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[1] Aircraft measurements of water-soluble organic carbon (WSOC) aerosol over NE
North America during summer 2004 (ITCT-2K4) are simulated with a global chemical
transport model (GEOS-Chem) to test our understanding of the sources of organic carbon
(OC) aerosol in the free troposphere (FT). Elevated concentrations were observed in
plumes from boreal fires in Alaska and Canada. WSOC aerosol concentrations outside
of these plumes average 0.9 + 0.9 ug C m ™ in the FT (2—6 km). The corresponding
model value is 0.7 = 0.6 ug C m™°, including 42% from biomass burning, 36% from
biogenic secondary organic aerosol (SOA), and 22% from anthropogenic emissions.
Previous OC aerosol observations over the NW Pacific in spring 2001 (ACE-Asia)
averaged 3.3 2.8 g C m ° in the FT, compared to a model value of 0.3 £0.3 ug C m .
WSOC aerosol concentrations in the boundary layer (BL) during ITCT-2K4 are consistent
with OC aerosol observed at the IMPROVE surface network. The model is low in the
boundary layer by 30%, which we attribute to secondary formation at a rate comparable to
primary anthropogenic emission. Observed WSOC aerosol concentrations decrease by a
factor of 2 from the BL to the FT, as compared to a factor of 10 decrease for sulfate,
indicating that most of the WSOC aerosol in the FT originates in situ. Despite reproducing
mean observed WSOC concentrations in the FT to within 25%, the model cannot
account for the variance in the observations (R = 0.21). Covariance analysis of FT WSOC
aerosol with other measured chemical variables suggests an aqueous-phase mechanism for

SOA generation involving biogenic precursors.

Citation: Heald, C. L., et al. (2006), Concentrations and sources of organic carbon aerosols in the free troposphere over North
America, J. Geophys. Res., 111, D23S47, doi:10.1029/2006JD007705.

1. Introduction

[2] Organic carbon (OC) aerosols constitute a large
fraction of the total aerosol mass in the troposphere, yet
the processes which dictate their formation remain highly
uncertain. Sources include primary emission from biomass
burning and fuel use, as well as secondary production from
the oxidation of volatile organic compounds (VOCs)
[/PCC, 2001]. Recent field observations indicate that the
secondary production of OC aerosols is considerably under-
estimated in current models, both in surface air [de Gouw et
al., 2005; Johnson et al., 2006; Volkamer et al., 2006] and
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in the free troposphere [Heald et al., 2005]. We use here
observations of OC aerosol from the NOAA Intercontinental
Transport and Chemical Transformation 2004 (ITCT-2K4)
aircraft campaign over eastern North America, together with
surface observations and simulations with a global chemical
transport model (GEOS-Chem), to gain further insight into
the processes controlling OC aerosol abundances with a
focus on the free troposphere.

[3] The ITCT-2K4 aircraft campaign was conducted from
9 July to 15 August 2004 out of Portsmouth, New Hamp-
shire, as part of a broader International Consortium for
Atmospheric Research on Transport and Transformation
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(ICARTT) involving several aircraft operating in eastern
North America and addressing regional pollution and con-
tinental export issues. The focus of ITCT-2K4 was to
observe the aging of urban and power plant pollution
plumes, the regional transport of pollution from the Mid-
west to the northeastern United States, and the continental
outflow from eastern North America to the global atmo-
sphere. Extensive gas phase and aerosol chemical measure-
ments were made aboard the NOAA WP3 aircraft up to 6 km
(flight tracks shown in Figure 1). Included in this suite of
instrumentation was the first aircraft deployment of a
Particle-Into-Liquid Sampler (PILS) instrument for measur-
ing water-soluble organic carbon (WSOC) aerosol [Sullivan
et al., 2006]. This represents the most extensive data set so
far of OC aerosol concentrations in the free troposphere, and
enables correlative analyses with other species measured
aboard the aircraft. WSOC aerosol is thought to include
secondary organic aerosol (SOA) as well as aged primary
components of OC aerosol [Saxena and Hildemann, 1996;
Decesari et al., 2001], and thus to account for most of OC
aerosol mass in air remote from primary sources [Jaffrezo et
al., 2005, and references therein].

[4] The summer of 2004 was a particularly strong fire
year in the boreal regions of Alaska and NW Canada. The
National Interagency Coordination Center (NICC) estimates
that 2.6 million ha burned in Alaska in 2004, 8 times the
10-year average for the region. Biomass-burning emissions
were a substantial perturbation to the atmosphere during
ITCT-2K4, with plumes transported across North America
and the Atlantic Ocean [Lewis et al., 2006; Morris et al.,
2006] (S. Turquety et al., Inventory of boreal fire emissions
for North America: Importance of peat burning and pyro-
convective injection, submitted to Journal of Geophysical
Research, 2006; hereinafter referred to as Turquety et al.,
submitted manuscript, 2006). De Gouw et al. [2006] iden-
tified fire plumes with elevated acetonitrile, CO and particle
volume in 8 of the 18 ITCT-2K4 flights over eastern North
America. Sullivan et al. [2006] show that these plumes
contained elevated WSOC aerosol.

[s] The GEOS-Chem global chemical transport model
(CTM) used here to interpret the ITCT-2K4 WSOC aerosol
data has been applied previously to a number of aerosol
studies over North America and Asia [Park et al., 2003,
2004, 2005, 2006; Heald et al., 2005, 2006; van Donkelaar
et al., 2006a, 2006b; T. D. Fairlie et al., The impact of
transpacific transport of mineral dust in the United States,
submitted to Atmospheric Environment, 2006]. Park et al.
[2003, 2006] used OC aerosol concentrations measured in
surface air in the United States (IMPROVE network) as top-
down constraints on sources, and found that current source
inventories could be adjusted to within their accepted
uncertainties in order to match the top-down constraints.
However, Heald et al. [2005] found that the standard
GEOS-Chem simulation underestimates OC aerosol con-
centrations measured from aircraft in Asian outflow (ACE-
Asia campaign) by 1-2 orders of magnitude in the free
troposphere. These measurements showed consistently high
concentrations (1—17 pg C m™>) that could have significant
implications for aerosol radiative forcing of climate and
intercontinental aerosol transport. The ITCT-2K4 campaign
provided the opportunity to further test our understanding
of the factors controlling OC aerosol in the free troposphere,
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Figure 1. Flight tracks of the NOAA WP-3 aircraft up to
6 km altitude during the July—August 2004 ITCT-2K4
deployment.

in a far more extensive data set and including the link
to the continental boundary layer (not accessible during
ACE-Asia).

2. Model Description

[6(] The GEOS-Chem global coupled oxidant-aerosol
simulation for 2004 is driven by GEOS assimilated mete-
orological data from the NASA Global Modeling and
Assimilation Office (GMAO). We employ here version
7.02.04 of GEOS-Chem (http://www-as.harvard.edu/
chemistry/trop/geos/index.html) driven by GEOS-4 meteo-
rological fields including winds, convective mass fluxes,
mixing depths, temperature, precipitation, and surface prop-
erties with 1° x 1.25° horizontal resolution and 48 vertical
layers. For input into GEOS-Chem we degrade the hori-
zontal resolution of these meteorological fields to 2° x 2.5°.
Applications of GEOS-Chem to interpretation of the
ICARTT data are presented independently by C. R. Hudman
et al. (Surface and lightning sources of nitrogen oxides in
the United States: Magnitudes, chemical evolution and
outflow, submitted to Journal of Geophysical Research,
2006; hereinafter referred to as Hudman et al., submitted
manuscript, 2006) for ozone and nitrogen oxides, Turquety
et al. (submitted manuscript, 2006) for CO, Millet et al.
[2006] for formaldehyde, Y. Xiao et al. (Global budget of
C2H6 and constraints on North American sources from
ICARTT aircraft data, submitted to Journal of Geophysical
Research, 2006) for acetylene, and Q. Liang et al. (Sum-
mertime influence of Asian pollution in the free troposphere
over North America, submitted to Journal of Geophysical
Research, 2006) for transpacific Asian pollution. We de-
scribe here the simulation for organic aerosols. The model is
initialized with a 1-year simulation ending in June 2004. All
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Figure 2. Emissions of organic carbon aerosol
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[Cooke et al., 1999] (Turquety et al., submitted

manuscript, 2006) and biogenic secondary organic aerosol precursor emissions [Guenther et al., 1995].
Anthropogenic emissions include both fossil fuel and biofuel. Total emissions for the domain are shown
in each panel. The color bars are saturated at 0.20 g C m > and 2.0 g C m 2.

sensitivity simulations are conducted for June—August
2004, with the first month used for initialization.

[7] A challenge in the simulation of the ICARTT period
is to adequately describe the boreal fire influence. We use
here a daily inventory of biomass burned with 1° x 1°
spatial resolution constructed by Turquety et al. (submitted
manuscript, 2006) on the basis of fire reports and MODIS
satellite hot spot detections (Figure 2). The OC aerosol
emission factor is taken to be 9.7 g per kg dry matter as
given by R. J. Park et al. (Influences of biomass burning on
aerosol and ozone concentrations in surface air over the
United States: A case study of boreal wildfires for the
summer of 2004, submitted to Journal of Geophysical
Research, 2006), which is the mean value for boreal fires
given by Andreae and Merlet [2001] with an associated OC/
CO emission ratio of 0.10 g g~ ' (equivalent to 0.23 mol C
mol™!). The resulting emissions over North America
(domain of Figure 2) in July—August 2004 total 1.4 Tg C.
A recent review by Reid et al. [2005] indicates a large
range of smoke aerosol emission ratios from boreal fires,
7-60 g per kg dry matter; OC accounts for the bulk of the
smoke aerosol.

[8] Pyroconvective events can inject biomass-burning
emissions from boreal wildfires directly into the free tropo-
sphere [Fromm et al., 2000, 2005; Fromm and Servranckx,

2003]. Damoah et al. [2006] found that CO was lofted into
the lower stratosphere during a particularly vigorous pyro-
convective event associated with the 2004 Alaskan boreal
fires in late June. Precipitation can be suppressed in pyro-
convective systems due to the abundance of cloud conden-
sation nuclei [Andreae et al., 2004], thereby delivering OC
acrosol directly into the free troposphere without experi-
encing wet removal. The injection height of aerosols is
critical in determining their long-range transport. The
GEOS-Chem simulation used here injects 40% of boreal
fire emissions in the boundary layer and 60% directly in the
free troposphere (3—5 km) without scavenging. This is
consistent with de Gouw et al. [2006] who found that it
was necessary to inject the boreal fire emissions throughout
the troposphere (0—10 km) to simulate the transport of
acetonitrile during ITCT-2K4, and Turquety et al. (submit-
ted manuscript, 2006) who found that the long-range
transport of CO as seen from the MOPITT satellite instru-
ment and the ICARTT aircraft observations could only be
reproduced with free tropospheric injection of emissions.
[v] Anthropogenic emission from fuel combustion is a
major source of OC aerosol in the United States [Park et al.,
2003]. The most recent emission inventory for fossil fuel
sources is from Bond et al. [2004], but comparison with
wintertime OC aerosol concentrations in the United States
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suggests that it is a factor of 2 too low [Park et al., 2006].
We use instead the Cooke et al. [1999] inventory for fossil
fuels with the seasonal cycle and 16% upward scaling of
Park et al. [2003], who optimized OC aerosol emissions to
match IMPROVE surface site observations in 1998. Biofuel
emissions of OC aerosol (mostly from agroindustrial activ-
ities) are also taken from Park et al. [2003], who found that
they dominate over fossil fuel. For July through August
2004, emissions of OC aerosol from anthropogenic sources
in North America total 0.35 Tg C (0.26 Tg C from biofuels
and 0.09 from fossil fuels) (Figure 2).

[10] The model includes secondary organic aerosol
(SOA) formation from the oxidation of biogenic isoprene,
terpenes, and other reactive volatile organic compounds
(ORVOCs) following the approach of Chung and Seinfeld
[2002] extended to isoprene by Henze and Seinfeld [2006].
This scheme allows semivolatile secondary organic gases
(SOG) produced from VOC oxidation to partition reversibly
into the aerosol phase as a function of temperature and
preexisting OC aerosol volume. Biogenic VOC precursor
emissions are from the GEIA inventory [Guenther et al.,
1995] and are shown in Figure 2. The total source of
terpenes and ORVOCs for North America in July—August
is 8.1 Tg C, and a typical 10% SOA yield (note though that
production is reversible) implies a SOA source of 0.81 Tg
C. The total isoprene source for North America in July—
August of 14.2 Tg C in the GEIA inventory, and a typical
3% SOA yield [Kroll et al., 2005] implies a SOA source of
0.42 Tg C, half of the terpene source.

[11] We do not include SOA production from aromatic
anthropogenic VOCs, since the standard parameterization
for this source based on SOG/SOA reversible partitioning
[Odum et al., 1997] yields negligible concentrations outside
urban areas [Chung and Seinfeld, 2002; Tsigaridis and
Kanakidou, 2003]. We verified this for the ITCT-2K4
conditions using aromatic VOC emission inventories for
the northeastern United States and available SOA yield data.
This conclusion could change if new laboratory yield data
were to show a significant increase in aromatic SOA
production. Recent field observations [de Gouw et al.,
2005; Zhang et al., 2005; Volkamer et al., 2006] suggest a
larger anthropogenic contribution to SOA than from the
above mechanism but the underlying processes are not
understood.

[12] Loss of OC aerosol in the model is by wet and dry
deposition, and in the case of SOA also by reversible
volatilization. Dry deposition follows a standard resis-
tance-in-series scheme as described by Wang et al. [1998]
and Park et al. [2004]. Wet deposition is a more important
sink and is applied to the hydrophilic component of the OC
acrosol following the scheme of Liu et al. [2001] which
includes in-cloud rainout and below cloud washout from
convective anvils and large-scale precipitation, and scav-
enging in convective updrafts. Primary emissions of OC
aerosol are assumed to be 50% hydrophobic and 50%
hydrophilic with a 1.2 day e-folding conversion from
hydrophobic to hydrophilic [Cooke et al., 1999; Park et
al., 2005]. There was a high degree of internal mixing in the
aerosol particles sampled during ITCT-2K4 [Murphy et al.,
2006], implying that the OC aerosol is predominantly
hydrophilic. We assume that 80% of the SOA is hydrophilic
following Chung and Seinfeld [2002]. This fraction repre-
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sents the scavenging efficiency of dicarboxylic acids as
determined by Limbeck and Puxbaum [2000], who report a
range of 16 to 98% for a variety of polar organic com-
pounds. The solubility of the SOG compounds in equilib-
rium with SOA is very uncertain. Chung and Seinfeld
[2002] use a Henry’s Law coefficient for SOGs of 10° M
atm ' as a median value within the range given by
R. Sander (Compilation of Henry’s law constants for
inorganic and organic species of potential importance in
environmental chemistry (version 3), 1999, available at
http://www.mpch-mainz.mpg.de/~sander/res/henry.html)
of 10> M atm ™' for carboxylic acids and 10°~10® M atm ™"
for dicarboxylic acids. We use that value in our standard
simulation. Henze and Seinfeld [2006] found that simulated
SOA concentrations increased by up to 60% in the
free troposphere when the solubility of SOG is decreased
to 10* M atm™".

3. Observations of Organic Carbon Aerosol in
Summer 2004

[13] Figure 3 shows the geographical distribution of
gridded (2° x 2.5°) OC aerosol observations at the M-
PROVE surface sites and aboard the ITCT-2K4 aircraft
during July—August 2004. Here and elsewhere, all concen-
trations are expressed as ;g C m ™ at standard conditions of
temperature and pressure (STP); 1 ug C m—> = 2.02 ppb.
WSOC aerosol (<1 pum in diameter) was measured aboard
the aircraft with a detection limit of 0.1 g C m ™ [Sullivan
et al., 2006]. A carbon parallel plate denuder was used to
eliminate artifacts from gas-phase organics [Sullivan et al.,
2006]. The IMPROVE network of surface sites, which
monitors visibility in wilderness areas in the United
States [Malm et al., 1994], reports 24-hour averages of
surface concentrations of OC aerosol every third day. Total
OC aerosol concentrations consist of four components
pyrolyzed from the filter samples at different temperatures.
Detection limits generally range from 0.05 to 0.20 g C m >
for each OC component. Concentrations may be underesti-
mated due to evaporation from filter samples, particularly in
summer [Malm et al., 1994].

[14] The average surface concentration of OC aerosol at
the 37 IMPROVE sites over the ITCT-2K4 flight domain
(defined by Figure 3) was 2.1 ug C m>. As shown in
Figure 3, these concentrations are consistent with the
boundary layer WSOC concentrations measured by the
aircraft, which averaged 2.3 yug C m . This suggests, barring
measurement artifacts, that OC aerosol in the boundary layer
is mostly water-soluble. The IMPROVE data show less
spatial variability than the aircraft data, reflecting the gener-
ally remote character of the sites vs. the variety of air masses
sampled by the aircraft including urban plumes.

[15] Mean WSOC concentrations observed above the
boundary layer (2—6 km) range from 0.2 to 8.5 g C m >
on the 2° x 2.5° grid (Figure 3¢), with individual 1-min
observations of up to 26 ug C m °. The average is
1.7 ug C m>.

[16] The highest WSOC aerosol concentrations in the
ITCT-2K4 data are in biomass-burning plumes from the
boreal fires in Alaska and NW Canada [Sullivan et al.,
2006]. To filter these plumes from the data set we use
observations of acetonitrile (CH3;CN) > 225 ppt as a tracer
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Figure 3. Mean gridded (2° x 2.5°) concentrations of
organic carbon (OC) aerosol observed over northeastern
North America in July—August 2004 in mixing ratio units
of pug C m™> standard conditions of temperature and
pressure (STP). (a) OC aerosol measurements at IMPROVE
surface sites; (b) ITCT-2K4 aircraft observations of water-
soluble organic carbon (WSOC) aerosol in the boundary
layer (0—2 km); (¢) ITCT-2K4 aircraft observations of
WSOC in the free troposphere (2—6 km); (d) ITCT-2K4
aircraft observations of WSOC in the free troposphere
filtered to remove biomass-burning plumes as described in
section 3. Mean values are shown in each panel. The color
bar is saturated at 6.0 ug C m .

of biomass burning [Holzinger et al., 1999]. Acetonitrile is
emitted by biomass burning but not significantly by fossil
fuel combustion [Singh et al., 2003]. Figure 4a shows how
this filter targets the high tail of the observed WSOC aerosol
distribution in the free troposphere (2—6 km). Fire plumes
make up 9% of the observations in the free troposphere, and
are discussed further by de Gouw et al. [2006]. Mean filtered
concentrations of WSOC aerosol in the free troposphere
average 0.9 ug C m > and do not exceed 2.0 g C m > on
the 2° x 2.5° grid (Figure 3d). The filtered data set shows
no correlation with CH;CN (R = 0.01), suggesting that fire
influences did not dictate the OC aerosol variability outside
of the plumes.

[17] Figure 5 shows the vertical structure of the observed
acetonitrile and WSOC aerosol concentrations. Acetonitrile
concentrations peak in the lower free troposphere (3—4 km)
and WSOC aerosol concentrations are correspondingly
elevated in this region. Removing the fire plumes reduces
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the mean observed WSOC aerosol concentrations in the free
troposphere by almost a factor of 2. By contrast, the
contribution of fire plumes to observed WSOC aerosol in
the boundary layer is small.

[18] The filtered concentrations of WSOC aerosol ob-
served during ITCT-2K4 in the free troposphere over North
America (mean of 0.9 + 0.9 ug C m °) are significantly
smaller than the OC aerosol concentrations observed in the
free troposphere over the NW Pacific during the ACE-Asia
aircraft campaign based in southern Japan (mean of 3.3 +
2.8 ug C m™) [Heald et al., 2005]. The weak vertical
gradient between the boundary layer and free troposphere
observed in ACE-Asia suggested a SOA source in the free
troposphere. In contrast, the filtered WSOC aerosol in
ITCT-2K4 decreases from the surface to the free tropo-
sphere by over a factor of 2 (Figure 5). This likely reflects
the sampling of the continental boundary layer by the ITCT-
2K4 aircraft versus the marine boundary layer in ACE-Asia.
However, as discussed below, it does not appear that acrosol
transport from the continental boundary layer could have
been a major source of the free tropospheric WSOC aerosol
observed in ITCT-2K4.

4. Source Attribution

[19] We use here the GEOS-Chem simulation as de-
scribed in section 2 to interpret the WSOC aerosol concen-
trations observed during ITCT-2K4 in terms of contributing
sources. We compare the measurements of WSOC aerosol
with the sum of the simulated hydrophilic primary OC
aerosol and 80% of the simulated SOA (consistent with
our scavenging assumptions as described in section 2). Not
all of the hydrophilic primary OC may in fact be water-
soluble, in which case the model WSOC would be an
upper limit. We determined the source contributions to the
simulated WSOC as follows. The difference between
our base case and a simulation with no biomass-burning
emissions defines the biomass-burning contribution. The
anthropogenic OC aerosol is determined as the remaining
fraction of primary OC. The SOA concentrations are
determined from the base case simulation including primary
biomass burning and anthropogenic OC aerosol to serve as
condensation sites.

4.1. Biomass-Burning Plumes and Emission Ratio

[20] Figure 4b shows the probability distributions of
simulated free tropospheric WSOC concentrations along
the ITCT-2K4 aircraft tracks, for the complete data set
and the filtered data set with biomass-burning plume ob-
servation periods excluded. The biomass-burning filter
based on observed acetonitrile (section 3) identifies just
two model plumes. Outside of these plumes, the simulated
WSOC aerosol concentrations are lognormally distributed,
similar to observations. The paucity of model plumes is to
be expected in view of the averaging of source and transport
processes intrinsic in a global Eulerian model such as
GEOS-Chem.

[21] We can use the observed and model plumes to
evaluate the fire OC/CO emission ratio of 0.23 mol C mol '

used in the model. Figure 6 shows the WSOC-CO
relationship observed in free tropospheric biomass-burning
plumes (diagnosed by CH3CN > 225 ppt) and in the
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lognormal distribution would plot as a

corresponding model plumes. The GEOS-Chem simulation
of CO is described by Turquety et al. (submitted manu-
script, 2006). The observed enhancement ratio from linear
regression (reduced major axis method) is dAWSOC/dCO =
0.14 mol C mol™" (Figure 6). This is 40% lower than the
emission ratio used in the model (dotted line in Figure 6).
However, the dWSOC/dCO enhancement ratio in the two
model plumes is consistent with observations (Figure 6),
suggesting that the observed enhancement ratio is in fact
consistent with the model emission ratio. Decrease in
dWSOC/dCO from the point of fire emission to the point
of sampling could reflect dilution with a nonzero back-
ground CO [McKeen et al., 1996] or aerosol scavenging, or
both. Dilution with anthropogenic air masses over north-
eastern North America, for which the emission ratio is
0.043 mol C mol ™', would also contribute to this decrease
in dWSOC/dCO.

[22] The spread in the observed WSOC/CO relationship
in fire plumes (Figure 6) may reflect variable emission
ratios under different burn conditions [Reid et al., 2005] or
different histories of aerosol scavenging. De Gouw et al.
[2006] found an association between low aerosol enhance-
ment and low dew point (indicative of precipitation history)
for one of the ITCT-2K4 fire plumes. However, we do not
find that the general spread in the WSOC-CO relationship in
Figure 6 is correlated with dew point.

4.2. Boundary Layer

[23] Figure 7a shows the surface OC aerosol concentra-
tions simulated by the model at the IMPROVE sites in
July—August 2004. The model is 30% too low on average
and does not capture the observed spatial variability (R =

ITCT-2K4 WSOC
6 ' ' !
15(18) ¢
51 T
60(66) ¢
4 _'. .
E fs2(09 .
8 3r 1
=
£ 77 (87)
<
2 - -~
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s i
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[ ) I PP
0 1 2 3

WSOC [4gC m® STP]
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CH,CN [ppt]

100

Figure 5. Mean vertical profiles of observed water-soluble
organic carbon aerosol (WSOC, black circles) and acetoni-
trile (CH3CN, orange triangles) for all the ITCT-2K4 flights
(solid line). The mean WSOC profile when biomass-
burning plumes are filtered (as described in section 3) is
shown as the dotted line. Concentrations are reported at
standard temperature and pressure conditions and are
gridded to 2° x 2.5° horizontal resolution. The number of
observations in each altitude bin is given on the left of the
figure, with the total number of filtered observations given
in parentheses.
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Figure 6. Relationship between observed water-soluble
organic carbon (WSOC) aerosol and CO concentrations in
biomass-burning plumes sampled during ITCT-2K4 (black
circles, with regression line (solid) computed by the reduced
major axis method [Hirsch and Gilroy, 1984]). The
correlation coefficient is R = 0.72, and the slope is m =
0.069 g C m™* STP (ppb CO)~' = 0.14 mol C mol .
Biomass-burning plumes were selected as observations with
acetonitrile >225 ppt. The two simulated GEOS-Chem fire
plumes (Figure 4b) are shown as hollow circles. The dotted
line shows the boreal fire OC/CO emission ratio from
Andreae and Merlet [2001] used in the model. The CO
simulation is from Turquety et al. (submitted manuscript,
2006).

0.33). The previous GEOS-Chem simulation of 2001
national IMPROVE data by Park et al. [2006] found no
significant bias, and higher concentrations in the northeast
than found here. We find that this reflects differences in
precipitation frequency between the two simulations, likely
due to differences in the assimilated meteorological data
systems used (GEOS-3 for 2001, GEOS-4 for 2004). The
IMPROVE observations show no significant difference
between 2001 and 2004 over the northeastern United States.

[24] We find that simulated surface concentrations in
the northeastern United States for the ICARTT period
(Figure 7a) include contributions from anthropogenic
(49%), biomass burning (27%) and biogenic (24%) sources.
Isoprene oxidation contributes on average one third of the
total simulated SOA, with the reminder contributed
by terpenes and ORVOCs. Correlation of WSOC with CO
(R = 0.72) is found in the observations [Sullivan et al.,
2006], and also in the model (R = 0.78) but the dWSOC/
dCO slope in the model is a factor of 2 lower than observed
(0.040 vs.0.074 mol C mol ™ "). This could suggest a missing
anthropogenic source, possibly secondary [Sullivan et al.,
2006]. However, we also find in the model that biogenic
SOA and CO are correlated (R = 0.57), and an increase in
simulated biogenic SOA by a factor of 4 would similarly
correct the underestimate of the dWSOC/dCO slope (R =
0.69). The observed WSOC-CO relationship thus does not
point unambiguously to an anthropogenic source.
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4.3. Free Troposphere

[25] Figure 8 compares the mean vertical profile of
observed WSOC aerosol concentrations (spatial patterns
shown in Figure 7b), filtered to remove biomass-burning
plumes as described in section 3, with the GEOS-Chem
model simulation along the flight tracks similarly filtered
for the times and location of the observed biomass-burning
plumes. Also shown are the simulated versus observed
vertical profiles of total sulfur oxides (SO, = sulfate +
SO,), which we use as a test of scavenging of soluble
species in the model during transport from the boundary
layer to the free troposphere [Park et al., 2005; Heald et al.,
2005]. As seen in the figure, this scavenging is well
simulated by the model. Removal of soluble aerosols during
lifting effectively disconnects free tropospheric concentra-
tions from the boundary layer. Observed total SO, (and
sulfate, not shown) concentrations decrease by a factor of
10 from the surface to 6 km altitude, whereas observed
WSOC aerosol concentrations decrease by only a factor of
2. This suggests that the WSOC aerosol observed above
2 km is not transported from the boundary layer. Concen-
trations of WSOC aerosol in the free troposphere (2—6 km)
are underestimated in the model by 25% on average, as
compared to the factor of 10—100 underestimate found
during the ACE-Asia campaign in the free troposphere
[Heald et al., 2005]. As shown in section 3, mean free
tropospheric concentrations of organic carbon aerosol were 4
times lower during ITCT-2K4 than ACE-Asia. In addition,
mean simulated concentrations of WSOC aerosol in the free
troposphere over North America (0.7 £ 0.6 ug C m ) are
more than twice the OC aerosol simulated during ACE-Asia
(0.3 +£0.2 ug C m ). WSOC accounts for the bulk of free
tropospheric OC aerosol in the model (Figure 8b).
Comparison with ACE-Asia data is discussed further in
section 6.

a) GEOS-Chem (Surface)

@J/

b) GEOS-Chem (2-6 km)

U

1.5

0 1 2 3 4 5 6 [ugC m™® STP)
Figure 7. Mean gridded (2° x 2.5°) concentrations of
organic carbon aerosol simulated over northeastern North
America in July—August 2004 in mixing ratio units of ug C
m > STP. (a) Twenty-four-hour values simulated at
IMPROVE surface sites. (b) Simulated WSOC aerosol
concentrations along ITCT-2K4 aircraft flight tracks in the
free troposphere (2—6 km) filtered to remove biomass-
burning plumes as described in section 3. Mean values are
shown in each panel. The color bar is the same as in Figure 3.
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Figure 8. Mean vertical profiles of (a) sulfur oxides (SO, = SO, + sulfate) and (b) water-soluble
organic carbon aerosol (WSOC) as observed (solid black) and simulated by the GEOS-Chem model
(thick red line) for the filtered ITCT-2K4 data with biomass-burning plumes removed (as described in
section 3). Simulated hydrophobic OC aerosol (not included in WSOC) is also shown in Figure 8b as a
thin red line (inverted triangles). (c) Contributions to total (red line) simulated OC aerosol from biomass-
burning (orange line), anthropogenic (blue line), and biogenic (green line) sources. The GEOS-Chem
model simulation is sampled at the time and location of the aircraft flights, and the observations are
averaged to the model resolution. The standard deviation of the observations in each altitude bin is shown
as an error bar with the number of observations in each bin given on the right of the figure.

[26] Figure 8c shows the source contributions to the
simulated OC aerosol along the ITCT-2K4 flight tracks.
Biomass burning and biogenic sources dominate in the free
troposphere, in contrast to the boundary layer where the
principal source is anthropogenic. Fresh anthropogenic
emissions include a 50% hydrophobic fraction, but the 1.2
e-folding timescale for conversion of hydrophobic to hy-
drophilic aerosols in the model is much shorter than the
~5 day timescale for boundary layer ventilation [Li et al.,
2005]. The anthropogenic contribution therefore declines
considerably from the boundary layer to the free tropo-
sphere, reflecting efficient scavenging in the model and
consistent with the SOy vertical profile. This scavenging
affects less the biomass-burning source, 60% of which is
injected directly in the free troposphere in the model, and
the biogenic source, for which the scavenging effect is
compensated by lower temperature driving partitioning of
SOG into the aerosol.

[27] Boreal fires emissions in the model account for
42% of total OC aerosol in the free troposphere outside of
fire plumes. This contribution comes from the mixing of
fire emissions with background air over North America
and is sensitive to the assumed injection height. Simulated
biomass-burning influence peaks at 3—4 km altitude,
reflecting the preferential altitude for injection of fire
emissions (section 2). We conducted a sensitivity simula-
tion with all biomass-burning emissions released in the
boundary layer and found a factor of 2 decrease in the
simulated biomass-burning OC aerosol concentrations in
the free troposphere.

[28] Mean simulated SOA concentrations in the free
troposphere range from 0.2 to 0.5 ug C m > during
ITCT-2K4 and account for 36% of the total OC aerosol
on average. Our previous simulation for the spring of 2001
ACE-Asia campaign using the same scheme (though with-

out isoprene as a precursor) [Heald et al., 2005] indicated
much lower concentrations, averaging 0.03 yg C m>. The
higher SOA for the ITCT-2K4 conditions reflects the high
biogenic VOC emissions from North America in summer.
We see from the vertical profile in Figure 8c that SOA
formation in the model is favored in the boundary layer
where there is greater preexisting aerosol mass to act as a
condensation surface and at the colder temperatures of the
upper troposphere. SOA from isoprene contributes 15-30%
of the simulated SOA during ITCT-2K4, making only a
small contribution to total OC aerosol. Dicarbonyl oxidation
and polymerization in clouds [Lim et al., 2005] could lead
to a higher source of SOA from isoprene than simulated
here.

[29] As discussed in section 2, the solubility of SOG is
highly uncertain. We conducted a simulation with an
assumed solubility of 10> M atm™' and found that mean
simulated free tropospheric SOA concentrations in Figure §
increased by 45% over the standard case (10° M atm™').
The corresponding increase in total WSOC aerosol concen-
trations was less than 0.1 ug C m ™.

5. Correlations With Chemical Variables

[30] Although the GEOS-Chem simulation reproduces
the mean magnitude, range of concentrations (Figure 4)
and vertical structure (Figure 8) of WSOC aerosol concen-
trations in the free troposphere observed during ITCT-2K4,
it does not reproduce the variance in the individual obser-
vations. We find a correlation coefficient R of only 0.21
between individual observations on the 2° x 2.5° model
grid, from 2—6 km in the filtered data set (excluding fire
plumes) and corresponding model values. This suggests that
the actual mechanisms controlling OC aerosol formation
and loss are not properly described by the model. A large
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Figure 9. Correlation coefficients between water-soluble
organic carbon (WSOC) aecrosol and other chemical
variables in ITCT-2K4 observations for the free troposphere
(2—6 km) and for the filtered data set excluding fire plumes
(section 3). Only selected species with more than 100
coincident observations and correlation coefficients (R)
significant at the 95% level are shown.

number of chemical variables were measured aboard the
WP-3 aircraft together with WSOC aerosol, and we
examine here the observed covariances of WSOC aerosol
with these variables to gain further insight on OC aerosol
sources in the free troposphere. We conduct the analysis for
the 1-min average filtered data set at 2—6 km excluding
biomass-burning plumes (section 3) and for 89 variables
including a suite of VOCs [Schauffler et al., 1999; de Gouw
et al., 2006], ozone and nitrogen oxides [Ryerson et al.,
1998, 1999, 2000], CO and SO, [Holloway et al., 2000],
sulfate and ammonium aerosol [Weber et al., 2001], PAN,
nitric acid, and ammonia [Slusher et al., 2004; Neuman et
al., 2002; Nowak et al., 2007]. Although the free tropo-
sphere represents a wide range of sampling conditions, we
find that within the 2—6 km domain there is no significant
correlation between observed WSOC aerosol and tempera-
ture, relative humidity, pressure, or latitude. Therefore we
consider the ensemble of 2—6 km observations as a single
population for the purpose of correlation analysis.

[31] Figure 9 shows the correlation coefficients signifi-
cant at the 95% level (with at least 100 coincident obser-
vations) for selected species (we verified that none of these
correlations are driven by outliers). No chemical variables
showed significant negative correlations with WSOC aero-
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sol. The strongest WSOC aerosol correlations (R > 0.35) are
with sulfate and methanol. None of the biogenic SOA
precursor gases (sesquiterpenes, monoterpenes, isoprene),
nor their oxidation products (methylvinylketone or meth-
acrolein) are significantly correlated with WSOC aerosol,
with the exception of limonene (R = 0.19). We also find no
significant correlation with CH;CN, indicating that biomass
burning is not a major source of WSOC aerosol variability
outside of plumes. We used multivariate analysis to further
resolve the WSOC aerosol variability. These indicate meth-
anol to be the most successful predictor in combination with
sulfate (R = 0.54), nitric acid (R = 0.53) or toluene (R =
0.53). Methanol can be regarded as a long-lived tracer of
terrestrial biogenic emissions [Jacob et al., 2005]. The
sulfate and methanol predictors would be consistent with
an aqueous-phase mechanism for SOA formation from the
oxidation of biogenic VOCs, as suggested by Lim et al.
[2005] and Carlton et al. [2006]. This process could take
place in fair weather cumuli venting to the free troposphere
[Parrish et al., 2004], which was also identified in ICARTT
as a major source of nitric acid to the free troposphere
(Hudman et al., submitted manuscript, 2006). Partitioning
of SOA on inorganic aerosols may also contribute to the
correlation of WSOC with sulfate and nitric acid. Correla-
tion with toluene suggests an anthropogenic contribution to
the free tropospheric SOA.

6. Conclusions

[32] We have used a global 3-D chemical transport model
(GEOS-Chem) to interpret observations by Sullivan et al.
[2006] of water-soluble organic carbon (WSOC) aerosol
mass concentrations in the free troposphere (2—6 km) over
northeastern North America during the ITCT-2K4 aircraft
campaign of July—August 2004. We had previously found
that the same model, including standard representations of
primary and biogenic secondary sources, underestimated by
a factor of 10—100 the free tropospheric OC aerosol
concentrations observed over the NW Pacific off the coast
of Japan (ACE-Asia aircraft campaign in April—May 2001)
[Heald et al., 2005;. The ACE-Asia observations, averaging
3.3+2.8 ug Cm - at 2—6 km, were the first measurements
of OC aerosol mass concentrations above the boundary
layer. The ITCT-2K4 observations provide the second such
data set. They are far more extensive than the ACE-Asia
observations, benefit from much better ancillary chemical
information, and also include continental boundary layer
information. WSOC can be expected to account for the bulk
of OC aerosol in the free troposphere, considering the high
degree of internal mixing of organic and inorganic aerosol
components reported by Murphy et al. [2006].

[33] The mean observed WSOC aerosol concentration in
the free troposphere during ITCT 2K4 was 1.7 ugC m™—>, a
factor of 2 lower than in ACE-Asia. Extremely high con-
centrations (up to 26 pg C m™>) were observed in plumes
from large boreal fires in Alaska and northwestern Canada
that raged for much of the summer of 2004 (Turquety et al.,
submitted manuscript, 2006). We filtered these biomass-
burning plumes (9% of the free tropospheric data set) using
correlation with observed acetonitrile [de Gouw et al., 2006]
The filtered data set yields a mean free tropospheric WSOC
concentration of 0.9 + 0.9 ug C m > with a lognormal
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distribution. WSOC is not correlated with acetonitrile in this
filtered data set, suggesting that biomass burning was not a
dominant source outside of plumes.

[34] Our GEOS-Chem simulation of the ITCT-2K4 data
includes a daily resolved inventory of emissions from the
summer 2004 boreal fires, evaluated with MOPITT CO
observations (Turquety et al., submitted manuscript, 2006).
The OC/CO emission ratio in that fire inventory is 0.23 mol
C mol™' [Andreae and Merlet, 2001]. The observed
WSOC/CO enhancement ratio in the ITCT-2K4 fire plumes
is 40% lower, but this is reproduced in the corresponding
model plumes and appears to reflect dilution of fire plumes
and scavenging of OC aerosol. This scavenging is highly
sensitive to the injection altitude of the fire emissions. Our
standard GEOS-Chem simulation injects 60% of fire emis-
sions in the free troposphere at 3—5 km altitude, based on
evidence of extensive pyroconvection as well as the infor-
mation offered by the MOPITT data (Turquety et al.,
submitted manuscript, 2006) and the fire plume trajectories
[de Gouw et al., 2006].

[35] Comparison of simulated vs. observed mean vertical
profiles of WSOC aerosol concentrations, for the filtered
data set excluding biomass-burning plumes, indicates a 30%
model underestimate in the continental boundary layer and a
25% underestimate in the free troposphere. Observed
WSOC aerosol concentrations in the boundary layer are
consistent with surface air observations of OC aerosol
concentrations at the IMPROVE network of long-term
monitoring sites. They are on average a factor of 2 higher
than in the free troposphere, and include an important
anthropogenic source apparent in the correlation with CO
[Sullivan et al., 2006]. The model attributes WSOC in the
boundary layer on average as 49% primary anthropogenic,
27% biomass burning, and 24% biogenic SOA. The model
reproduces the observed correlation of WSOC aerosol with
CO but the corresponding slope is a factor of 2 too low. This
suggests a secondary SOA source, which may be either
biogenic or anthropogenic in origin, missing from the model
and of magnitude comparable to primary anthropogenic
emission.

[36] We find that the boundary layer OC aerosol budget is
disconnected from that in the free troposphere. Simulated
and observed vertical profiles of SO, show a factor of
10 decrease from the boundary layer to the free troposphere,
indicating efficient scavenging (well reproduced by the
model). Combined with evidence that boundary layer OC
aerosol is mainly water-soluble, we find in the model that
the anthropogenic source is minor above 3 km and that
biomass burning (42%) and biogenic SOA (36%) are then
the principal sources of WSOC aerosol. Biogenic SOA in
the model contributes 0.2—-0.5 pug C m™ ~ in the free
troposphere, of which 15-30% is from oxidation of
isoprene through gas-aerosol partitioning of semivolatile
oxidation products [Henze and Seinfeld, 2006].

[37] The ability of the model to match within 25% the
mean free tropospheric OC aerosol concentrations observed
in the ITCT-2K4 data is in sharp contrast with the factor of
10—100 underestimate of the ACE-Asia observations
[Heald et al., 2005]. The ITCT-2K4 data averaged 0.9 +
0.9 ug C m > for the filtered free tropospheric data set
excluding biomass-burning plumes, which is 4 times less
than the average for ACE-Asia (3.3 + 2.8 ug C m ).
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Simulated OC aerosol concentrations for ITCT-2K4 were
over a factor of 2 higher than in ACE-Asia due the larger
contributions from biomass burning and biogenic SOA. The
source of the high OC aerosol observed in ACE-Asia thus
remains unclear.

[38] Although the GEOS-Chem model is relatively suc-
cessful in reproducing the mean free tropospheric WSOC
aerosol concentrations observed in ITCT-2K4, it does not
reproduce the variance in the individual observations (R =
0.21), suggesting that the underlying sources are not prop-
erly represented. We conducted a correlation analysis for the
ensemble of chemical variables measured aboard the aircraft
and found that the measured free tropospheric WSOC
acrosol correlates most strongly (R > 0.35) with methanol
and sulfate. Multivariate correlations using methanol in
combination with sulfate, nitric acid or toluene can explain
up to 28% of the variability (R = 0.54). The correlation
with methanol and sulfate supports an in-cloud formation
mechanism from biogenic VOC precursors, as previously
suggested by Lim et al. [2005] and Carlton et al. [2006].
The added correlation with nitric acid suggests that SOA
could be supplied to the free troposphere by venting of fair
weather cumuli where SOA formation would take place.
The correlation with toluene suggests a persisting though
likely minor role for anthropogenic SOA in the free
troposphere.

[39] Our previous analysis of the elevated free tropo-
spheric OC aerosol concentrations in the ACE-Asia data
[Heald et al., 2005] pointed to potentially large implica-
tions for radiative forcing and intercontinental transport of
aerosol pollution. The high WSOC aerosol concentrations
observed in ITCT-2K4 (though a factor of 4 lower than
ACE-Asia) confirm the importance of free tropospheric OC
aerosol for radiative forcing (—0.26 Wm 2, for the mean
2—6 km aerosol column observed in ITCT-2K4, calculated
with the same assumptions as Heald et al. [2005]). The
decoupling of the boundary layer and the free troposphere
seen in ITCT-2K4 for the WSOC aerosol, together with the
apparent dominance of natural sources in the free tropo-
sphere, implies that intercontinental transport of OC aerosol
pollution affecting U.S. aerosol air quality would be
minimal in summer. The issue deserves further examination
in spring, when the ACE-Asia measurements were made
and when transpacific transport of Asian pollution is
strongest.
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