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Air quality regulations have the goal of reducing haze in national parks and wilderness areas to natu
conditions, and require that fine particulate matter {BMe reduced below a threshold that adversely
impacts health. The federally fundedd managed IMPROVE and STN monitoring netwdriack the
progress towarthese goals. Carbonaceous material is often the largest contributor to haze,gnardM
semiquantitative analyses suggest that smoke fronréiged activities is a significanontributor to this
carbonaceous material. Fuel reduction activities mandated by the National Fire Plan alonegwaitig on
reductions imoncarbon pollutants will serve to further increase the relative contribution of carbonace
material to PMs andhaze. This may lead to demands that managed fire activities reduce pollutant
emissions. To develop meaningful control strategies, federal land managers and policy makers need
apportion daily measurements of PMt IMPROVE and STN sites to smokem natural, e.g. wildfire,
anthropogenic, e.g. some prescribed fire, and international fires, as well as mobile and industrial soy
Traditionally, source attribution tools use either air quality models, which attempt to simulate the
contributions ofsources based upon first principles, or source receptor models which apportion meas
PM, s based upon measured marker species and their source profiles. Neither technique is adequate
guality models can apportion Biyto all source types, but thesults often include excessive errors due t
limitations in model inputs and chemistry and dispersion mechanisms. Receptor models are constrai
measured data, bounding the estimates, but they cannot apportion mass to different fire types, adj.,
prescribed fire, and are limited in apportioning secondary aerosols. We propose to develop a new to
on a hybrid source apportionment model (HSAM), which incorporates air quality modeling results intg
new type of receptor model. HSAM will bepzble of apportioning primary and secondary aerosols in
measured Pl to contributing source types, includiddferent fire types, with associated uncertainties g
daily basis. HSAM will be thoroughly tested using data from the IMPROVE, STN, andnatinéoring
networks and results from multiple air quality modeling runs to assess HSAM capabilities and uncert
HSAM will then be applied to all IMPROVE and STN monitoring sfresn 2002. Fully documented
HSAM and 2002 apportionment results will imade available via the IMPROVE and VIEWS websites.
Last, a workshop will be convened with modeling centers tasked with routine air quality modeling of S
and PM s, such as the Forest Serviceds BlueSkM a
into their programs. This project will provide land managers with tools to help them quantify the usefy
of emissions reduction techniques for application in Smoke Management Programs. This will ensure
managers are able to maintain the

capbility to use prescribed fire and quantify the effectiveness of emissions reduction techniques.
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1 Introduction

1.1 Project Justification

Health and visibility (haze) regulations require reductions in atmospheric fine partivaldse
(PM_5). Evidence suggests that carbonaceous material from smoke is a significant contributgg. to\RtNI
the planned increase in prescribed burning to reduce fuel build up, detailed in the National Fire Plan (NFP),
and planned reductionsiomf i r e r el ated emi ssi ogpsandhagemdlkkeld0s cont ri
increase. In light of this, regulators will likely look to anthropogenic sources of smoke to achieve further
decreases in PM and haze.Thereforefire managersair quality regulators and policy makenged to
distinguish what portion of measured fine particulate {f/omes from fire, and, of that amount, to
determine how much comes from domestic natural wildfire, from agricultural buamddgrom prescribed
fire. In addtion, they need to quantify the effectivenesgmiissions reduction techniquibgy are mandated
to apply bySmoke Management Programnibhe tools required to accomplish this are currently insufficient.
This proposal will develop a tool to apportion aedmitions from a wide variety of all domestic and
international sources to measured carbonaceous components gdrieNimpaired visibility. The
apportionment tool will quantify the contributions made by natural and anthropogenic fire types and by
interndional sources to each daily measurement in the IMPROVE and STN regulatory networks.

1.1.1 Regulatory drivers

The RegionaHaze RuldRHR)enforces the goal of the Clean Air Act that haze innational parks
andwildernessareas (class | areas) be returnedatural conditions. The regulatioequires that states
through Regional Planning Organizations (RP@evelop emission reduction plans for the particulate matter
that causes haze in order to make progress toward achieving natural visibility conditionthes next 60
years. Progress is measured every five years by comparing haze levels for the worst haze days against the
goal. Itis required that haze remains the sanereduced compared to the previdive years. To
implement the rule, air glity managers need to know the haze level at each class | area and the contributions
from all sources including anthropogenic and natural smoke. The Interagency Monitoring of Protected Visual
Environments (IMPROVE), a federal land management agency/EPRoniag program, was established to
track progress toward this national goal. However, current monitoring technology is not capable of
apportioning or separating anthropogenic emissions such as mobile souncesyrelated activity from
wild or presribed fire emissionsBased on IMPROVE datall class | areas are exhibiting haze above the
officially defined natural background estimate (Copel&@d4).

The PM s National Ambient Air Quality Standards (NAA@®gdesigned to protect human health
ard require that Pl concentrations not exceed 68/nT over atwenty-four hour period or 15y/nT for an
annual average. A number of eastern U.S. and south
guality and are likely to be designated as,RRbn-attainment areaghttp://www.epa.gov/pmdesignatiohs/
By law, non-attainment areasvill be subject to a number of strict requirements to reduce particles and the
pollutants that form from them including the anthropogenic contribution torfiiles®ns. The Speciated
Trend Network (STN) is a \3. EPA monitoring network, similar to IMPROVE, established to help
understand the caes of PM;s exceedanceand trend in PM, s over time.

1.1.2 How much does fire contribute to regional Haze and, PM

Carbonaceous material accounts foii 30% of PM s mass in urban aread.S. EPA2004a)and 30
90% of haze in rural areas (Malm et al., 280 As shown in Figure 1, particulate organic carbon accounts
for over 50% of the haze in the Northwest and Sierra Moston the 20% worst visibility days in 2002.
These are the days that the RHR is most concerned about. Recent studies have shov@b8#6aif80
summertime carbonaceous material in the rural southeast and western U.S. is due to biogeniteweigrces (
etal., 2004;Bench andHerckes2004). However, it is not known how much of this organic masgtisbuted
to uncontrollable sources such as wildfire, biogenic emissemtsinternational contributior{#o and Penner,
2004)and how much is due to anthagenic sources such as agricultural fire, some prescribedffide


http://www.epa.gov/pmdesignations/

residential wood combustion.

Some situations illustrate an obvious link to wildfire. Figure 2 presents the particulate organic carbon
measured at Monture, Montgrieom 2000 to 2003. Ovehis period there were two episodes (8/00 and 8/03)
wher e 1 0 sf orgahic cargoh were measured. Satellite imagery for these two episodes reveals that the
monitoring site was embedded in thick smoke plumes on both occasions. Under these capgitidisiment
to wildfire is obvious and can be made with little uncertainty. However, excluding these obvious smoke
events, every spring, summarnd f all organic concent r atwhichislsighar e of
enough to significantly impewisibility. This raises the question of how much of the,Bbh these days is
due to natural or humacaused sourcesA second example from Florida illustrates the aerosol composition
on April 8, one of the measured worst 20% visibility days in 2@QRis site (Figure 3). What sources
contributed to the 26 g 7 aforganic carbon aerosol measured on this day? An apportionment@bRM
these days is exactly what needs to be done by siideregulators or the fire community for both regulatory
programs (for example, see the WRAP assessment piaicess
http://mwww.wrapair.org/forums/aamrf/index. hjml
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Figure 3. The PMs composition at Okefenokee, GA, on one of t includes classifying all burning as either

highest measured concentration days during 2002. natural or anthropogenic arfdr the

portion deemed anthropogenic

(agricultural burning and certain prescribed fir@sandating the application efmissions reduction
techniqgueghroughSmoke Management Rn@ams Current estimates are that smoke is a significant
contributor to haze and PM Without additional information, regulators will look to anthropogenic smoke
for reductions. Certainly these regulations have the potential to affect Nationaldrrg@NIFP) fuel reduction
plans http://www.fireplan.gov/index.htilby limiting thefire manager§ability to reintroduce and increase
the use of fire, especially in the urban/wildland interface. Espge@isltegulatory programs reduce industrial
and mobile source emissions (at significant cost and inconvenience to citizens) it becomes increasingly
important for the fire community tguantify their contributions to regional haze and PMs. Smoke
ManagemenProgramswill acknowledge that fire can be both natural and anthropogenic but will require the
use of apportionment tools t ®MgRiebauandFpx, 2001). eds cont
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1.2 Project Objectives

The primary objective of this projeist to developan unambiguous and routine methodology and
tool for apportioning carbonaceous and other compounds in Pkk measured in the IMPROVE and STN
networks to smoke from prescribed, wild, agricultural and transboundary fire activities as well as dier
sources on a daily and annual basi§hi s pr oposal dir ekitrl yQu alsiptoysdd so ft oA
of the Joint Fire Science Program.

The tool will be based on a new hybrid source apportionment model (HSAM) that uses measured data
from the IMPROVE or STN networks and links it with air quality modeling results. The air quality modeling
will not be done as part of this project but will come from collaboration with modeling being done by our
group (NPS/CIRA), by cooperators at the National GefiateAtmospheric Research (NCAR), the Regional
Planning Organizations (RPOSs), the U.S. Forest Service (FCAMMS) and others. This project will build on
the previous and current research in the National Park Service on source apportionment tools asdrahalysi
use of the IMPROVE aerosol data.

The second objective will be &xtensively evaluate HSAMusing several air quality monitoring data
sets, including routine data from the IMPROVE netwoelsearch data collected as part of special monitoring
studies and results from two air quality modeling studies. Once tested, HSAM will be used to apportionment
IMPROVE and STN samples during 2002 to smoke and other source types.

The third objective is tdeliver a proven source apportionment tooto federal land maagers, air
quality regulators, and policymakers through written reports, a workshop and training session for federal land
managers, regulatgrand policymakers, and a series of pemfiewed articles documenting the development,
validation, and applicain of the source apportionment tool. In this last phase we will work with other
organizations developing routine fire emissions and air quality simulations to incorporate their results into the
source apportionment tgallowing the generation of high glity smoke apportionment results on a routine
basis.

1.3 Background

Particulate organic matter is a complex mixture of directly emitted particles from different combustion
sources and secondary organic aerosols derived from emissions of volatile andiatmiorganic
compounds from both anthropogenic and natural sources. Any effective source apportionment tool needs to be
able to separate out the contributions of the different sources and source types to both primary and secondary
aerosols. Traditionly, source apportionment is conducted using air quality simulation models and source
receptor models. Air quality modeling attempts to directly simulate pollutant emissions, transport, chemical
transformationsand physical removal mechanisms using firsticiples. Source receptor modeling attempts to
apportion measured particulate mass to various source types using measured chemical and physical
characteristics of the particulate matter. As discussed below, neither technique is adequate to apportion
smk e 6s ¢ ont ryiwithustfficient acduracy Bnifitemporal resolution or to differentiate between
smoke source types, i.e. wild, prescripaad agricultural fire. We propose to develop a new technique based
on hybrid modeling, which combines thenbéits of both source and receptor modeling.

This background section reviews the various smoke apportionment techidgutfying their
strengths and limitations. We describe current hybrid modeling research activities by the NPS/CIRA group
andwe illustrate why hybrid modeling is the most appropriate technique for routine smoke apportionment.

1.3.1 Air quality simulation modeling

Air quality simulation models, in theory, identify and quantify the amount of pollution each source
contributes to any receptor measurement. For this reason, many organizations have pursued the
development and use of models for simulating the impact of fires and other sources on hazgsarichBM
includes the RPOs (WRAP, 2004; VISTA, 2004, MRPO, 200®)U.S. EPA (U.S. EPA 2004), the Forest
Service, the NPS/CIRA tegrand NCAR, among others. However, these models are limited by our
understanding of atmospheric processes, our ability to simulate these praa$she quality of data inputs
for the models. For modelifgomass burning, the biggest limitations are estimating smoke emissions,



representing meteorology in complex terrand understanding the chemical processes which lead to the
formation of secondary organic aerosols (SOA).

Estimating fire emissions of gasus and particulate products from the many phases of different types
of fire, pyrolysis and gas and solid phase oxidation processes is not only difficult but may be impossible
(AndreaeandMerlet, 2001; Sandberg et s82001). In addition, fuel types drronditions vary so that the
prediction of fire evolution is difficult (Graham et.,&004). Consequently, there is a poor understanding of
particulate and volatile organic carbon (VOC) emissions (BattgeBattye2001) and current fire emission
inventories lump all VOCs into one categdiyouyoux and Vukovich, 199%EJF, 2004 As a result of this
complexity, fire emissions are generally developed outside the model, often by a laborious hand process. In
order to improve fire emissions inputs for quality simulation models we are, with partial funding from the
JFSP, developing a Community Smoke Emissions Model (CSEM) (Barna and Fox, 2003). Appendix 1
describes CSEM and the context for its development. CSEM will be available to supplement si@smis
inventories used in this proposal. Similarly, natural emissions of biogenic volatile organic carbon (BVOC)
from vegetation need to be included in air quality simulation models. The complexity and approximations
needed to routinely specify them rensaalimitation of air quality simulation modeling (Wiedinmyer et al.,
20021 Vukovich and Pierce, 2002

The second source of errors for smoke modeling comes from the meteorological data used to drive
regional scale models. Although the Forest Service FRISMre in the process of developing the needed
higher resolution meteorological inputs, the meteorological data sets used to date for continental scale air
guality modeling have generally been resolved on coarse grids on the order of 36 km or greaiertod hi
coarse to captumauchof the import forcingorocessing that complex terrain has on airmass transport, such as
channeling by canyons and upslope flows (Whiter@d@00). However, many fires occur and many class |
areas are located in complex témraln addition, current meteorological models do not assimilate measured
precipitation and cloud datkeading to large errors (StauffendSeaman, 1994). Precipitation and clouds
play a vital role in pollutant deposition and secondary formation efnicgand other aerosols, and errors in
these parameters can cause large errors in air quality modeling. In a recent modeling study, 36 km MM5 wind
fields were used to simulate haze in Texas. During July 1999, the MM5 data overestimated the frequency of
precipitation by more than a factor ofRarna et al., 2004 During this period, the model severely
underestimated measured sulfate concentrations.

The third cause of error is the simulation of secondary organic aerosols (SOA) from organic gases
emittedby fires and biogenic sources. The atmospheric reactions of organic gases leading to organic
particulatesarevery complex and not fully understood even in ideal laboratory situations (Seinfeld and
Pankow, 2003). For example, the scientific communitydmhgsjust become aware of the importance of acid
aerosols in the catalyst reaction of orgajasego form SOAs (Jang et al., 2002). The current formatifn
SOA in models are still crude estimations and as a result, considerable error is introdumaeliimg results
(Pun et al., 2003).

The accumulation of these errors can lead to large modeling,eaduging the utility of modeling
results. Figure 5 presents the latest modeling results from the WRAP RPO of organic carbon (OC) for July
2002 at Yosmite NP, CAand Spokane WA. At Yosemite NP, the simulation is poor with the model
systematically underestimating the measured OC, missing the peak OC concentrations onatalet6A
beinganti-correlatedduring the last three days. On the otherdha Spokane, WAhe simulation
systematically overestimated the OC concentrationsadmioducedhe temporal variability of the measured
data.

It is necessary to use air quality modeling for regulatory applications, but, for the reasons stated here,
one can not rely on it entirely to apportion carbon aerosol at measurement points.
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Figure 5. Comparison of CMAQ model organic carbon concentration to measured data at the YosemiteaN&®, CA
Spokane WA, IMPROVE monitoring sites during July 2002.

1.3.2 Soucereceptor modeling

A unique feature of atmospheric aerosols is that they carry their own chéfinigatprind For
example, the composition of biomass smoke includes organic and elemental carbon as well as numerous trace
compounds. On the other hatige composition of power plant emissions is dominated by sulfur species while
soil dust is composed of elements from the earthos
used in receptor models to identify and divide the fine partieunatss measured at a receptor into
contributions from smoke, mobile, and other source types.

The most popular and traditional source receptor modeling approach is the chemical mass balance
(CMB) model (Gordon, 1980; Watson, 198@MB uses known physicalnd chemical characteristics of
aerosols, such as ratios of tracer species, at the receptors and sources to attribute primary aerosols to single
sources or source typeThe CMB model relies on the assumption that the concentration of airborne aerosol
species can be described by the sum of a number (hopefiadl) of source profiles. The equation for this
description is:

Ci— a Sqaj T & (1)
i
where
k = 1 ...m, the number of observations,
i = 1 ...n, the numbebf marker species,
i = 1...N, the number of sources,
Cki = concentrations of aerosol species (including marker spéd@sjme periodk,
S = relative contribution of source type j to observatiat the receptor, and
aij = source prfiles. The relative concentration of spedi@s source typg
= = model residual

The source profiles; are the relative contribution of the marker species of the source to the total
ambient mass from that source. These ygriedlly determined by measuring fresh emissions from a source
and thus representing the primary emitted mass. Important assumptions associated with CMB include: 1) the
composition of emissions are known and constantaj.s.known, and 2) aerosol cpmnents do not react
with each other, i.e., the tracer ratios associated with a source (e.g., smoke) remain constant over time. Thus,
the CMB approach is limited in its ability to resolve secondary species. If these assumptions are violated, the
apportionment is degraded (Watson and Robinson, 188dm et al., 1989). In the case of smoke, these
conditions are only met near the fire. In aged smdkai of the PM s can be made of secondary products
formed by reactions of VOC gases in the atmospheliagitravel (Reid and Hobbs, 1998).

For CMB to identify and assess the contribution of smoke to a recepiigyesmoke marker species
characterizinghe source profile of the fuelseed to be identified. A number of researchers have perdorme
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detailedorganic speciation using techniques such as gas chromatography followed by mass spectrometry
(GC/MS) on organic smoke aerosols in the laboratory and field (ScH£2&, Simoneitet al, 1999 Ferek

et al, 1998 Zheng et al., 2002). These studies aimid have shown that there is no single stable source
profile for smoke from biomass burning. The relative concentrations of the marker species vary with the
nature of the fire, e.ga flaming or smolderin§re and the fuels consumed. For example, ddwosan is one

of the most promising smoke tracer species (Simenait, £99), but the relative concentration of

levoglucosan in smoke can vary over an order of magnitude depending on the fire and the age of the smoke
when sampled.

Using the smoke ganic marker species, their source profiles and the CMB model, the contribution of
primary smoke particles to PMhas been determined in a number of studies. For example, Zheng et al.
(2002 and Schauer and Cass (2000) used CMB and organic sourcesptmfpportion fine particulate
matter and organics to various source types including wood smoke in the southeaitterstdtesand
southerrCalifornia An interesting aspect of Schauer and Ca:.
unique narker species for sefand hardwoods and used these to separate their contributions to the measured
carbonaceous material. However, they could not apportion secondary material which accounted for up to 80%
of the organic mass during one episode studied.

CMB modeling can be used to apportion primary aerosol species on a sapepiothy-sampling
period basis. However, if the data set contains an adequate number of samples, multivariate algorithms can be
used to derive source profiles,and source cdributions,S, using only measured aerosol composition. These
techniques are based on regression and factor analyses (Hopke, 1985; Malm et al., 1989). Since the source
profiles are derived from the data, it is possible to apportion secondary and @enasgls. For example,
Malm and Gebhart (1997) showed that under limited transport regimes using a modified CMB approach along
with linear regression analysis, about 50% of sulfate measured at Grand Canyon during the winter months was
attributed to smokeTwo new receptepriented multivariate models are the Positive Matrix Factorization,
PMF (Paatero, 1998and UNMIX (Henry, 2000). Several studies have successfully used these tools and
data from the IMPROVE monitoring network, or similar data, to agggpomeasured Pl to biomass
burning smoke and other sources (Poirot et al., 2001; Kim and Hopke, 2004). These studies illustrate that
using only routinely available IMPROVE daitis possible to separate out the average smoke contribution to
measuredPM, s over anextended period of time.

Source receptor modeling is a powerful technique for identifying the contribution of smoke and other
source types to the measured 2MHowever, the techniques are limited and by themselves are not adequate
forase ssing smokeds ¢ o0 nyk rCMBaan dpmortion snaokehiocareasurea maks db B daily
basis, which is needed for the regional haze rule, but requires detailed speciation of the carbonaceous aerosol
componentwhich is expensive and not avdila from existing routine monitoring networks. CMB also
cannot apportion secondary organighich could account for half of smoke mass (Reid and Hobbs, 1998).
Factor and regression analysis techniques, can apportion the secondary smoke contribgitiontingty
available data from the IMPROVE and STN networks, but are unable to provide the needed time resolution.
In addition, no receptor model alone can distinguish between wild and prescribed fires, EMallyequires
that source profiles are fige-priori, but in reality these profiles will vary based on fuel, fire characterjstics
and the age of the smoke when sampled.

1.3.3 Hybrid source apportionment modej

Air quality simulation and source receptor models each have different strengths and sessakA@s
guality simulation models can apportion secondary and primary species and the identify contributions from
individual fires, thus allowing the separation of wild, prescrijlaed agricultural fires. However, the
information requirement and chemianechanism of these models are incomplete and the results are not
constrained by measuremené&ading to large errors and biases. On the other hand, the source receptor models
are constrained by measured data, bounding their errors, but apportiooimdesggarticulate matter and
between smoke types is problematic. Therefore neither technique adequately addresses the needs of the air
quality regulations for smoke apportionment.

Hybrid source apportionment modeling directly combines measured dataivgtmelity modeling



results ideally preserving the temporal and source type resolving power of the air quality motak but

results that are bounded by the measured data and satisfy the source profiles. Hybrid models can be
formulated to directly incqrorate measured data into an air quality model using data assimilation and model
inversion techniques. A number of researchers have done this in order to derive or improve upon emission
inventories (e.g.MendozaDominguezandRussell, 2001; Entin@002) These are powerful techniques, but
require extensive model development and do not incorporate many of the measured tracer species, e.g.
potassium and bromine, used in receptor models since air quality models do not simulate them.

The NPS/CIRA group hgsursued an alternative approach of incorporating airmass dispersion and
air quality modeling results into a soweeeptor oriented framework. Two methods pioneered by this group
are the trajectory mass balance (TrMB) and forward mass balance reg(EbBR). These transport
receptor models develop statistical relationships between airmasses transported from the source regions to
receptor areas and measured data at the receptor. These relationships allow the apportioning of measured
mass to selectesburce regions. Schichtel et @004) derive the theoretical basis for these models, fully
evaluate themrandapplythem to apportion particulate sulfate concentrations at Big Bend NP,, Texas
different source regions in North America.

Ames et al. (Q04) applied the TrMB method in conjunction with a wildfire occurrencesanebge
burned dataet to apportion organic mass measured by the IMPROVE program to wildfire, both primary and
secondary contributions (see Appendix 1 for a discussion of thisagpand others). Figure 5 presents the
annual apportionment of wildfire to IMPROVE organic mass for 2000 and 2001. During 2000, large
wildfires in Idaho, Montangand Wyoming were found to be responsible for over 75% of the organic mass.
However, in 2001ess than 50% of the organics were due to wildland fire smoke. This technique can also be
used to apportion the contribution of prescribed agritulturalfires to IMPROVE organic concentrations,
provided their emission inventories exist.

TrMB and FMBRcan only apportion average contributions over long time pgravdthe order of a season to

year. To obtain higher time resolution, results from air quality simulation models need to be used. Schichtel et
al. (2004) merged CMAQ source apportionment niindaesults and measured particulate sulfate

concentrations using a synthesis inversion methodology (E2082) to apportion particulate sulfate at Big

Bend NP, Texas. This allowed for the apportionment of particulate sulfate at Big Bend to NoritaAmer

source regions on a near daily basis. In the analysis, the hybrid technique significantly changed and improved
the initial CMAQ air quality modeling source apportionment results. This is significant because, CMAQ is

the current state of the art guality simulation model and sulfates are among the best understood aerosol
components, yet still the modeling results alone were inadequate to apportion the particulate sulfate. A
shortcoming of the synthesis inversion approach is that again the teamental and other marker species

were not incorporated into the method. Therefore not all of the available information was used.
2000 2001

Figure 5. The annual relative contribution of smoke to IMPROVE organic mass for 2000 and 2001.

2 Materials and Methods

In the proposed project, we will expand on air quality simuladiwhsourcereceptor and hybrid



