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[1] Ship and aircraft measurements of aerosol organic matter (OM) and water-soluble
organic carbon (WSOC) were made in fresh and aged pollution plumes from major urban
areas in the northeastern United States in the framework of the 2004 International
Consortium for Atmospheric Research on Transport and Transformation (ICARTT) study.
A large part of the variability in the data was quantitatively described by a simple
parameterization from a previous study that uses measured mixing ratios of CO and either
the transport age or the photochemical age of the sampled air masses. The results suggest
that OM was mostly due to secondary formation from anthropogenic volatile organic
compound (VOC) precursors in urban plumes. Approximately 37% of the secondary
formation can be accounted for by the removal of aromatic precursors using newly
published particulate mass yields for low-NOx conditions, which are significantly higher
than previous results. Of the secondary formation, 63% remains unexplained and is
possibly due to semivolatile precursors that are not measurable by standard gas
chromatographic methods. The observed secondary OM in urban plumes may account
for 35% of the total source of OM in the United States and 8.5% of the global OM source.
OM is an important factor in climate and air quality issues, but its sources and formation
mechanisms remain poorly quantified.

Citation: de Gouw, J. A., et al. (2008), Sources of particulate matter in the northeastern United States in summer: 1. Direct emissions

and secondary formation of organic matter in urban plumes, J. Geophys. Res., 113, D08301, doi:10.1029/2007JD009243.

1. Introduction

[2] Particulate matter (PM) in the atmosphere is a pollut-
ant that influences the Earth’s climate directly through the

scattering and absorption of solar radiation, and indirectly
by providing the condensation nuclei for cloud droplets
[Ramanathan et al., 2001]. Organic matter (OM) (Table 1
gives a description of the acronyms used in this study for
organic aerosol, and the measurement techniques to quan-
tify them) accounts for a large and in many cases dominant
fraction of the particulate mass [Murphy et al., 2006; Quinn
and Bates, 2003]. OM has both primary and secondary
sources: direct emissions, and formation in the atmosphere
through the (multistep) oxidation and subsequent conden-
sation of gas-phase precursors, respectively [Kanakidou et
al., 2005]. However, the relative importance of the sources
of OM and of its precursors is highly uncertain. It is the
purpose of this study to investigate the sources of OM in
urban plumes in the northeastern United States using
measurements of OM, organic carbon (OC), water-soluble
organic carbon (WSOC) and their gas-phase precursors. In a
companion paper, the results are compared with the sources
and formation of the inorganic PM component [Brock et al.,
2008].
[3] Numerous studies have attempted to quantify the

primary and secondary, and the biogenic and anthropogenic
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contributions to OM in the atmosphere, often with very
different or even contradictory conclusions. Using measure-
ments of tracer molecules, many studies have attributed a
large fraction of OM to primary sources, including vehicle
exhaust, food cooking and wood smoke, which together
accounted for 85% of the OM at urban locations in
California [Schauer and Cass, 2000; Schauer et al.,
1996]. Measurements of organic carbon (OC) and elemental
carbon (EC), which is directly emitted from combustion
sources, have been used to separate secondary from primary
sources, since the OC/EC ratio increases as an air mass is
photochemically processed. Such methods typically attri-
bute the majority of OC in urban air to primary sources with
occasional dominance of secondary sources [Lim and Turpin,
2002; Turpin and Huntzicker, 1995]. In contrast to these
observations, recent studies using aerosol mass spec-
trometry (AMS) have indicated that a large fraction of
OM in urban air is oxidized and not directly emitted from
vehicles [Lanz et al., 2006; Zhang et al., 2005a, 2007]. To
further confound the issue, radiocarbon dating indicates that
a large fraction of the carbon in (sub-) urban OM is modern
rather than fossil, suggesting that the sources are either
secondary from gas-phase biogenic precursors, or primary
from wood smoke [Klinedinst and Currie, 1999; Lemire et
al., 2002; Szidat et al., 2004]. Studies in more remote
regions have pointed at the importance of biogenic volatile
organic compounds (VOCs) as OM precursors [Claeys et
al., 2004; Tunved et al., 2006].
[4] The field studies above provide top-down estimates of

the importance of different sources. Bottom-up estimates,
based on emissions estimates and the results from smog
chamber studies, indicate that primary emissions of OM
from motor vehicles are relatively small [Bond et al., 2004;
Kirchstetter et al., 1999], and that aromatic compounds in
vehicle exhaust [Ng et al., 2007b; Odum et al., 1997] and
terpenes from vegetation [Hoffmann et al., 1997; Kroll et
al., 2005, 2006] are among the more efficient secondary
OM precursors. As the global emissions of biogenic VOCs
are much higher than those of anthropogenic, aromatic
VOCs, most secondary formation of OM is expected from
biogenic precursors [Henze and Seinfeld, 2006; Kanakidou
et al., 2005; Tsigaridis and Kanakidou, 2007]. On the other
hand, atmospheric chemistry models that use the current
best estimates of direct emissions and secondary formation
generally do not reproduce the high levels of OM observed
in polluted atmospheres [Griffin et al., 2005; Heald et al.,
2005; Johnson et al., 2006; McKeen et al., 2007].
[5] In a previous paper, we have shown that the contri-

bution of primary urban emissions of OM was relatively
small in the northeastern United States, whereas positive
correlations between OM and alkyl nitrates (gas-phase

oxidation products of anthropogenic emissions) suggested
that a large fraction of OM was secondary and produced
from anthropogenic precursors [de Gouw et al., 2005].
Using the concept of photochemical age, we were able to
show that a strong growth of OM occurs in urban plumes in
the first 24 h after emission, and that this growth could not
be explained using the commonly considered precursors.
Since then, similar findings were reported for Mexico City
[Volkamer et al., 2006], London [Johnson et al., 2006] and
Tokyo [Takegawa et al., 2006a]. The unexpectedly large
growth in secondary OM was recently suggested to come
from semivolatile organic compound (SVOC) precursors,
which (1) partition from primary particles into the gas phase
when vehicle emissions are diluted in ambient air, (2)
become oxidized, and (3) condense onto existing particles
thereby contributing to their growth [Robinson et al., 2007].
[6] In our previous work, we developed a semiempirical

parameterization that described the evolution of DOM/
DC2H2 ratios in an air mass [de Gouw et al., 2005]. (Here
and elsewhere in the manuscript, D refers to an enhance-
ment of a mixing ratio or concentration over the background
value.) Here, we extend this equation to the case of DOM/
DCO, DOC/DCO and DWSOC/DCO ratios. The equa-
tions derived are used for a quantitative comparison with the
results of ship-based and airborne measurements of OM,
OC and WSOC in the northeastern United States [Peltier et
al., 2007a; Quinn et al., 2006; Sullivan et al., 2006], which
were conducted in the framework of the ICARTT (Interna-
tional Consortium for Atmospheric Research on Transport
and Transformation) study in 2004 [Fehsenfeld et al., 2006].
The airborne measurements, in particular, are of interest as it
is more straightforward to identify urban plumes and their
origin. Finally, detailed measurements of gas-phase volatile
organic compounds (VOCs) are used to evaluate the sec-
ondary formation pathways of OM in urban plumes.

2. Measurements

[7] The data presented in this work were obtained on
board the NOAAWP-3D research aircraft (WP-3D) and the
NOAA research ship Ronald H. Brown (RHB) during the
NEAQS-ITCT 2004 experiment (New England Air Quality
Study–Intercontinental Transport and Chemical Transfor-
mation), which was the NOAA component of the ICARTT
study (International Consortium for Atmospheric Research
on Transport and Transformation) [Fehsenfeld et al., 2006].

2.1. Field Measurements

2.1.1. Aircraft
[8] A total of 18 flights were made between 5 July and

15 August 2004, using the NOAAWP-3D aircraft based in

Table 1. Summary of Acronyms Used in This Work

Acronym Description
Measurement Used

in This Study Units

OM organic matter (mass of
particulate organic species)

AMS (aerosol mass spectrometry) mg m�3

OC organic carbon (carbon mass
of particulate organic species)

analysis of filter samples mg C m�3

WSOC water-soluble organic carbon
(carbon mass of water-soluble
particulate organic species)

PILS-TOC (particle into liquid
sampler– total organic carbon)

mg C m�3
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Portsmouth, New Hampshire, United States. Flight objec-
tives included the characterization of emissions from cities
in the eastern United States (e.g., New York City and
Boston), power plants (e.g., in Ohio), and forest vegetation
(New England and Nova Scotia). Additional measurements
were performed during the transfer flights between Tampa,
Florida, and Portsmouth on 5 July and 15 August 2004.
During the study period, large forest fires were burning in
Alaska and western Canada, and the fire plumes were
regularly observed in the free troposphere over the north-
eastern United States [de Gouw et al., 2006; Pfister et al.,
2005]. The forest fire emissions could easily be distin-
guished from urban emissions using acetonitrile (CH3CN)
as a tracer, and those data are excluded in this study
[Warneke et al., 2006].
2.1.2. Ship
[9] Measurements were made on board the NOAA re-

search ship Ronald H. Brown (RHB) during a cruise from
5 July until 12 August 2004, that started and ended in
Portsmouth, New Hampshire. Most of the time was spent
off the Massachusetts and New Hampshire coast and on a
few occasions the ship went further north in the Gulf of
Maine to sample more processed continental outflow. At
various times, the sampled air was impacted by biogenic
emissions [Quinn et al., 2006]. The forest fire plumes from
Alaska and western Canada only rarely mixed down to the
marine boundary layer and were a relatively minor compo-
nent in the observations [Warneke et al., 2006].

2.2. Trace Gas Measurements

[10] VOC mixing ratios on board the WP-3D were
measured by proton-transfer-reaction mass spectrometry
(PTR-MS) [de Gouw and Warneke, 2007; de Gouw et al.,
2006] and from gas chromatographic analyses of whole air
samples (WAS) [Schauffler et al., 1999; Wert et al., 2003].
The PTR-MS stepped through a series of masses every
�17 s and the data have a calibration accuracy of �15%.
The measurement precision is determined by ion counting
statistics and depends on the measured mixing ratios as
discussed elsewhere [de Gouw and Warneke, 2007; de
Gouw et al., 2006]. In this study, we use the measurement
results for (1) benzene and toluene, (2) isoprene and the sum
of its oxidation products methyl vinyl ketone and metha-
crolein (PTR-MS cannot separately measure these isomeric
species), and (3) the sum of monoterpenes. The WAS
samples were analyzed for more than 70 VOCs including
alkanes, alkenes, acetylene, aromatics and several biogenic
VOCs using a variety of separation and detection techni-
ques. As many as 80 samples, collected over time intervals
from 5 to 29 s (mean interval 10 s), were taken on most�8 h
flights, and were either automatically sampled at constant
time intervals or triggered by a scientist on board the aircraft
on the basis of conditions encountered in flight. This study
will focus primarily on measurements of toluene, benzene
and acetylene. Where possible, the PTR-MS and WAS
measurements have been intercompared and were generally
found to agree within the combined uncertainties [de Gouw
and Warneke, 2007; de Gouw et al., 2006].
[11] On board the ship, VOCs were measured by online

gas chromatography–mass spectrometry (GC-MS) [Goldan
et al., 2004] and by proton-transfer ion trap mass spectrom-
etry (PIT-MS) [Warneke et al., 2005]; only the GC-MS data

for benzene and toluene are used in this study. Urban
emission ratios of VOCs were determined from the GC-
MS data set elsewhere [Warneke et al., 2007] and are used
here in the discussion of the results.
[12] Carbon monoxide (CO) was measured on board the

aircraft using a custom-built vacuum ultraviolet (VUV)
fluorescence instrument with a response time of 1 s and
an accuracy of 5% [Holloway et al., 2000]. On board the
ship, CO was measured with a commercial VUV fluores-
cence instrument with an accuracy of 5% (Aerolaser GmbH)
[Gerbig et al., 1999].

2.3. Particle Composition Measurements

2.3.1. Water-Soluble Organic Carbon
[13] The composition of submicron particles was mea-

sured on board both the ship and the aircraft using a
particle-into-liquid sampler (PILS) with two online detec-
tors to measure inorganic ionic constituents by ion chroma-
tography (IC), and water-soluble organic carbon (WSOC)
by a total organic carbon (TOC) analyzer [Sullivan et al.,
2004]. In this study, we use results of the WSOC measure-
ments only, which have a time resolution on the aircraft of
�1 min, and a combined uncertainty of ± (8% + 0.3 mg C
m�3). More details on the aircraft measurements have been
given elsewhere [Peltier et al., 2007a, 2007b; Sullivan et
al., 2006; Weber et al., 2007]. The TOC analyzer aboard the
ship was run in the standard mode (ground-based mode
[Sullivan et al., 2006]), which has a time resolution of 6 min.
A particle filter was automatically switched in line for
15 min of every hour to establish the instrument back-
ground, i.e., the signal in the absence of particles.
2.3.2. Organic Matter
[14] Organic matter (OM), defined as the mass of organic

compounds in aerosol particles with a diameter <1 mm, was
measured both on board the ship and the aircraft using an
Aerodyne aerosol mass spectrometer (AMS) with a quad-
rupole mass filter [Canagaratna et al., 2007; Jayne et al.,
2000]. More details on the ship measurements have been
given elsewhere [Quinn et al., 2006].
[15] On board the aircraft, the AMS and PILS instruments

sampled air from the University of Denver low-turbulence
inlet (LTI) that had passed through a single-stage micro-
orifice uniform deposition impactor (Model 100, MSP
Corp.) with a nominal 50% cut point at an aerodynamic
diameter of 1.0 mm. The AMS used a pressure-controlled
inlet to reduce the sample line pressure to a constant value
in front of the aerodynamic lens system in the instrument
(R. Bahreini et al., Design and operation of a pressure
controlled inlet for airborne sampling with an aerodynamic
lens, submitted to Aerosol Science and Technology, 2007).
This combination of inlets resulted in a sampling efficiency
that was independent of altitude, but that was low relative to
previous ground-based operation of the instrument. The
particle transmission efficiency as a function of size of the
combined system was characterized (Bahreini et al., sub-
mitted manuscript, 2007) and used to correct the measured
size distributions. Particles from 0.06 to 0.7 mm vacuum
aerodynamic diameter, or �0.04 to �0.5 mm physical
diameter, were transmitted through the AMS inlet system
with quantifiable efficiency; however, the integrated correc-
tion factor for particle transmission losses was significant
and typically between 2 and 3.25 (or integrated particle
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transmission of 0.3–0.5). Since the volume-weighted dis-
tribution of physical diameters extended above 0.4 mm in
some cases, the airborne AMS may be expected to under-
report particle mass in these cases. Particle bounce off the
vaporizer can also affect the AMS collection efficiency. For
the shipboard measurements, this collection efficiency was
determined by comparisons of the AMS sulfate with PILS-
IC sulfate and ranged from 0.45 to 1 depending on acidity
[Quinn et al., 2006]. After accounting for particle transmis-
sion losses from the inlet system and applying an average
collection efficiency of 0.75 for particle bounce [Allan et
al., 2004; de Gouw et al., 2005; Quinn et al., 2006], the
correlation for 10-min averaged airborne AMS sulfate data
with the airborne PILS-IC sulfate was linear forced through
zero with a slope of 1.0 and a correlation coefficient (r2) of
0.8. Although mass spectra and particle time-of-flight data
were recorded every 30 s, signal-to-noise was generally
poor for aircraft operation of the quadrupole AMS [Bahreini
et al., 2003] and averaging periods of 10 min were needed
for this data set. The detection limit of the 10-min averages
for nonrefractory organics was 0.6 mg m�3 and the precision
was �45%, on the basis of the AMS sulfate correlation with
PILS-IC sulfate.
2.3.3. Organic Carbon
[16] On board the ship, organic carbon (OC) and elemen-

tal carbon (EC) were sampled in both the sub- and super-mm
size ranges using different combinations of impactors, filters
and denuders [Bates et al., 2005; Mader et al., 2003;
Schauer et al., 2003]. During ICARTT an additional semi-
continuous, real-time carbon aerosol analysis instrument
(Sunset Laboratory Field Instrument) was used to increase
the time resolution of OC sampling (45 or 105 min depend-
ing on the OC concentrations). The data reported here were
collected with the semicontinuous instrument. Sources of
uncertainty for the semicontinuous real-time OC measure-
ment include the air volume sampled (5%) and the precision
of the method (3%) based on injection of a CH4 standard
with each run. The total uncertainty, calculated as the sum
of the squares, was 6%.
2.3.4. Comparison Between the Aerosol Organics
Measurements
[17] The OM, OC and WSOC measurements all quantify

different aspects of the organic aerosol. What can be learned
about the organic aerosol from the comparison? A literature
survey has indicated that OM/OC ratios range from 1.6 mg
mg C�1 for urban aerosol to 2.1 mg mg C�1 for rural aerosol
[Turpin and Lim, 2001], as a result of photochemical
processing. A study in Pittsburgh indicated that OM/OC
ratios are lower (1.2 mg mg C�1) for hydrocarbon-like
aerosol [Zhang et al., 2005b]. Figure 1a shows a scatterplot
of OM versus OC measured on board the ship. The two
measurements were linearly correlated with a least squares
correlation coefficient (r2) of 0.69 and a slope of 1.95 mg mg
C�1. (The fits in Figures 1a, 1c, and 1e have been forced
through zero, because we are mostly interested in compar-
ing the measurement ratios to other results in the literature.
For the data in Figures 1a and 1c, leaving the intercept as
a free parameter in the fit did not make a significant
difference; for the data in Figure 1e an intercept of about
0.8–1.0 mg m�3 in OM is found.) Within the uncertainties,
the latter value agrees with the ratio of 1.78 mg mg C�1

determined previously for measurements in the Gulf of

Maine [de Gouw et al., 2005]. The measured data span a
wider range of OM/OC ratios than given in the literature
[Turpin and Lim, 2001] as indicated by the shaded area in
Figure 1a. Figure 1b shows a histogram of the observed
OM/OC ratios, which ranged from roughly 1 to 3 mg mg C�1.
[18] The ratio between WSOC and OC in an air mass

increases with photochemical processing, and was found to
range between 0.4 and 0.8 mg C mg C�1 during an urban
study in St. Louis [Sullivan et al., 2004]. Figure 1c shows a
scatterplot of WSOC versus OC measured on board the
ship. The two measurements correlated well with r2 = 0.86
and the slope of a linear fit to the data is 0.55 mg C mg C�1.
The measured data lie in the 0.4–0.8 mg C mg C�1 range
indicated by the shaded area in Figure 1c. The histogram of
observed WSOC/OC ratio (Figure 1d) shows a range of
values between 0.4 and 0.7 mg C mg C�1. There are several
indications in the literature that primary, urban emissions of
WSOC are negligibly small [Huang and Yu, 2007; Huang et
al., 2006; Weber et al., 2007]. It should be noted, however,
that zero WSOC/OC ratios were not observed on the ship, in
accord with the fact that air masses with primary emissions
only were not sampled.
[19] Figure 1e shows scatterplots of OM versus WSOC

for both the ship and aircraft data. The linear correlation
coefficient (r2) between the two measurements is 0.60 for
the ship data and 0.57 for the aircraft data. We look at OM/
WSOC ratios here for conversion of the WSOC data, which
are an operationally defined parameter, into estimates for
OM, i.e., an atmospherically relevant parameter, in the
companion paper [Brock et al., 2008]. The OM/WSOC
ratios were significantly higher on the ship in comparison
with the aircraft: the slope of a linear fit to the data in Figure 1e
is 3.3 mg mg C�1 for the ship data and 2.0 mg mg C�1 for the
aircraft data. The reason for this difference is unknown, but
more likely due to the combined uncertainties of the
measurements involved than to a real atmospheric differ-
ence. The shaded area in Figure 1e represents the range of
values calculated from the ranges in OM/OC (1.6–2.1 mg
mg C�1) and in WSOC/OC (0.4–0.8 mg C mg C�1). This
may be an overestimate of the range in OM/WSOC, since
OM/OC and WSOC/OC ratios are not independent from
each other: primary, urban aerosol has both a low OM/OC
and WSOC/OC ratio, whereas the opposite is true for
processed, urban aerosol. Nevertheless, the shaded area in
Figure 1e describes the range in observed OM/WSOC ratios
on board the ship very well; the data from the aircraft are at
the low end and below this range. The histogram of OM/
WSOC ratios in Figure 1f shows a wide range from roughly
2 to 6 mg mg C�1. An average OM/WSOC ratio of 2.8 was
determined from all data (aircraft and ship) for use in the
companion paper [Brock et al., 2008], and is indicated by
the dotted lines in Figures 1e and 1f.

3. Semiempirical Description of OM, OC, and
WSOC in Urban Plumes

[20] In an earlier paper, we derived a semiempirical
relationship between the ratio DOM/DC2H2 and the pho-
tochemical age, Dt, of urban plumes [de Gouw et al., 2005].
This relationship is described in detail in section 3.1. The
central question in this study is how well this relationship
describes the data obtained during ICARTT. To facilitate
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this comparison, however, we convert the DOM/DC2H2

ratio to DOM/DCO, DOC/DCO and DWSOC/DCO ratios
in section 3.2. We end this chapter by describing in section
3.3 how much formation of secondary OM can be expected

in an urban plume from the known emissions of urban
VOCs. The results from chapter 3 will be needed in chapter
4 for comparison with the observations from ICARTT.

Figure 1. (a–f) Comparison between the OM, OC and WSOC measurements on board the research ship
Ronald H. Brown (RHB) and the WP-3D research aircraft. The open circles in Figures 1a, 1c and 1e show
data from the ship, whereas the crosses in Figure 1e show data from the aircraft. The shaded areas in
Figures 1a, 1c and 1e show the range of values described in the literature. Figures 1b, 1d and 1f show
histograms of the measured OM/OC, WSOC/OC and OM/WSOC ratios, respectively. The average
relationship OM = 2.8 �WSOC, derived from all data, is shown by the dashed lines in Figures 1e and 1f.
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3.1. DOM/DC2H2 Versus Photochemical Age: A
Semiempirical Relationship From NEAQS 2002

[21] From the NEAQS 2002 study, a relationship be-
tween the ratio DOM/DC2H2 and the photochemical age,
Dt, of urban plumes was derived, which explained a
significant part of the variance in the OM data [de Gouw
et al., 2005]:

DOM

DC2H2

¼ EROM � exp �LOMDtð Þ
exp �kC2H2

OH½ �Dtð Þ

þ ERprecursor � YOM � POM

LOM � POM

� exp �POMDtð Þ � exp �LOMDtð Þ
exp �kC2H2

OH½ �Dtð Þ : ð1Þ

In this equation, the parameter EROM is the emission ratio
versus acetylene of primary OM, ERprecursor is the emission
ratio versus acetylene of the precursors of secondary OM,
YOM is the yield for the precursors to produce OM, and LOM
and POM are the loss and formation rate of OM,
respectively. The production rate POM equals the loss
rate, kprecursor[OH], of its precursors versus OH. Furthermore,
kC2H2

is the rate coefficient for the C2H2 + OH reaction,
and [OH] is the 24-h average OH concentration (3 �
106 molecules cm�3 [de Gouw et al., 2005]).
[22] The first line in equation (1) represented the direct

emissions of OM and their removal. The second line
represented the secondary formation from the available
precursors and the removal of the secondary OM (note that
the loss rates of primary and secondary OM are the same in
equation (1)). It was assumed in equation (1) that the
formation of secondary OM from all precursors combined
can be described by an average rate (POM) and average yield
(YOM), which is obviously a simplification. A more detailed
description should also include the effects of aerosol vola-
tility, i.e., the fact that aerosol yields increase with total
mass loading, and the formation of OM from first-genera-
tion products of VOCs, which leads to a delayed onset of
secondary OM formation [Donahue et al., 2006]. It was
furthermore assumed in equation (1) that wet deposition of
OM is a negligible loss process; wet deposition would lead
to a decoupling of the aerosol and gas-phase properties of
an urban air mass, and a treatment such as presented by
equation (1) would cease to be valid.
[23] The photochemical age (Dt) in equation (1) was

defined as:

Dt ¼ 1

OH½ � ktoluene � kbenzeneð Þ � ln
toluene½ �
benzene½ �

����
t¼0

� ��

� ln
toluene½ �
½benzene�

� ��
; ð2Þ

where ktoluene and kbenzene are the rate coefficients for the
reaction of OH with toluene (5.63 � 10�12 cm�3

molecule�1 s�1) and benzene (1.22 � 10�12 cm�3

molecule�1 s�1) [Atkinson and Arey, 2003], and [toluene]/
[benzene]|t = 0 is the toluene/benzene ratio at the source (3.7
[de Gouw et al., 2005]).

[24] From the NEAQS 2002 data, the following values
were found for the parameters in equation (1) by fitting the
equation to the observations [de Gouw et al., 2005]:

EROM ¼ 1:9mgm�3 ppbv�1

ERprecursor � YOM ¼ 17mgm�3 ppbv�1

LOM ¼ 0:00677 h�1

POM ¼ 0:0384 h�1

(the parameters ERprecursor and YOM are coupled in equation
(1) and only the product was determined). The loss and
formation rates of OM correspond to atmospheric lifetimes
for OM and its precursors of approximately 6 and 1 d,
respectively, which is in the range of expected values
[Maria et al., 2004].

3.2. Conversion of the NEAQS Relationship

[25] We will now convert the parameterization of DOM/
DC2H2 versus photochemical age derived in our earlier
work [de Gouw et al., 2005], i.e., equation (1), to DOM/
DCO, DOC/DCO and DWSOC/DCO ratios in order to
facilitate comparison with the data obtained during
ICARTT.
3.2.1. DOM/DCO Versus Photochemical Age
[26] Acetylene was used in equation (1) because data for

carbon monoxide (CO), a more universally measured tracer
of urban pollution, were not available during NEAQS
2002. To convert equation (1) to DOM/DCO ratios we
use here:

DC2H2

DCO
¼ ERC2H2

� exp � kC2H2
� kCOð Þ OH½ �Dtð Þ


 ERC2H2
� exp �kC2H2

OH½ �Dtð Þ; ð3Þ

where ERC2H2
is the emission ratio of acetylene versus

carbon monoxide (CO). Secondary formation of CO from
anthropogenic VOCs is assumed to be zero in equation (3),
which is likely a good assumption: secondary CO from
anthropogenic VOCs was estimated to be only 1% of the
total CO close to emission sources in Los Angeles [Griffin
et al., 2007]. The approximation on the right-hand side of
equation (3) is made because kC2H2

� kCO; that is, the loss
of CO is negligible on a timescale of several days that is
relevant to the formation and loss of OM. Using (3),
equation (1) can be rewritten as:

DOM

DCO
¼ ER0

OM � exp �LOMDtð Þ

þ ER0
precursor � YOM � POM

LOM � POM

� exp �POMDtð Þ � exp �LOMDtð Þð Þ; ð4Þ

where the primed emission ratios, EROM
0 and ERprecursor

0 ,
indicate that the emissions are now ratioed versus CO.
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Using ERC2H2
= 4.94 ppbv ppmv�1 [de Gouw et al., 2005],

these parameters are:

ER0
OM ¼ 9:4mgm�3 ppmv�1

ER0
precursor � YOM ¼ 84mgm�3 ppmv�1:

[27] The value for EROM
0 is in the range of values

observed in Zurich (10.4 mg m�3 ppmv�1) [Lanz et al.,
2006] and Tokyo (11 mg m�3 ppmv�1) [Takegawa et al.,
2006b], but higher than the values expected for vehicle

exhaust: a DOC/DCO ratio of 2.1 mg C m�3 ppmv�1 was
determined from a tunnel study [Kirchstetter et al., 1999],
which corresponds to a DOM/DCO of approximately
3.4 mg m�3 ppmv�1 assuming a DOM/DOC ratio of
1.6 mg mg C�1 for primary aerosol [Turpin and Lim,
2001]. The tunnel data are in better agreement with the ratio
between HOA (hydrocarbon-like organic aerosol) and CO of
4.3 mg m�3 ppmv�1 in Pittsburgh [Zhang et al., 2005b]. The
difference between our estimate of the urban emission ratio
and the ratio for vehicle exhaust may be explained by (1)
the fact that there are more primary OM sources in cities
than just vehicles [Schauer and Cass, 2000; Schauer et al.,
1996] and (2) our previous data treatment may overestimate
the primary emissions of OM, because it is difficult to
account for rapid OM growth in urban air when sampling
from a platform that is outside the city. Also, the tunnel
study that determined the DOC/DCO ratio was conducted
in 1997 in California and vehicle emissions have signifi-
cantly changed over the last decade [Parrish, 2006] and
may also be regionally different.
[28] Using the above values of ER0

OM, ER
0
precursor, LOM

and POM, we can write for DOM/DCO ratio (in mg m�3

ppmv�1) as a function of photochemical age (in h):

DOM

DCO
¼ 9:4� exp �0:00677�Dtð Þ þ 102

� exp �0:00677�Dtð Þ � exp �0:0384�Dtð Þð Þ: ð5Þ

The DOM/DCO ratio calculated according to equation (5)
is shown in Figure 2a. The ratio increases by more than a
factor of 6 going from 0 to a 50-h photochemical age.
3.2.2. DOC/DCO Versus Photochemical Age
[29] The concentration of OM (the total mass of organic

compounds in particulate matter) and of OC (the total mass
of particulate organic carbon) are measured by independent
techniques. The DOM/DOC ratio ranges from 1.6 mg mg
C�1 for urban aerosol to 2.1 mg mg C�1 for rural aerosol
[Turpin and Lim, 2001], which brackets the average value
of 1.78 mg mg C�1 determined previously for the northeast-
ern United States [de Gouw et al., 2005]. Figure 2b shows
the DOC/DCO ratio as a function of age calculated for two
cases: case A assumes equation (5) and a constant DOM/
DOC ratio of 1.78 mg mg C�1; case B assumes equation (5)
and aDOM/DOC ratio that increases linearly with age from
1.6 (at Dt = 0) to 2.1 mg mg C�1 (at Dt = 50 h). Figure 2b
shows that the two calculated curves are very similar in
the first 24 h; after that they diverge by up to 20%.
For reasons of simplicity, we assume a constant DOM/
DOC of 1.78 mg mg C�1; using this assumption
equation (5) can be converted to describe the DOC/DCO
ratio (in mg C m�3 ppmv�1) as a function of photochemical
age (in h):

DOC

DCO
¼ 5:3� exp �0:00677�Dtð Þ þ 57

� exp �0:00677�Dtð Þ � exp �0:0384�Dtð Þð Þ: ð6Þ

3.2.3. DWSOC/DCO Versus Photochemical Age
[30] There are several indications in the literature that

primary emissions of WSOC are negligibly small [Huang
and Yu, 2007; Huang et al., 2006; Weber et al., 2007]. If
we furthermore assume that all secondary OC is water

Figure 2. Evolution of (a) OM, (b) OC and (c) WSOC in
urban air. See the text for an explanation of the different
curves.
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soluble [Kondo et al., 2007], then the DWSOC/DCO ratio
(in mg C m�3 ppmv�1) as a function of age (in h) is given
by the second term in equation (6), i.e.,

DWSOC

DCO
¼ 57� exp �0:00677�Dtð Þ � exp �0:0384�Dtð Þð Þ:

ð7Þ

The DWSOC/DCO ratio calculated using equation (7) is
shown in Figure 2c along with the DWSOC/DOC ratio
calculated using equations (6) and (7). The calculation
suggests that after emission the water-soluble fraction of
OC increases rapidly from zero to 0.84 mg C mg C�1 at
10 h of processing, and then increases more slowly to
about 0.90 mg C mg C�1 after 2 d.

3.3. Secondary Formation From Urban VOCs

[31] The formation of OM in urban plumes can be
estimated using a bottom-up approach from measured
emission ratios of gas-phase precursors (ERprecursor

0 ) and
the yields for secondary formation derived from smog
chamber studies (YOM). Previously, we have shown that
the secondary formation expected from commonly mea-
sured precursors is small in comparison with the increase in
OM observed in urban plumes [de Gouw et al., 2005]. Since
then, new experiments have demonstrated that particulate
yields for aromatic species can be much higher in low-NOx
conditions [Ng et al., 2007b], and we investigate the
implications in this work.
[32] A method to estimate VOC emission ratios

(ERprecursor
0 ) has been described elsewhere and involves

(1) graphing the ratio of VOCs versus an inert tracer (e.g.,
acetylene or CO) as a function of the photochemical age
(equation (2)) and (2) extrapolating the ratio to a zero
photochemical age [de Gouw et al., 2005; Warneke et al.,
2007]. The VOC emission ratios calculated from the 2002
and 2004 studies in the northeastern United States are shown
in Figure 3a and were very similar between the 2 years. Not
included in Figure 3 are several oxygenated VOCs such as
the small aldehydes (C2-C3), ketones (C3-C4), alcohols
(C1-C2) and acids (C1-C2). These species were measured
but are omitted from the discussion, because (1) it is more
difficult to estimate their urban emission ratios, since they
can have primary, secondary and biogenic sources [de
Gouw et al., 2005], and (2) the particulate yields of the
measured, oxygenated VOCs have been measured to be
zero [Seinfeld and Pandis, 1998].
[33] Particulate yields (YOM) have been published for

most of the VOCs in Figure 3b, and are zero for the small
alkanes and alkenes, low for the higher (>C8) and cyclic
alkanes, and the highest for aromatic compounds [Seinfeld
and Pandis, 1998]. Also included in Figure 3b are new
results for benzene, toluene and m-xylene in low-NOx
conditions [Ng et al., 2007b], which are significantly higher
than previous results.
[34] The product of the VOC emission ratios and the

particulate yields gives the maximum formation of OM per
CO emitted (ERprecursor

0 � YOM; Figure 3c); that is, the OM
formed after all of a particular VOC has reacted and in the
absence of OM losses. In this analysis, the highest contri-
butions of secondary OM comes from toluene, which has
both one of the higher emission ratios and particulate yields.

The maximum contributions from all VOCs add up
3.7 mg m�3 ppmv�1 when using the yields from Seinfeld
and Pandis [1998]. This number is smaller than the DOM/
DCO ratio for primary, urban emissions (9.4 mg m�3

ppmv�1) and much smaller than the DOM/DCO ratios of
over 60 mg m�3 ppmv�1 in aged, urban plumes (Figure 2a).
For this reason, the growth of secondary OM could not be
explained using the particulate yields of Seinfeld and Pandis
[1998], which was one of the main findings in our previous
study [de Gouw et al., 2005]. Newly published particulate
yields from Seinfeld and coworkers [Ng et al., 2007b] are
significantly higher in conditions with low NOx (<1 ppbv),
which are much closer to actual ambient conditions in
urban plumes (NOx mixing ratios between 1 and 10 ppbv
[Neuman et al., 2006]) than high-NOx (�1 ppmv) condi-
tions. (The ratio between NO and HO2 is what really
determines the similarities between the smog chamber
simulations and the ambient atmosphere, as it controls the
relative importance of the reactions forming organic per-
oxides and nitrates.) If we assume that the particulate yield
is 34% (the average for benzene, toluene and m-xylene) for
the aromatic species not studied by Ng et al. [2007b], then
the contributions from all VOCs add up to 14.1 mg m�3

ppmv�1. This number is approximately 4 times greater than
the previous result and, combined with the primary emis-
sions of OM that we have estimated, amounts to a maxi-
mum DOM/DCO ratio of 23.5 mg m�3 ppmv�1. The
DOM/DCO ratios estimated from the known emissions of
VOCs are compared to the observations from ICARTT in
the next chapter.

4. Results

[35] In this chapter we present results from the organic
aerosol measurements during ICARTT, and study in partic-
ular how well the semiempirical relationships discussed in
the previous chapter describe the data for OM and WSOC
obtained on board the research ship Ronald H. Brown and
WP-3D aircraft.

4.1. Ship-Based Measurements of OM

[36] The OM and CO data from the entire ship cruise of
the Ronald H. Brown (Figure 4a) were correlated with a
linear correlation coefficient (r2) of 0.49 (Figure 4b). The
slope of a linear fit to all data is 41 ± 5 mg m�3 ppmv�1.
Part of the scatter is explained by the secondary formation
of OM described by equation (5). To illustrate this point, the
data points in Figure 4b are color-coded by the photochem-
ical age determined by equation (2). It is seen that the data
with a higher photochemical age (black points) tend to
follow a steeper line than the points with a lower photo-
chemical age (yellow points). The stratification of data is
not as clear as was the case during the 2002 New England
Air Quality Study [de Gouw et al., 2005], probably because
unprocessed air masses were not encountered as frequently
in 2004. Using equation (5) the DOM/DCO ratios after 24
and 48 h are calculated and are shown by the solid and
dashed blue lines in Figure 4b. Most of the data points
follow the 24- and 48-h lines, which means that the results
from ICARTT are consistent with those from NEAQS 2002.
Also shown in Figure 4b are (1) the ratio of 9.4 mg m�3

ppmv�1 for primary urban emissions (solid black line) and
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(2) the ratio of 9.4 + 14.1 = 23.5 mg m�3 ppmv�1 for
primary emissions plus secondary formation according to
the yields from Ng et al. [2007b] as described in section 3.3
(dotted black line). Only a few points lie along the primary
emissions line; that is, only a few air masses were observed
with a low degree of photochemical processing. The line
calculated using the results from Ng et al. [2007b] is at the
low end of the observed range in data points. The average
DOM/DCO ratio for all data points with a photochemical

age above 1 d is 47 ± 7 mg m�3 ppmv�1. Relative to the
primary emissions, this represents a 1-d increase due to
secondary formation of 38 ± 7 mg m�3 ppmv�1. As
discussed in section 3.3, the measured VOC precursors
and the particulate yields of Ng et al. [2007b] account for
14.1 mg m�3 ppmv�1 or 37% of this increase in OM.
[37] Equation (5), derived from the NEAQS 2002 data set

[de Gouw et al., 2005], was used to calculate the time series
of OM measured in 2004 on board the Ronald H. Brown

Figure 3. Urban emissions of VOCs and their potential to form OM. (a) The VOC emission ratios
versus CO determined from the GC-MS measurements on board the Ronald H. Brown in 2002 and 2004.
(b) Published and estimated particulate yields for all measured VOCs. (c) The product of the numbers in
Figure 3a (average of 2002 and 2004 results) and Figure 3b.
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using the measured data for CO, benzene and toluene, and
the results are shown in Figure 5a. The calculation closely
follows the measured OM concentrations. It should be noted
that this is not a fit of equation (5) to the data: Figure 5
compares data from ICARTT in 2004 with a semiempirical
relationship derived from data from an earlier study in the

northeastern United States in 2002 [de Gouw et al., 2005].
The good agreement suggests (1) that the observations were
consistent between the 2 years and (2) that much of the
observed variability in OM during ICARTT can be
explained by secondary formation in urban plumes. Calcu-
lated and measured OM concentrations are correlated with a
linear correlation coefficient of 0.59 (Figure 5b), which is
higher than the 0.49 for the correlation between OM and CO
in Figure 4b. The slope from a linear least squares fit to the
data (Figure 5b) is slightly less than 1 at 0.86; the difference
of 14% is well within the combined uncertainties in AMS
data sets from different years and the uncertainty in the
conversion from emission ratios versus acetylene to ratios
versus CO (equation 3).
[38] The measurement of CO is used in this work as an

indicator of urban emissions, and the good OM-CO and
WSOC-CO correlations therefore suggest that the OM and
WSOC sources are also related to urban emissions [Sullivan
et al., 2006]. The airborne observations in urban plumes
will be the focus of the next 2 sections. After that, the
limitations of using CO as an indicator of urban emissions,
notably the fact that it can be formed in the photo-oxidation
of methane and VOCs [Granier et al., 2000], will be
discussed.

4.2. Growth of WSOC in New York City Plume

[39] Measurements downwind of New York City (NYC)
on two consecutive days, 20 and 21 July 2004, illustrate the
growth of WSOC relative to CO as a result of photochem-
ical processing (Figure 6). The data from these flights are
unique and particularly useful because, after crossing Long
Island, the NYC urban plume was advected above the stable
marine boundary layer with no interaction with the ocean
surface, no chemical processing by clouds and no influence
from precipitation. Thus, the chemical evolution over trans-
port periods of as much as 2 d could be evaluated without
the confounding effects of additional sources or deposition-
al losses.
[40] On 20 July, CO mixing ratios up to 400 ppbv were

observed over Long Island, and on 21 July, CO levels over
300 ppbv were observed further east over the Atlantic
Ocean (Figure 6a). Back trajectories from the locations of
the highest anthropogenic CO observed on 20 and 21 July
indicate that the sampled air came in both cases from the
NYC area (Figure 6a). The back trajectories also indicate
that the urban plume observed on 21 July was, 24 h earlier,
very close to the location of the plume observed on 20 July.
The combination of measurements on 20 and 21 July may
not have been a true Lagrangian experiment, but the
trajectory analysis does show that the aircraft sampled urban
air masses from approximately the same area after very
different processing times.
[41] The data for WSOC and CO were well correlated on

both days (Figure 6b). Scatterplots of WSOC versus CO for
both plume intercepts (Figure 7a) show that the DWSOC/
DCO ratio, determined from the slopes of linear regressions
to the data, was more than a factor of 2 higher on 21 July,
indicating more WSOC per CO emitted following a day of
photochemical processing (Table 2). Note that theDWSOC/
DCO ratios on both days are higher than the primary
emissions of OC according to equation (6) (5.3 mg C m�3

ppmv�1) and much higher than the DOC/DCO ratio from a

Figure 4. Measurement results for OM and CO obtained
from the research ship Ronald H. Brown. (a) The cruise
track and (b) a scatterplot of OM versus CO color-coded by
the photochemical age according to equation (2). DOM/
DCO ratios are calculated according to equation (5) and are
shown for processing times of 24 and 48 h, respectively.
Also indicated are the DOM/DCO ratio estimated for
primary, urban emissions (solid black line), and the
maximum DOM/DCO ratio calculated from the measured
precursors (Figure 3) (dotted black line).
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tunnel study (2.1 mg C m�3 ppmv�1) [Kirchstetter et al.,
1999]: it is therefore much more likely that the WSOC
observed on 20 and 21 July came from secondary formation
than from oxidation of primary emissions.
[42] Toluene and benzene, also present in the NYC plume

(Figure 6c), are oxidized in the gas phase by OH; however,
toluene is the more reactive compound and is removed more
rapidly (see equation (2)). The plume observed on 20 July
(toluene > benzene) was less processed than the plume
observed on 21 July (toluene
benzene). Scatterplots of
benzene and toluene versus CO (Figure 7) show that the
ratio of benzene to CO was similar on the 2 d, whereas the
ratio of toluene to CO was much lower on 21 July relative to
20 July. Photochemical ages calculated using equation (2) for
the plumes on 20 and 21 July are consistent with the transport
times estimated from the back trajectories (Figure 6a). The
DWSOC/DCO ratios calculated according to equation (7)
agree within 30% with the observations (Table 2).
[43] Also shown in Figure 6d are the measurements of

several biogenic VOCs measured by PTR-MS. Isoprene
was relatively enhanced, with mixing ratios from 0.5 to
1.0 ppbv over Long Island, but was largely removed on
21 July because of its high reactivity. PTR-MS was also used
to quantify the sum of monoterpenes and of the sum of
methyl vinyl ketone and methacrolein (MVK + MACR).
Relatively low mixing ratios of monoterpenes were observed
on both 20 and 21 July; higher mixing ratios were generally
found further north in Maine and Nova Scotia in agreement
with emission inventories [Geron et al., 2000]. MVK +
MACR were the highest on 20 July, but had not been
removed entirely on 21 July. These compounds are formed
from the oxidation of isoprene and have somewhat longer
lifetimes, which explains why they are still observed on
21 July. From the data we conclude that biogenic VOCs were
present in the plume fromNYC and that they had largely been
processed by the time the plume was observed on 21 July.
[44] The analysis in section 3.3 focused entirely on

urban VOCs and ignored the fact that biogenic VOCs in
urban plumes could play a role in the secondary formation
of OM. The mixing ratios of biogenic VOCs measured in

the urban plume on 20 July correspond to mass loadings
of 3.1 mg Cm�3 ofMVK+MACR, 2.0 mg Cm�3 of isoprene
and 0.2 mg C m�3 of monoterpenes. At OC formation
yields of 3% for isoprene and MVK + MACR [Kroll et
al., 2005], and 25% for the monoterpenes [Hoffmann et
al., 1997], the biogenics could account for an increase of
about 0.2 mg C m�3, which is less than 10% of the observed
increase inWSOC between 20 and 21 July (Table 2). Most of
the transport between 20 and 21 July took place above the
ocean, in a layer that was well isolated from the marine
boundary layer by a strong inversion, which rules out that
biogenic VOCs were continuously added to this air mass
during the transport.

4.3. Growth of WSOC in All Urban Plumes

[45] The variation in WSOC as a function of time since
emission can be evaluated more systematically. By averag-
ing the aircraft data over the times that the whole air
samples (WAS) were collected, the DWSOC/DCO ratio
can be calculated as a function of photochemical age
derived from toluene and benzene. This analysis requires
a correction to remove the effects of background concen-
trations on WSOC, CO, and of benzene, all of which have
typical lifetimes > 3 d. Background concentrations of these
species were determined by averaging measurements taken
in air upwind of and adjacent to major urban areas when
sampling in plumes <12 h old from identifiable sources. For
the more aged plumes, for which a specific source cannot be
clearly identified, we subtracted approximate background
values for CO (105 ppbv), WSOC (0.25 mg C m�3) and
benzene (19 pptv). The background in CO was determined
from the maximum in the probability distribution of CO
over the continent; backgrounds in WSOC and benzene
were determined from scatterplots of those species versus
CO, i.e., the WSOC and benzene value at CO of 105 ppbv.
Other choices of background correction can be made and
were tried over the course of this study; qualitatively the
results remained the same.
[46] Figure 8 shows the DWSOC/DCO ratios in all of the

urban plumes observed during ICARTT as a function of
the transport age (Figure 8a) and the photochemical age

Figure 5. Comparison between the measured OM on board the Ronald H. Brown and the OM
calculated according to equation (5). (a) A time series of part of the data and (b) a scatterplot of the entire
data set.
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Figure 6. Results from airborne measurements on 20 and 21 July. (a) Part of the flight tracks color-
coded by the measured CO mixing ratio. The blue curves show back trajectories from the highest
measured CO, and the solid (20 July) and open (21 July) diamonds show 6-h intervals. Measured (b) CO
and WSOC, (c) benzene and toluene and (d) biogenic VOCs obtained for the flight intervals in Figure 6a.
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(Figure 8b). Photochemical ages were calculated using equa-
tion (2) and the measured enhancements of benzene and
toluene. Close to emissions sources, the age could be nega-
tive when the measured ratio between toluene and benzene
was higher than the estimated emission ratio of 3.7. Transport
ages were calculated (1) using measured aircraft winds and
surface-based wind profiler data for plumes from identifiable
individual sources <6 h old, (2) using trajectories from wind
profiler observations for plumes between 6 and 12 h old, and
(3) using the Lagrangian transport model FLEXPART [Stohl
et al., 2003] for older plumes. Both plots in Figure 8 show
that theDWSOC/DCO ratios in the first hours after emission
were significantly lower than after 24 h, indicating the
importance of secondary formation in the first day of photo-
chemical processing. The data are overlaid with the
DWSOC/DCO ratio calculated from equation (7), which
describes the average increase in the measured ratios reason-
ably well both in terms of magnitude and timescale (solid
blue curve). The data seem to be somewhat lower on average
than equation (7), but the difference is well within the limited
accuracies of all the data sets involved: equation (7) was
based onAMS data from 2002 and converted toWSOC using
AMS and WSOC data from 2004 (Figure 1e). Again, it
should be noted that the blue curves in Figure 8 do not
represent fits of equation (7) to the data fro ICARTT: Figure
8 compares data from ICARTT in 2004 with a semiempirical
relationship derived from data from an earlier study in the
northeastern United States in 2002 [de Gouw et al., 2005].
The agreement suggests (1) that the observations were
consistent between the 2 years and (2) that much of the
observed variability in WSOC during ICARTT can be
explained by secondary formation in urban plumes.
[47] The DWSOC/DCO ratios measured from the aircraft

at the shortest transport and photochemical ages are low, but
not zero according to the literature [Huang and Yu, 2007;
Huang et al., 2006; Weber et al., 2007]. This is most likely
due to the fact that it is difficult to sample air from a
dispersed urban source that has not undergone some pho-
tochemical processing. Also indicated in Figure 8 are the
DOC/DCO ratios corresponding to primary emissions
(5.3 mg C m�3 ppmv�1; solid black line), and to the
sum of primary emissions and the secondary formation
calculated using the yields from Ng et al. [2007b] (dotted
black line). The DWSOC/DCO at zero age is similar to
the DOC/DCO for primary, urban emissions; recall that,
close to urban sources, the ratio between WSOC and OC
changes very rapidly (Figure 2c). After approximately 1 d
of photochemical processing, the DWSOC/DCO ratio far
exceeds the primary DOC/DCO ratio, indicating that the
WSOC cannot be primary OC that has oxidized in the
particulate phase. The growth in WSOC calculated using
the yields from Ng et al. [2007b] is at the low end of the
range in DWSOC/DCO ratios observed after 1 d of
processing. It is not clear, however, if the primary and
secondary contributions can simply be added in this com-
parison, since primary emissions of WSOC are thought to
be zero [Huang and Yu, 2007; Huang et al., 2006; Weber et
al., 2007]. After 1 d of processing the average DWSOC/
DCO ratio is 23 ± 8 mg C m�3 ppmv�1 (Figure 8),
similar to the analysis by Sullivan et al. [2006], whereas
the growth in OC expected from the known precursors and
yields from Ng et al. [2007b] is 7.9 mg C m�3 ppmv�1

Figure 7. Scatterplots of (a) WSOC, (b) benzene and (c)
toluene versus CO for the data shown in Figure 6. Solid
circles indicate data from 20 July, and open circles indicate
data from 21 July. The dashed (20 July) and solid (21 July)
lines show results of linear fits to the data and the results for
the slopes and linear correlation coefficients are given in
Table 2.
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(DOM/DCO = 14.1 mg m�3 ppmv�1; OM/OC = 1.78 mg mg
C�1). This calculated growth in OC represents therefore 34 ±
12% of the measured increase in WSOC.

4.4. Is CO a Good Tracer for Urban Emissions?

[48] Carbon monoxide (CO) is used in this study as a
relatively inert indicator species of urban emissions. On a
global scale, however, a significant fraction of CO is not
directly emitted but formed from photo-oxidation of meth-
ane and VOCs [Granier et al., 2000]. For a number of
reasons we argue here that most of the variability in CO
observed during ICARTT was driven by direct, urban
emissions, and that neglecting the secondary contribution
of CO leads to errors in the derived DOM/DCO ratios of 10
to 20% at most.
[49] The largest secondary source of CO in the atmo-

sphere comes from methane. However, the lifetime of
methane is long and this source contributes to the back-
ground of CO rather than to the variability observed in the
northeastern United States. Formation of CO from biogenic
VOCs is the next largest source of secondary CO, and this
process occurs within days after emission of the VOCs.
Modeling studies indicate that secondary CO from biogenic
VOCs contributes less than 20 ppbv CO in the northeastern
United States [Granier et al., 2000], which is a small
amount compared to the enhancements in CO of 100–
200 ppbv that were observed in the urban plumes (Figures 4,
6, and 7). As a result, the error made in the DOM/DCO
ratios in urban plumes is 10–20% at most. Griffin et al.
[2007] reached a similar conclusion from a modeling study
of secondary CO sources in the northeastern United States:
these authors concluded that secondary CO contributed at
most 10% to the CO measured during ICARTT [Griffin et
al., 2007].
[50] In an earlier publication we compared the CO

measured during ICARTT with CO calculated from a linear
combination of an urban contribution (parameterized by
chloroform), a forest fire contribution (parameterized by
acetonitrile) and a background of 75 ppbv. The degree of
correlation between measured and calculated CO was high
with r2 = 0.85, demonstrating that most of the variability in
CO could be explained from direct urban and forest fire
emissions. To further illustrate this point, we look here at
scatterplots of CO versus acetylene (C2H2) observed during
ICARTT (Figure 9). Acetylene is an urban VOC that we
used to parameterize urban emissions in our earlier study
[de Gouw et al., 2005]. As acetylene is also emitted from
forest fires, the data in Figure 9 were filtered using the
measurements of acetonitrile. It is seen that the CO data were
correlated with acetylene both in the aircraft (r2 = 0.88) and
ship data (r2 = 0.75). Moreover, the data from ICARTT are

overlaid in Figure 9 with data obtained during a research
flight of the NOAA WP-3D over Los Angeles in 2002 [de
Gouw et al., 2003]. It is seen that the data from ICARTT track
the data from Los Angeles very well. In the latter case,
secondary CO from biogenic VOCs can be assumed to be
negligible [Griffin et al., 2007]. We conclude from Figure 9
that most of the variability in CO is driven by direct, urban
emissions of CO, and that secondary CO from biogenic
VOCs does not significantly influence the enhancement
ratios of trace gases and aerosol species versus CO.

5. Discussion

5.1. Results Consistent With NEAQS 2002

[51] The analyses presented here show that a significant
part of the variability observed for OM and WSOC during
ICARTT could be explained by the semiempirical
equations (5)–(7) derived from our previous work [de
Gouw et al., 2005]. Therefore, the current results confirm
our previous conclusion that OM (and WSOC) is in large
part due to secondary formation in urban plumes. As in our
previous work [de Gouw et al., 2005], the secondary
formation of OM from biogenic precursors remained diffi-
cult to quantify from the measured mass loadings of OM
despite the fact that (1) air masses with high monoterpene
emissions and evidence for photochemical processing were
sampled from both the aircraft and the ship [Quinn et al.,
2006; Weber et al., 2007] and (2) the mass spectra obtained
by AMS showed signatures of biogenic influences in some
of those air masses [Marcoli et al., 2006]. It should be
recognized, however, that the secondary OM from biogenic
VOCs is typically <3 mg m�3 [Henze and Seinfeld, 2006;
Tunved et al., 2006], which is fairly small in comparison
with the mass loadings of 5–15 mg m�3 observed in the
urban outflow (Figure 5). In other words, the biogenic
source of OM could easily be overwhelmed by anthropo-
genic sources on regional scales.

5.2. What Explains the Strong Growth of OM in
Urban Plumes?

[52] In our previous study [de Gouw et al., 2005], there
was a large discrepancy between the measured OM growth
in urban plumes and the increase calculated from the
measured precursors using the particulate yields from
Seinfeld and Pandis [1998]. We speculated on possible
explanations for this discrepancy: (1) OM formation mech-
anisms are more efficient than chamber studies have indi-
cated, (2) OM is produced from VOCs that are not
measured by GC-MS, and (3) the formation of OM from
biogenic VOCs is more efficient in urban plumes. Recent
studies have addressed in particular the first two possibil-

Table 2. Enhancement Ratios Versus CO of WSOC, Toluene, and Benzene in the Two Urban Plumes Described in Figure 5a

20 July 21 July

r2 Ratio Versus CO r2 Ratio Versus CO Units

WSOC 0.64 8.9 ± 1.2 0.87 23.1 ± 1.2 mg C m�3 ppmv�1

Toluene 0.87 3.07 ± 0.12 0.67 0.81 ± 0.04 pptv ppbv�1

Benzene 0.81 1.00 ± 0.05 0.73 0.72 ± 0.03 pptv ppbv�1

20 July 21 July Units

Photochemical age 4 25 hours
Calculated DWSOC/DCO 6.6 26.4 mg C m�3 ppmv�1

aThe last lines contain the photochemical age and WSOC calculated according to equations (3) and (5), respectively.
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ities. First, new smog chamber results show much higher
particulate yields from some aromatic VOCs under con-
ditions of low NOx [Ng et al., 2007b]. We have shown in
this study that these newly published yields, extrapolated to
all aromatic compounds, explain on average �37% of the
growth in OM observed on board the ship (Figure 4b) and
�34% of the growth in WSOC measured from the aircraft

(Figure 8). Both results are significantly higher than the
�7% found in our previous study [de Gouw et al., 2005].
Second, it has been suggested that emissions of semivolatile
organic compounds, not measured by GC-MS, provide a
large mass fraction of gas-phase emissions from vehicles and
are important precursors of secondary formation of OM
[Robinson et al., 2007]. We will discuss the formation of
OM in urban plumes in light of these new findings in the
remainder of this section.
[53] The work of Seinfeld and Pandis [1998] is used here

as a starting point for the discussion, because it contains a
synopsis of prior laboratory work and conveniently lists
particulate yields for almost all VOCs measured. However,

Figure 8. Increase of DWSOC/DCO ratios in urban
plumes as a function of (a) transport and (b) photochemical
age. The circles show the results from the measurements on
board the WP-3D aircraft; the blue, solid curve shows the
DWSOC/DCO ratio calculated according to equation (7).

Figure 9. Scatterplots of CO versus acetylene measured
on board (a) the WP-3D aircraft and (b) the research ship
Ronald H. Brown. The data from ICARTT (in gray) are
overlaid with data from a flight over Los Angeles in 2002
(in black). Only data with acetonitrile below 200 pptv were
used to eliminate air masses influenced by forest fire
emissions.
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numerous recent studies indicate that secondary particle
formation from some of these VOCs may be more efficient.
Particle growth has been observed in chambers from species
like isoprene [Kroll et al., 2005] and benzene [Martin-
Reviejo and Wirtz, 2005; Ng et al., 2007b], which both
had zero yields in earlier studies. Particulate mass yields
have been found to depend on NOx mixing ratios [Ng et al.,
2007b; Song et al., 2005] and may be enhanced by cloud
processing [Ervens et al., 2004; Lim et al., 2005]. Acid-
catalyzed formation of OM has been observed in chamber
studies [Jang et al., 2002], but was not observed during the
Pittsburgh Air Quality Study [Takahama et al., 2006] nor in
power plant plumes over Atlanta during ICARTT [Peltier et
al., 2007b]. Finally, laboratory studies have reported the
formation of oligomers, which may lead to higher partition-
ing of organic material from the gas to the particulate phase
[Kalberer et al., 2004].
[54] There is good evidence in the literature that the

GC-MS method used in our work to measure VOCs does
not allow quantification of all gas-phase carbon. The
presence of numerous compounds in urban air that cannot
be resolved with conventional chromatography was dem-
onstrated using two-dimensional GC [Lewis et al., 2000]. A
fraction of 5–15% of gas-phase organic carbon in unpro-
cessed, urban air was not identified by comparing total to
speciated gas-phase organic carbon measurements [Chung
et al., 2003]. Indirect evidence is obtained from measure-
ments of the reactivity of OH in urban air, which have
shown that in some (but not all) cases the observed reactivity
cannot be explained in terms of the measured VOCs [Ren et
al., 2006; Sadanaga et al., 2004]. A recent study byRobinson
et al. [2007] showed that the mass loading of semivolatile
organic compounds in vehicle exhaust, which presumably
are not measured by GC-MS, could be up to 5� higher than
the mass loading of primary OC particles, depending on the
degree of dilution of those particles in ambient air. Tunnel
studies have shown primary OM versus CO emission ratios
of 3.4 mg m�3 ppmv�1 (section 3.2); emissions of semi-
volatiles could therefore be as high as 17 mg m�3 ppmv�1,
which could explain a significant fraction of the growth in
OM seen in an urban air mass over the course of 1 d (38 ±
7 mg m�3 ppmv�1; section 4.1) assuming a 100% particulate
yield. Nevertheless, there is still much uncertainty regarding
the mass fraction and identity of gas-phase organic carbon
that is not measured by GC-MS; detailed studies are neces-
sary to assess its potential to form secondary OM.
[55] Laboratory studies have shown that biogenic VOCs

can be very efficient precursors for OM formation
[Hoffmann et al., 1997; Kroll et al., 2005], and their
emissions are significant in the forested northeastern United
States. The robust correlations of OM and WSOC with the
anthropogenic tracer gas CO argue against a strong biogenic
source relative to the urban source. Also, we showed above
that the concentrations of biogenic VOCs in the New York
City plume were not high enough to explain the observed
growth of OM using published particulate yields. The same
argument used above for anthropogenic VOCs may also
hold for the biogenic VOCs; that is, there may biogenic
species of lower volatility not measured by current techni-
ques that may be important OM precursors [Goldstein and
Galbally, 2007]. This would not explain, however, why OM
and CO are correlated so well on regional scales. If the

formation of OM from biogenic precursors is more efficient
in urban plumes, this could explain (1) why OM and CO are
correlated and (2) why the modern (biogenic) fraction of
OM is very high according to most radiocarbon dating
studies [Klinedinst and Currie, 1999; Lemire et al., 2002;
Szidat et al., 2004]. Evidence for increased formation of
secondary OM at elevated levels of NOx, i.e., in pollution
plumes, has been reported for two sesquiterpene species [Ng
et al., 2007a]. However, the magnitude of the effect (a factor
of 2 enhancement at a NOx level of 500 ppbv) may not be
enough to explain the observations reported here, in addi-
tion to the fact that for other biogenic VOCs the SOA yields
are higher at low NOx. Also, no SOA formation was
reported in power plant plumes near Atlanta, Georgia, with
high NOx, high biogenic VOCs but no anthropogenic
VOCs [Peltier et al., 2007b].
[56] Biomass burning is a large source of OM to the

global atmosphere, but has not been discussed so far in this
paper. The emissions of forest fires were clearly identifiable
in the ICARTT data set, and those air masses were explicitly
removed for the purpose of this study. There are, however,
biomass-burning sources in urban atmospheres such as
waste burning, charbroiling and wood stoves. We have
assumed that their emissions are part of the regular ‘‘urban’’
mixture of emissions of OM and VOCs instead of treating
them explicitly as a separate source. Other studies have
shown that biomass burning may be responsible for much of
the primary OM emissions in urban air [Lanz et al., 2006;
Schauer et al., 1996], and presumably the highly oxygen-
ated VOCs released from burning could be efficient OM
precursors as well. Overall, however, we would expect
biomass burning to be a relatively minor summertime
source of OM in cities in the northeastern United States.
[57] The results presented here and elsewhere strongly

suggest that OM is significantly influenced by anthropo-
genic emissions over relatively large parts of the United
States. This conclusion implies that OM concentrations may
be decreased by a reduction in anthropogenic VOC emis-
sions. However, the formation of OM is insufficiently
understood to develop a target emissions control strategy
or to assess the effectiveness of emissions reductions.

5.3. Significance of Secondary OM Formation From
Urban VOCs

[58] This work has shown that secondary formation from
urban VOCs can be a regionally important, if not dominant,
source of OM. How important is this source on global and
continental scales? Here, we estimate the global source of
secondary formation from urban VOCs using the fossil-
fuel-related emissions of CO of 244 Tg a�1 in EDGAR 3.2
(Emission Database for Global Atmospheric Research
[Olivier et al., 2005]) and the OM yield of 38 ± 7 mg m�3

ppmv�1 (section 4.1). The result is a global source of
8.0 Tg a�1 (Table 3) with an estimated uncertainty of 50%
that includes uncertainties in both the OM yield (20%) and
the EDGAR inventory (30%). According to EDGAR 3.2, the
United States is responsible for 25.9% of the fossil-fuel-
related CO emissions, and therefore the U.S. source of
secondary OM from urban VOCs is 2.1 Tg a�1 (Table 3).
For comparison, Table 3 summarizes several other estimates
of global sources of OM and the U.S. contribution. The
primary emissions estimates are taken from a fuel-based
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inventory [Bond et al., 2004], whereas estimates of the
secondary formation from biogenic VOCs are from two
papers [Claeys et al., 2004; Henze and Seinfeld, 2006] and
a recent review [Kanakidou et al., 2005].
[59] Globally, the dominant primary source of OM is from

open biomass burning: savanna and forest fires, and to a
lesser extent agricultural burning [Bond et al., 2004]. Most
of this burning takes place in Africa and South America, and
the U.S. contribution is only 3.4%. Sources of primary OM
related to the use of biofuel and fossil fuels are smaller on a
global scale. The estimate for the U.S. source of OM from
fossil fuel use is 0.4 Tg a�1 (Table 3). We can compare this
to an estimate derived from the emission ratio of OM relative
to CO (9.4 mg m�3 ppmv�1; section 3.1) and the U.S.
emissions of CO from fossil fuel use (63.2 Tg a�1 EDGAR
3.2), and arrive at 0.5 Tg a�1. The good agreement with the
estimate from Bond et al. [2004] lends further credence to
our primary emissions estimates.
[60] We consider the secondary formation from isoprene,

terpenes and other reactive biogenic VOCs separately in
Table 3. Global estimates of secondary OM from isoprene
range from 2 Tg a�1 [Claeys et al., 2004] to 6.2 Tg a�1

[Henze and Seinfeld, 2006]. We take the second number,
derived from a global model, as our best estimate in Table 3.
Estimates for secondary OM formation from monoterpenes
range from 10.2 Tg a�1 [Henze and Seinfeld, 2006] to
19.1 Tg a�1 [Kanakidou et al., 2005]. In this case, we take
the lower number as our best estimate: the result from
Kanakidou et al. [2005] was obtained using a particulate
yield of 15%, whereas recent field observations have
suggested a lower yield of 7.5% [Tunved et al., 2006].
Much more uncertain is the secondary source of OM from
other reactive biogenic VOCs (sesquiterpenes etc.). An
estimate is included in Table 3, but the uncertainty ranges
over a factor of 5 [Kanakidou et al., 2005]. Most biogenic
emissions take place in the tropics due a longer growing
season and higher temperatures; the U.S. contribution of
isoprene and terpene emissions are only 4.8% and 6.3%,
respectively, of the global emissions [Guenther et al., 1995].
As a result, the U.S. sources of OM from these biogenic

VOCs are relatively small at 5% and 10% of the global OM
source.
[61] In comparison with the primary emission sources and

the secondary formation from biogenic VOCs, the second-
ary OM formation from urban VOCs is a relatively minor,
though not insignificant global source at �8.5%. However,
at northern temperate latitudes this percentage is much
higher since a large fraction of fossil fuel consumption
takes place in the United States, western Europe and east
Asia, whereas biogenic emissions and biomass burning are
mostly located in the tropics. As a result, secondary OM
from urban VOCs contributes significantly more at �35%
of the total source in the United States (Table 3). All of
these source estimates clearly have large uncertainties, and
much more work is needed to corroborate these results. In
addition, there is a strong seasonality in the source estimates
for North America, with higher forest fire and biogenic
emissions as well as a more active photochemistry in the
summer. It would be of interest to study the formation of
secondary OM in urban plumes in the wintertime: do lower
radical levels merely slow the formation down, or result in
different particulate yields? What is the effect of different
VOC emissions in the wintertime, and do lower temper-
atures affect secondary OM significantly because of the
effects on vapor pressure?

6. Conclusion

[62] These new observations and a growing body of
evidence in the recent literature show that the secondary
formation of OM from anthropogenic VOCs emitted from
urban sources can be an important source on regional scales.
Similar, earlier work suggested that the production of
secondary OM in urban air could not be explained using
the measured emissions of known precursors and their
particulate yields determined from smog chamber studies.
However, newly published particulate yields for aromatic
VOCs are much higher, reducing the discrepancy from an
order of magnitude to a factor of �3. In addition, the
secondary formation from some semivolatile compounds
released by motor vehicles and other sources, which com-
pounds are not measured using GC-MS, may help explain
the remaining discrepancy. If anthropogenic gas-phase com-
pounds are indeed much more efficient precursors of OM
than previously recognized, then a reduction in their emis-
sions could mitigate the air quality and climate effects of
OM. More research is required, however, to quantify the
sources, and the mechanisms and efficiency of secondary
OM formation in urban air.
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