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BACKGROUND

Speciation of the organic compounds present in the carbonaceous fraction of atmospheric particulate matter samples has been shown to provide powerful insight into the impact of primary air pollution sources on particulate matter concentrations in both the urban and remote locations (Simoneit, 1985; Simoneit, 1986; Simoneit, 1999; Simoneit, et al., 1991).  Using gas chromatography mass spectrometry (GCMS) techniques, along with the rich knowledge of organic compound molecular markers, molecular maker chemical mass balance (CMB) models have been developed and applied to apportion the source contributions of direct primary sources of atmospheric particulate matter (Manchester, et al., 2001; Schauer and Cass, 2000; Schauer, et al., 1998; Schauer, et al., 1996; Watson, et al., 1998).  These CMB models have been used to apportion the primary source contributions from diesel engine, gasoline-powered motor vehicles, hardwood combustion, softwood combustion, meat cooking operations, road dust, tire wear, vegetative detritus, natural gas combustion and coal combustion.   Although these models are still undergoing refinement to reduce apportionment uncertainties and to incorporate additional primary particulate matter sources, these models are reasonably well developed and are currently being employed in a broad range of air quality studies.  

Molecular marker CMB models that explicitly apportion the direct primary source contributions to particulate organic carbon (Schauer and Cass, 2000; Schauer, et al., 1998; Schauer, et al., 1996) can be used to quantify an upper limit on secondary organic aerosols.  Under conditions where there exists high confidence that all important direct primary sources of particulate matter are incorporated into the molecular marker CMB models, estimates of secondary organic aerosol contribution to particulate matter concentrations can be obtained.  However, in many remote locations only limited information on primary sources exists such that secondary organic aerosol estimates of this nature have very high uncertainties.  Likewise, all molecular marker models would be greatly enhanced in source profiles for secondary organic aerosols were developed and incorporated in these models.  The direct apportionment of secondary organic aerosols would allow a direct mass balance check on particulate matter organic carbon concentrations.  For these reasons, there is a great need to identify molecular marker tracers for secondary organic aerosols and develop source profiles for secondary organic aerosols that can be incorporated in CMB models.    

POTENTIAL TRACERS FOR SOA

Three chemical analysis approaches have been used in the past to identify the organic constituents of secondary organic aerosols (SOA): 1) chemical analysis of laboratory generated SOA formed in smog chamber experiments (Forstner, et al., 1997a; Forstner, et al., 1997b; Glasius, et al., 2000; Jang and Kamens, 2001; Tobias and Ziemann, 2000; Yu, et al., 1999a), 2) analysis of atmospheric particulate matter samples collected in locations where high levels of SOA are expected (Kavouras, et al., 1999; Yu, et al., 1999b), and 3) statistical analysis and chemical structural interpretation of organic compounds speciation measurements of atmospheric particulate matter (Kawamura and Sakaguchi, 1999; Rogge, et al., 1993; Schauer, et al., 1996).  Clearly, all three strategies have advantages and disadvantages such that we ultimately seek to have all approaches converge together to identify the organic compounds, which comprise SOA.  Table 1 summarizes some of the key classes of compounds that have been identified as contributors to SOA, which may be useful as tracers for SOA.  It is important to recognize that within each of these compound classes there exists a broad range of organic compounds with very different chemical structures and likely very different atmospheric precursors.  With this said, however, Table 1 does provide a basis to identify potential analytical methods, sampling techniques, and research needs to better prioritize critical uncertainties in the development of SOA tracers.   Clearly, on going and future research will be able to add more compound classes to Table 1 and will be able to better link laboratory smog chamber experiments and field measurements. 

From a practical perspective, there are three criteria necessary for organic compounds to be useful as tracers for SOA:  1) the source of these compounds in the atmosphere must be dominated by atmospheric chemical reactions and not primary source emissions, 2) the compounds must be reasonable stable in the atmosphere after production, and 3) there must exist a quantitative relationship between SOA production from at least a class of SOA precursors and the tracer compound.  Since the chemical structures of SOA precursors have a broad range of chemical structures, it is reasonable to assume that SOA formed from different classes of compounds will have different tracer compounds.  The potential compounds classes listed in Table 1 need to be assessed based on the criteria listed above.        

Table 1. Selected Classes of Organic Compound Present in SOA Generated in Smog Chamber

 Experiments, Which Are Potential Tracers for SOA

	Compound Class 
	Precursors in

Smog Chamber
	Example References
	Observed in Atmos. 
	Example References

	Cycloalkyl Diacids
	Biogenics
	Glasius et al. (2000)
	     Yes
	Kavouras et al. (1999)

	Aliphatic Diacids
	Cycloalkenes
	(Kalberer, et al., 2000)
	     Yes
	Rogge et al. (1993)

Kawamura & Sakaguchi (1999)

	Aromatic Diacids
	
	
	     Yes
	Rogge et al. (1993)

Schauer & Cass (2000)

	Hydroxy Acids
	Cycloalkenes

Biogenics

Aromatics
	Kalberer et al. (2000)

Glasius et al. (2000)

Jang & Kamens (2001)
	
	

	Keto Acids
	Cycloalkenes

Biogenics

Aromatics
	Kalberer et al. (2000)

Glasius et al. (2000)

Jang & Kamens (2001)
	     Yes

     
	Kavouras et al. (1999)

Yu et al. (1999)



	Oxo Acids
	Cycloalkenes

Biogenics

Aromatics
	Kalberer et al. (2000)

Glasius et al. (2000)

Jang & Kamens (2001)
	     Yes
	Yu et al. (1999)

	Dicarbonyls
	Cycloalkenes

Biogenics 

Aromatics
	Kalberer et al. (2000)

Yu et al. (1998)

Jang & Kamens (2001)
	     Yes 
	Kavouras et al. (1999)

Yu et al. (1999)

	Nitrates
	PAH

Aromatics
	Kames et al. (1999)

Jang & Kamens (2001)
	     Yes
	Feilberg et al. (2001)




The compound classed listed in Table 1 can be divided into three groups: organic diacids, multifunctional carbonyls, and nitrated compounds.  The aliphatic and aromatic organic diacids are of specific interest since these compounds have been identified in atmospheric particulate matter samples in both the urban atmosphere (Rogge, et al., 1993) and remote locations marine environments (Kawamura and Sakaguchi, 1999).  These measurements suggest that these compounds are relatively stable and may represent near final end product of atmospheric processing.  In addition, the primary emissions of many of these compounds are expected to be relatively small (Schauer, et al., 1996).  Very little is known about the distribution and atmospheric stability of the cycloalkyl diacids, which are products of atmospheric reactions of biogenics, since these compounds have only been measured in forested regions and in smog chamber experiments.  As a result, there is a great need to look for these compounds in other regions, such as downwind of forested regions.  If these compounds are reasonably stable in the atmosphere, or if they degrade to other relatively unique compounds, the diacids could be important tools to track SOA since the distribution of diacids may be relate to the SOA precursors.  Rogge et al. (Rogge, et al., 1993) suggested that the aromatic diacids might result from the degradation of PAH in the atmosphere.  Although direct primary emissions of aromatic diacids have been reported (Fraser, et al., 1998; Kawamura and Kaplan, 1987; Simoneit, 1985), it is unclear if the direct primary emissions of these compounds are important contributors to their atmospheric concentrations.  Likewise, the exact precursors for these compounds have not been identified in laboratory smog chamber experiments.               

The multifunctional substituted carbonyls have been shown to be major components of SOA (Glasius, et al., 2000; Jang and Kamens, 2001; Kalberer, et al., 2000; Yu, et al., 1999a).  Since these compounds are likely to undergo further chemical reactions at reasonable high reaction rates, due to their carbonyl functional groups, these compounds may be very difficult to use as tracers for SOA under conditions of long-range transport.  Under conditions of near field SOA production, however, these carbonyl compounds may provide important information on SOA sources and production rates.  Further investigations of the stability of these compounds will be needed to better assess their viability as tracers for SOA.  

Both nitrated mono-aromatic and nitrated polycyclic aromatic hydrocarbons have been identified as products of atmospheric chemical reactions that are contributors to SOA.  Nitrated aromatic compounds may be useful as tracers for SOA produced from mono-aromatic hydrocarbons that result form reactions with nitrogen oxides (Jang and Kamens, 2001).  It is important to recognize that different chemical mechanisms will yield different product distribution and likely different amounts of SOA.  To this end, tracers for different SOA formation mechanisms from the same SOA precursors may be needed for accurate apportionment of SOA.  For this reason, the ability to use nitrated mono-aromatic compounds as tracers for SOA should be further investigated.  Feilberg et al. (Feilberg, et al., 2001) investigated the relative primary and secondary contributions to atmospheric contributions of nitro-PAH and that specific nitro-PAH, including 1-nitropyrene and 3-nitrofluoranthene, are dominated by direct primary emissions while other nitro-PAH are dominate by atmospheric chemical reactions.  This work further supports the notion that some nitro-PAH could be used as tracers for some SOA reaction mechanisms.        

STRATEGIES FOR SOA APPORTIONMENT

It is important to note that some of the potential tracers for SOA are semi-volatile organic compounds, which exist in both the gas and particle-phase at atmospheric conditions, while some have very low vapor pressures and reside almost entirely in the particle-phase.  Clearly, the requirements of sampling strategies that seek to collect the semi-volatile compounds and the compounds, which are only present in the particle-phase, will be very different. Although quantitative collection of both semi-volatile and particle-phase organic compounds is desirable for tracing SOA, it is important to note that many existing sampling networks are not equipped with capabilities for semi-volatile organic compounds.  Although these sampling networks could be retrofit, it is important to recognize that the great advantage of these networks is that they are able to efficiently collect a large number of routine samples that can be analyzed retrospectively.  Addition of semi-volatile organic compound sampling capabilities on these networks would have significant cost and is not practical.  To this end, two different strategies for source apportionment of SOA need to be developed: 1) a strategy that can be applied to routine filter based samples and 2) a strategy that can fully exploit advanced sampling techniques that are likely to be employed in selected field studies.  Clearly, SOA contains significant amounts of semi-volatile organic compounds, which needs to be properly addressed in both cases.

 The development of source apportionment techniques that only utilize particle-phase measurements will need to exclusively utilize non-volatile tracers, such as the aromatic, aliphatic, and cycloalkyl diacids.  Ultimately, these tracers will need to be related to the total non-volatile and semi-volatile SOA concentrations present in the atmospheric particulate matter samples.  Potentially, these tracers may be related to an effective SOA concentration that is expressed as an SOA concentration at standardized temperature, humidity, organic particulate matter concentrations.  Source apportionment strategies that take advantage of both non-volatile and semi-volatile tracers will still need to face the challenge of accurately measuring or effectively expressing the concentration of SOA in the particle-phase.  

RECOMMENDATIONS

1) Field studies should be conducted that make adequate measurements of likely SOA tracers and known primary source tracers that can be used in an advanced positive matrix factorization (Ramadan et al., 2001) such that effective profiles for different sources of SOA can be identified.  Field studies should be implemented in both regions that are likely impacted by SOA originating from both biogenic and anthropogenic sources. 

2) Additional smog chamber experiments should be conducted to further investigate the stability of potential tracers for SOA, with specific attention to diacids, multifunctional substituted carbonyls, and nitrated aromatics. 

3) Better integration of analytical techniques among atmospheric measurements, primary source measurements and laboratory smog chamber experiments to help assess the uniqueness of proposed SOA tracers.  

4) Smog chamber studies should be conducted to identify the atmospheric reactions and precursors for secondary aromatic diacids. 

5) More advanced analytical techniques need to be tested to identify novel SOA tracers including isotopic fractionation during SOA production, physical properties, nitrogen containing compounds, and polar organic compounds.      
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