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ABSTRACT 16 

 17 

SPECIATE is the U.S. Environmental Protection Agency‘s (EPA) repository of volatile organic 18 

compounds (VOC) and particulate matter (PM) speciation profiles of air pollution sources.  19 

These source profiles can be used to (1) provide input to chemical mass balance (CMB) receptor 20 

models; (2) verify profiles derived from ambient measurements by multivariate receptor models 21 

(e.g., factor analysis and positive matrix factorization); (3) interpret ambient measurement data; 22 

and (4) create speciated emission inventories for regional haze, climate, and photochemical air 23 

quality modeling.  This paper describes the SPECIATE v4.2 database, provides specific 24 

examples of its use, and makes recommendations for future improvements. 25 

 26 

KEYWORDS: SPECIATE, emissions, VOC, particulate matter, speciation profiles 27 

 28 

1. INTRODUCTION 29 

 30 

The SPECIATE database is an important product of the U.S. Environmental Protection 31 

Agency (EPA) that serves as the repository for source category-specific emission speciation 32 

profiles.  The profiles contain weight fractions of chemical species of both volatile organic 33 

compounds (VOC) and particulate matter (PM).  The profiles are necessary since emission 34 

inventories typically contain reactive VOCs and total PM; however, many applications require 35 

information on the individual species and compounds which comprise the VOCs and PM mass.  36 

The weight fractions of individual VOC species are used in atmospheric chemistry mechanisms 37 
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within air quality models to predict ozone concentrations in the atmosphere.    The profiles of PM 38 

species weight fractions are specific to particle size ranges and are used to support air quality 39 

modeling for PM and visibility.  SPECIATE supports air toxic assessments, assessments of 40 

compounds important to global climate (e.g., methane and black carbon), and is essential for 41 

source-receptor modeling applications.  Data used to create these profiles come from a variety of 42 

sources including peer-reviewed journal articles and emissions testing conducted primarily by the 43 

EPA.  The original source of the data used in each profile is documented in the SPECIATE 44 

database.  Because the data come from a variety of sources, the quality of this data varies greatly. 45 

 The SPECIATE database includes a quality indicator field which ranks the quality of specific 46 

profiles.    47 

SPECIATE was computerized in 1988 and the first electronic version was distributed to 48 

the user community in 1993.  Although accessibility to the SPECIATE database has been 49 

sustained through EPA‘s Clearing House for Inventories and Emission Factors (CHIEF) website, 50 

updates to SPECIATE languished in the mid-1990s due to decreasing budgets.  The U.S. 51 

National Research Council in its report on Research Priorities for Airborne Particulate Matter 52 

(NRC, 2004), the Clean Air Act Advisory Committee in its report of the Air Quality 53 

Management Working Group (Clean Air Act Advisory Committee, 2004), the North American 54 

Research Strategy for Tropospheric Ozone in its Emission Inventory Assessment (NARSTO, 55 

2005), and other groups have recommended that the database be extensively updated and 56 

maintained in a dynamic manner. 57 

Given the importance of SPECIATE to the process of air quality management, an EPA 58 

SPECIATE Workgroup was organized in 2005 to update SPECIATE.  The scope of work 59 

undertaken by the Workgroup is to: 60 
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 61 

 Update the SPECIATE databases to capture recent and scientifically-meritorious VOC, 62 

total organic gas (TOG), and PM speciation profile data available from EPA, state 63 

agencies, peer-reviewed literature, and other relevant data sources; 64 

 Modify the structure of the SPECIATE database to allow for storage of important 65 

information underlying each profile (metadata such as sampling and analysis methods, 66 

overall subjective profile quality ratings, etc.);  67 

 Link the new profiles to Source Classification Codes (SCCs) in the National Emissions 68 

Inventory (NEI); and  69 

 Assign species to photochemical reactivity classes. 70 

 71 

An overview of the latest SPECIATE database is provided followed by examples of potential 72 

applications for this tool: expansion of our understanding of pollutant sources, interpretation of 73 

ambient data, creation of inputs necessary for air quality models, and new estimations of 74 

compounds important to radiative forcing. 75 

 76 

2. SPECIATE v4.2 OVERVIEW 77 

 78 

The latest SPECIATE database, version 4.2, was published in a June 2009 report (U.S. 79 

EPA, 2009) that summarizes the development and provides guidance on use of the database.  In 80 

addition, the report documents revisions to auxiliary data tables including the VOC-to-TOG 81 

conversion table and the SCC-to-SPECIATE profile cross-reference table.  The SPECIATE v4.2 82 

database also contains a new table for semi-volatile organic compounds (SVOC), titled ―SVOC 83 
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Splitting Factors‖ that provides suggested SVOC partitioning factors in PM and gaseous phases 84 

based on Schauer et al. (1999).  Note that the partitioning factor of each SVOC species is not 85 

universal, it depends on sampling conditions such as temperature and pressure. 86 

One major update over previous SPECIATE versions is the addition of the new category 87 

called ―other gases‖.  This category contains speciated mercury, nitrogen oxides (NOx) , and 88 

SVOC that do not fall into VOC and PM profiles categories.  There were 237 other gases profiles 89 

incorporated into SPECIATE v4.2.   90 

Another SPECIATE v4.2 major update includes the development of a web-based 91 

application to allow access to the SPECIATE database through a web interface.  This web-based 92 

application facilitates direct download of SPECIATE source profiles (i.e., MS Access is not 93 

needed).  The application allows data searches by pollutant, key word, and category.  The 94 

SPECIATE Web Browser can be accessed at http://cfpub.epa.gov/si/speciate/.  To date, the 95 

initiative to update SPECIATE has produced in version 4.2: 96 

 97 

• 3326 PM source profiles;  98 

• 1624 organic gas source profiles; 99 

• 237 other gases source profiles; 100 

• A total of 2207 unique species;  101 

• Composite profiles for 58 (47 PM and 11 VOC) source categories; 102 

• An updated SCC-to-SPECIATE profile cross-reference table; 103 

• VOC-to-TOG conversion factors for applicable gas profiles; 104 

• A protocol for expansion of the database; 105 

• Suggested partitioning factors for SVOC compounds in gas and PM phases; 106 

http://cfpub.epa.gov/si/speciate/
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• A mapping of VOC compounds not previously in the SPECIATE database into model 107 

species categories. 108 

2.1 Using SPECIATE to calculate source-specific emissions of individual compounds 109 

 Because the SPECIATE database covers a large range of pollutants and sources and is 110 

difficult to ―view‖ per se, here we present summaries of the database that demonstrate how it 111 

might affect some of the major applications for which it is used.  One of the most important 112 

applications of this database is to drive air quality modeling studies of ozone and PM.  For these 113 

applications, the database would be used in conjunction with an inventory of VOC and PM, such 114 

as the National Emissions Inventory (NEI, 115 

http://www.epa.gov/ttn/chief/net/2005inventory.html#inventorydata) in order to provide spatial-, 116 

temporal- and source-resolved estimates of individual VOC emissions or modeled species. The 117 

NEI reports emissions of specific pollutants (such as benzene) as well as classes of pollutants 118 

(such as PM, TOG, and NOx) that may be determined through source-specific emissions 119 

measurements, mass balance, source-specific models, emissions models such as the Motor 120 

Vehicles Emissions Simulator (MOVES), or emission factors.  In this last case, emissions are 121 

calculated by multiplying an emissions factor by an activity rate [Equation (1)].  For instance, 122 

emissions of NOx from an industrial boiler may be calculated by multiplying the total cubic feet 123 

of natural gas burned per year (activity rate) by the average NOx produced per cubic foot of 124 

combusted fuel for that boiler type (emissions factor).  If emissions are routed through a control 125 

device, then emissions estimates are multiplied by a control factor to determine the total amount 126 

of pollutant emitted into the atmosphere.   127 

 128 

E = (Activity Rate) x (Emissions Factor) x (Control Factor)  Equation (1) 129 

http://www.epa.gov/ttn/chief/net/2005inventory.html#inventorydata
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 130 

Reff et al. (2009) calculated source-specific emissions of trace metals by multiplying 131 

emissions of fine particulate matter (PM2.5) from each source by an appropriate chemical 132 

speciation profile.  This technique requires first grouping NEI emissions by source type and then 133 

determining the most representative profile for each category.  Here we apply a similar technique 134 

to organic gasses:  We determine total emissions of specific gaseous organic species by 135 

multiplying emissions of TOG for an individual source type by the weight fraction of the specific 136 

compound reported in the speciation profile for that same source type [Equation (2)], 137 

 138 

Ei,j = ETOG,jXi,j        Equation (2) 139 

 140 

where E is the mass emissions of compound i and source type j, and X is the weight fraction of 141 

compound i with respect to total TOG from source type j.  For instance, if source tests have 142 

determined that ethylene makes up X% of tailpipe TOG emissions from on-road gasoline 143 

vehicles, we multiply the total TOG emissions from those vehicles by X/100 to obtain ethylene 144 

emissions from on-road gasoline vehicles.   145 

In order to illustrate the SPECIATE database and its significance for ozone and toxic air 146 

pollution studies, we used the above methodology to generate information on emissions for 147 

specific VOC compounds from general source categories.  To accomplish this, we used the 148 

complete set of TOG profiles in the SPECIATE database and linked them with VOC emissions 149 

through an emission processing system. Emissions and SPECIATE profiles used were consistent 150 

with EPA‘s 2005-based modeling platform version 4.  Details about the emissions processing 151 

and chemical speciation profiles can be found at: 152 
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http://www.epa.gov/ttn/chief/emch/index.html#2005.  Using a set of SCC-to-SPECIATE profile 153 

cross references and VOC-to TOG profile-based factors, we created a SCC-to-SPECIATE 154 

compound table.   This master table is an easy way to view the VOC NEI inventory using the lens 155 

of the SPECIATE database and allows us to quickly analyze which source sectors are major 156 

contributors to nationwide emissions of specific VOC compounds that are important for ozone 157 

formation and toxics exposure.  Since the master table is a very large sparse matrix, only selected 158 

parts of it can be visualized at any time.  For the rest of this section, we will view different 159 

subsets of the master table to highlight various aspects of the VOC inventory from an air quality 160 

modeling viewpoint.   161 

2.2 Sources of VOCs ranked by ozone-formation potential 162 

 Figure 1 shows total U.S. emissions for the 50 VOC species estimated to contribute the 163 

most mass for a typical July day in 2005.  These 50 species comprise approximately 80% of the 164 

total mass emissions of VOCs.  However, not all VOCs are equal in their ability to produce 165 

ozone:  one gram of ethene (C2H4), for example can produce 33 times more ozone than one gram 166 

of ethane (C2H6) under the same conditions (Carter, In Press).   In Figure 2 we rank the VOC 167 

species according to their potential for ozone formation, by displaying the species that make up 168 

80% of the total mass-weighted reactivity towards ozone formation.  Reactivity was determined 169 

by multiplying the total emissions of each VOC by its Maximum Incremental Reactivity (MIR) 170 

value (Carter, 1994; Carter, In Press), which provides a way to compare quantitatively how 171 

different types of VOCs react differently in producing ozone. While this does not predict the 172 

actual amount of ozone formed, which depends on ambient atmospheric conditions, the MIR is a 173 

widely-used scale that allows us to perform a relative comparison of the importance of different 174 

VOCs (Hales, 2007; Luecken and Mebust, 2008) so that VOC emission reductions can focus on 175 
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those VOCs which are most effective in reducing ozone. Some compounds are ranked high in 176 

both Figures 1 and 2, such as xylene (reported here as the sum of all 3 isomers).  Another 177 

compound, isopentane, has a low MIR (1.28) and a high emissions (5
th

 largest by mass) and 178 

therefore still has the potential to form high amounts of ozone (17
th

 largest).  Even compounds 179 

that are exempted from EPA‘s definition of reactive VOC because they form little ozone on a 180 

unit basis (40 Code of Federal Regulations 51.100), have the potential to contribute to ozone 181 

because their emissions are high.  For example, acetone is found to be 44
th

 largest in terms of 182 

ozone formation out of approximately 400 VOCs stored in SPECIATE.  183 

The two figures highlight the potential importance of mobile source VOC emissions in 184 

ozone production, both by mass and reactivity.  Solvent utilization is also an important source of 185 

the ozone precursors: xylene, mineral spirits, acetone and alcohols.  This method provides insight 186 

into the contribution of different source categories to the VOCs that are most important to ozone 187 

formation.  However, it is important to note that the actual impact of emitted pollutants from 188 

these sources depends on many factors including the co-emitted NOx, biogenic emissions, and 189 

the meteorological conditions.  This type of analysis can help to identify major sources of ozone 190 

precursors and direct focus for more in-depth studies but should not alone be used to make policy 191 

decisions. 192 

2.3 Sources of toxic VOCs 193 

Many of the species in Figures 1 and 2 are also of interest because EPA classifies them in 194 

Section 112(b) of the Clean Air Act as hazardous air pollutants (HAPs).  The EPA has identified 195 

187 explicit compounds as HAPs (http://www.epa.gov/ttn/atw/orig189.html, 196 

http://www.epa.gov/ttn/atw/pollutants/atwsmod.html), because they are known or suspected to 197 

cause cancer or other serious health effects.  We now focus on 14 of the most toxic VOC HAPs, 198 

http://www.epa.gov/ttn/atw/orig189.html
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identified in the National Air Toxics Assessment (http://www.epa.gov/ttn/atw/natamain/) as 199 

national and regional drivers or contributors to human health risk.  In Figure 3, these 14 200 

compounds are ranked by their relative toxicity in terms of non-cancer risk.  The ranks were 201 

determined by dividing the total emissions by the reference concentration (RfC), defined as the 202 

concentration below which no effects are noted.  Lower RfCs indicate pollutants with higher 203 

relative toxicity.  Acrolein has a reference concentration of 2.0e-5 mg m
-3

 that is at least two 204 

orders of magnitude lower than any of the other gas-phase HAPs, with the exception of toluene 205 

diisocyanate (RfC of 7.0e-5 mg m
-3

).  This low RfC, combined with a moderately high emission 206 

rate (130
th

 highest mass out of 1000 matched VOC species in the SPECIATE database), makes 207 

acrolein an important species to address in terms of toxicity.  While toluene diisocyanate has a 208 

similar RfC, its mass emissions are only 13% of acrolein emissions and is therefore less 209 

important.   210 

Figure 4 shows the relative importance of these HAPs for cancer risk.  The ranking is 211 

calculated by weighting the HAP emissions by the Unit Risk Estimate (URE), which quantifies 212 

the number of cancer cases over a lifetime for a unit concentration of each pollutant -- the higher 213 

the URE, the higher the cancer risk of the pollutant.  These rankings are more closely related to 214 

the total emissions than the non-cancer rankings, with benzene having both high emissions (7
th

 215 

largest) and a moderately high URE (7.8e-6 1 μg
-1

 m
3
).  As in Figures 1 and 2, formaldehyde, 216 

acetaldehyde and 1,3-butadiene are also identified as potentially important.  Because naphthalene 217 

has a high URE (3.0e-5 1 μg
 -1

 m
3
) even though only moderately high emissions (99

th
), it also 218 

shows up as important.  219 

Figures 3 and 4 show that mobile sources and to a smaller extent, solvent utilization 220 

sources contribute substantially to the mass-weighted cancer and non-cancer potential of VOC 221 
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emissions.  The actual risk of each source category to human exposure will also depend on a 222 

variety of factors including timing and proximity of both sources and human populations, 223 

meteorological conditions, local terrain, exposure route and duration, and many other factors.   224 

2.4 Comparison of SPECIATE results to NEI toxics estimates 225 

In recent years, EPA has undertaken efforts to develop an inventory of hazardous air 226 

pollutants, and include it as part of the National Emissions Inventory (Pope et al., 2002).  To the 227 

extent that emission factors are used in the NEI, the emissions from the NEI and through VOC 228 

speciation could be identical if the same set of source data were used to create the emissions 229 

factors and speciation profiles.  However, data sets used to create speciation profiles must 230 

contain a complete characterization of the individual species making up the total whereas 231 

species-specific emissions factors or total VOC emission factors require only measurement of a 232 

single compound.  Therefore, speciation data sets are much more expensive to conduct and, thus, 233 

are much more limited in number.  As a result, it is not possible for there to be perfect agreement 234 

between VOC speciation data and specific compounds in the NEI.  In addition, there has not 235 

previously been coordination between groups assembling the NEI and SPECIATE to use 236 

consistent datasets where they are available.  In cases where data are derived from the same 237 

sources, we would expect for the emission estimates from the two approaches to be reasonably 238 

consistent.  In cases where they are significantly different, additional investigation is warranted 239 

for the pollutant and/or the source category.   240 

In Figures 5 and 6, we show the same information as in Figures 3 and 4, but we have 241 

extracted the HAP emissions directly from the NEI, rather than through speciation of the VOC 242 

emissions.  While the general identification of the most significant pollutants is very similar, the 243 

magnitude of emissions and the contribution of major sources is sometimes very different.  244 
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Figure 7 compares emissions for 96 different HAPs derived from the SPECIATE database versus 245 

those extracted directly from the NEI.  Correlations for individual source categories vary from 246 

near zero (no correlation) for the ―Internal Combustion‖ and ―MACT‖ categories to 0.96 for the 247 

―Mobile Source‖ category.  More investigation is needed for the categories that show especially 248 

low R
2
 values (below 0.3) in order to estimate emissions of HAPs with more confidence.  These 249 

categories include external combustion sources, industrial processes, MACT categories, waste 250 

disposal, treatment, and recovery, and miscellaneous sources.  Even for source categories in 251 

which correlations are high, the magnitudes of emissions estimates are often not consistent 252 

between these two methods.  For instance, mobile source and internal combustion HAP 253 

emissions estimates in the NEI are respectively 31% lower and 81% lower than those calculated 254 

using SPECIATE.   When comparing emissions estimates across all source categories, cancer-255 

weighted emissions from the subset of 14 high-risk HAPs from the NEI inventory are 48% lower 256 

than from SPECIATE calculations, and non-cancer weighted emissions are 50% lower.   257 

There are numerous reasons for these discrepancies, including differences between the 258 

speciation fractions and methods used to develop the HAP emission in the NEI.  One example is 259 

with the mobile sources category.  In the NEI, VOC and HAPs are consistent as they are 260 

generated using the same emission factor model and activity estimates.  However, the EPA‘s 261 

mobile source emissions modeling methodology for benzene accounts for the percent of benzene 262 

in the fuel, whereas the speciation profile does not account for this fuel property.  In addition, 263 

emissions models used by the EPA account for changes in evaporative and exhaust emissions of 264 

specific compounds for different vehicle technologies, while SPECIATE profiles do not.  In this 265 

case, it is obvious that the direct emissions model estimate should be used rather than the 266 

speciation profile.  However, an emissions model is only applicable to the most important air 267 
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toxics while SPECIATE has a complete list of all such compounds.  The example of emissions 268 

from commercial charbroiling is less clear.  Emission factors used in the NEI for HAPs were 269 

based on testing done to characterize emissions from cooking operations from street vendors in 270 

Mexicali, California (EPA, 1999), whereas the speciation profile is based on speciated organic 271 

gas emission measurements of hamburger meat charbroiling at a large institutional-scale natural 272 

gas fired charbroiler (Schauer et al, 1999).  For this source category, it would be appropriate to 273 

conduct an evaluation to determine which sampled source is more representative of typical 274 

emissions in the United States. 275 

In general, since the reporting of HAP emissions is not mandated with the same rigor as 276 

VOC reporting, the source of the emissions data of the HAP and VOC emissions can be different 277 

for the same emission source and potentially inconsistent.  For example, a particular emissions 278 

source in the NEI may have its HAP emissions based on the toxics release inventory, and VOC 279 

(and other criteria air pollutants) reported by a state agency.  The NEI does not report any 280 

benzene emissions from ―Waste Disposal, Treatment, and Recovery; On-site Incineration‖, yet 281 

its speciation profile includes benzene.  EPA has been attempting to rectify the inconsistencies in 282 

VOC and HAP in the NEI that result from the inventory not being fully integrated.  Strum et al. 283 

(2006) was the first to report on this in an investigation of the 2002 NEI.   284 

Analyses using SPECIATE, as shown here, can help identify and prioritize sources of 285 

toxics that have a large impact on risk or are significant ozone contributors for which speciation 286 

profile or emission estimation methods can be improved.  The SPECIATE database is especially 287 

valuable for this type of analysis because the speciation profiles have been recently evaluated and 288 

will continue to be updated as fuels, industrial usage, and solvent compositions change over time. 289 

 For example, refineries have produced many different gasoline fuels over the years to meet 290 
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Federal and State regulations as well as for economic reasons.  A relatively high-risk HAP, 291 

Methyl t-butyl ether (MTBE), was a common oxygenated fuel additive for many years but has 292 

now been phased out due largely to concerns about contamination of water supplies from leaking 293 

underground gasoline tanks.  Ethanol has been used as an additive to replace MTBE.  In addition 294 

to ethanol, refineries may add butane and other highly volatile species to boost ignition for winter 295 

season or to improve the Octane number.  Because onroad vehicles are major sources of 296 

compounds with both a high ozone-formation potential and high toxicity, the SPECIATE 297 

database critically needs accurate profiles for liquid gasoline, tailpipe emissions, and headspace 298 

speciation from a large variety of different gasoline samples around the U.S. We plan to update 299 

SPECIATE on a periodic basis with refined profiles as new information becomes available.  300 

Updates will be posted at EPA‘s CHIEF website (http://www.epa.gov/ttn/chief/).  Although 301 

SPEICATE is a valuable tool in this type of analysis, caution should be used to choose 302 

appropriate and high quality profiles.   303 

 304 

3. APPLICATIONS 305 

3.1 Identification of major source categories for pollutant categories and specific 306 

compounds 307 

 SPECIATE can assist in providing a complete picture of pollutant sources.  One of the 308 

major intended uses of SPECIATE is as a library of source profiles for use in source 309 

apportionment, particularly receptor modeling.  At least two broad classes of receptor models 310 

currently exist:  the chemical mass balance (CMB) approach, and models that employ some form 311 

of factor analysis.  Both approaches seek to fit the following model to ambient species 312 

measurements: 313 

http://www.epa.gov/ttn/chief/
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 314 

1

p

ij ik kj ij

k

x a s e


       Equation (3) 315 

 316 

where xij is the measurement in sample i of species j, p is the number of source profiles, a is the 317 

contribution of source k to sample i, s is the fraction of species j in profile k, and eij is the residual 318 

error. 319 

 In the CMB approach, predetermined source profiles (skj) are input to Equation (3) and 320 

values of aik are fitted to make the source profiles sum to measured ambient air samples.  Ideally 321 

source profiles would be derived from measurements of species emissions in a given study‘s 322 

local airshed, but the logistics of such measurements can frequently be prohibitive.  SPECIATE 323 

can provide the profiles for input to CMB when measurements from local sources are 324 

unavailable.  This application has already seen usage by researchers such as Balakrishna and 325 

Pervez (2009) and Chen et al. (2001). 326 

 In the factor analytic approach, no species profiles are given to the model.  Rather, 327 

various mathematical techniques are used to decompose a dataset of species measurements taken 328 

over various time periods into a product of matrices that have the form of Equation (3).  Creating 329 

such a solution in which there is confidence that skj values are those of source profiles is a 330 

challenging undertaking, and numerous techniques such as principle components analysis (PCA) 331 

and positive matrix factorization (PMF) have evolved over the years to solve this problem.  332 

SPECIATE can assist the factor analytic approach by serving a confirmatory role.  Species 333 

profiles output by factor analysis models can be compared to data in SPECIATE to help 334 

determine their source identity.  Reff et al. (2007) even posed the possibility of automated 335 
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matching of PMF outputs to SPECIATE profiles, although we have not yet determined an 336 

acceptable metric for such profile matching.  337 

3.2 Interpretation of ambient data 338 

SPECIATE profiles can help to further understand ambient measurements, such as 339 

interpreting trace element measurements.  Elements (quantified by XRF or PIXE) are often used 340 

to estimate total soil dust concentrations.  This information is important both for identification of 341 

major PM source categories as well as characterization of physical aerosol properties such as 342 

light scattering and absorption.  The Interagency Monitoring of PROtected Visual Environments 343 

(IMPROVE) monitoring network currently measures speciated PM concentrations at 13 urban 344 

and 178 remote sites (http://vista.cira.colostate.edu/improve/Overview/Overview.htm).  Soil 345 

mass is calculated from the IMPROVE trace elements with Equation (4), which was developed 346 

based on a single soil profile (McDade, 2008).   347 

 348 

3.48* 1.63* 2.42* 1.94*SOIL Si Ca Fe Ti       Equation (4) 349 

 350 

El-Zanan et al. (2005) and Malm and Hand (2007) have suggested that this equation may not 351 

accurately represent total soil mass for all soil types.  SPECIATE offers an extensive database 352 

against which this hypothesis can be tested.  We have compiled 51 soil profiles from SPECIATE 353 

v4.2 and from the published literature (Mori et al., 2002; Kim et al., 2003; Labban et al., 2004; 354 

Kandler et al., 2007; Cao et al., 2008; Jeong 2008; Zhang et al., 2008; Abed et al., 2009).  We 355 

then calculated the ratio of the actual soil mass to the mass obtained using the IMPROVE soil 356 

equation [equation (5)].  The weight percentages of Si, Ca, Fe, and Ti in soil were calculated 357 

based only on the mineral portion of the soil mass (i.e. %Si = 100* Si/[soil mass – (soil sulfate + 358 
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soil nitrate + soil ammonium + soil EC + soil OC)].  359 

 360 

100

3.48*(% ) 1.63*(% ) 2.42*(% ) 1.94*(% )

actual

IMPROVE

M

M Si Ca Fe Ti


  
 Equation (5) 361 

 362 

Figure 8 shows the results of these calculations grouped by soil type.  The boxes indicate the 25
th

 363 

and 75
th

 percentile values and the whiskers extend to the maximum and minimum values.  This 364 

analysis shows that the IMROVE soil equation can either under- or overestimate the soil mass in 365 

ambient aerosols by as much 50%.  For example, actual agricultural soil mass is 13% lower than 366 

that estimated by the IMPROVE equation, but actual desert soil mass is 32% higher than the 367 

mass predicted by the IMPROVE equation. 368 

 In another example, we use SPECIATE to interpret lead in road dust over time as lead has 369 

been phased out of gasoline.  Reff et al. (2009) report that unpaved road dust is the single largest 370 

source of Pb in the U.S. emission inventory.  They attributed this to the sheer magnitude of total 371 

PM2.5 emissions from unpaved roads (700 000 tons/year) coupled with a relatively small mass 372 

fraction of Pb in the source samples (0.03%).  This raises two policy-relevant questions: 373 

1. What portion of the Pb emissions is due to the natural content of Pb in Earth‘s crust? 374 

2. Is the anthropogenic contribution to these Pb emissions decreasing over time? 375 

We can begin to address these questions by comparing profiles of unpaved road dust available in 376 

the SPECIATE database with published values of Pb measured in the Earth‘s crust.  In Figure 9, 377 

Pb values from all 122 unpaved road dust profiles in SPECIATE are plotted against the year in 378 

which the source samples were collected.  The source samples appears to show a declining trend 379 

in Pb content with time, presumably associated with the phase out of leaded gasoline that began 380 
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in 1974.  In a few of the recent source samples, the Pb content in unpaved road dust approaches 381 

that of the Earth‘s crust (gray line in Figure 9).  Using 17 ppm as the natural background 382 

(McLennan, 2001), one can deduce that only 6% of the unpaved road dust Pb inventory of Reff et 383 

al. (2009) is attributable to the natural crustal composition of Earth. This analysis illustrates a 384 

unique utility of the SPECIATE database.  By serving as a historical repository of source profile 385 

data rather than a library of profiles representing a single receptor-modeling study period, it is 386 

possible to study temporal trends in the source contributions to atmospheric pollution. 387 

3.3 Inputs for regulatory models 388 

Photochemical air quality models are used to simulate air pollution fate and transport and 389 

are important tools in the regulatory process.  Within these models, chemical reactions that affect 390 

concentrations of major pollutants (ozone, NOx, VOC, PM) are represented using simplified 391 

chemical mechanisms.  Common chemical mechanisms either group compounds based on 392 

reactivity with hydroxyl radicals or break compounds into functional groups which necessitates 393 

developing speciated emissions.  EPA‘s NEI contains estimates of total anthropogenic emissions 394 

of NOx, VOC, PM, and other pollutants in the US.  395 

SPECIATE is routinely used to convert total emissions from specific sources into the 396 

speciated emissions needed for models.  Here we compare the impact of using VOC and PM 397 

profiles from the new and the older version of SPECIATE database in the Community Multiscale 398 

Air Quality (CMAQ) modeling system (version 4.6) (Byun and Schere, 2006).  In this example, 399 

CMAQ was applied to simulate air quality for the eastern United States for July 2001 at a 400 

horizontal grid resolution of 12-km.  Meteorological data for the model were generated using the 401 

Pennsylvania State University/National Center for Atmospheric Research Mesoscale Modeling 402 

System Generation 5 (MM5) (version 3.5) (Grell et al., 1994).  Anthropogenic emissions were 403 
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derived from the 2001 National Emissions Inventory and the biogenic emissions were generated 404 

using the Biogenic Emissions Inventory System (version 3.13) (Schwede et al., 2005).  405 

We examine the differences in using the two profiles by calculating the Mean Bias (MB)  406 

1

1
( )

N

m oMB C C
N

     Equation (6) 407 

 408 

where N is the numbers of observation, Cm is model predicted concentration and Co is the 409 

observed concentration. MB for ozone was estimated by comparing model results with ambient 410 

monitoring data from EPA‘s Air Quality System (AQS).  MB for aerosols was estimated by 411 

comparing model results with ambient monitoring data from the IMPROVE, Clean Air Status 412 

and Trends Network (CASTNet), Speciation Trends Network (STN), and Southeastern Aerosol 413 

Research and Characterization (SEARCH) networks. Differences in the monthly mean daily 414 

maximum 8-hr ozone between the two scenarios were less than 0.4 ppbv.  Changes to MB for 415 

aerosol sulfate at the IMPROVE, STN, and CASTNet was less than 0.5 μg/m
3
. However, aerosol 416 

sulfate obtained with new profiles were different than those obtained with older emissions 417 

profiles at SEARCH network sites. As shown in Figure 10a, mean aerosol sulfate between the 418 

two scenarios were similar except for some urban areas. The largest impact occurred in Atlanta, 419 

Georgia where aerosol sulfate obtained with the new emissions speciation profiles decreased by 420 

almost 5.0 μg/m
3 
compared to those obtained with the older emissions speciation profiles. 421 

Predicted and observed aerosol sulfate from Jefferson Street monitoring site at SEARCH 422 

network in Atlanta, Georgia is presented in Figure 10. Predictions obtained with both scenarios 423 

captured the day-to-day variability of observed aerosol sulfate. While predictions obtained with 424 

both scenarios were greater than observed data, predicted sulfate obtained with newer emissions 425 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 19 

speciation profiles were closer to and in better agreement with observed data. Mean observed 426 

aerosol sulfate was 8 μg/m
3 
while mean predicted values with the new and older emissions 427 

speciation profiles were 10.5 μg/m
3 
and 13.1 μg/m

3
, respectively. MB for aerosol sulfate at this 428 

location improved from 5.1 μg/m
3 
with the old emissions speciation to 2.6 μg/m

3 
with the new 429 

emissions speciation profiles.  430 

In the future, the new other gases profiles in SPECIATE may also help to improve model 431 

predictions.  Current air quality models seriously under-predict nitrous acid (HONO) compared 432 

to observed data. Sarwar et al. (2008) compared CMAQ (CMAQv4.6) predicted HONO 433 

concentrations to observed data from the 2001 Northeast Oxidant and Particle Study and reported 434 

that predicted HONO concentrations were significantly lower than the observed data. The model 435 

did not capture the diurnal variability of the observed data either. CMAQv4.6 did not include 436 

HONO emissions and heterogeneous reactions that can produce HONO in the atmosphere. When 437 

HONO emissions and heterogeneous reactions were incorporated into the model, comparison of 438 

predicted HONO to observed data and the diurnal variability also improved. In that study, HONO 439 

emissions from on-road and off-road vehicles were estimated using a value of 8 x 10
-3

 for the 440 

HONO/NOx emissions ratio following the study of Kurtenbach et al. (2001). The new 441 

SPECIATE database contains data for speciation of NOx into NO, NO2, and HONO for aircraft 442 

engines. Such data can be used to speciate NOx emissions from aircraft into NO, NO2, and 443 

HONO emissions for use in air quality models to improve model predictions of HONO 444 

concentrations.  445 

3.4 Inventory and analysis applications for compounds affecting radiative forcing 446 

Although SPECIATE was originally envisioned to help in analyzing sources of air 447 

pollution, it may prove valuable in the quantifying compounds important for global climate 448 
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modeling.  Methane (CH4) is an important greenhouse gas, with a global warming potential about 449 

21 times as large as carbon dioxide (CO2) on a 100-year horizon (Ramaswamy et al., 2001).  In 450 

combination with the TOG emissions inventory, speciation profiles in the SPECIATE database 451 

can be applied to calculate CH4 emissions inventory and used for greenhouse gas emissions 452 

control policy, rule making, and greenhouse gas inventory reporting purposes.  For example, as 453 

much as 25% of the TOG emissions from biomass burning (e.g., grassland & forest fires, 454 

fireplaces) are in the form of CH4, and the emissions can be quantified by multiplying source 455 

specific speciation profiles to TOG emissions. Similarly, spark-ignition vehicles, which emit 456 

about 12% of TOG as CH4, can be estimated in the same manner.  However, since the fraction of 457 

TOG that is methane varies somewhat among vehicle technologies, use of an emissions model 458 

that will specifically calculate methane is preferred. 459 

Black carbon (BC) is an aerosol (PM) species with positive climate forcing potential but 460 

there is currently a large uncertainty about the magnitude of this forcing.  PM speciation profiles 461 

in the SPECIATE database have been applied by several state agencies to calculate elemental 462 

carbon (EC) emissions and transform the mass emission estimates for EC into carbon dioxide 463 

equivalents (CO2e) in order to present the emissions within a greenhouse gas context, with the 464 

assumption that EC is the same as BC.  The BC mass emission estimates were derived by 465 

multiplying the PM emission estimates by the appropriate aerosol fraction for BC.  The method is 466 

based on the modeling of Jacobson (2002) and his updates to this work (Jacobson, 2005a).   467 

 468 

 469 

 470 

 471 
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 472 

4. RECOMMENDATIONS 473 

 474 

 This paper has introduced the SPECIATEv4.2 database and has shown its value in a 475 

number of applications.  It provides a valuable repository of information of source samples 476 

collected over a 40 year period.  SPECIATE v4.2 and its data browser enable the community to 477 

characterize emissions by species and source category, thus benefiting the air quality modeling 478 

and source-receptor modeling applications.  Additional efforts are needed to capture newly 479 

collected source profiles based on data submitted via the protocol for database expansion.  The 480 

user community can support SPECIATE development by supplying electronic data with full 481 

references. 482 

 While the database has been revised and many profiles have been added, the SPECIATE 483 

Workgroup has identified and prioritized needs for profiles in future versions of the SPECIATE 484 

database.  The current priority is to update mobile sources profiles, coal-fired utility profiles 485 

especially for control processes, and profiles for sources of black carbon.  This is an ongoing 486 

process in which newly identified data sources of speciation profiles, such as a newly discovered 487 

database or a published technical paper, are prioritized by the Workgroup and added to the 488 

database according to priority ranking and available resources. 489 

 In addition, previous reviews have outlined areas for future development.  An emission 490 

inventory assessment (NARSTO, 2005) concluded that accurate speciation profiles are essential 491 

for making appropriate regulatory decisions about air quality policy.  The assessment emphasized 492 

the need to update VOC speciation profiles for both anthropogenic and biogenic source 493 

categories and the continuing challenge of adding or assessing the contributions from specific 494 
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compounds as new chemicals are identified as health risks.  NARSTO‘s ten priorities included 495 

size-segregated, speciated emissions of fine particles and their precursors including black and 496 

organic carbon emissions; toxic and hazardous air pollutants; emissions from onroad vehicles; 497 

emissions of ammonia from agricultural and other area sources; speciated, spatially and 498 

temporally resolved organic emissions from biogenic sources; emissions of volatile organic 499 

compounds and organic hazardous air pollutants from petrochemical and other industrial 500 

facilities; emissions from offroad mobile sources including farm and construction equipment, 501 

aircraft and airport ground equipment, commercial marine facilities, and locomotives; emissions 502 

from open biomass burning, including agricultural and forest prescribed burning, wildfires, and 503 

residential backyard burning; residential wood combustion in woodstoves and fireplaces; and 504 

paved and unpaved road dust.   505 

Reff et al (2009) identified several key sources that lack specific PM2.5 source profiles in 506 

the database: construction road dust, heavy construction dust, off-road diesel agricultural 507 

equipment, off-road diesel mining equipment, railroad locomotives, marine vessels, gasoline-508 

powered boats, bagasse boilers, waste incinerators, solid waste boilers, and coal mining, cleaning 509 

and material handling.  These sources are currently mapped to more general categories that may 510 

not accurately represent emissions.  Future studies and updates to SPECIATE should concentrate 511 

on obtaining speciation estimates for these source types. 512 

 Analysis presented in this paper has also identified some areas for improvement.  Results 513 

from comparison of VOC emissions in the NEI combined with SPECIATE profiles versus direct 514 

estimates of toxics species in the NEI identifies the internal combustion, MACT categories, 515 

solvent utilization, and mobile sources as sources categories with significant differences that are 516 

candidates in need of additional investigation to identify, understand and correct the 517 
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discrepancies.  In the future, it is recommended that groups developing emissions factors and 518 

speciation profiles work collaboratively to make sure that the best data is used for both purposes. 519 

 Finally, if SPECIATE is to be used for methane and black carbon emissions estimates in 520 

the future, it will be critical to evaluate the profiles with radiative forcing metrics specifically in 521 

mind.  Since methane is not classified as a VOC by the EPA, previous evaluations of TOG 522 

speciation may not have focused particular attention on this compound.  Black carbon and 523 

elemental carbon are aerosol classifications that are often used interchangeably.  However, in 524 

practice the definition for black carbon may encompass organic carbon compounds that absorb 525 

light but are not purely graphitic.  More analysis is needed to determine if current EC speciation 526 

profiles are appropriate for estimating black carbon emissions.  527 

The SPECIATE project is a work-in-progress; comments based on review of the database 528 

and documentation are welcome.  Profiles characterizing the emissions from source categories 529 

are needed from all stakeholders in the air quality management process—industry, government, 530 

academia, contractors, and consultants.  The protocol for supplying updated profiles is available 531 

in the SPECIATE v4.2 documentation, http://www.epa.gov/nrmrl/pubs/600r09038/600r090.  532 

Please submit your data for incorporation into the database so that analyses utilizing the 533 

SPECIATE database can be based on the best information available and air quality management 534 

decisions can be based on the latest scientific information. 535 

 536 
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 685 

FIGURE CAPTIONS 686 

 687 

Figure 1.  2005 Emissions (metric tons/day) for a typical July day of the largest 50 VOCs from 688 

the SPECIATE profiles and the NEI inventory.   689 

 690 

Figure 2.  Ranking of the chemicals comprising the top 80% of total potential ozone reactivity, 691 

based on the emissions and the MIR values.  692 

 693 

Figure 3.  Relative toxicity weighting of 14 high risk HAPs with respect to non-cancer effects, 694 

based on emissions derived by applying SPECIATE profiles to VOC emissions.  The toxicity 695 

weighting is calculated by dividing total emissions (metric tons day
-1

) by the RfC (in mg m
-3

) for 696 

each HAP. 697 

 698 

Figure 4.  Relative toxicity weighting of 14 high risk HAPs with respect to cancer effects, based 699 

on emissions derived by applying SPECIATE profiles to VOC emissions. The toxicity weighting 700 

is calculated by multiplying total emissions (metric tons day
-1

) by the URE (1μg m
-3

) for each 701 
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 31 

HAP.  Acrolein has no URE for cancer and is not shown.   702 

 703 

Figure 5.  Relative toxicity weighting of 14 high risk HAPs with respect to non-cancer effects, 704 

based on emissions extracted directly from the NEI.  The toxicity weighting is calculated by 705 

dividing total emissions (metric tons day
-1

) by the RfC (in mg m
-3

) for each HAP. 706 

 707 

Figure 6.  Relative toxicity weighting of 14 high risk HAPs with respect to cancer effects, based 708 

on emissions extracted directly from the NEI. The toxicity weighting is calculated by multiplying 709 

total emissions (metric tons day
-1

) by the URE (1/μ m
-3

) for each HAP.  Acrolein has no URE for 710 

cancer and is not shown 711 

 712 

Figure 7.  Scatter plot of HAP emissions from 12 source categories calculated from VOC using 713 

the SPECIATE database versus those extracted directly from the NEI.  A few of the major HAPs 714 

and/or species with large differences are indicated. 715 

 716 

Figure 8.  Bias in IMPROVE soil equation for different soil types 717 

 718 

Figure 9.  Lead content in thirty years of road dust samples included in the SPECIATE database.  719 

Note that 24 road dust profiles are taken from an earlier version of SPECIATE in which the test year 720 

was not recorded.  For plotting purposes, these source samples were assumed to be collected in 1985. 721 

 722 

Figure 10. (a) Difference in monthly mean aerosol sulfate obtained with new and older emissions 723 

speciation profiles (model with new emissions speciation profiles – model with older emissions 724 
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speciation profiles) (b) comparison of predicted aerosol sulfate with observed data from Jefferson 725 

Street monitoring site in Atlanta, Georgia. 726 
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