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Abstract. While the field of atmospheric organic aerosol ity of the organic material or its precursor for when emission
scientific research has experienced thorough and insightfubccurred. With this framework, we hope to introduce into
progress over the last half century, this progress has beethe community a consistent connection between common no-
accompanied by the evolution of a communicative and de-ation for the general public and detailed nomenclature for
tailed yet, at times, complex and inconsistent language. Théighly specialized discussion. In so doing, we try to maintain
menagerie of detailed classification that now exists to de-consistency with historical, familiar naming schemes, unify
scribe organic compounds in our atmosphere reflects thenuch of the scattered nomenclature presented in recent lit-
wealth of observational techniques now at our disposal agrature, reduce the barrier of comprehension to outside au-
well as the rich information provided by state-of-the-sciencediences, and construct a scaffold into which insights from
instrumentation. However, the nomenclature in place to com{future scientific discoveries can be incorporated.

municate these scientific gains is growing disjointed to the

point that effective communication within the scientific com-

munity and to the public may be sacrificed. We propose stan- ]

dardizing a naming convention for organic aerosol classifi-1 ~Introduction

cation that is relevant to laboratory studies, ambient obser-

vations, atmospheric models, and various stakeholders fo’rA‘tmOSpherIC aerosols have documented, although not fully

air-quality problems. Because a critical aspect of this ef.Understood, impacts on public and environmental health as
well as the climate system (Seinfeld, 2004; Seinfeld and

fort is to directly translate the essence of complex physico- ;
Pandis, 2006; Stocker et al., 2013). As a result, researchers

chemical phenomena to a much broader, policy-oriented auh ked for decad £ th . d
dience, we recommend a framework that maximizes com- ave worked for decades to quantify these impacts and to re-

prehension among scientists and non-scientists alike. For e)gort_ their findings back to the pub_l|c in hopes (_)f_lmprovw_lg
ample, to classify volatility, it relies on straightforward al- societal outcomes through better-informed decision-making.

phabetic terms (e.g., semivolatile, SV; intermediate voIatiI—WithOUt a doubt, scientific understanding of atmospheric

ity, IV: etc.) rather than possibly ambiguous numeric indices.aerOSOI in general and specifically organic aerosol has grown

This framework classifies organic material as primary or sec.considerably over the past wo or three decades (Seinfeld and

ondary pollutants and distinguishes among fundamental feaEankOW’ 2003; Seinfeld, 2004; Fuzzi etal., 2006; Donahue et

tures important for science and policy questions includingff’ll" 2009). The a_tmospherlc aerosol research _commum;y has
emission source, chemical phase, and volatility. Also useful'nVentEd and refined a large number of analytical techniques

is the addition of an alphabetic suffix identifying the volatil- 2nd conceptual models to characterize the observed com-
plexity of the corresponding pollutants and their precursors.
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5826 B. N. Murphy et al.: A naming convention for atmospheric organic aerosol

As understanding of aerosols has been refined so has theristics, and this simple categorization was sufficient to de-
language used to describe it. With the application of eachscribe the then-understood complexity of OA (Pandis et al.,
new instrument, our ability to sort and classify pollutants ac-1993). Most chemical transport models (CTMs) using this
cording to previously undetectable properties (e.g., oxidatiorsimple framework predicted a majority of the OA in the at-
state) (Zhang et al., 2011) has emerged, or our ability to remosphere to be POA due to its nonvolatile and nonreactive
solve familiar properties has increased (e.g., at one time semature (Chung and Seinfeld, 2002; Gaydos et al., 2007; Kary-
arating particulate matter with a diameter smaller than 2.5 undis et al., 2007).
from the larger particles was considered challenging; now the As new observational techniques (e.g., aerosol mass spec-
scanning particle size magnifier enables detection of particlesrometry: AMS) emerged, studies such as Zhang et al. (2005)
smaller than 2 nm) (Kulmala et al., 2013). found it useful to distinguish between OA that is comprised
Concurrent with such advances, new labels typically ariseof highly reduced molecules (hydrocarbon-like OA: HOA)
to identify new categories or properties in order to facilitate and OA that is consistent with highly oxygenated compounds
discussion of any differences among them: different societaloxygenated OA: OOA). Ambient OA was found to contain
impacts, different emission sources, etc. As a result, the fielgignificantly more OOA than HOA with OOA fractional con-
has developed several useful schemes for classifying organitibutions routinely greater then 90% (Zhang et al., 2005;
aerosol (OA) that are logical, self-consistent, and effectiveDeCarlo et al., 2010; Crippa et al., 2013). Following the com-
(see for example Seinfeld and Pankow, 2003; Péschl, 2005mon assumption that HOA generally aligned with POA and
Fuzzi et al., 2006; Donahue et al., 2009; Mohr et al., 2009;00A with SOA, some traditional models were predicting
Ervensetal., 2011; Zhang et al., 2011). But when viewed as &O0A/ OA ratios that were extremely low compared to ob-
whole, the landscape of jargon, operationally defined termsservations (Molkamer et al., 2006; Shrivastava et al., 2008).
and subtle caveats in OA research nomenclature has beconfesults from the European Monitoring and Evaluation Pro-
imposing even for scientific experts and insurmountable togramme (EMEP) model, using higher SOA yields, showed
stakeholders. higher SOA/OA ratios in suburban/rural areas of Europe
This resulting complexity certainly reflects the underly- (~70-80%) (Andersson-Skdld and Simpson, 2001; Simp-
ing complexity in the OA system. Myriad sources contribute son et al., 2007). Still, those results were consistent with the
significantly to the OA burden, complicating the analysis lower bound estimates of the very large OOA/HOA ratios
of formation, growth, and removal (Seinfeld and Pandis, measured by the AMS at urban, suburban, and remote sites
2006; Wallace and Hobbs, 2006). Wood burning (residen-during later campaigns (Kulmala et al., 2011; Crippa et al.,
tial, prescribed outdoor, forest fires, etc.), electricity gener-2013).
ation, manufacturing, personal transportation, solvent use, Several pieces of evidence emerged to help explain this
shipping (by boat, train, or aircraft), cooking, emission of discrepancy. The traditional model assumed that the effects
volatile vapors from plants, sea spray, and other activitiesof oxidation on organic compounds could be accounted for
all contribute to OA burden at urban, regional, and/or globalby considering only the first generation of reactions between
scales (Kanakidou et al., 2005; Mohr et al., 2009; Hallguistorganic molecules and atmospheric oxidants (e.g., hydroxyl
et al., 2009). After emission, these compounds are susceptiadical, 0zone, and nitrate radical) (Pandis et al., 1993; Grif-
ble to a wealth of oxidation processes that often significantlyfin et al., 1999; Strader et al., 1999). It is now clear from
alter their structure and properties (Hallquist et al., 2009).smog-chamber experiments that semivolatile OA compo-
For these reasons, defining a succinct, self-consistent nanmnents formed from the oxidation of atmospherically relevant
ing convention is challenging. An effective haming frame- molecules like xylene (Loza et al., 2012}pinene (Salo et
work should be straightforward and readily understood byal., 2011; Tritscher et al., 2011; Donahue et al., 2012; Henry
non-experts. However, it should also be detailed and flexibleet al., 2012), ang-caryophyllene (Alfarra et al., 2012) con-
to communicate as much information as possible about theinue to react with atmospheric oxidants. Whether this con-
origin and chemical nature of OA material. Before proposingtinued oxidation leads to a net enhancement or loss of ambi-
such a naming convention, we review past attempts to clasent OA material is unclear due to the number and complexity
sify OA over the last two decades and the specific challengesf interactions that occur.
that have emerged. A second piece of evidence addressing the disagreement
Initially, OA was described by just two classifications: pri- between the traditional conceptual model of POA/SOA and
mary organic aerosol (POA) and secondary organic aerosoAMS observations of highly oxygenated material was rein-
(SOA). POA described presumably non-volatile and inertforced when Lipsky et al. (2005), Grieshop et al. (2009a) and
OA emitted in the particle phase from a source, while SOARobinson et al. (2007) argued that POA emissions are sub-
described material beginning its atmospheric lifetime as astantially semivolatile when diluted to ambient levels. Obser-
volatile gas and, after oxidation and condensation, formingvations of semivolatile partitioning were not new; Fraser et
condensable (typically semivolatile) organic aerosol (Sein-al. (1997, 1998) measured the concentration of semivolatile
feld and Pandis, 2006). In this original framework POA and species in both the vapor and particle phases from ambi-
SOA had different sources, volatility and chemical charac-ent samples. The net transfer to the gas phase reduces the
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influence of hydrocarbon-like, or reduced organic species inn the aqueous phase and contribute to this source of organic
the conceptual model. Moreover, these gas-phase species aaerosol (Carlton et al., 2008; Lim et al., 2010; Ervens et al.,
susceptible to rapid oxidation that can lead to condensatior2011; Myriokefalitakis et al., 2011) and the SOA products of
of secondary products back to the particle phase (Presto et athese processes may be important on global scales (Liu et al.,
2010; Jathar et al., 2012). Communicating the nature of thi2012). These distinctions (aSOA, bSOA, BBOA and aqSOA)
highly dynamic OA material in an effective way is problem- are useful in discussing and reporting model results but are
atic. This material was originally accounted for as POA, but often difficult to identify using observational techniques.
then it underwent a chemical change. Donahue et al. (2009) In recent years, field observations have led to the emer-
called this material oxygenated POA (OPOA), a term thatgence of several new classifications for OA. For example,
identifies both the phase of the material upon emission asnalysis of AMS data has identified the importance of spe-
well as its chemical history. Both of these pieces of informa- cific sources like cooking OA (cOA), marine OA (mOA),
tion are useful for scientific applications. and traffic OA (tOA) (Mohr et al., 2009; Ovadnevaite et al.,

The added complexity associated with treating POA gas-2011). Individual organic compounds or molecular mark-
particle partitioning and the effects of SOA and POA multi- ers are often commonly used to apportion ambient OA to
generational oxidation led Donahue et al. (2006) to developsources (Schauer et al., 1996). Much work has also been ac-
the volatility basis set (VBS) framework to organize all of complished in using*C concentrations to attribute OA to
these species into one continuum based on their volatility. Infossil (fOA) and non-fossil (nfOA) sources (Szidat et al.,
this scheme, organic material can be assigned to a volatility2006; Simpson et al., 2007; Schichtel et al., 2008; Marley
bin (lumped surrogate of many species with similar volatil- et al., 2009). The influence of water-soluble organic carbon
ity) upon emission and can then be moved to higher or lowe(WSOC) has been assessed throughout the world with the
volatility in this space to account for the effects of oxidation. particle into liquid sampler (PILS) (Sullivan et al., 2004;
Chemical transport models have implemented this frame-Hennigan et al., 2009).
work and explored the sensitivity of OA mass predictions Current ambient air-quality and emissions standards are,
to uncertainties in volatility of emissions and effects of ox- with respect to organic compounds, reflective of the tradi-
idation (Lane et al., 2008; Hodzic et al., 2010; Murphy and tional POA/SOA conceptual model. For example the US
Pandis, 2010; Fountoukis et al., 2011; Murphy et al., 2011;EPA has historically required operators of stationary sources
Ahmadov et al., 2012; Bergstrom et al., 2012). Observationgo report only emissions of VOCs and total particulate mat-
of organic aerosol volatility have been refined as well throughter through assessment method 5 (Fed. Regist., 1971). As-
the use of gas chromatography (Isaacman et al., 2011; Presgessment method 5 dictated that particulate matter be with-
etal., 2012; May et al., 2013a, b; Chan et al., 2013) and therdrawn from the source collected on a glass fiber filter main-
modenuder methods (Baltensperger et al., 2005; An et altained at a temperature of 12014°C. The particulate mat-
2007; Saleh et al., 2008; Grieshop et al., 2009a, b; Hildeter mass was defined as any material that condensed at or
brandt et al., 2009; Huffman et al., 2009). Because of theabove the filtration temperature. By encouraging methods
physical importance of volatility to gas—particle partitioning 201A and 202 (Fed. Regist., 2010), the agency acknowledged
and the widespread attention volatility has received, it makeghe importance of capturing both filterable (particulate mass
sense to anchor a proposed scheme to this property. Howeveat stack temperature without dilution) and condensable par-
there are some additional complexities that must be considticulate matter (particulate mass at 8 without dilution),
ered first in order to achieve a naming convention that is userespectively. Method 201A built upon method 5 by introduc-
ful for both detailed scientific research and regulatory imple-ing a PMs5 cyclone before the collection train and speci-
mentation. fied a cutoff temperature (3@) for stack operation. If this

It is also common practice to classify OA by its sources cutoff temperature was exceeded, the “stack tester” was re-
rather than its properties. Distinguishing between “anthro-quired to complete method 202: capture condensable partic-
pogenic” and “biogenic” OA, aSOA and bSOA respectively, ulate matter in a dry impinger, extract the material with hex-
is a common approach to assess the contribution of humansne and water, dry the sample, and weigh it. Unfortunately,
to atmospheric particles. Biomass-burning organic aerosolshese methods are known to have serious positive and nega-
(BBOA) are emitted by natural forest fires, prescribed burn-tive artifacts, precisely because semivolatile compounds tend
ing practices, biofuel use, and residential wood combustiorto be both mobile and sticky. Dilution sampling equipment
among other sources. BBOA compounds are often classifiednd technigues (Hildemann et al., 1989; Lipsky and Robin-
separately due to the difficulty in assigning them to either an-son, 2005; England et al., 2007; Li et al., 2011) have been
thropogenic or biogenic sources (Simoneit, 2002; Fast et al.developed over the last 30 years and are regarded as the most
2009). Aqueous-phase SOA (aqSOA) is formed from the dis+ealistic method available for mimicking short-range atmo-
solution of organics in cloud droplets, followed by reaction in spheric processing (Lee, 2010). Shrivastava et al. (2006),
the aqueous phase and finally evaporation of the liquid wateDonahue et al. (2009), and Robinson et al. (2010) argued
(Blando and Turpin, 2000). Recent work has shown that everthat measurements should be taken at a range of dilution
volatile compounds like glyoxal and methylglyoxal can react ratios to characterize the volatility distribution of a sample

www.atmos-chem-phys.net/14/5825/2014/ Atmos. Chem. Phys., 14, 5&839 2014



5828 B. N. Murphy et al.: A naming convention for atmospheric organic aerosol

and its likely behavior at ambient conditions. These measurefOA) or just the material from carbon (OC). Here, we define
ments should include high-dilution ratios above 200 : 1 andpollutant material as primary if it has not undergone a chem-
most importantly reach low concentrations similar to ambi-ical change in the atmosphere (i.e., it could have changed
ent conditions. However, the magnitude of necessary dilutiorphase). Pollutant material is secondary if it has been chem-
depends on the OA mass loading in the emissions plume neacally changed in the atmosphere. The specific phase of the
the source. The same authors also pointed out interferencanaterial is then identified with a subscripted word (or letter
that could exist because partitioning of emissions to the reafor shorthand): particle (p), vapor (v), or total (t). One can
environment will depend on background OA concentrations.easily identify other phases as well (see Table 2). We finally
Because of these complications, the line between POA angropose one critical addendum to this scheme. If no phase
SOA blurs and careful thought must be put into applying asubscript is provided (e.g., OA, POC, SOA), the acronym
naming convention to the reporting and enforcement of OAis assumed to refer only to condensed-phase material (i.e.,
standards in air-quality management. no subscript “p” is needed). This addition effectively clari-
Systematic classifications for organic compounds havefies discussions with the non-aerosol and non-scientific com-
been proposed in the past. Donahue et al. (2009) recommunity when the distinction of phase causes more confusion
mended separating species by volatility in line with the VBS than clarity and is anyway subordinate to broader issues.
framework. Fuzzi et al. (2006) focused instead on distin- The source modifier preceding the root name identifies the
guishing between 11 sources including biogenic, fossil fuelemission source with terminology and abbreviations com-
combustion, open biomass burning, and sea spray amongonly used in the research community (Table 3). Anthro-
others. That work also acknowledged, though, that classifipogenic (a) and biogenic (b), biomass burning (bb), cook-
cations by source and those by property should begin to coning (¢) and marine (m) categories are all subjects of ongoing
verge as more is learned about OA in general. work and important on local, regional, and global scales. Fur-
We propose an organized naming convention for commu-ther, it is quite straightforward to combine these identifiers to
nicating both OA sources and properties. The convention alfurther resolve material. For example, “abbOA’ would dis-
lows systematic inclusion or omission of detail depending ontinguish biomass burning organic aerosol as a result of an-
context and the target audience. In Sect. 2, we describe théaropogenic activity from “bbbOA’, biomass burning organic
framework itself, which is fundamentally based on the VBS aerosol from natural activities.
conceptual model with compounds classified by their volatil- We have chosen to omit the common modifier “aq” for
ity. In Sect. 3, we describe extensions to this framework thatidentifying organic aerosol formed during reaction in an
incorporate the detailed OA classes that have become widelgqueous phase. While this formation pathway is an area of
used with increased use of AMS, gas chromatography, anéhtensive and exciting study, our scheme focuses on attributes
radiocarbon field observations. Finally in Sect. 4, we showof OA relevant to its state at emission or current state, not on
how the proposed framework applies to methods used in airthe formation process. Hypothetically, confusion arises when
quality management. OA compounds formed via gas-phase reaction react in a dry
particle with compounds formed via aqueous-phase reaction
to form new products. Is this product material also agSOA?
More information is needed regarding the importance of this
e . . . formation pathway, and the fate of its products in order for
The proposed classification system describes intensive prop:

) o ; ) It to be accurately incorporated into the proposed scheme.
erties and emission sources of atmospheric organic com:

pounds by relying on three components combined in the foI—MeanWh.'I.e’ the p.hase su.bscnpt offer§ a method to identify
lowing syntax: hydrophilic organic material currently in an agueous phase.

The alphabetic volatility prefix (Table 4) uses five broad
[current volatilityl — [source[root namépnase— [initial volatility], (1) ~ Catégories to classify organic species by their current volatil-
ity (when measured in the lab or field, written to model
where the current volatility of the classification indicated by output, etc.). Extremely low volatility (ELV-), low volatil-
an alphabetic capitalized prefix, the source and root name inity (LV-), semivolatile (SV-), intermediate volatility (IV-) and
dicated by acronyms currently used in the field, and the initialvolatile (V-) all describe organic compounds along a spec-
volatility of the species upon emission (or its precursor if it trum of effective saturation concentration at 298 K. Don-
is a secondary species) indicated by a lowercase alphabet@hue et al. (2006) recommended separating volatility by
suffix. one order of magnitude in effective saturation concentra-
The root name (Table 1) along with the phase subscription, or C* (ugnt2), and this work follows that frame-
concisely describes several aspects of the organic species wofork. Each volatility category includes sevet@t bins and
interest. This core of the framework is the most familiar to thethe boundaries of each classification have been chosen as
atmospheric aerosol community. It begins with designationthe base-10 logarithmic average of the representative satura-
of the species as a primary (P) or secondary (S) constituertion concentrations (Table 4). For example, the boundary in
followed by a token identifying all of the organic material effective saturation concentration between semivolatile and

2 Proposed nomenclature
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Table 1. Examples of root names for OA classifications.

Term  Description

OA Organic aerosol (primary- secondary). It consists of all of the atoms in the constituent
molecules including carbon, oxygen, hydrogen, nitrogen, and sulfur, etc.

POA Primary organic aerosol. This material has not undergone a chemical reaction.

SOA  Secondary organic aerosol. This material has undergone a chemical reaction in the
atmosphere in either the particle or vapor phase.

ocC Organic carbon (primary secondary). It consists of just the carbon contribution
to the organic material.

POC Primary organic carbon. This material has not undergone a chemical reaction.

SOC Secondary organic carbon. This material has undergone a chemical reaction in the
atmosphere in either the particle or vapor phase.

Table 2. Examples of phase subscripts for OA classifications.

Subscript Examples Description

[no subscript] OA, OC The acronym specifies only the condensed-phase material.

particle (p) Ohparticle OAp, OGparticle OCp Condensed-phase material. This is completely interchangeable and synonymous with
omitting the phase subscript.

vapor (V) OAvapor, OAv, OCyapor OC, Material currently in the vapor phase regardless of the phase state of its precursor.

total (t) OAiotals OAt, OCGgtal, OCG Total material in all phases.

organic (0) OAsrganio OAo, OCorganic OCo Condensed organic phase material. In other words, material partitioning to the organic phase

(as opposed to the aqueous phase, for example) in a multi-phase condensed system.
aerosol water (aw)  Oferosolwater OAaw, OCaerosolwaterOCaw  Material hydrophilic enough to partition to the aqueous phase in aerosol particles
suspended in air that is subsaturated with respect to water.

cloud water (cw) OAloudwater OAcw, OCcloudwater OCew Material absorbed into cloud droplets.
glassy (gl) OAylassy OAgl; OCglassy OCy Material exhibiting properties of glassy substances such as low diffusivities and long
mixing timescales in the condensed phase.
semisolid (ss) OAemisolid OAss OCsemisolid OCss Similar to glassy. Material that is exhibiting long mixing timescales in the particulate phase.
liquid (1) OAliquid: OAI, OGiiquid, OG Material exhibiting high diffusivities and quite short mixing timescales within particles.
intermediate-volatility OA isC* =10>° or approximately The optional suffixes presented in the third column of Ta-
320 pg 3. ble 4 identify the original volatility of the species (if it is pri-

The mapping of each of the semi-quantitative volatil- mary) or its precursor (if it is secondary) upon emission. If
ity classes to quantitative measures @t space has the species is primary, then the suffix will necessarily agree
been carefully considered. Semivolatile material (SV;in volatility with the alphabetic prefix; the suffix can thus
0.32ugnr3<C*<320ugnT3) partitions significantly to  be omitted, since the species has not undergone a chem-
both condensed and vapor phases at OA concentrations releal change. If either the prefix or suffix is omitted, it is
vant for the troposphere. Extremely low volatility (ELV) ma- implied that the acronym identifies the sum of all organic
terial on the other hand, has such low-vapor phase levels thatompounds subject to the constraints of any other identifiers
it is essentially inaccessible to gas-phase oxidation and expén the acronym. For instance, LV-SOA-sv designates low-
riences no appreciable aging via this route during its atmo-volatility particle-phase material formed as reaction prod-
spheric lifetime. At the other end of the spectrum, volatile ucts from material emitted in the semivolatile range. Omit-
material with C*>3.2x 10° ug,m2 is consistent with the ting the suffix designates LV-SOA: low-volatility, particle-
legacy acronym, volatile organic compound (VOC), and doesphase species produced by reactions in the atmosphere, de-
not partition at all to the aerosol phase in the atmosphere. rived from precursors with any volatility upon emission.

In practice, the definition of effective saturation concen- Omitting the prefix from LV-SOA-sv designates SOA-sv: all
tration includes the activity coefficient of each species andcondensed-phase secondary organic material formed from
so the classification used here may depend on mixing effectssemivolatile emissions. This could describe, for example, the
Characterizing these interactions is currently an area of viglow-volatility products of oxygenated long-chain hydrocar-
orous research, and they may be incorporated into this frameions and the very volatile fragments of oxidation processes
work when more thorough understanding has been gainedhat occurred.

One approach, similar to the issue of temperature, would be Table 5 shows examples of terms under the proposed

to define reference compositions to further standardize thdramework and explanations of their contents. The list is

classification. not exhaustive; it just illustrates useful possibilities. In gen-
eral, the framework allows the communication of available
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5830 B. N. Murphy et al.: A naming convention for atmospheric organic aerosol

Table 3.Examples of emission source designations for OA classifi- semivolatile OA (SV-OA) by semivolatile emissions (SV-

cations. OA-sv), intermediate-volatility emissions (SV-OA-iv), and
— volatile emissions (SV-OA-v) as a function of season or prox-
Source  Description imity to major source areas. Although this kind of informa-
a Material from anthropogenic sources tion has been reported before (Murphy et al., 2010, TSImpIdI
(e.g., aPOA, aSOA, aSGéal) et al., 2010; Jathar et al., 2012), imprecise terms like “non-
b Material from biogenic sources traditional SOA” arose that can be replaced by much more
(e.g., bSOA, bPOA, bPOApor systematic and clear terms when the proposed nomenclature
bb Material from biomass burning processes is applied.
(€.9., bbOA, bbPOA, bbSGApon) Rather than reporting relative contributions of OA from
¢ Material from cooking sources several volatility classes, one could envision reporting a sin-
(e.g., cOA) . gle mass- or molar-weighted volatility. However, the useful-
m Material from marine or sea-spray sources : . )
(e.q.. MOA) ness of such a result is debatable given the strong non-linear

dependence of partitioning on volatility. Furthermore, the na-
ture of the proposed naming framework, with its reliance on
alphabetic rather than numeric identifiers, is well-suited for
information about volatility and source while avoiding con- communicating broad concepts quickly, rather than relying
fusing and possibly contradicting terminology. on the audience’s knowledge of the relationships between
Connecting this approach to the notation proposed bylogio(C*) and partitioning.
Donahue et al. (2009) is straightforward. The definitions One can think of other attributes to accommodate with this
of low volatility, semivolatile and intermediate-volatility or- scheme: for instance, oxidation state (or O : C ratio) or func-
ganic compounds (LVOC, SVOC, and IVOC, respectively) tional group as detected by Fourier transform infrared spec-
are exactly the same as in that work. The updated schem&oscopy (Russell et al., 2011). Although there is a wealth
proposed here, though, systematically communicates the OAf data and analysis in recent literature showing the impor-
volatility of precursors from different sources as well. This tance and usefulness of these properties, volatility is most di-
is particularly important since characterizing the volatility of rectly relevant for gas—particle partitioning under typical at-
the most important OA precursors directly informs control mospheric conditions, which is most relevant for predicting
strategies to mitigate OA atmospheric concentrations. Morecondensed-phase concentrations and societal impacts. Oxi-
over, knowledge of how OA volatility evolves in the atmo- dation state can be further incorporated into this scheme if
sphere sheds additional light on how concentrations will re-future observations warrant (e.g., if a direct connection to
spond to changing meteorological conditions (for instancenegative human health outcomes is shown).
in a changing climate). The scheme more directly distin- We further emphasize that use of this scheme does not de-
guishes between OPOA (SV-SOA-sv and LV-SOA-sv), non-pend on use of the volatility basis set modeling framework as
traditional SOA (SV-SOA-iv and LV-SOA-iv), and for the introduced by Donahue et al. (2006). Other model results or
first time includes a classification for the low-volatility prod- measurements can be easily described with this scheme by
ucts of particle-phase reactions involving POA (LV-SOA-Iv). estimating the effective volatility of the material to be classi-
It can also be adapted to the large number of specific sourcéed. In the simplest case, one can drop the volatility classi-
categories of OA already mentioned (aSOA, bSOA, bbOA, fication altogether and make use of the phase and source de-
etc.). scriptors, while maintaining consistency throughout the com-
This framework is powerful when applied to developing munity.
models of organic compound evolution in the atmosphere.
Although primary organic aerosol emitted in the particle o i
phase at low volatility (LV-POA-Iv or LV-POA) can con- 3 Application to laboratory and field measurements
tribute significantly to the total OA burden near sources, it

is dwarfed in many regions of the atmosphere by contri—A versatile naming system must accommodate ~atmo-

butions from SOA (Zhang et al., 2007). To understand andspheric and laboratory observations. The proposed frame-

predict these contributions, one has to understand the pr()\{vork specifically identifies the current volatility of organic

cesses that transform compounds with relatively high Volat”_compo_unds, a property a_lready measured and rep.orted by
o . . I many field and lab campaigns (Huffman et al., 2009; Lee et
ity into compounds with volatility low enough to partition . ) i

s : . ._al., 2010; Isaacman et al., 2011; Chan et al., 2013; May et al.,
significantly to the particle phase. The naming convention

proposed here is designed to emphasize the importance 02f013a’ b). As thermodenuder, dilution, and gas chromatogra-

these transformations by identifying the current volatility of phy e.’fpe”ments become more common in the future, 't.W'"
: - . .~ be critical to report current volatility in a consistent, succinct
material but also the volatility of its precursor upon emis-

. ) ; : way.
sion. It becomes conceivable, for instance, for a regional- Y

scale modeling study to report the relative contributions to
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Table 4. Prefixes and suffixes used for identifying current and emitted volatility, respectively.

Description Prefix ~ Suffix  Saturation concentration bin center:  Saturation concentration range:
298K (ug n13) 298K (ug n3)

Extremely low volatility ~ELV-  -elv <1074 C*<3.2x 10

Low volatility LV- -lv 103,102,101 3.2x1074<(C*<0.32

Semivolatile SV-  -sv 19, 10, 107 0.32<C* <320

Intermediate volatility V- -iv 18, 104, 105, 18P 320<C*<3.2x 10°

Volatile V- v > 107 3.2x 108 <C*

The root term OOA and other root terms that have beenwill be very useful once measurement techniques are able to
used for classifying observations are presented in Table 6distinguish this information routinely. Any type of organic
Under this framework, they can be combined with effective aerosol observed in the field or lab and described in the lit-
saturation concentration prefixes just like the terms from Ta-erature can be incorporated simply by using it as the root

ble 6, if volatility information is available. Total OOA is ap-
proximately equal to total SOA:

OOA ~ SOA = ELV-SOA + LV-SOA

term. This includes OOA, HOA, WSOC, traffic OA (tOA),
fossil-fuel OA (fOA), etc. Lab studies will be able to use the
suffix this framework includes, as they will generally be able

to identify the volatility of the species at the beginning of an
experiment. However, field campaigns will have limited or
0 access to this information. In these cases, the suffix may
e omitted and the classification will identify all material as
escribed in Sect. 2.
The treatment of biomass burning OA is a specific exam-
le of how the proposed framework can contribute to a more
precise description of OA species. BBOA is often classified
separately from anthropogenic and biogenic OA in source at-
. : . : tribution exercises with the aid of chemical tracers (Simoneit
semivolatile species, respectively, have already been used e)ét al,, 1999, 2002: Abas et al., 2004) or factor analysis of

tensively to describe two factors that result from positive ma- .
trix factorization (PMF) analysis of aerosol mass spectrome-mass spectra (Zhang et al., 2011 and references therein). Al-

ter (AMS) data, LV-OOA and SV-OOA (oxygenated organic ]Ehotugh the Iattetr an_aly3|s (t)y Ap |cal!y ".issuTeS tg_at the BbB OA
aerosol) (Jimenez et al., 2009; DeCarlo et al., 2010). Becausg o 0" FEPresents primary emissions irom biomass burn-
Ing events, the distinction between primary and secondary

the AMS does not measure volatility, it can only be inferred. . . . .

The original designations were based in part on the associc-)ften blurs with mixing and F:hem[cal processing f"‘s pollu-
ation of LV-OOA with (effectively non volatile) sulfate and tants are transported dOWUW'”d (A|!<en et_ al., 2010; DeCarlo
SV-OO0A with (semivolatile) nitrate, including a tendency to et al., 2010). Recent studies have investigated the effects of

. . . ; aging on biomass burning emissions (Cubison et al., 2011;
increase with decreasing temperature at night (Lanz et al. ) ]
2007). In addition, Jimenez et al., (2009) reported the ef_Henmgan et al., 2011; Jolleys et al., 2012). The proposed

fective saturation concentration of LV-OOA to be at or be- Irarr;ework .eaS|Iy dlv.'de.s BBEbAPtC))e;\W%Z parttl_cullatte matt—
low 3.2 g nT and that of SV-OOA to be between 0.01 and (€ from primary emissions ( ) and particulate mat-

100 pg nT3, while thermal denuder measurements have beer%er formed through secondary processing (bbSOA). More-

used to infer the volatility distribution of the OOA factors over, phase and volatility information can be incorporated

(Cappa and Jimenez, 2010; Hildebrandt et al., 2010). Thesg thi§ information Is I-<nov-vn. Whgn characterizing source
estimates generally align with the volatility cutoffs proposed contributions or chemical interactions (e.g., with §jCone

in the current work, but do not strictly agree. As future stud- can ergy|5|on thg Ut'!'ty cg : 'ﬁf\;ebngggrf Ifo w—volatll[ty Iprtl'-l
ies yield more information about the volatility of L\V- and mary blomass burning (Lv- ) from semivolatile

SV-O0A, possibly through volatility-dependent mass SpeC_secondary OA emitted as intermediate-volatility species (SV-

tra observations, these uncertainties can be reconciled witﬁbgt?]A"V)' tentiall ful licati f th d
the strict boundaries proposed here. The same is true for the er potentially usetul ‘appiications of thé propose

other root terms. The proposed naming framework uses th‘gcheme in the context of field and laboratory observations

semi-quantitative lumped effective saturation concentrationInCIUde (1) OA'is captured at an observation station and the

to distinguish between classes, not qualitative observationsfmemICaI composition is me_asured as a function of volatil-
The flexibility of the proposed framework with regard to ity with the thermal desorption—gas chromatography-mass

describing phase, volatility and source type simuItaneously'mectrometry (TD-GC-MS). When combined with positive

+ SV-SOA+ IV-SOA + V-SOA, )

since SOA is distinguished from POA here as material thal
has been oxidized in the atmosphere. There are exceptio
because some primary compounds, notably biomass burnin
emissions and some biological VOCs, may be partially oxi-
dized upon emission. These compounds are technically PO
under the proposed framework.

The prefixes LV and SV, identifying low-volatile and
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Table 5. Examples of organic aerosol classifications under the proposed naming convention.

Notation

Description Emissions

ELV-POA-elv or ELV-POAy-elv

LV-SOA-elv or LV-SOAy-elv

LV-POA-Iv

LV-bbOA-Iv
SV-POA-sv or SV-POA
SV—POA/aporSV or SV—POAapQr

SV-POAgial-SV or SV-POAgtal
LV-SOA-sv

OA-sv, OAg-sV, or OAparticle SV
IV-POAyaporiv or IV-POAy
SV-SOA-iv

LV-SOA-iv

SV-SOAptariv or SV-SOA-iv
OA-iv, OAp-iv, or OAparticleV
SV-SOA-v

LV-SOA-v

SV-SOA -v

SV-bSOA-v

SV-aSOA-v

LV-bbOA-v
LV-POA

OA, OAp, or OAnarticle
LV-aSOA

LV-bbOA

SV-bbPOA

SV-SOA

Extremely low volatility primary organic aerosol emitted with
extremely low volatility.

Extremely low volatility —

Full partitioning to the particle

phase can be assumed for typi-

cal atmospheric conditions.

Organic aerosol that is emitted with extremely low volatility and un-

dergoes some chemical change that increases its volatility enough to

partition slightly to the gas-phase under certain conditions.

Primary organic aerosol existing at low volatility and emitted in thé&ow volatility — Partitions

low-volatility range. Has not reacted. mostly to the particle-phase at
atmospheric conditions

Low-volatility emissions from biomass-burning processes

Semivolatile primary organic aerosol that partitions between the parti@#enivolatile — Partitions

and gas phases at atmospherically relevant conditions between particle and gas phases
at atmospheric conditions

Semivolatile primary organic gas that partitions between the particle

and gas phases at atmospherically relevant conditions

Sum of SV‘PO/bartide and SV—PO/%apor

Low-volatility, particle-phase products of the oxidation of semivolatile

primary organic compounds

All particle-phase compounds emitted as semivolatile compounds.

Intermediate-volatility organic gases that have not reacted Intermediate volatility — Parti-

tions mostly to gas phase at at-

mospheric conditions

Semivolatile particle-phase products of the oxidation of intermediate-

volatility gases

Low-volatility, particle-phase products of the oxidation of intermediate-

volatility gases

Sum of semivolatile gases and particles from oxidation of intermediate-

volatility organic compounds

All particle-phase compounds emitted as intermediate-volatility com-

pounds

Semivolatile secondary organic aerosol emitted as volatile gas pre&alatile — Partitions almost en-

sors (e.g., toluene, high-volatility alkanes, isopren@jnene) tirely to gas phase at
atmospheric conditions

Low-volatility products from the aging of traditional SOA compounds

Sum of semivolatile gases and particles from oxidation of volatile or-

ganic compounds

Semivolatile biogenic secondary organic aerosol emitted as volatile gas

precursors (e.g., isoprene;pinene, terpinengj-caryophyllene)

Semivolatile anthropogenic secondary organic aerosol emitted as

volatile gas precursors (e.g., toluene, high-volatility alkanes and

alkenes)

Low-volatility products of oxidation of volatile biomass burning emis-

sions

Low-volatility primary organic aerosol Unknown volatility at source

(e.g., field measurement)

Total organic aerosol

Low-volatility anthropogenic secondary organic aerosol

Low-volatility particle-phase compounds from biomass burning

Semivolatile biogenic primary organic aerosol

Semivolatile SOA

matrix factorization techniques, source attribution combinedbe organized using both volatility prefixes (that of the OA
with knowledge of the volatility distribution could yield a produced in the chamber) and suffixes (that of the precursor
suite of OA classes in need of identification. (2) A series species). (3) The emissions of a power plant plume can be
of lab experiments are designed to age several OA precureaptured in a portable smog chamber and measured with a
sors of varying carbon number (and thus volatility) in a flow GC x GC vacuum ultra-violet high-resolution time-of-flight
tube. The OA is characterized with a thermodenuder andnass spectrometer to obtain a volatility and polarity distri-
the resulting OA yields measured during the campaign carbution. The captured emissions can then be aged inside the
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B. N. Murphy et al.: A naming convention for atmospheric organic aerosol 5833

Table 6.Organic aerosol classifications used in the literature.

Notation  Reference Literature definition Mapping to proposed framework

OO0A Jimenez et al. (2009) Oxygenated organic aerosol SOA

LV-OOA Jimenez et al. (2009) Low-volatility OOA with™* < 3.2 ug 3 LV-SOA

SV-O0A Jimenez et al. (2009) Semivolatile OOA with 08L* <100pugnT3  SV-SOA

OPOA Shrivastava et al. (2008) Oxygenated primary organic aerosol ELV-SOA-EW-SOA-Iv + ELV-SOA-sv

+ LV-SOA-elv + LV-SOA-Iv 4+ LV-SOA-sv
+ SV-SOA-elv+ SV-SOA-Iv 4+ SV-SOA-sv

chamber and resampled to observe effects of aging on volatil- 3. Emitted low-volatility, particle-phase mass reacts in the
ity. The chemical composition information would yield valu- particle phase. This mass likely never went through a
able insights on the apportionment of primary vs. secondary  condensation process but changed the chemical nature
OA and the dependence of this apportionment on initial and of the carbon mass without changing the loading (LV-
final volatility. SOA-Iv under the proposed framework).

The difficulty in the first two examples derives from the er-
ror in treating primary OA compounds with the static, inert
assumption. The difficulty in the third example results from

Organic aerosol model, field and laboratory results are SYNthe conflict between the historical definition of secondary OA

thesized and used to inform policy decisions. Conversely, bulk mass (either emitted in the vapor phase or formed

regulations and policy goals are often used to frame scientifiq¢r0m the oxidation of vapor-phase emissions) that, through

Inquiry e_md results_(e.g., estimates of anthr_opggenic enVi.ron'condensation, has added mass to the particle phase some-
mental impacts with respect to future emission scenarlos)time later — and the more chemically precise definition of

Althpugh specn‘l_c, e_ffecnve com_mL_Jmc_atlo_n _W'Fhm Fhe or secondary OA — compounds in the particle phase that have
ganic aerosol scientific community is vital, it is likewise im- hemically reacted at least once in the atmosphere

!oort_ant to _address the_larger. community 9f pt_aople interg;teg One option to address these contradictions would be
in air quality. One major point of confusion is the specific to recommend a simplified nomenclature, replacing the

definition of primary versus secondary OA. It is now widely POA/SOA paradigm and more precisely reflecting the con-
understood in the organic aerosol community that the line be-

: ) ceptual models currently adopted by the organic aerosol
tween primary and secondary OA categories is blurred, eSpec':ommunity. On the other hand, the traditional POA/SOA
cially for semivolatile and intermediate-volatility compounds model has a long history and 'in general, adequately em-
(Dﬂ?siglrjigaﬁltya;ésgeogggﬁon of primary and secondary OA haSphasizes the importance of atmospheric reactivity, partition-

’ L ing, and aging that are important from a policy perspective.
focused on bulk OA mass, not individual compounds. For ex- g ging P ROTICY persp

Th to bridge th by (1) standardizing th
ample, a typical approach has been to first measure particle: us, we propose to bridge the gap by (1) standardizing the

. ) ) conditions (temperature and organic aerosol concentration)
phase organic mass directly emitted to the atmosphere fronat which primary OA is defined:; (2) recommending that, for

a source, class!fy|ng It gs p”"'.‘a(;ﬁ Thet?] any deteﬁtedbm'%olicy applications, secondary OA follow the historical def-
Crease in organic mass downwind from the Source has beejy; , (i.e., it should add mass to the particulate phase, not

attributed to secondary OA (pre.sun.wing therefor.e that the O ust be a product of a chemical reaction); and (3) providing
enhancement resulted from oxidation of organic vapors an map of the classifications from the detailed framework to
condensation of some of those products). This analysis aShese broader definitions (Table 7)

sumes that all primary OA mass is inert. Knowing that the Low-volatility emissions may be controlled with technolo-

gynamm cor:gensattlon ar;]d gvapolratt!on tOf.OAt c_omEound ies targeting particle-phase capture and are well described
oes occur, three atmospheric evolution trajectories becomg primary OA. At the other end of the spectrum, many

difficult to categorize as either primary or secondary OA: VOCs are clearly precursors for secondary OA. Intermediate-

1. Emitted vapor mass condenses to the particle phasevolatility and semivolatile specieg may partition to either
adding mass downwind that has not reacted (SV—POA-the particle or _gas—phasg dependmg on the_ temperaFure and
sv or SV-POA under the proposed framework). OA concentration of thelr' sgrrogndmgs. Given that in Ta-

ble 2 we have already distinguished SV-OA from IV-OA

2. Emitted particle-phase mass evaporates, reacts and comvith a boundary of saturation concentratia@*§ equal to
denses back to the particle phase, changing the chemic&@20 ug m3, we propose defining primary OA as material
nature of the carbon mass without changing the loadingemitted in the particle phase at an OA concentratiGoa(
(SV-SOA-sv under the proposed framework). equal to or below 320 pgnf and7 = 298 K. In other words,

4 Application to source measurement and policy
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Table 7. Mapping of terms from simplified framework to proposed ticle phase at 320 ugmi and 298 K. Secondary OA then

detailed framework comprises species emitted at higher volatility or formed from
oxidation of precursors emitted at higher volatility (suffixes
Detailed framework  Simplified framework -iv and -v). Table 7 explicitly maps terms from the detailed
ELV-POA-elv framework to the simplified primary/secondary OA model.
LV-POA-Iv There is minimal contribution from intermediate and high-
SV-POA-sv volatility organic compounds to primary particles. Thus, the
ELV-SOA-elv terms IV-POA and V-POA are absent. In short, although the
LV-SOA-elv static conceptual model can be a useful representation for
SV-SOA-elv Primary OA the near-source, short-timescale influence of emissions pro-
ELV-SOA-lv cesses, it is fundamentally flawed from a detailed science
;\\/;_SS%Q'JL point.of view and should be avoided in applications requiring
ELV-SOA-SV physical accuracy.
LV-SOA-sv
SV-SOA-sv 5 Conclusions
ELV-SOA-iv
LV-SOA-iv We have proposed a naming system for classifying atmo-
SV-SOA-iv Secondary OA spheric orga.nic particle and gas (.:ompound.s. This system is
ELV-SOA-v consistent with general classifications used in many field and
LV-SOA-v laboratory studies, as well as developing model frameworks.
SV-SOA-v Specifically, it is applicable to the current conceptual model
* Boundary between primary and secondary OA is defined at of qUite dynamic mechanisms by which these partides form
Coa =320 g nT3 and7 = 298K. and age. By introducing a standardized rule for communi-

cating phase state via subscript, the scheme emphasizes the

importance of phase transitions and dynamic interactions ob-

primary OA will consist of compounds partitioning prin- sgrved by .the scientific community while.maintaining con-
sistency with the terms used to communicate to the policy

cipally to the condensed phase at 320 pgfnand 298 K. . e i
This boundary is somewhat arbitrary but has a dvantagescommumty' We have chosen a classification system that seg

It preserves consistency between the traditional conceptua{legates compounds based on their effective saturation con-

model and the detailed framework proposed here. It is hig centration at 298 K. The use of alphabetic prefixes (e.g.,

. . . LV-, LV-, SV-, etc.) is standardized in terms 6f. We have
enough in saturation concentration to capture the vast ma: : -
o . e ; also added a lowercase suffix to track the volatility of each
jority of species partitioning to the particle phase at urban

and near-source scales. AtGoa of 320 ugnT3, 76 and species when it was emitted. This suffix can be applied to any

97% of organic mass WitlC* = 100 and 10 ug m? will root term describing the chemlcal nature of OA (e.g., POA,'
o . ) . bbOA, aSOA, etc.) and bridges the gap between the tradi-
partition to the particle phase, respectively, according to ab-. o
: L tional, static view of the POA/SOA system and the more
sorptive partitioning theory (Donahue et al., 2006). On therecent dynamic view which treats evaporation upon dilution
other hand, 76 and 97 % of organic mass with= 1000 » 4Y b P

and 10000 ugm? will partition to the gas phase, respec- and aging of both primary and secondary material.

. . . Because of the observed semivolatile behavior of POA
tively. Use of this proposed boundary achieves an adequat o o

: ; : o 1 . ffom many emissions sources, it is important to standard-
separation consistent with the classifications proposed in this

3 . . ize the conditions at which particles will be defined to be
work. The 320 pg m* cutoff is also high enough to be well torimary. We propose this to be at 298 K and an OA con-

characterized by current dilution sampling techniques thacentration of 320 ug e, This concentration is a suitable

have difficulty with measurements at low, ambient-like, load- . . .

. . o ; . compromise between the low loadings seen at ambient con-

ings. This standardization applies directly to other methods;... : .
o L . . —ditions and the higher loadings often encountered when

of emissions characterization as well. Observations in traffic

) . l;i)erforming source measurements. It also agrees nicely with
tunnels and regression analyses performed at ambient co

. : : the proposed division between semivolatile and intermediate-
centrations commonly estimate organic aerosol and vapor . .. . .
o o . volatility OA. This framework provides a standard for com-
emissions. Just as for the dilution methods, these estimates ". . ; - .
) . Mmunicating detailed phase, volatility, source, and chemical

must simultaneously report OA concentration and tempera-

ture so that an appropriate volatility can be inferred. information to experts and non-experts alike, and will be use-

With this standard in place, primary OA can be representeorUI as the field continues to evolve.
as the sum of all of the OA terms with the suffixes -elv, -lv,
and -sv; these are species emitted in the particle phase or
formed from the reaction of precursors emitted in the par-
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