty of ±8%+0.3µg C/m3

(Sullivan et al., 2006). Liquid concentrations (in parts per billion carbon, or ppbC) of
WSOC ranged from 10 ppbC to approximately 300 ppbC for the flow rates employed25

and regions investigated during the airborne experiment.
Upstream to the PILS-TOC, sample air is passed through an activated carbon

parallel-plate denuder (Eatough et al., 1993) to remove organic vapors. Throughout all
3078
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flights, a computer-activated valve was triggered every 3 h to direct the sample through
a Teflon filter for quantifying the backgrounds by assessing any positive artifacts due to
gas penetration through the denuders and absorption in PILS, and organic artifacts in
the sample water. This background was assumed constant between consecutive back-
ground measurements and subtracted from the dataset. Although the TOC analyzer5

is factory calibrated, a series of oxalic acid standards were used to verify calibration
stability. Calibrations were typically within 5% of the factory calibration.

Data were recorded continuously at 3-s integrals. In the following analysis, the data
have been averaged to 1 min, where the average would only be computed if at least
75% of possible data points were valid within the one-minute window. For a more10

detailed discussion on the PILS-TOC, see Sullivan et al. (2006).

2.3 Other instrumentation

Additional supporting measurements were used throughout the analysis and include
1s observations of sulfur dioxide (SO2) and carbon monoxide (CO) (Holloway et al.,
2000) and gaseous organic compounds measured by a proton transfer reaction-mass15

spectroscopy (PTR-MS) with an approximate sampling frequency of 18 s (de Gouw
et al., 2003). PM1.0 volume, which is used extensively in the following analysis, was
measured at 1 s resolution using a combination of three instruments: a battery of 5
condensation particle counters (CPC), a modified Lasair 1001 optical particle counter
(OPC), and a white light optical particle counter (WLOPC) (Brock et al., 2004; Brock20

et al., 2003). Located in a pod under an aircraft wing, the CPC measured total con-
centrations in five cumulative particle size ranges (0.004µm to 0.055µm). The OPC
measured concentrations in 64 size bins spanning the size range from 0.15µm to
0.95µm diameter. Sampled air was heated to 35 degrees C for the CPC, and was
not heated in the case of the OPC. However, relative humidity was measured in the25

inlet of the OPC, and the data were corrected to RH of 40% using a fitted curve of
hygroscopic diameter growth for mixed sulfate/organic particles as described by San-
tarpia et al. (2004). Lastly, the WLOPC was located inside the aircraft and measured
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size bins from 0.7µm to 8.0µm. A more detailed description of volume measurement
methodology, calibration, and uncertainty can be seen in Brock et al. (2007)1, (Brock et
al., 2000) and Wollny et al. (2007)2. Ambient pressure and temperature were recorded
while in flight and used to adjust all aerosol particle concentration data reported here
to standard conditions (20◦C and 1 atmosphere).5

3 Results

Airborne measurements provide the opportunity to sample with a single set of instru-
ments large geographic regions and a range of altitudes. A map, including aircraft
flight paths during the deployment based out of Portsmouth New Hampshire is shown
in Fig. 1. During this experiment, a majority (∼69%) of observations took place at10

altitudes less than 2000 meters above sea level.

3.1 Aerosol composition – main chemical components of PM1.0

Table 1 summarizes the bulk aerosol composition measurements that were made from
the NOAA WP-3D during the NEAQS field campaign. For the species measured, both
below and above 2 km altitude, the two main components by mass were sulfate and15

WSOC. Sulfate was observed throughout the field campaign with a mean concentration
of 3.86µg m−3, although the range of observation spanned from the limit of detection
(LOD, see Table 1) to 30.96µg m−3. Ammonium ion was also commonly observed,
with a mean concentration of 1.1µg m−3 (range: LOD to 6.5µg m−3) and was well
correlated with sulfate (r2 = 0.74). Water-soluble organic carbon (WSOC) averaged20

2.2µg C m−3, and ranged from the LOD to 25.6µg C m−3, with highest concentrations
measured within biomass burning plumes.

2Woolny, A. G., et al.: Microphysical and chemical properties of particles in aged biomass
burning plumes from forest fires in Alaska and Western Canada, in preparation, 2007.
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The other measured ions were nearly always below the limit of detection, with the
exception of periodic encounters with unique plumes. For example, at the detection
limit of 0.04µg m−3, nitrate ion was almost exclusively observed in biomass burning
plumes and was often correlated with the ammonium ion. This finding was expected
since nitrate is a known component of biomass burning smoke (Chow et al., 1994)5

and is unlikely to be observed at significant concentrations in fine particles during the
summertime in the northeastern U.S. (Tolocka et al., 2001).

Compounds associated mainly with mineral dust, calcium (Ca2+) and magnesium
(Mg2+), and sea-salt particle components, sodium (Na+) and chloride (Cl−), were usu-
ally near or below the detection limits for the PM1.0 particles sampled in this mission.10

Potassium (K+) ion was typically below the LOD, even during biomass burning plume
sampling. This is significant because these plumes contained the highest concentra-
tions of aerosol mass measured during the experiment and other studies have shown
that K+ is prevalent in fine particle biomass burning smoke, (Lee et al., 2003; Ma et
al., 2003). Assuming ∆K+ concentration equals 0.25µg m−3, (one-half the instrument15

LOD for K+, and background K+ concentrations were 0), ∆K+/∆CO ranged from 1.2
to 3.9 pptv ppbv−1 (mean = 2.07 pptv ppbv−1). These ratios are generally consistent,
although somewhat lower than that reported in other studies (Andreae and Crutzen,
1997; Ma et al., 2003; Reiner et al., 2001), where ratios were in the range of 1.3
to 4.9 pptv ppbv−1. Minor differences in K+ relative to CO compared to other studies20

could be due to differences in emissions (material and method of burning), and the fact
that in some cases the plumes had undergone long-range transport with evidence for
precipitation scavenging (Wollny et al., 20072), a process that may have depleted the
particulate K+ relative to CO (Brock et al., 20071) (de Gouw et al., 2006; Warneke et
al., 2006). Thus, we conclude the lack of K+ in the observed biomass burning plumes25

was due to expected concentrations near or below the LOD, rather than a complete
absence of K+.
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3.2 Air mass classification

Sulfate, ammonium, WSOC, and aerosol volume varied significantly from their means
and medians reflecting high spatial variability over the region sampled (Table 1). To
investigate the physico-chemical properties of PM1.0 from different sources, in the fol-
lowing analysis the data are divided into air masses with and without a clear indica-5

tion of a biomass burning influence. Biomass burning emissions were identified using
acetonitrile as a unique tracer (de Gouw et al., 2003), with acetonitrile concentrations
below 250 pptv indicating minimal biomass burning influence. In a few cases, biomass-
burning emissions from long range transport appeared to have mixed with more re-
gionally polluted air masses. These air masses were encountered near the surface10

and contained fine particles with high inorganic ion concentrations (e.g. ammonium
and sulfate), and both high acetonitrile and WSOC concentrations.

3.2.1 Segregation of data into three air masses types

In the following analysis, the data are binned into three groups: 1) relatively pure
biomass burning air masses – acetonitrile concentrations greater than 250 pptv and15

sulfate less than 4µg m−3; 2) sulfate-enhanced biomass burning air masses – ace-
tonitrile greater than 250 pptv, and sulfate concentrations greater than 4µg m−3; and
3) non-biomass burning influenced air masses - acetonitrile concentrations less than
250 pptv. (Note that 250 pptv level of acetonitrile was chosen to select for plumes which
were strongly influenced by biomass burning; while plumes with lower concentrations20

(e.g. 0–250 pptv) may have been influenced by biomass burning, this analysis focuses
on biomass burning air masses that were relatively pure and contain high concentra-
tions of acetonitrile. Also, 4µg/m3 of sulfate is chosen as the cutoff since it is the ap-
proximate average sulfate concentration observed throughout all altitudes in this study.
The identification of the pure and sulfate-enhanced biomass burning air masses is not25

sensitive to this number). These three generalized air masses were observed multiple
times in different locations throughout the experiment.
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3.2.2 Sources of WSOC

The sources of anthropogenic WSOC are investigated in greater detail by Sullivan et
al. (2006), Peltier et al. (2007), and Brock et al. (2007)1 and are discussed only briefly
here. FLEXPART (Stohl et al., 1998) transport model shows that the larger biomass
burning plumes encountered originated from fires in the Alaska/Yukon region (de Gouw5

et al., 2006; Pfister et al., 2005; Warneke et al., 2006). The highest PM1.0 volumes in
this study were observed in these distinct biomass burning plume layers. WSOC and
acetonitrile were well correlated in these plumes (r2=0.73), but were not correlated
(r2=0.06) when acetonitrile was below 250 pptv in air masses with minimal biomass
burning influence. Correlations between WSOC and carbon monoxide (CO) were ob-10

served throughout this study and suggest a WSOC source linked in some manner to
combustion emissions. Other studies (de Gouw et al., 2005; Sullivan et al., 2006)
identify a significant source of WSOC from secondary organic aerosol production. In-
complete combustion is a significant source for CO and can occur in burning of biomass
materials (Chow et al., 1994) or fossil fuels combustion (Mayol-Bracero et al., 2002).15

The CO – WSOC correlation was observed in all the types of air masses investigated
with r2=0.64 in relatively pure biomass burning plumes, r2=0.67 in biomass burning
emissions mixed with sulfate, and r2=0.54 in air masses with no biomass burning influ-
ence (Fig. 2).

3.2.3 Sulfate sources20

As expected, high sulfate concentrations detected in this study were linked to power
plant plume emissions. The urban plumes often also contain sulfate, mainly from
sources of SO2 near the urban centers (Brock et al., 20071). Very distinct power plant
plumes of high sulfate and SO2 were also encountered away from urban sources. For
example, high sulfate mass was observed in the Ohio River Valley region of the U.S. at25

altitudes less than ∼2000 m. This region has many power generation facilities that emit
SO2 and were the apparent sources for the observed sulfate. Sulfate and WSOC mea-
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sured in the regions of western Pennsylvania are discussed in more detail (Sect. 4)
where results from a specific flight are presented.

3.2.4 WSOC-sulfate correlations

WSOC and sulfate were not highly correlated in the regions sampled. The highest
correlation of sulfate-WSOC was observed in the sulfate-enhanced biomass burning5

air mass (r2=0.37) where biomass plumes from long range transport had mixed with
regionally polluted air masses (Fig. 3). WSOC – sulfate r2 within the biomass burning
plumes was low (r2 = 0.06), while WSOC – sulfate r2=0.29 in non-biomass burning
regimes. This suggests that WSOC and sulfate did not have co-located sources, or are
subjected to highly different removal efficiencies10

3.3 Sulfate, WSOC, versus fine particle volume

Although species-specific aerosol chemical mass fractions are of most interest, we first
compare speciated mass to particle volume since this only involves directly measured
quantities. In the next section, the particle mass is estimated from the particle volume,
and sulfate and carbonaceous mass fractions are then estimated.15

The mean ratio of sulfate to fine particle volume, was 0.54µg m−3/µm3 cm−3 and
these two parameters were highly correlated (r2=0.75) in samples without a biomass
burning influence. For the sulfate-influenced biomass burning plume, the ratio of sul-
fate to fine particle volume was 0.47µg m−3/µm3 cm−3, and was also highly correlated
(r2=0.87). The biomass burning plumes that had not mixed to the surface had a dif-20

ferent aerosol profile; sulfate was not a significant fraction of fine particle volume and
thus was not correlated (r2=0.01, Fig. 4) with fine particle volume.

In contrast, WSOC was highly correlated (r2=0.89) with fine particle volume within
biomass burning plumes, with a WSOC to fine volume ratio of 0.20µg C m−3/µm3 cm−3.
This may not represent typical emission ratios since it may have been altered during25

transport due to precipitation scavenging (de Gouw et al., 2006). The ratio of WSOC
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to fine particle volume was lower (0.12µg C m−3/µm3 cm−3) in non-biomass burning
plumes and in sulfate enhanced biomass burning plumes (Fig. 4).

The majority of measurements made during this campaign were non-biomass burn-
ing influenced and were likely representative of typical conditions observed in the north-
eastern United States during the summer of 2004. For all data, and based on regres-5

sion analysis, sulfate was highly correlated with PM1.0 volume in the regions sampled
(r2=0.75), while WSOC was less well correlated (r2=0.57). An example of the rela-
tive importance of sulfate and WSOC in controlling total submicron particle mass is
discussed in a case study in Sect. 4.

3.4 Calculation of fine particle mass and organic mass from volume and WSOC mea-10

surements

In this section, the WSOC to OM (organic matter) ratio, CWSOC, is estimated and then
used in subsequent analysis to convert WSOC to OM. For this purpose, fine particle
volume and PILS-TOC data were averaged to 90 s, the time integral of PILS-IC mea-
surements. All data (including biomass burning interceptions) from this field campaign15

are included in this calculation. Assuming a constant density for organic aerosol mass
and a constant WSOC to OM ratio (CWSOC), sulfate and OM fractions of PM1.0 mass
are calculated and summarized (Table 1).

To calculate mass from submicron particle volume, no correction is made for the
effect of composition on the optical measurements (e.g. influence on particle refrac-20

tive index). We assume a particle density of 1.78 g cm−3 for inorganic ionic aerosol
mass (e.g., ammonium sulfate and ammonium bisulfate), and a density of 1.2 g cm−3

for the organic aerosol component (Turpin and Lim, 2001). The overall density was
determined by a volume-weighted average based on concentrations of the measured
inorganic ions and OM. Fine particle volume was reported at ∼40% relative humidity,25

and thus included condensed water vapor in the particle volume measurement. This
was quantified by assuming all condensed water was associated with the measured
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NH4
+ and SO4

2− and using the model ISORROPIA (Nenes et al., 1998). The pre-
dicted water volume associated with the particle at the measurement relative humidity
of 40% was subtracted from the particle volume measurement.

Conversion of WSOC to organic matter (OM) can be accomplished by calculating a
ratio of OM to WSOC (units: µg µgC−1). This conversion factor has two components:5

one accounts for the insoluble portion of carbon mass associated with the organic
carbon (OC) that was unmeasured (OC/WSOC, units: µgC µgC−1); the second fac-
tor converts organic carbon (OC) to organic matter (OM) (OM/OC, units: µg µgC−1),
which accounts for the elemental groups (e.g., oxygen, nitrogen, hydrogen, etc.) that
are associated with the carbon. The ratio of summertime WSOC/OC from a variety of10

studies has been reported by Jaffrezo et al. (2005, references therein) to range from
31%–77%, with lower ratios generally found in fresh plumes and higher ratios in more
aged plumes. In addition, as reported by Turpin et al. (2001), OM/OC ratios range from
1.6 (urban) to 2.1 (non-urban, more aged). The relationship between particle age and
OM/WSOC ratio is complicated in that as a particle ages, the WSOC/OC component15

increases (i.e. OC/WSOC decreases) while the OM/OC component increases. This
creates conditions where the calculation of the OM/WSOC ratio, defined as OM/WSOC
= (OM/OC) x (OC/WSOC), is somewhat self-compensating resulting in a smaller vari-
ability of OM/WSOC than otherwise might be expected.

The mass calculated from fine particle volume (PMvol) can be compared to that ob-20

served by PILS (PMPILS) by Eq. (1):

V fine×

 (CWSOC × WSOC) +
∑

ion(
CWSOC×WSOC

ρom

)
+

∑
ion

ρion

=
(∑

ion + (CWSOC × WSOC) +Munmeasured

)
(1)

This equation includes terms that describe fine particle volume (Vfine), weighted den-
sity of organic matter and ions (ρom and ρion), sum of measured ions (Σion), organic
matter, which is defined as WSOC multiplied by CWSOC, and an estimate of the unmea-25

sured fraction that may include species such as elemental carbon, metals, and crustal
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material (Munmeasured). Rearranging the mass balance equation and using an iterative
equation solver, the balance equation can be solved for CWSOC. Occasionally (<4%
of calculations), CWSOC as less than 1 (OM less than WSOC); these data, which are
likely associated with instrumental uncertainties, are excluded from this analysis. The
median CWSOC ratio (±1σ for all data was 3.1 (±1.6) µgC µg−1. The sum of squares5

of the uncertainty associated with each measurement (particle volume, anion, cation,
WSOC) results in an overall uncertainty of ∼50% in this value. Using CWSOC= 3.1,
PMvol and PMPILS are highly correlated (r2= 0.77, Fig. 5) for all data recorded during
this mission.

The derived value CWSOC = 3.1 is similar to what is expected based on reasonable10

values of WSOC/OC and OM/OC previously discussed. For example, a value of CWSOC
= 3.1 can be derived if OM/OC is presumed to be 1.9 and WSOC is 61% of OC. This
is consistent with what has been found in other studies. For example, in St. Louis, MO,
a summer time WSOC/OC ratio of ∼61 to 64% is reported by Sullivan et al. (2004) and
OM/OC of 1.95±0.17 (Bae et al., 2006).15

Recall that the calculated ratio from mass balance assumes an unmeasured aerosol
volume as 8%. Using data from EPAs Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) sites located within the sampling region, elemental carbon was,
on average, observed to be less than ∼5% of PM2.5 mass at the IMPROVE ground
sites; metals and crustal materials at the IMPROVE sites account for an additional20

2–3% of PM2.5 mass. None of these compounds were measured aboard the WP-
3D aircraft. The IMPROVE data are only used as an estimate of the unmeasured
aerosol in order to complete the mass closure and may not be fully representative of
the conditions sampled by the WP-3D; IMPROVE sites tend to measure background
concentrations of aerosol whereas the WP-3D focused mainly on specific power plant25

and urban plumes. If the fraction of unmeasured aerosol was larger than 8%, CWSOC
would be slightly lower.

The influence of particle chemical composition on this mass comparison was inves-
tigated by segregating the data into periods when the constructed chemical mass was
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dominated by either sulfate mass or WSOC (and thus OM). For data in which sulfate
was less than 25% of the mass inferred from the chemically speciated measurements
(for these cases WSOC was, on average, approximately three times the mass of sul-
fate) CWSOC is 3.3±1.9. In contrast, for data where sulfate was greater than 80% of the
mass, CWSOC is 2.8±1.4.5

Surprisingly, the derived value of CWSOC was similar for biomass burning plumes and
non-biomass burning. In biomass burning plumes (acetonitrile concentration above
250 pptv), the CWSOC was 3.3±1.3 and 3.0±1.7 for outside of biomass burning plumes
(acetonitrile concentration below 250 pptv). Higher values of CWSOC within biomass
burning plumes are consistent with additional insoluble organics not included in the10

WSOC measurement.
Using the results of this analysis, Table 1 describes aerosol statistics after converting

WSOC to OM and calculating mass from fine particle volume. Estimated condensed
water was subtracted from the fine particle volume measurement. Across all altitudes,
the calculated median concentration of submicron particle mass was 11.27µg m−3.15

Median fine particle mass concentration was higher at lower altitudes (12.13 µg m−3)
and lower at higher altitudes (4.88µg m−3, though with a significant standard deviation
due to biomass burning plumes). Average particle density, which was weighted by
particle composition determined by PILS, was 1.47 g cm−3. Median density was slightly
lower at higher altitudes, consistent with increasing ratios of organic material to fine20

particle volume (discussed in next section and in Fig. 7) and an assumed organic
aerosol density of 1.2 g cm−3. On average, organic matter was 6.2 µg m−3, although
OM ranged from 0.6µg m−3 to 71.9µg m−3. The median ratio of calculated OM to fine
particle mass was 0.40µg m−3/µg m−3 for the entire dataset and 0.46µg m−3/µg m−3

above 2000 m altitude.25

Mass fractions of sulfate and WSOC can also be computed. Sulfate (Fig. 4c) rep-
resents ∼37% of fine particle mass in non-biomass burning influenced samples (de-
termined by regression slope), providing further evidence that sulfate is a significant
fraction of fine particle mass within the sampling domain. WSOC accounts for 22%
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(µg C m−3/µg m−3) of fine particle mass in biomass burning sampling, and 13% in
non-biomass burning air masses within the sampling domain (Fig. 4d). Thus, using
the WSOC-to-OM conversion technique previously discussed, we estimate the organic
matter mass fraction of fine particle mass to be ∼68% (µg m−3/µg m−3) in biomass
burning plumes and 42% in non biomass burning air masses.5

While the non-biomass burning fraction of WSOC is small, it is somewhat consistent
with ground-based measurements of organic carbon and fine particle mass (PM2.5)
by gravimetric filter analysis from EPA’s IMPROVE sites. The median ratio of organic
carbon to fine particle mass was approximately 31% (µgC/m3 per µg/m3) for all sites.
If WSOC is 61% of OC, the IMPROVE WSOC/mass ratio is therefore estimated to be10

19% (µgC/m3 per µg/m3). This is slightly higher than the calculated ratio from the
aircraft measurement.

3.5 Variation in concentration with altitude

The NOAA WP-3D aircraft operated in an altitude range of approximately 250 m to
6100 m (above sea level). Altitude profiles of sulfate, ammonium, nitrate, and WSOC15

for all data collected during ICARTT in the northeastern United States are shown in
Fig. 6. The sampling region was focused heavily on urban outflow from New York City,
NY and Boston, MA, but also included several transects of the Ohio River Valley, US
region (approximately 37◦ to 41◦ N latitude, –82◦ to –87◦ longitude). Additional sampling
was conducted in northern Quebec to sample biomass burning plumes, as well as over20

the Gulf of Maine and western regions of Canadian Maritimes to sample aged urban air
masses. Aircraft interceptions of distinct biomass burning plumes between 3 and 4 km
altitude can be observed in the WSOC (OM), nitrate, and ammonium plots (Fig. 6).
Additional discussion of altitude profiles can be found in Sullivan et al. (2006) and
Warneke et al. (2006)25

In air not significantly influenced by biomass burning, measurement throughout the
sampled column showed that sulfate and ammonium concentrations were generally
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highest at altitudes below 2000 m (i.e. within the boundary layer). WSOC and estimated
OM had a similar profile with highest concentrations near the surface. Aerosol nitrate
concentrations did not vary systematically with altitude. Since concentrations of these
species, with the exception of nitrate, were highest at lower altitudes, it appears that
the major sources of sulfate, ammonium, and WSOC are from the surface and that that5

these compounds are not efficiently dispersed above ∼2000 m, a finding supported by
a modeling analysis of these data (Heald et al., 2006).

The altitude profile of SO2 (not shown) was similar to that of sulfate, with higher
concentrations occurring at lower altitudes. The highest concentrations of SO2 were
observed near 1000m (∼40 ppbv). The profile of CO (not shown) was similar to WSOC10

(recall that CO and WSOC are correlated, Fig. 2), and decrease with increasing alti-
tude, CO approached a background free troposphere concentration of approximately
75 ppbv. WSOC was also measured throughout the sampled altitude range. Exclud-
ing measurements below 2000 m and biomass burning interceptions above 2000 m,
WSOC measurements were higher than the instrument LOD 35% of the time (53515

samples). Substituting one-half LOD value (0.05µgC m−3) in cases where the mea-
surement was less than LOD (note, in Table 1, the calculated OM does not substitute
one-half LOD value, and averages are therefore higher), mean WSOC concentration
(±1σ) above the planetary boundary layer was 0.3µgC m−3 (±0.5µgC m−3). Since
large sources of WSOC (e.g. biomass burning plumes) are excluded from this calcu-20

lation, this finding suggests a free troposphere background concentration of WSOC of
approximately 0.3µgC m−3. Converting this to organic matter, we estimated the free
troposphere concentration of organic matter is approximately 1.0µg m−3.

Although absolute concentrations of WSOC (and hence, OM) and sulfate dropped
sharply with increasing altitude, the ratio of sulfate to OM, ratio of sulfate to fine particle25

mass, and ratio of OM to fine particle mass did not follow this profile. To improve signal,
the OM, sulfate, and particle mass data were binned into 250 m intervals for altitudes
less than 2 km and 500 m intervals for altitudes greater than 2 km. The median of the
ratio was calculated for each bin. The median values for the highest and lowest altitude
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bins are more uncertain since these bins include fewer data points. In air masses
not significantly affected by biomass burning (acetonitrile <250 pptv), the median ratio
of SO2 to total sulfur (SO2/(SO2 + sulfate)) and of SO2−

4 to fine particle mass (µg

m−3/µg m−3) in each altitude bin was calculated (Fig. 7a). Between the altitudes of
∼1000–3000 m, SO2/(SO2 + sulfate) was lowest and sulfate/fine particle volume was5

highest, suggesting that in this altitude range, oxidation of SO2 to particulate sulfate had
occurred at a rate faster than that of particle removal processes. Below this altitude,
sufficient time may not have occurred since emission to allow for substantial oxidation
and sulfate formation. Between 3000 and 4000 m, particle removal processes (such as
cloud scavenging) may have efficiently removed sulfate particles at a rate faster than10

production of sulfate by SO2 oxidation. Finally, at altitudes >4000 m, slower removal
processes may have resulted in a higher ratio of sulfate to total sulfur.

While absolute concentrations of sulfate and OM were much higher below 3 km
altitude than above this altitude (Fig. 6), the ratio of OM to fine particle mass
(µg C m−3/µg m−3) substantially increased with altitude in the non -biomass burning15

influenced air masses, with the highest ratios occurring above 3000 m in the free tro-
posphere (Fig. 7b). The variation in the ratio of OM to sulfate ion with altitude is also
plotted and has a similar profile as the ratio of OM to PM1.0 mass. This result is con-
sistent with (Novakov et al., 1997) , who reported an increase of total organic carbon
mass fraction as altitude increased from 0–3.5 km from aircraft measurements near20

Virginia in 1996. Similarly, Murphy, et al reported that in upper tropospheric (5–13 km)
measurements near Texas, internally-mixed aerosol with higher fractions of organics
relative to sulfate were observed.

The vertical profile of ratios in composition (Fig. 7b) suggests that relative to sul-
fate, OM is either more efficiently lofted, is removed less efficiently, and/or produced25

in situ at faster rates at altitudes between 3 and 5 km. Compared to sulfate particles,
those containing significant mass fractions of OM may be less efficiently activated to
form cloud condensation nuclei and thus may not be as likely to undergo wet depo-
sition when lofted. However, Heald, et al. (2005) performed a covariance analysis
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of this data set and suggest that an unknown, possibly heterogeneous, pathway for
secondary organic aerosol formation is a likely contributor to free troposphere aerosol
mass. Biomass burning, which likely contributes to the observed background con-
centrations of acetonitrile (∼200–250 pptv), may also be responsible for some of the
additional free troposphere OM concentrations that are not fully explained in modeling5

studies.

3.6 Charge balance between measured ions

The spatially heterogeneous and strong emissions of some of the aerosol sources
encountered in this study led to wide variability in other aerosol properties, such as
balance between measure anions and cations. Comparing concentrations of measured10

anions to cations can provide insight into the presence of unmeasured ions. In the
following analysis, an ion balance is calculated from the sum of measured cations
minus the sum of measured anions, in equivalence concentrations. Large positive or
negative deviations from zero suggest unmeasured ionic constituents in the sampled
aerosol particles. In the following analysis, if a specific ion was at the LOD, the ion15

was not considered in the ion balance calculation. This is to reduce a bias that would
have been caused by differences in cation and anion LODs. Often, a balance between
measured anions and cations was observed; however, in many cases the net charge
was negative, suggesting an unmeasured cation, most likely H+, suggesting a more
acidic aerosol. Figure 8 illustrates the calculated net charge of observed ions over the20

altitude range of the measurements. On average, the net charge was zero, indicating
that most anion-cation pairs were measured (Fig. 8). The charge balance was within
the range of –0.05 to +0.05µeq m−3 67% of the time.

The measured aerosol ion balance is always near zero at altitudes from 3000–
5000 m, when biomass burning plumes are excluded. However, many low-altitude25

charge balance calculations were observed to be highly negative. During periods of
highest negative charge balance, sulfate tends to be a larger fraction of PM1.0 volume
(Fig. 8). Net charge on the particles also tended to become more negative when ab-
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solute concentrations of sulfate increased (not plotted). This implies that strong SO2
sources leading to sulfate formation overwhelm sources for ammonia, the precursor
for sulfate’s commonly-paired cation species. This was most clearly seen in power
generation regions (see Sect. 4).

A composite, normalized histogram that bins all observations of charge balance into5

three altitudes – low (<2 km), middle (2–3.5 km) and high (>3.5 km), – shows that a net
charge of approximately 0µeq was observed most frequently throughout each altitude
bin (inset in Fig. 8). In the lowest altitude bin, there is a significant tail toward negative
values suggesting a more acidic aerosol composition. Some occurrences of positive
ion balances were observed in the middle altitude range during biomass burning plume10

interceptions. Biomass burning particles were found to have relatively high ammonium
and low sulfate concentrations; thus a net positive charge balance may result from
an unmeasured organic acid associated with NH+

4 . The WSOC concentration, which
includes organic acids, is correlated (not plotted) with the positive charge balance in
biomass burning plumes (r2=0.58).15

The general chemical and physical characteristics of the sampled fine aerosol have
been discussed. Measurements from a specific flight are now investigated in detail.

4 Case study: nighttime sulfate and WSOC in industrial and urban areas

A nighttime flight on 9 August 2004 presented an opportunity to contrast on a sin-
gle flight air masses measured over the power generation regions of eastern Ohio20

and western Pennsylvania to air masses influenced by urban regions on the eastern
seaboard. The flight was conducted at night between ∼19:00 and ∼02:00 EDT. This
flight is also discussed in detail by Brown et al. (2006) where the affect of nocturnal
nitrogen oxide processing on air quality was investigated.

Figure 9 shows the flight path colored by SO2 and CO, the aircraft altitude, and the25

observed spatial distribution of fine particle volume, sulfate, WSOC, and ammonium
to sulfate (NH+

4 /SO2−
4 ) molar ratios. The Pennsylvania and eastern Ohio portion of the
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flight was sampled from approximately 00:00–04:00 UTC (20:00–00:00 EDT). The wind
direction was generally from the southwest at ∼8 m s−1, although direction was more
south-southwesterly during the westernmost portions of the flight. Based on the com-
bined transport and emission inventory model FLEXPART (Stohl et al., 1998) SO2 was
largely derived from power plants located along the Ohio River and in western Penn-5

sylvania, whereas CO was generally from the Columbus and Cincinnati Ohio, Detroit,
Michigan, and Pittsburgh, Pennsylvania areas. The FLEXPART simulation indicates
that both SO2 and CO were aged approximately 1–4 days since the time of emission.

The eastern seaboard leg included a flight pattern designed to characterize the out-
flow of New York City from approximately 04:05–07:00 UTC (00:05–03:00 EDT) as the10

WP-3D returned to Portsmouth, New Hampshire. A FLEXPART analysis for this region
shows that the majority of CO and SO2 that was observed originated from the New
York City metropolitan region. These pollutants were aged generally less than one day.
Wind direction was westerly, with average wind speeds around 6 m s−1. These night-
time measurements had somewhat low CO concentrations, typically ranging from 150–15

200 ppbv in the NYC outflow, versus daytime flights where CO concentrations typically
ranged from 230 to 240 ppbv. The Ohio River Valley region had similar CO concentra-
tions, apart from the 200–225 ppbv of CO observed in the westernmost region of the
flight in the vicinity of Columbus and Cleveland, Ohio.

As expected, based on the spatial distribution of coal-fired power plants, sulfate con-20

centrations were factors of four to five times higher over the power generation regions
on the western leg of the flight compared to the eastern regions. Fine particle mass
was estimated from measured volume as discussed in a previous section. Sulfate was
∼60% and WSOC ∼10% (OM ∼33%, assuming OM/WSOC is constant at 3.1, see
Sect. 3.4) of total submicron mass in the power generation regions of western Penn-25

sylvania. For all of this flight, the spatial variability in PM1.0 was driven by sulfate.
WSOC concentrations were more spatially uniform, although slightly higher WSOC,
and hence OM, in the extreme western portion of the flight was correlated with higher
CO from Columbus and Cincinnati, Ohio.

3094

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/3073/2007/acpd-7-3073-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/3073/2007/acpd-7-3073-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html


ACPD
7, 3073–3112, 2007

Aerosol bulk
composition in the
Northeastern U.S. –

NEAQS

R. E. Peltier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

High sulfate concentrations in the power production regions of western Pennsylva-
nia (–80 to –78◦ longitude) produced an apparently acidic aerosol. In these regions
NH+

4 /SO2−
4 molar ratios were one or less compared to the eastern portion of the flight

were the ratio was 2 or higher (Fig. 9). No general enhancements in WSOC concentra-
tions are seen in the region of lower NH+

4 /SO2−
4 molar ratios, consistent with (Zhang et5

al., 2004), who found no evidence for acid-catalyzed enhancements in organic aerosol
during another study conducted in this region.

On the eastern leg of the flight an influence from urban emissions can be detected.
For example, the slight oscillating pattern in WSOC concentration from about –74 to
about –77 degrees longitude (Fig. 9) is due to entering and leaving the NYC plume.10

WSOC mass was about 20% to 30% higher in the area of NYC outflow compared
to the surrounding regions. However, substantially larger increases in WSOC (200 to
500%) relative to background were observed during the daytime downwind from NYC
on other flights (Sullivan et al., 2006) compared to these nighttime data. Over the
wide longitudinal range of this flight, the WSOC (and thus likely OM) concentration15

was fairly uniform (standard deviation = 0.8µgC m−3). Due to a decrease in sulfate
concentration as sampling moved eastward, the WSOC fraction of fine particle mass
increased from about 10% to ∼30% (Fig. 9) (OM mass fraction increased from ∼40% to
∼80%). Overall, the distinct longitudinal distribution of higher sulfate and PM1.0 volume
(mass) to the west, in contrast to more uniform WSOC and OM concentrations, clearly20

demonstrates the dominating influence of large SO2 sources on air quality over wide
spatial regions (e.g. the western longitudes of this flight). WSOC and OM, on the other
hand, appears to have fewer well-defined point sources during this flight, suggesting a
more regional background from distant sources.

5 Conclusions25

Airborne measurements in July and August 2004 of fine particle (PM1.0) bulk chemical
composition were made from the surface to ∼6 km attitude over northeastern United
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States and Canada, but with a focus on regions along the eastern seaboard. This pa-
per summarizes the overall particle chemical climatology. The online measurements
included ionic species chloride, nitrate, sulfate, sodium, ammonium, potassium, cal-
cium and magnesium, and the water-soluble organic carbon (WSOC) fraction of the
organic aerosol. In addition, measurements were made of particle volume and a suite5

of trace gases.
The bulk aerosol chemistry data were combined with fine particle volume data

through a mass closure analysis to infer particle density and the ratio of organic mat-
ter (OM) to WSOC. The measured PM1.0 particle volume concentrations and inferred
density were then used to estimate PM1.0 particle mass concentrations. Although the10

particle density varied with composition, the analysis predicted a fairly constant ratio of
OM to WSOC of 3.1±1.6µgµgC−1.

In this study, sulfate aerosol was ubiquitous with highest masses downwind of power
generating regions (e.g., Ohio River Valley). Sulfate was also frequently observed in
urban plumes. Sulfate concentrations were typically on the order of 2 to 4µg m−3.15

Ammonium was often present and apparently associated with sulfate, with an ammo-
nium to sulfate molar ratio near 2. However, in regions of high sulfate concentration,
the calculated molar ratio was significantly less than 2, typically near 1. Nitrate was
rarely present above the limit of detection (0.04µg m−3), and was found to be mainly
associated with biomass burning plumes originating from the Yukon/Alaska region of20

North America. Significant concentrations of ammonium were also observed in these
biomass burning plumes. All other measured aerosol ionic species were generally
below detection limits (typically <0.1µg m−3 for cation species; 0.04µg m−3 for anion
species). Sulfate and ammonium concentrations tended to be highest at lower alti-
tudes, while the vertical distribution of nitrate had no discernable pattern.25

WSOC, and hence inferred OM, was detected throughout the measurement do-
main, and was observed in highest concentrations (WSOC >25µgC m−3, inferred OM
>75µg m−3) within the Yukon/Alaskan biomass burning plumes. Apart from biomass
burning plumes, WSOC was more spatially uniform than sulfate and highest concen-
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trations appeared to be mainly associated with urban emissions and WSOC concen-
trations generally ranged in between 2 and 4µgC m−3. Although, like sulfate, WSOC
concentrations decreased rapidly with increasing altitude, the ratio of WSOC to sulfate
increased sharply at about 2.5 km altitude, in the region of transition from the boundary
layer to the free troposphere. Overall, in this study, sulfate comprised roughly 35 %5

of the PM1.0 mass and OM roughly 55%, however, the fractions varied depending on
altitude, and the proximity to various sources, such as power generating facilities and
urban regions.
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Table 1. Statistical overview of observed species throughout all flights during NEAQS sepa-
rated into three bins: All altitudes, samples below 2000m, and samples above 2000m. For
statistical purposes, 1/2 the LOD value is substituted when observation was below LOD. Inor-
ganic ions are sampled over a 90-second averaging time. Fine Volume is averaged to PILS-IC
integration time (90s) with estimated water content (see text) subtracted, and WSOC is av-
eraged over 60 seconds. (For Min column, most data is 1/2 LOD). For fine particle mass,
calculated density, calculated OM, OM/PM mass, and Sulfate/PM mass, all data was averaged
to PILS-IC integration time (90s). WSOC was converted to OM using Cwsoc = 3.1; see mass
closure section for additional methodology. All statistics include biomass burning data except
numbers in parentheses (biomass data is excluded for these calculations/estimations).

All Altitudes Below 2000 m Above 2000 m

LODa,b Mean Median Std
Dev

Min Max Mean Median Std
Dev

Min Max Mean Median Std
Dev

Min Max

Chloridea 0.02 0.02 0.01 0.12 0.01 3.77 0.01 0.01 0.05 0.01 1.60 0.03 0.01 0.20 0.01 3.77
Sulfatea 0.03 3.98 2.07 4.69 0.04 30.96 4.97 3.18 4.92 0.04 30.96 1.03 0.35 1.96 0.04 16.33
Nitratea 0.04 0.06 0.02 0.24 0.02 4.66 0.05 0.02 0.13 0.02 2.41 0.11 0.02 0.40 0.02 4.66
Sodiuma 0.2 0.1 0.6 0.1 0.1 2.7 0.1 0.1 0.0 0.1 0.6 0.1 0.1 0.1 0.1 2.7
Ammoniuma 0.2 1.1 0.1 1.1 0.1 6.5 1.5 1.0 1.2 0.2 6.5 0.7 0.5 0.7 0.2 4.3
Calciuma 0.2 0.1 0.1 0.0 0.1 0.7 0.1 0.1 0.0 0.1 0.7 0.1 0.1 0.0 0.1 0.7
Potassiuma 0.5 0.3 0.3 0.0 0.3 0.6 0.3 0.3 0.0 0.3 0.3 0.3 0.3 0.0 0.3 0.6
Magnesiuma 0.2 0.1 0.1 0.0 0.1 0.4 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.4
WSOCb 0.1 2.2 1.6 2.2 0.1 25.6 2.0 0.8 4.0 0.1 25.6 2.2 1.8 1.6 0.2 10.7
Fine Volumec n/a 9.30 6.80 8.65 0.18 90.89 9.62 7.63 6.53 0.64 37.31 7.13 1.52 17.07 0.18 90.89

Fine Particle
Massa

n/a 16.23
(15.48)

11.27
(11.09)

14.23
(11.82)

0.06
(0.06)

123.10
(85.70)

16.35
(16.29)

12.13
(11.87)

11.87
(11.87)

0.06
(0.06)

85.70
(85.70)

15.07
(6.85)

4.88
(4.08)

28.13
(6.78)

0.08
(0.08)

123.10
(26.89)

Calculated
Densityd

n/a 1.47
(1.48)

1.48
(1.48)

0.10
(0.10)

1.22
(1.23)

1.71
(1.71)

1.48
(1.48)

1.48
(1.48)

0.10
(0.10)

1.24
(1.24)

1.71
(1.71)

1.44
(1.45)

1.42
(1.45)

0.13
(0.12)

1.22
(1.23)

1.69
(1.69)

Calculated
OMa

n/a 6.2
(5.8)

4.7
(4.5)

6.2
(3.9)

0.6
(0.6)

71.9
(31.6)

6.1
(6.0)

5.0
(5.0)

4.0
(4.0)

0.6
(0.6)

31.6
(31.6)

7.8
(3.2)

3.3
(2.9)

15.8
(1.8)

0.6
(0.6)

71.9
(10.7)

OM/
PM Mass

n/a 0.43
(0.43)

0.40
(0.40)

0.20
(0.20)

0.05
(0.05)

0.99
(0.99)

0.43
(0.43)

0.40
(0.40)

0.20
(0.20)

0.05
(0.05)

0.98
(0.98)

0.46
(0.39)

0.42
(0.34)

0.23
(0.24)

0.06
(0.06)

0.99
(0.99)

Sulfate/
PM Mass

n/a 0.29
(0.30)

0.26
(0.26)

0.17
(0.17)

0.00
(0.01)

0.99
(0.99)

0.29
(0.29)

0.26
(0.26)

0.17
(0.17)

0.01
(0.01)

0.97
(0.97)

0.30
(0.34)

0.28
(0.31)

0.23
(0.21)

0.00
(0.02)

0.99
(0.99)

a In µg m−3 for ions; b in µg Carbon m−3; c in µm3 cm−3; d g cm−3.
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Fig. 1. Overview of all WP-3D flight tracks flown during the NEAQS experiment. The aircraft
was based at Pease Airfield in Portsmouth, NH. 17 research flights were conducted and were
typically 8–9 h in duration.
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Fig. 2. WSOC plotted as a function of CO, classified by airmass regime. Lines are univariate
least-squares linear regression fits. Slope and r2 for all plotted data were 0.038 and 0.61,
respectively. Individual regime slope, intercept, and r2 values are described in legend. CO data
were averaged to 60 s to match WSOC integration time.
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Fig. 3. Sulfate plotted as a function of WSOC for all flights, classified by air mass regime.
WSOC data were averaged to 90 seconds to match sampling time of sulfate.
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Fig. 4. Sulfate (A) and WSOC (B) plotted as a function of submicron particle volume. Sulfate
(C) and WSOC (D) plotted as function of estimated fine particle mass (see text). Symbols indi-
cated data assigned to non-biomass burning, sulfate-enhanced biomass burning, and biomass
burning classifications. Lines and legends give univariate linear least-squares regression fits
and statistics for each regime. Fine particle volume averaged to 90 s in (A), and 60 s in (B) to
match integration time of respective measurements. Fine particle volume averaged to 90 s in
(C) and (D) to match integration time of ion measurement. In (C) and (D), cation data were
unavailable for sulfate-enhanced biomass burning case; these data are not plotted.
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Fig. 6. Altitude profiles for WSOC (and estimated OM), sulfate, ammonium, and nitrate ion.
Specific biomass plumes are indicated.
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Fig. 7. (A) Altitude profile of ratio of sulfate to fine particle mass (grey line, top axis), and
SO2 fraction of total observed sulfur (box and whisker plot, bottom axis). Markers represent
median data point of 250 m binned data at altitudes less than 2000 m, and 500 m binned data
at altitudes greater than 2000 m. Box and whisker plot gives, 10th and 90th percentiles (ends
of whiskers), 25th and 75th percentile (ends of boxes), median value (dark line), and number of
observations within each bin (to immediate right of median line). (B) Altitude profiles of ratio of
organic matter (OM) to fine particle mass. Sulfate/organic matter is also plotted (dashed line).
Biomass burning samples have been excluded from this analysis.
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Fig. 9. (A) Track of WP-3D aircraft on 2004/08/09 colored by SO2, and molar ratio, altitude,
sulfate fraction of fine particle mass, and sulfate mass as a function of longitude. (B) As in (a),
but colored by CO, and fine particle volume, WSOC fraction of fine particle mass, and WSOC
as a function of longitude.
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