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Evolution of Organic Aerosols
in the Atmosphere
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Organic aerosol (OA) particles affect climate forcing and human health, but their sources
and evolution remain poorly characterized. We present a unifying model framework describing
the atmospheric evolution of OA that is constrained by high–time-resolution measurements of its
composition, volatility, and oxidation state. OA and OA precursor gases evolve by becoming
increasingly oxidized, less volatile, and more hygroscopic, leading to the formation of oxygenated
organic aerosol (OOA), with concentrations comparable to those of sulfate aerosol throughout
the Northern Hemisphere. Our model framework captures the dynamic aging behavior observed in
both the atmosphere and laboratory: It can serve as a basis for improving parameterizations in
regional and global models.

Submicron atmospheric aerosols exert a
highly uncertain effect on radiative climate
forcing (1) and have serious impacts on

human health (2). Organic aerosol (OA) makes
up a large fraction (20 to 90%) of the submicron
particulate mass (3, 4). However, OA sources,
atmospheric processing, and removal are very
uncertain. Primary OA (POA) is directly emitted
from fossil fuel combustion, biomass burning,
and other sources, but the atmospheric evolution
of POA after emission remains poorly charac-
terized (3, 4). Recent results show that secondary
OA (SOA), formed by atmospheric oxidation of
gas-phase species, accounts for a large fraction of
the OA burden (3, 5–9). Despite much recent
progress in our understanding of SOA formation
chemistry (10), current “bottom-up”models based
on parameterizations of laboratory experiments
cannot explain the magnitude and evolution of
atmospheric SOA (5–9). Explicit chemical mod-
els are still not able to predict ambient SOA con-

centrations or degree of oxidation accurately, and
they are too complex for large-scale models (11).
A better understanding of the chemical evolution
of OA is required to reduce unacceptable aerosol-
related uncertainties in global climate simulations
(12) and to improve air quality (13).

Here we integrate observations and modeling
to better characterize the physical and chemical
properties and climate effects of OA. Field and
laboratory data show that the volatility and oxida-
tion state of organics can be used to build a two-
dimensional (2D)modeling framework thatmaps
the evolution of atmospheric OA. The measure-
ments andmodel revealOA to be a highly dynamic
system, tightly coupled to gas-phase oxidation
chemistry. Gas-phase reactions transformOAcon-
stituents, and the OA itself is an intermediate,
often forming from gas-phase precursors and ul-
timately returning, in part, to gas-phase products.
The framework, though computationally inex-
pensive, allows an accurate representation of OA

in regional and global climate and air-quality
models used for policy assessments.

The aerosol mass spectrometer (AMS) detects
OA quantitatively by combining thermal vapor-
ization and electron ionization (EI) (14). Factor
analysis of AMS data (FA-AMS) (3, 15–17) dem-
onstrates that AMS data contain sufficient infor-
mation to differentiate several types of OA and to
determine their dry oxygen content (18). FA-
AMS is based on the total OA mass and avoids
the challenges of techniques based on molecular
tracers with highly variable tracer:OA ratios (19)
that may not be stable against atmospheric oxida-
tion (20). Figure 1 summarizes FA-AMS results at
many locations in the Northern Hemisphere, with
typical high-resolution component spectra shown
in fig. S1 (21). POA from fossil fuel combustion
and other urban sources [hydrocarbon-like OA
(HOA)] and biomass-burning OA (BBOA) have
been identified inmultiple studies. However, most
OAmass at many locations is oxygenated organic
aerosol (OOA) (3), characterized by its high oxy-
gen content, with an atomicO:C ratio (an indicator
of oxidation state) of 0.25 to ~1 for highly aged
OA (18). There is strong evidence that most atmo-
spheric OOA is secondary: Increases in OOA are
strongly correlated with photochemical activity
(7, 22) and other secondary species (7, 16, 17, 22),
andOOA levels are consistent with SOA estimates
using other methods (13, 15).

At many locations, FA-AMS identifies two
subtypes of OOA that differ in volatility and O:C
(Fig. 1). Volatility and O:C are generally inversely
correlated (16–18, 23, 24). Low-volatility OOA
(LV-OOA,empirical formula~C8O5.5H10) is strongly
correlatedwith nonvolatile secondary species such
as sulfate and has a high O:C (Fig. 1, inset), consist-
ent with regional, heavily aged OA. Semi-volatile
OOA (SV-OOA, empirical formula ~C8O3H11)
has a higher correlation with semivolatile species
such as ammonium nitrate and ammonium chlo-
ride and has a lower O:C, consistent with less–
photochemically aged OA. These two OOA
subtypes offer a lumped description of SOA com-
ponents based on their distinct physicochemical
properties. The relative concentrations of theOOA
subtypes depend on both ambient temperature and
photochemistry. For the three sites with both win-
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ter and summer measurements, for example, SV-
OOAwas observed only during the summer, when
the dynamic range in ambient temperature and
photochemical conditions is larger.

Recent field and laboratory experiments illus-
trate the fact that atmospheric oxidation reactions
result in the dynamic evolution of OA properties
with age. This evolution contrasts sharplywith the

relatively static nature of sulfate aerosol. In gen-
eral, atmospheric SV-OOA corresponds to fresh
SOA that evolves into LV-OOA with additional
photochemical processing. Figure 2, A and B,
present data acquired aroundMexico City aboard
the National Center for Atmospheric Research/
National Science Foundation C-130 aircraft during
the Megacity Initiative: Local and Global Re-
search Observations (MILAGRO) campaign (25).
This megacity experiences substantial particu-
late pollution, including intense SOA formation
(7, 18, 22, 23, 25). The aircraft flew over a
ground supersite located inside the city (designated
as T0) and two sites 30 and 63 km downwind
(designated T1 and T2) in the afternoon, cor-
responding to approximate transport times of 0,
3, and 6 hours from the urban area. In the urban
area (T0), SV-OOAwas already dominant, consist-
ent with previous observations (7), but the fraction
of OOA, O:C, and the relative LV-OOA contribu-
tion all increased with aging (T0→T1→T2).

A similar transformation has also been ob-
served in the laboratory (Fig. 2, C to F) for various
types of OA (21). SOA formed from the oxidation
of a-pinene becomes more similar to ambient SV-
OOA after some aging and then evolves with
continued oxidation to become increasingly sim-
ilar to ambient LV-OOA (Fig. 2C). SOA forma-
tion and heterogeneous oxidation from primary
diesel emissions, biomass-burning smoke, and the
POA surrogate squalane result in strikingly similar
transformations (Fig. 2, D to F). The bulk OA
spectra in each experiment initially resemble the
appropriate source aerosol spectra, but as photo-
chemistry proceeds, their signature is transformed
and the laboratory OA spectra become more sim-
ilar first to that of ambient SV-OOA and then in-
creasingly to that of LV-OOA. These observations,
when taken together, indicate that atmospheric
oxidation of OA converges toward highly aged
LV-OOA regardless of the original OA source,
with the original source signature being replaced
by that of atmospheric oxidation. This is consist-
ent with the previously reported ubiquity in atmo-
spheric OA of humic-like substances (HULIS),
which are complex mixtures of high–molecular-
weight polycarboxylic acids that are similar to
fulvic acids in soil organic matter (26).

An important property of aerosols is hygro-
scopicity (propensity to absorb water vapor). A
more hygroscopic particle of a given sizewill grow
more under humid conditions, scattering more in-
cident light; it will also bemore likely to form cloud
droplets. Both phenomena strongly influence the
radiative forcing of climate through the direct and
indirect effects of aerosols (1). The dependence of
hygroscopicity on particle composition can be rep-
resented with the single parameter k (27). Figure 3
shows the relationship between organic O:C and k
for ambient aerosols in urban, forested, and remote
locations and also for SOA formed in laboratory
chambers from three different precursors (21); O:C
and kwere determined byAMSand hygroscopicity
tandem differential mobility analyzer (HTDMA)
(28) measurements, respectively. A trend of increas-

ing hygroscopicity with increasing O:C is robust.
This strongly suggests that a model must reproduce
the evolution of OA shown in Fig. 2 to estimate the
variations in OA hygroscopicity, allowing the ef-
fects of OA on global climate to be determined
more accurately in atmospheric models.

Traditional SOA models are based on the pa-
rameterization of smog-chamber experiments, often
using a two-product absorptive partitioning scheme
(10). Thesemodels typically do not capture either
the amount of SOA or the substantial aging ob-
served in field experiments described above (7).
Recently, Robinson et al. (29) proposed an OA
model scheme based on lumping species into vol-
atility bins of a basis set (specified as decades in
saturation concentration, C*, at 298 K). This
resulted in improved agreement between regional
model predictions and ambient measurements.
However, simplified lumping schemes based only
on volatility cannot represent the broad diversity in
physicochemical properties of organic species, such
as polarity, solubility, carbon number, and reactivity,
and thus may not reproduce the formation rates,
properties, or atmospheric fates of OA.

The discussion above underscores the fact that
the oxygen content and volatility of OA evolve
with photochemical processing. This motivated
development of a 2D volatility basis set (2D-VBS)
modeling framework usingOAvolatility (C*) and
oxidation state (here approximated by oxygen
content, O:C) as its two basis vectors. Because
these twoOAproperties can bemeasured in near–
real time, this framework can be constrained and
directly verified with experimental data, which is
an advantage over a previously proposed basis set
based on carbon number and polarity (30). More-
over, this framework could be used to estimate
OA hygroscopicity and would thus introduce an
important simplification in atmospheric models.

As shown in Fig. 4, the 2D-VBS (21) lumps
species with C* <~ 107 mg m−3 into bins that are
spaced evenly in C* and O:C space. Each bin in-
cludesmany organic compounds, spanning only a
narrow range of carbon numbers. All constituents
are assumed to form a quasi-ideal solution ac-
cording to standard partitioning theory (31). In the
atmosphere, only species with C* <~ 10 mg m−3

typically partition substantially into the aerosol (8).
Figure 4 shows the location of the OOA fac-

tors in the 2D-VBS. Most ambient OA is a mix-
ture of LV-OOA and SV-OOA, with 0.25 < O:C <
1 and low C*. Most primary emissions lie along
or near the x axis (low O:C, various C*). Photo-
chemical reactions cause material to evolve in the
2D space. A key question is, how do primary gas
and particle emissions age to become LV-OOA?

The 2D-VBS simulates photochemical aging
using a functionalization kernel and a fragmen-
tation kernel, a branching ratio between these two
pathways, and a simple representation of differ-
ing homogeneous and heterogeneous oxidation
by OH (Fig. 4C) (21). In the current implemen-
tation, the first generation of oxidation is modeled
with explicit chemistry but the later generations
of oxidation are phenomenological, with param-
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eters consistent with our current understanding of
atmospheric chemistry. It can be applied to mate-
rial produced from any precursor.

To test whether the model can reproduce the
transformations of atmospheric OA shown in Fig.
2, the simulated formation and aging chemistry of
a-pinene SOA (and the attendant vapors) are
shown in Fig. 4. The full (vapor and particle) first-
generation distribution from the a-pinene + O3

reaction (derived from chamber data) is shown
with blue contours in Fig. 4A, having 1 < C*<
107 mgm−3 and 0.1 < O:C < 0.4. Lower-volatility
products to the upper left of the blue contours
condense to form SOA. The reaction of the first-
generation particle and vapor distribution with
OH is modeled with functionalization reactions
that generate products that are roughly within the
limits indicated by the red dashed lines in Fig.
4A. The predicted condensed-phase products after
1.5 lifetimes of OH oxidation are shown with
purple contours in Fig. 4A and the yellow star in
Fig. 4, A and B. The model predicts a tripling

of SOAmass by the end of the second generation
of oxidation. This increase is also accompanied
by an increase in O:C, shown in Fig. 4B, and a
drop in average C* of the aerosol. The predic-
tions in Fig. 4 are consistent with observations of
cis-pinonic acid, a typical first-generation reac-
tion product, and of its OH oxidation product
a,a-dimethyltricarballylic acid (8).Moreover, the
simulation results reproduce the SV-OOA–to–
LV-OOA transformation observed in the laboratory
experiments on a-pinene SOA aging (Fig. 2C).

The model predicts very similar outcomes for
the aging of other SOA precursors, including the
evaporated diesel and biomass-burning smoke
shown in Fig. 2, E and F. Most of the aging in
these simulations occurs via gas-phase oxidation of
semivolatile vapors. OOA formation occurs mainly
via condensation of the less volatile products of
these aging reactions on accumulation-mode parti-
cles, where OOA principally resides (15). However,
in all of these cases, the majority of the oxidation
products in the model are higher-volatility gases.

Although the current implementation of the frame-
work considers aging only by reactions with OH,
other agingmechanisms, such as oligomerization or
the addition of hydrated glyoxal to a semivolatile
organic in the condensed phase (32), could be in-
corporated into the framework. These mechanisms
represent other means of substantially increasing
O:C while reducing C* by several decades.

OA is dynamic and continually evolves in the
atmosphere; this evolution strongly influences the
effects of particulate matter on climate and air
quality. The complex evolution of OA contrasts
with the simpler behavior of sulfate, which is ir-
reversibly oxidized and condensed. Current mod-
eling frameworks for OA are constructed in an
analogous way to those for sulfate, with either no
agingor one-step oxidation.Herewehave presented
a unifying framework describing the atmospheric
evolution of OA, which is directly connected to
worldwide observations and experimentally ver-
ifiable and can be used to evaluate and form the
basis of practical phenomenological modeling

Fig. 1. Total mass concentration (in micrograms per cubic meter) and mass
fractions of nonrefractory inorganic species and organic components in sub-
micrometer aerosols measured with the AMS at multiple surface locations in
the Northern Hemisphere (21). The organic components were obtained with
FA-AMS methods (3, 15–17). In some studies, the FA-AMS methods identified

one OOA factor, whereas in other locations, two types, SV-OOA and LV-OOA,
were identified. HOA is a surrogate for urban primary OA, and Other OA
includes primary OAs other than HOA that have been identified in several
studies, including BBOA. (Inset) Distributions of O:C for the OA components
identified at the different sites, calculated according to (18).

www.sciencemag.org SCIENCE VOL 326 11 DECEMBER 2009 1527

REPORTS
on M

arch 30, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


Fig. 2. Field and laboratory
data of OA evolution with pho-
tochemical aging. (A and B)
Atmospheric aging of OA above
the T0→T1→T2 sites in and
aroundMexicoCity (correspond-
ing to approximate transport
times of 0, 3, and 6 hours from
the urban area) as measured
from the C-130 aircraft during
the MILAGRO field experiment.
OA/DCO, where DCO is the
measured CO minus a North-
ern Hemispheric background
of 100 parts per billion by
volume, is plotted in (B) to
correct for dilution of the air
mass. Biomass burning was
suppressed by rain during this
period. (C to F) Evolution of
OA composition during photo-
chemical aging in laboratory re-
action chambers of (C)a-pinene
SOA, (D) squalane (a liquid hy-
drocarbon used as a surrogate
for reduced primary OA), (E)
diesel exhaust, and (F) biomass-
burning smoke. In (C) to (F), the
increased degree of oxidation
and similarity to ambient OOA
spectra are indicated by the
Pearson correlation coefficients
(R2) between the evolving total
OA spectra in each experiment
and the SV-OOA and LV-OOA
spectra derived from theMexico
City field data set. The similarity
to the initial source spectra de-
creases in all cases: Fora-pinene
and squalane, the evolving OA
is compared to the original OA,
whereas for diesel exhaust and
wood smoke, it is compared
with ambient HOA and BBOA
from Mexico City. Dashed lines
are included to guide the eye.

Fig. 3. Relationship between O:C and hygroscopicity
(k, or equivalently the particle growth factor at 95%
relative humidity) of OA for several field data sets (a
high-altitude site at Jungfraujoch, Switzerland; above
Mexico City, a polluted megacity; and at the forested
site of Hyytiälä, Finland) and for laboratory smog
chamber SOA (21). TMB, trimethylbenzene. Error bars
represent the uncertainties in O:C and korg (org, or-
ganic) and are shown for only a few data points to
reduce visual clutter. GF, growth factor; aw, water
activity.
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approaches. The combination of measurements and
the modeling framework implies that most OA is
an intermediate state of organic material, between
primary emissions of reduced species and highly
oxidized volatile products (CO and CO2). Future
models, inventories, and measurements will almost
certainly need to account for the dynamic sources
and sinks of OA to accurately predict regional and
global OA distributions and properties and thus
the associated health and climate effects.
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Fig. 4. (A) 2D frame-
work for OA aging. The x
axis is volatility (log10 of
C* at 298 K). The y axis
is oxidation state, approx-
imated by O:C. The sec-
ondary y axis shows the
approximatek ofa-pinene
SOA from Fig. 3. Com-
pounds with C* ≤ COA
(the organic aerosol con-
centration, typically 1 to
10mgm−3) favor the con-
densed phase. Those with
C* > COA favor the gas
phase. The OOA factors
described in Figs. 1 to 3
fall in this 2D space as
shownby thegreenareas,
with LV-OOA being less
volatile and more oxi-
dized than SV-OOA. We
modeled the initial oxida-
tionofcommonprecursors
with explicit chemistry, but
later-generation oxida-
tion applies to material
produced from any pre-
cursor. a-pinene (brown
pentagon) is an example.
All products from the a-
pinene + ozone reaction,
modeled explicitly, are dis-
tributed according to the
bluecontours; thematerial
at low C* and high O:C
forms SOA (with mean
properties indicated by the blue star). Typical effects of adding (=O) and (–OH)
functionality to a C10 backbone are shown with red dashed lines, and a
common first-generation product, cis-pinonic acid, is shown with a magenta
dot. After forming a-pinene SOA explicitly, we modeled subsequent aging
reactions with OH within the 2D-VBS. A representative second-generation
product, a C8 triacid, is shown with a crimson dot within the LV-OOA range.
Modeled condensed-phase products after 1.5 lifetimes of OH oxidation are
shown with purple contours. The mass-weighted average is indicated by the
yellow star. This simulation reproduces a substantial shift toward ambient OOA
characteristics, indicated by the shift between the blue and yellow stars. (B)

Evolution of condensed-phase O:C versus approximate OH exposure for
simulated aging (similar to Fig. 2C). The blue and yellow stars for organic
aerosol in (A) are shown. (C) Oxidation can occur in the gas or condensed
phase, and reactions transform material as shown (21). Reactions form three
categories: fragmentation, functionalization, or oligomerization, based on
whether the carbon number decreases, stays the same, or increases. Here we
model the first two pathways. The branching ratio (b) between these pathways
is critical. Functionalization will reduce volatility considerably, whereas
fragmentation can generate more-volatile species, which are less likely to
partition to the OA.
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and less volatile with age, as they become oxygenated organic aerosols. These results should lead to better predictions 
data that simulate the dynamic aging behavior of organic aerosols. Particles become more oxidized, more hygroscopic,
framework of organic aerosol compositional evolution in the atmosphere, based on model results and field and laboratory 

) present an integratedAndreae (p. 1525; see the Perspective by et al.Jimenez evolution is poorly characterized. 
climate and human heath. However, their sources and removal pathways are very uncertain, and their atmospheric 

Organic aerosols make up 20 to 90% of the particulate mass of the troposphere and are important factors in both
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