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Introduction

An aerosol is an assembly of liquid or solid particles which
are suspended in a gaseous medium long enough to enable
observation and measurement. The atmospheric aerosol
thus describes the system of particles suspended in our
atmosphere. Generally, the sizes of aerosol particles are in
the range 0.001–100 μm. Sampled aerosol particles are also
called particulate matter (PM). According to the cutoff used
during sampling, a suffix is often used, thus, PM10 denotes
all aerosol particles with an aerodynamic particle diameter
d≤10 μm. Most legal standards are related to PM10.
Atmospheric aerosols are of interest mainly because of
their effects on health and climate. Concerning health,
many epidemiological studies have shown a link between
increased mortality/morbidity and increased PM10 or PM2.5

(see [1] and references therein). Concerning climate,
aerosol particles scatter and absorb light (known as the
direct effect on climate), and modify cloud properties (with
a variety of effects known as indirect effects) [2]. These
effects are influenced by the chemical and physical
properties of the aerosol particles, which makes these
properties important to be measured. In addition, the
chemical composition reveals information about the sources
of the atmospheric aerosols. Thus, for optimal mitigation
processes the chemical composition needs to be known.

Figure 1 presents the average chemical composition of
PM10 from Zurich (data from [3]). Elemental carbon (EC),
trace elements and mineral dust are so-called primary
aerosol constituents, i.e., they are directly emitted into the

atmosphere in particulate form. On the other hand, nitrate
and sulfate are only formed in the atmosphere through the
oxidation of the gaseous species NOx (i.e., sum of NO and
NO2) and SO2 to nitric and sulfuric acid and subsequent
neutralization of ammonia. These components are thus
called secondary. Organic matter (OM) is composed of
organic carbon (OC), which includes a variety of hetero-
atoms such as oxygen, hydrogen, or nitrogen. A conversion
factor is therefore used to calculate OM from the measured
OC concentration. OM can be of primary or secondary
origin. The sum of OM and EC is also called carbonaceous
aerosol. The unknown fraction consists of a considerable
amount of water [3].

While the sources of the inorganic constituents are quite
well known, very little is still known about the chemical
composition of OM. This paper therefore focuses on the
chemical analysis of OM, and includes a discussion of
primary versus secondary and anthropogenic versus bio-
genic carbon.

Carbonaceous aerosol

A large number of individual compounds are present in
OM: Hamilton et al. [4] isolated more than 10,000 different
compounds from an aerosol sample by orthogonal gas
chromatography (GC × GC) coupled to a time of flight
mass spectrometer (ToF-MS). However, only a small
fraction of compounds was actually identified and quanti-
fied. As shown by the group of Glen Cass (Caltech,
Pasadena) in the 1990s, typically only about 20% of the
total OM can be identified (e.g., see [5]). This is partly due
to the recently discovered fact that organic compounds tend
to oligomerize [6]. In this process, large molecules with
molecular weight up to 1,000 Da are formed, which may
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not be accessible to traditional analysis methods. Thus, new
methods are needed, which are able to analyze these
oligomers. Formation of these oligomers is suspected to
be one of the major reasons for the fact that models
typically yield lower organic aerosol mass concentrations
than field measurements, both in urban and remote areas
[7–9]. Johnson et al. [10] had to increase all partitioning
coefficients between the gas and aerosol phase by a species-
independent factor of 500, to bring results of simulations of
total organic aerosol mass concentrations in agreement with
field results. Smog chamber results will be important for the
quantification of such partitioning coefficients. However,
they need to be done at atmospheric concentrations, since
experiments at high precursor concentrations result in high
(atmospherically not relevant) organic aerosol mass con-
centrations, which drives semivolatile species into the
aerosol phase, resulting in higher yields for the wrong
reason [11].

Chemical mass balance

Cass and coworkers used chemical mass balance (CMB)
analysis based on tracer substances from emission measure-
ments to perform source apportionment studies at a variety
of locations. These tracers included hopanes and steranes
from petroleum use in motor vehicles; phytosterols, lignans,
phenolic products from lignins, and diterpenoids from
resins in wood smoke; cholesterol in meat charbroiling
smoke; high-molecular-weight odd-carbon number n-
alkanes in the particles shed as leaves rub together in the
wind, and iso- and anteiso-alkanes in cigarette smoke [12].

This approach was highly successful, but it suffered from
the weaknesses that the tracers had to be assumed to be
inert, i.e., not susceptible to atmospheric degradation
processes, and that only primary organic aerosol compo-
nents could be identified. This approach is still being used,
with a substantially extended list of tracers: Subramanian
et al. [13] also considered the uncertainties associated with
photochemical aging and were able to account for emis-
sions from eight primary source classes, including major
anthropogenic sources such as motor vehicles, cooking, and
biomass combustion as well as some primary biogenic
emissions (leaf abrasion products). However, secondary
organic aerosol was still only indirectly accessible by this
approach, assuming that the ambient OC that is not
apportioned by the CMB model belongs to SOA.

Distinction of primary and secondary organic aerosol
was also done based on the EC/OC ratio, assuming that OC
found in excess of the EC/OC ratio of relevant sources
could be attributed to SOA [14]. This approach as well as
the CMB approach tended to yield results where the
primary organic aerosol (POA) dominated. Recent studies
indicate that this approach often overestimates POA.
Robinson et al. showed [15] that most primary organic
particulate emissions are semivolatile. The fact that they
partially evaporate with atmospheric dilution explains why
the traditional EC/OC ratio approach tended to overestimate
the primary fraction. Robinson et al. further showed that
photo-oxidation of this low-volatility gas-phase material
from diesel emissions has a high SOA formation potential
[15]. Taking these effects into account results in substan-
tially higher SOA fractions and brings model predictions
into better agreement with observations.

Fig. 1 Chemical composition of PM10 from Zurich, Switzerland (data from [3])
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The Aerodyne aerosol mass spectrometer

Recently, many field observations have been obtained with
measurements with the Aerodyne aerosol mass spectrome-
ter (AMS). This instrument provides on-line, quantitative
measurements of the total mass and size distributed non-
refractory chemical composition of the submicron ambient
aerosol at a high temporal resolution [16]. Studies with this
instrument suggest that SOA dominates OM levels, even in
urban areas [8, 17, 18]. In most of these studies the AMS
data were deconvolved into hydrocarbon-like OA (HOA)
and several types of oxygenated OA (OOA) components
using individual mass fragments or a combination thereof.
HOA was linked to primary combustion emissions (mainly
from fossil fuel) and other primary sources such as meat
cooking, while OOA was mainly associated with SOA.
Another potential source of OOA is the oxidation of POA.
The fraction originating from this process is expected to be
minor compared to the SOA; however, this remains to be
elucidated.

A recent novel approach takes advantage of the full
spectrum rather than individual mass fragments and uses
positive matrix factorization (PMF) to identify the main
components of the total organic aerosol and their sources
[17]. As a result, several primary sources such as fossil fuel
combustion, charbroiling, or wood burning were identified.
Interestingly, this approach results in quite similar sources
as the CMB approach of Cass and coworkers. However, in
addition to the primary sources the secondary organic
aerosol is now also accessible. Furthermore, the oxygenated
organic aerosol could be separated into a highly aged
fraction, OOA I, with low volatility and a mass spectrum
similar to fulvic acid, and a more volatile and probably less
processed fraction, OOA II. While the temporal evolution
of OOA I has a high similarity to that of sulfate (which
does not evaporate at enhanced ambient temperature and
thus typically shows highest concentrations in the after-
noon), the temporal evolution of OOA II resembles that of
nitrate (which typically peaks during night times) [17].
Similar observations suggest that these findings may also
apply to other sites, and it is to be expected that a number
of further papers will deal with this aspect. A further
development deals with hybrid receptor models which
incorporate a priori known source composition [19]. Thus
this approach is a hybrid of CMB (where the nature of the
source profiles has to be known in advance) and PMF
(where the non-negative composition of a given number of
source profiles can be estimated without any a priori
knowledge). In addition most of the field studies published
so far were performed with the quadrupole version of the
AMS. It is expected that the new development of the ToF-
AMS [20] will further enhance the possibilities of such
analyses.

Carbon-14 analysis

While the AMS is highly promising in distinguishing the
organic aerosol into primary and secondary components, its
limitation should also be noted. First, as mentioned, the
AMS only determines the non-refractory material. Thus,
refractory components need to be addressed with other
methods. In addition, it is still not possible to distinguish
anthropogenic and biogenic SOA. Here, the combination
with another powerful method—the carbon-14 analysis—is
most promising. These radiocarbon measurements of the
carbonaceous aerosol offer the opportunity of a direct
distinction between fossil and non-fossil sources, e.g.,
particulate matter from wood burning and traffic [21]: due
to its age 14C has completely disintegrated in fossil
substances, whereas modern plant material is on the
contemporary radiocarbon level [22]. This intrinsic isotopic
information characterizes the sources of ambient PM
independent of its history in terms of emission conditions
or atmospheric transport. Such carbon-14 measurements
have been performed for quite some time, but only a
discrimination of OC and EC prior to the carbon-14
determination reveals the full power of this method: EC is
often dominated by fossil fuel, while OC typically has a
higher biogenic fraction. These features are not accessible
in a carbon-14 analysis of the total carbon [23].

Terminology

Primary and secondary aerosol constituents are not always
used in a consistent manner, which often creates confusion.
Therefore, here we provide a definition which hopefully
avoids confusion. As mentioned above, primary aerosol
constituents are directly emitted in particulate form. While
this definition is clear, e.g., for EC, potential confusion
arises for the nucleation mode that is often seen in traffic
emissions. These particles do not contain soot, and form as
a result of a decrease in temperature of the exhaust gas
without modification of gaseous precursors by chemical
reaction and not because of secondary atmospheric reac-
tions, and therefore have to be regarded as primary aerosol
[24]. As mentioned above, semivolatile primary constitu-
ents may partially evaporate when dilution results in a
decrease of the total organic aerosol concentration [15].
Further potential confusion arises from POA that is
oxidized in the atmosphere. Fuzzi et al. [25] suggested
calling this fraction secondary. However, the major part of
these oxidized molecules still contains the original infor-
mation from their primary emission, e.g., their carbon-14
content still reflects their fossil or biogenic origin. Thus we
suggest reserving the term secondary exclusively for
aerosol constituents that enter the aerosol phase from the
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gas phase as a result of chemical transformation processes.
Consequently, oxidized POA should be called aged primary
organic aerosol, and not SOA.

Outlook

Clearly the instrumentation that has become available in
recent years offers highly interesting new means for source
apportionment of organic aerosols. Alternative recent devel-
opments in applying techniques like H-NMR, spectro-
scopy at various wavelengths including synchrotron
radiation, and LC-MS should be further explored in com-
bination with the methods discussed here. Overall, there is a
large remaining dilemma: while carbon-14 analysis points to
a large biogenic fraction of organic carbon and especially of
its water-soluble fraction [22, 26], the latter appears to be
highly correlated with anthropogenic tracers [26]. To solve
this dilemma, methods to distinguish anthropogenic and
biogenic SOA that allow for a higher time resolution than
carbon-14 analysis would be highly beneficial.
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