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Summary

In recent yearshe Bay Area has violated boBtateand nationafine particulatematter(PM, 5) ambient
air qualitystandardsPM, s is the air pollutant thatonstituts the greatest threat to health in tiegion
Understandinggis sources is keto developing control measures to redilss@mbientconcentrations.
This analysis estimates thentributionsto ambient levels of Pk from various sourceis the Bay
Area.

This analyss uses data collected from 2009 through 201t Lipdates a preous analysis (Fairley 2008)
that used datadm a decade earlier. Since the first analyser,e have been substantiedluctiors in
emissionslargely as theesultof California Air Resource BoarfCARB) regulationgyoverningdiesel
and gasoline enges and ship emissions, aBay Area Air Quality Managemeumtistrict (District) rules
for wood burningand chabroiling.

Filters containing PM from ambient aaamples were analyzed to assess the respective contributions

from various categories of sourcds.each filter, aset of chemical PM specigess measured@nd the
measurements wemeatched againshe chemicaprofilesfrom various source categorie$he

Chemical Mass Balance (CMB) method wagd to find the mix of source categotieat best matched

each ambient sampl e. The CMB PghEmissions Iventorg ¢ 0 mb
(El) to make a finakstimateof the contributions from individual sources.

S1. Ambient data and source profiles

In this analysis, mbiert data weraisedfrom thefour District monitoringsiteswhere requisite data were
availablei Livermore, West Oakland, San Jose, and Vallegmd froma nonDistrict site,Point Reyes,
part oftheIMPROVE network, a set of &tionalPark sites.Data wee also analyzed from a set of eight
Central Valley sitesChico, Sacramento Del Paso, Sacramentade$Modestel4th Steet Visalia,
FresnoBakersfield, and &juoia Néonal Park Analysisof Bay Area dat&xcludedsample<ollected
prior toJuly 2009 because of a CARB rule requirthg use ofow-sulfur ship fuel that took effeduly

1, 2009

For eachsite, the set of chemical species measured inclhidgabr atomic weight elements; various ions
including nitrate, sulfate, ammonium, chlibej sodium, and potassium; and elemental and organic
carbon(EC and OC) Thesefilter measurements weemalyzedat three different lahshere were a few
differencemamong the labs terms ofwhat was reasured.Specieschosen for CMB analysisere

limited to those witla substantial fraction afoncentrationgreater than the estimated level of
uncertainty of the measuremétitat is, the standard deviation of the measurement error)

Source profiles were obtained from t@ealifornia Regional Particula Air Quality Study CRPAQS

and EPA SpeciatgHsuet al 2006)databaseslong with a set that had been used previousanalyss
(Fairley 2008).These profiles wereefinedand updatedor the Bay Aredby comparingprofiles from
different sources angrofiles against ambient measuremeritsie source categories used in this CMB
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analysis were: new and aged mariné @jeological dust, residentialoodsmokewildfire smoke, meat
cooking, dieseémissionsgasolineemissions tire/brake wear, and fireworkésmmonium nitrate and
ammonium sulfate were also included. These are compounds produced in the atmosphere; they
constitute a large fraction of Bay Area PMbutlargelyderive fromammonia, NOx and S(mitted
from a variety of sources.

In addition to theneasurements made on ambient fit@reces of ambient filtersave combined into

16 sample$ four each from thdour District sites to represefdur periodssummer, spring/fall, winter
off-peak,andwinter peak. These 16 composite samples were analyzed for ebl{@nl4), a
measuremerthatmakes abright i ne di sti ncti on b eitwoeddurninfande wo c a
cookingi andtheoldA f o s si | 0 cia.xg.wiesel aral gasalire exhaust.

S2. Methodology

The source apportionment was penfied using a variant of tt@MB model. Thenew approach
involvedfitting the ambient data with source profiles thete randomly generatedrlhe fitting process
wasrepeated 100,00mesfor each daily saple (on the order of Ibsamples for each of fivgay

Area sites, andightCentral Valley sites and a weighted average of the 25 best fits was used in each.

The CMB results for the four District sites were modified based on the carbanalysis. Té CMB
model was runvith the C-14 measurementss one of the chemical specas the original individual
CMB fits were adjusted in some cases.

The CMBmodelapportiors PM; s concentrations to sourcategorieslike dieselcombustion But the

model canot distingushamong individual sources likdiesel trucks, construction equipment, farm
equipment,andsoom her ef or e, t he Di s twhichhas@ detalethbrealdownm ofs | |
emissions, was used to help apportios contributions from e source categoty individual sources.

This melding of the two data sources included factoring in the contributions of precursorsstoTRkl
previous analysi§Fairley2008)simply apportioned thammonium nitratesource categorgroportional

to NOx emissions, and ammonium sulfateportionalto SQ emissions. his analysislsotakesinto
accounthe estimated sensitivity of these secondary PM compounds to ammonia reductions, based on
results from th&€ MAQ model(a gridbasednodelutilized to simulate Bay Area PM concentrations)

(See Apendices E and F irairleyand Burch2010)

! Marine air is air off the ocean, new being fresh, aged having been modified by other pollutants as it drifted over an urban
area.



S3. Results

The results are summarized for annual average and peakd@htentrationso correspond with the
annual average and-2®ur NationalAmbient Air Quality Standards.

Figure Slshows the contributiorfsom individual sources to annual Bay Area P)oncentrations.
Wood burningstands out as the largest source, compridig of the total. Much of this is from

residential fireplaces and woodstoves, batsbincludes contributions from wildfires, controlled burns,

and secondary organic compoutgsisch as pinonic acid deriving froai pinene, found in the oils of
pines and ther conifers) Gasoline ath diesel vehicles add another®22 These include both eand
off-road vehicles except farm and construction equipmédoking adds 9%. Refining adds 8%.
Marine air (pure sea salt without ship emissions) adds anotber Bip emissions had contributed
10% previously, but currently contributeonly 3w e t o t h e CrARmRi&i0Ons fol sbips

Figure S1. Estimated Source Contributions to Annual,RRMoncentrations*
Other, 5%

Marine, 10%
Wood burning, 25%
Soils (biogenic), 2%
Construction, 2%
Livestock/Farm, 3%

Landfill/Compost, 2%

Domestic, 7%

Power Generation, 2%
Gasoline vehicles, 14%

Refining, 8%

Aircraft+Trains, 2% Diesel vehicles**, 8%

Ships, 3%

Cooking, 9% **Except farmand construction equip.

* These estimates derive from combining the source category contribution estimatésuirsites: Livermore, San Jose
Vallejo, and West Oakland, for 20@®11 with detailed emissions estimates from the Emissions Inventory.
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Figure S2 shows the contributions from individual sources to peak Bay Argadehtentrationsthat

is, contributions on days that exceed or eexceed the standar®Vood burningcontributes 28%,
larger than its annual contribution. Tigsnot surprising, because peddys virtually always occur in
winter. Gasoline and diesethiclescontribute 30%, considerably larger than their annuatritrion.
Thisincrease occurs mainly becawshiclesare the primary contributors tdOXx, a precursor of
ammonium nitrate, which is a large component of peak fvithe winter. Similarly, the domestic
category, which includes caanddogs and is digsnated to be the largest single source of ammonia, the
other ammonium nitrate precursor, contributes 9% of the tByathe same token, cooking and refining
contribute a lower percentage to pé&d¥, s because they contribute only a small fraction of the
ammonium nitrate precursors. The marine air contribution drops to 3% because peaoRditions
typically occur witheasterly winds, where the air blofvem observation statiortsward the ocean

Figure S2. Estimated Source Contributions to Peak PM2.5 Concentrations*

0,
Marine, S%Other, 4%
Soils (biogenic), 3%
Construction, 2%

Livestock/Farm, 3% Wood burning, 28%

Landfill/lCompost, 2%

Domestic, 9%

Power Generation, 2%
Refining, 6%
Aircraft+Trains, 2%

Ships, 2%
Cooking, 4%

Gasoline vehicles, 17%

Diesel vehicles**, 13% ) .
**Except farmand construction equip.

* These estimates derive from combining the soaetegay contribution estimates from fosites: Livermore, San Jose,
Vallejo, and West Oakland, for 20@®11 with detailed emissions estimates from the Emissions Inventory.

S3.1Comparison with Emissions Inventory

The source contributions estimated@yIB were compared with the Emissions Inventory where they
overlapped. This overlap excluded the seconBafysourcegshatCMB identifiedi ammonium nitrate
and sulfaté¢ and also marine air. The Emissions Inventory sources were summed to correspond to
CMB categories. For example, residential fireplace and woodstove emissions were dlkeed to
emissions from thburning of waste material and dfiires to correspond to the wodalrning category

in CMB.



There were consistencidsetween CMB and the Hipr examplewoodsmoke representing the largest
contribubr in each and shipsarelativelysmall contribubr. But there werealso some discrepancies.

The largest differencasere for geological dust and brake wear where the CiBgntage waless
thanonethird of the Elpercentage This continues a pattern where El estimates of particles that are
mainlyin the coarse fraction are considerably larger than the corresponding CMB values. We posit this
is in large part because the EI estimates ughamittedinto the air, whereas CMB is based on the
ambientconcentration of the particles thaemainsuspended in the air

The EI show largercontributions from diesel arghsoline and correspondingly smaller emissions from
woodsmoke and cooking. The Carkbh adjusted CMB values are generally cldban the unadjusted
to theEl values.

S3.2Trends

To estimate trends in the source categories, the new CMB method was applied200P@ata used

in a previous studgFairley 2008) The Livermore and PoirReyes sites were the same in the two

studies but the other sitegre different: San Francisco and Bethel Island rather than West Oakland and
Vallejo. There was also a San Jose site, but at a different location with somewhat different nearby
sourcesNote that an analysis on trends in ambientB&hd several components (Feyr011) is also
available.

Figure Scomparsthe averages across the urban sites for 2000 and 20Edewlerereductionsn all
anthropogenic sourcethough he amount ofeduction varied.

Perhaps most striking are the large reductions in the estimated diesel and gasoline contribbgoms.

is some uncertainty this findingbecause the sites selected in two studies aren't identical and because
laboratory instrumentand precision may have differed. Bhése reductions are large relative to the
uncertainty angbarallelreductions shown irhe EI.

There is a similarly large reduction in ship emissions, undoubtedly the result of CARB's July 2009 low
sulfur fuel rule. There are also large reductions in estimated ammonium nitrate and cooking
contributions.

Wood burningcontributions are estimated to have been reduced a modest amount. It should be noted,
however, that this includes wildfires, controlled burns amdmsgary carbonaceous PM. Limiting

analysis to thevood burningseasoni November 15 through February 15, the estimated reduction in
wood burningwas about 40%.

Note that there are reductions in the marine contribatsowell Since this is nadf anthropogenic
origin, the difference is random, and suggests there is a substantial amount of uncertainty in the trend
estimates.



Figure S3. Trends in CMBstimated Source Contributions: 2010 vs. 2000
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S3.3Seasonality

Bay Area PM s concentrations are generaligher in the wintemeaching a peak December and
January.Several factors combine to produce this effect: Winter has periods where the air is relatively
stable, allowing the Pl to build up; it is when most wood burningcurs anda higher percentage of
ammonium nitratestays inthe particulate phasé colder winter weather

S3.4Comparison with Central Valley

During the winterperiods conducive to high PMconcentrations, thprevailingeasterly winds put the
Bay Areadownwind of the Central Valley.

The CMB model was run fa set of CentrdValley sitesthat hadspeciated data from 202®10.

Many of the Central Valley sites thhigher PM s concentrations than the Bay AreAmmonium

nitrate andvoodsmokeaccount for almost all the differencAmmonium nitrate averages about 2
ug/m® higherin the valley than the Bay Area on an annual basis, and peak values average 6.5 pug/m
higher. Woodsmokealso averages 2 pgfhigher annually, with peak values 3 pd/higher.

Concentrations of ammonium sulfate, diesel, gasoline and brake wear aaetsifddy Area
concentrations The marinecomponents higher in the Bay Areaijnce the Bay Area is nearer the
ocean Geological dust is lower.

S4. Conclusions
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Residentialvoodsmokecontinues to be thiargestsource of Bay Area Pp4 concentrations,

contributing about a quarter to the annual averageajrdatepercentage tpeak PMs. Woodsmoke
concentratonk ave been reduced, pr esumaviobdyurningulepart bec
(BAAQMD 2008).

Both gasoline and diekconcentrationappear tdave fallerrapidly. Combinedthey contribute about
20% toannual average arg0% topeak PM s compared with 30% of the annual average and 40% of
the peak a decade ag&hipswereanother large source, bietCARB rule reqiiring low sulfur fuel
near pors dramatically reducedhip emissionson the order a$eventyfive percent so that ships
contribute onlyabout3% today

Cooking emissions are estimated to contrib@et® annual PMs concentrations and 4% to peki; s.

The Emissions Inventory estimateommercial cookingmissiondut not domestichowever, the
contributions from both deposit on the filters used for CMB. Although the impact of domestic cooking
on ambient levels may not be great, its impact on pergapasure is likely large as people spend time
close to the stove while cooking.

A modeing study showed thdtoth ammonium nitrate and ammonium sulfate were sensitive to changes

in ammonia emission$-&irley and Burcl2010, Appendix E)UsingheDig r i ct 6 S new ammo
inventory(STI 2008)ammoniawas includedas a secondary P precursoffor apportioning CMB

source categaes to individual sources. Including ammoadded several new sources from the

Emissions Inventory: farm animals, landfiled compost, domestic (cats, dogs, people), soil (biogenic
emissions)that combinedo contribute about 1% to the annual total

Contributionsfrom sources where PM derives fromabrasion procességyeological dust, tire and
brake weai were found to b smdler relative to their estimaddractionin the Emissions Inventory
thansources derived from agglomeratiomwoodsmoke, engine exhaust, cookiridhe overall
contribution of thesabrasiorsourcego ambient concentrations was only a few percent

There continue to be some contribusdnr o m kfessma ¢ k Drefinavias (60 ¢0o) and power

plants (about 2%)But, as Figures S1 and S2suggeshe vast majority of the
PM__s now derivedrom millions of small sourcesyith more than halff{replaces, wood stovesars,

vans, SUVs, catanddog9 under the purview of individual Bay Area residents.



1. Introduction

This analysis estimates the sources of fiagiculate mattefPM, s) in ambient air of the Bay
Area fromJuly 2009 through December 201dnderstanding the sourcesatcontribue to
PM,sis key to developingmissiongontrol measuret® reduce PMs concentrations.The
Bay Area has violateldoth state and national Bilambient air qualitygtandards in recent
years. PM; 5 constitutes the greatest threat to health amorigegilArea air pollutants

This reportupdates a previous analysis (Fairley 2008) that used data fror20999 Since

then there have been substantial changes in emissions from California Air Resource Board
(CARB) regulations of diesel and gasoline engines and ship emissions, &ul/tAeea Air
Quality Managemerd i s t (Distdct) fules forwood burningand chaborailing. July 2009

was chosems the starting poirgo that the analysis better reflects current emissions; it was
thefirst month of the implementation of a CARule that vastly reduced ersiens from
oceangoingships.

Themain toolused wa avariant of theChemical Mass Balance (CMB)odel Essentially,
CMB estimates the contributions from various sources by comparing their chemical
signatures with chemical measurements of particles in the ambient air.dEeiBnineshe
mix of source conthiutions that provides the best mateith ambient measurements

The CMB model identifiesategories of sources, but madividual sources For example,
CMB can identify PMsfrom dieselcombustionp u t  dermidavhether the diesel is
from trucksor trains or construction equipment or diesel generators.DTihes t Emissitn® s
Inventory(El) does have estimates @missions by individual source. Therefore, the CMB
results were combined withé¢fEmissionsriventory to estimate the contributiomerh
individual sources.

Section 2 discusseld chemical measurements madewmbient samples that serve as the

basis of the CMB analysis. Section 3 discusses the set of source categories considered in the
analysis. Section 4 discusses @B methodolgy used, whichincludessomeinnovations

Section 5 discusses the initial CMB results, including uncertajrtnescomparisons witthe

Central Valley ancarlier result$or the Bay Area Section 6 presentssgnthesis of CMB

and the Enissions Inventar, providingestimates of contributions from individual sources.
Section 7 summarizes the results.

A note on terminologyCMB analysigefers to the specific method of estimating source
categories using a computer program that matches ambient meassreftiesburce
profiles. Source apportionmeris used in a more general sense to mean the estimaithe
sources of fine particulate matterhe latterincludes CMB analysis, but alsiee combination
of its resultswith the information from the Emissions Inventory.



2. Measurements

CMB analysisusesmeasurements of chemical species made on fine pafticiaghe

ambient air. Thesparticlesarecollectedon filtersand analyzed for a variety of chemical

species CMB analysis involves finding the mix of sources whose spectiiuspeciedest

matches that of the ambient sample. This section describes where the samples were collected
and analyzed, and what species were measured, including some of their ccacteri

CMB analysis requires a large seineéasurements hesemeasurementre routinelynade

only ata fewsites. The District started collecting these measurements at two sites, Livermore
and Vallejg in September 200&nd added thirdsite inWestOaklandin February 2009.

Samples were collected eveixth day, and measurementere available through December
2011 Measurements of specigmt are used itheanalysisare also made #te San José
Jacksorst. siteas part of the national 8piation Trends Network and tiR®int Reyes

National Seashorgteas part of the national IMPROVE networRoint Reyes data for 2011

were not availableTable2.1 lists the siteghe date rangeand numbers of samples used

the CMB analysis

Table 2.1. Speciated sampling locationsgdates and numbers bsamples

Site Address Lab* Date Range # of observations
Livermore 793 Rincon Avenue | DRI July-2009 Dec2011 152
Oakland

West 1100- 21st Street DRI July-2009 Dec2011 151
Vallejo 304 Tuolumne St DRI July-2009 Dec2011 152

San Jose 158B E. Jackson St | RTI July-2009 Dec2011 235

Pt. Reyes National
Point Reyes | Seashore UC Davis | July-2009 Dec2010 174

* DRI = Desert Research Institute, Reno, NV; RTI = RTI International, Research Triangle Park, NC.

ThePM filter measurementserechemically analyzedt three different labs. Measurements
for Livermore, Oakland and Vallejo weamalyzedoy Desert Research Institute (DRI); for
San Jose by RTI labs; and for Point Reyes/ByDavis. The set of speciesasured is

nearly, but not quiteidentical, and there are some differences in the measurement
characteristiceamong thdabs, as explained below.

2.1  Ambient filter measurements

A sampler drawambientair through filters that collect particles; tharticles are limited to
the fine (PMs) fracion by a selective size inlet. The samplesdaesvn over 24-hour
period midnight to midnight.Samples are collected otinreedifferent types ofilters thatare
used for threeategories of measurements:

1 onfilter 1, all the higher atomic weight elements are measured, starting with sodium
or magnesium. The total PMmass is also measured on this filter.

1 onfilter 2, ions, including nitrate, sulfate and sometimes chlosddium, potasam,
andammonium.

1 onfilter 3, demental and organic carbon.

2



The measuremeshere are all converted to micrograms per cubic megnt).

In addition to theambient measurementSMB analysis requires estimates of measurement
uncertainty, which ta labs als@rovide

2.2 Speciessummary statistics

Much information on PMjs sourcegan be foundby looking atthe concentrations of
individual speciesind their interrelations Figure2.1 shows the mean80% cotidence
intervalsof PM, s massand key specidsy site. Roughly speaking, the means are
significantly differentwhenthe confidence intervals dwt overlap. For most species shown,
the measurement methodle same for eversite. For these specigbe means and
confidence intervalfr agivenspecies are comparable among sitest sodium, the Pot
Reyes measurement is the ior, the other sites, it's the element as measured-Bayx
fluorescence For chlorine, the San Jose measurement is the elememaassired by >Ray
fluorescencefor the other sites, it's the ioMhus, for sodium and chlorinepparent
differences may stem from different quantities being measathdr than actual differences
in concentrations

The Point Reyesiteis locatedn the midst of the Point Reyes Natib&eashore; the other
sites are in urban areaBM, s mass aPoint Reyess significantly lower thamatthe other

sites Neverthelessis sodiumandchlorineconcentrations are greatean at any of the other
sitessuggesting that it has a larger marcomponent than the urban sit¥&nadium nickel
andsulfateare key ship emissions. We see the greatest concentrations of thedeoatithe
Reyesor West Oakland site The West Oakland site is near the Port of Oakland.

Siliconandaluminumarekey species of geological dusgnstitutingclose t020% of itstotal
mass The relatively lowsilicon and aluminuntoncentrationat all sites indicatéhat
geological dust is not presenthigh concentrations at any of the sit€otassiums a key
element ofvoodsmoke Itshigher concentrations at San Jose and Vallejo suggest that
woodsmokes a larger source at these sites thawastOakland or Point Reye€lemental
carbon(EC or soot) has several sources, but it typically forms the majdritiesel
particulatematter The West Oakland site, right next to West Grand Avénad&ey
thoroughfarenith many diesel trucks going to and from et of Oaklandi has EC
concentrations no higher than the other urban sites.unclear why its EQevels aren't
higher.
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Figure 2.1. Mean species concentrations by site for total mass and key species.

Also shown are 80% confidence intervals.
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Mean Species Concentrations by Site
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Figure 2.1 (continued)



2.3 Carbon-14 analysis

Thelargestsourceof PM, s emissions in the Bay Areagerive from combustionvoodsmoke
gasoline and diesel exhaustd charbroiling emissions. More than hh¥ mas®f eachof
these sourceis carboaceous EC and OQ and here is considerable overlapthe other
speciesamong these source$his overlapleads to considerable uncertainty in the amounts of
PM, s to apportiorto each sourceTo reduce thencertaintyin agoortionmentan additional
measurement was made, namelydadon14 (C-14) of the carbon on the ambient filters

C-14 is a radioactive isotope of carbon best known for its use in dating fossil remains.

Ambient air has a certain fraction ofXd which gts incorporated into living tissue, both

plant and animal. Once there it begins to decay, with difeatif 5,730 years. Thusgery

little of the G14 in wood or meat has decayed whereas all of thé @ milions-of-years

old fossil fuels has. Sthe fraction of C14 in PM s provides a clear demarcation between
AnewoO car bon svandsmakers charbroilingy ahdidiigh ossi | 06 car bon
like gasoline and diesel exhaust.

Because of the expense ofl@ analysis and because a subsshatinount of carbon is

required for an accurate measurement; Pfilters from various days were composited.

Specificdly, the year was divided into threeasons based on typical PMomposition:

A s u mniMay-Augus), A wi(Notemberbebruary, and f s(darchApgl #f al | O
SeptembeOctobej. The winter season -pweaask 0s pwiitth itnhteo fi
having the high PMs days, the latter the remaining winter days.

A selection was made from filters for April 2009 through iRp010 for each of the four
urban sites and sent for analysis by Accelerator Mass Spectrometry at the University of
Arizona.



3. Sources

CMB analysis dependm the availability of a set of source profiles that represent the actual
chemical compositionf emissions from sources the area being studied:his section
provides aiscus#on of how source profiles were updated and improved for use in this
analysis.

For CMB analysis to have practical utilityjs necessarto place sources into groupsitlare
reasonably homogeneous within the group and distinguisfrabteothergroups. What we
refer to as "sourcegtr CMB should be thought of as sourcategoriesi.e., groups of
sources. For example, "geological dust” refers to anys?dm roadsplaying fields, farms,
or construction operations; "cooking" refers to fryfiogds, charbroiling meats, or baking in
an oven.

The profiles of certaisources are similacooking andvoodsmokefor example, or gasoline
and diesel.This leads to largancertainties in source attribution. Thereforethie previous
analysis (Fairley 2008)he number of source categoragslyzedvasreduced: Woodsmoké
included cooking emissions and secondary organiggPtdssil included PMs from diesel,
gasolinethe bunker fuelsed in ships, and natural gas.

In the present analysis, we use a different CMB metbaalcorporate more source
categoriesas explained isection 4 We have also systematically reviewed and revised the
sourceglefined

3.1 Developme nt of source profiles

CMB usessource profilego match against ambient samples. A source profile is a set of
estimated fractions of chemical species from a given source category. For example, a
woodsmokeprofile might consist of 50% organic carbon, 18%mental carbon, 1%
potassium, 1.5% sulfate, and so on. The sum of the distinct species gugacehbuldbe at
most100%, typically less, because some elements like hydrogen and oxygen are
measured.

Source profiles are derived ame oftwo ways:measurement or theory. Measurements have
been made fovoodsmokdrom fireplaces and woodstoves; cooking of various kinds; tailpipe
emissions from automobiles and diesel trucks; brake wear; and a number of others.
Theoreticakstimatediave been used he forammonium nitrate, ammonium sulfate, and
fireworks. For this analysis, wadjustedsome of theéheoreticalprofiles by comparing with
measurements in the ambient air wheresthéce waslearly present.

Each source profile fraction is accompanigth a percent uncertain{gtandard error) This
uncertaintyincludes measuremeuancertainty, but typicallglso includes the estimated
variation within the source category. For example, the organic carbon in auesids#moke
might be measured to thin an uncertainty of 3%, say, but the variation from fire to fire
using different wood, different burning conditions, and so on, might be 10%. This latter
number would be used in what we will terra@mpositeprofile.
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The approach of using composite profiles has limitations as discussed below. So, in some
cases rather than a single composite profile, we use aisdivaflual profiles. The

individual profiles were selected from the EPA Speciate Databiseet al 2006), and
CRPAQS source profiles.

What follows is a list of profiles used in the CMB analysis, and some description of their
development and modifications. For a fuller description, see Appendix A: Source Profile
Development.

3.1.1 Ammonium Nitrate

Ammonium nitrate is among the largest components of Bay AreasPMirtually all of it is
secondary formed in the atmgphere from other constituenspecifically ammonia and nitric
acid. Thus, ammonium nitrate has no direct soystes itself is conslered a source in the
CMB model. The ammonium nitrate profile usis theoretical compaosition.

Because of uncertaingnd data gaps measurements, ammoniwasnot used in the CMB
model, and without it, its not possible to estimathe fraction ohitrate that immmonium
nitrate vs. sodium nitrat¢he latter deriving from neanthropogenic sea salfs a result, the
CMB model may overestimate thathropogenicontribution from this source.

3.1.2 Ammonium Sulfate

Unlike nitrate, there are sididant primary sources of sulfatd.he ammonium sulfate profile
allows for the accounting of additional sulfate formed secalydderiving from the
conversiorof SO, from other sources, especially refineragsl ships As with ammonium
nitrate, the ammwnium sulfate profile uses its theoretical composition.

3.1.3 Marine Air Profile

Marine air contais a variety of salts found in sea water though not necessarily in the same
ratios. Figure 3.1shows the major constituentssea water



Sea salts Sea water

Water
96.5 % (965 Q)

Sulfate
T7T%(270)

Calcium Magnesium
1.2 % (0.42 g) 37%(L3g) Salt
Potassium Minor constituents 35%(350)

1.1%(0.39q) 0.7%(0.25q)

Quantities in relation to 1 kg or 1 litre of sea water.

Figure 3.1. Salts in sea water.Source:Grobe (2008).Bromine and strontium are also present in smaller
concentrationd.

This sea salt composition was compared with concentrasibtige variousir monitoring

sites, for samples where marine air was likely presesignificant amountsFor some

samples the component fractiarfsspeciesvere similar to those of sea water. For other

samples, there wasreductionof mostmarinespeciegelative to sodium (see AppendiXLlA

This appears to be the impactagiingof marine air, where the air traveling over urban areas

loses chloride and bromine in particular, and gains njteapeocess that has been identified
elsewhere (see, e.g., Pio and Lopes 1998k analysis indicatetthat other specieserealso

losti calcium, potassium, magnesium, and strontilinis also possibleth&r obe 6s dat a
may not be representative @ir area

To account forhie large transformation of marine airsome of the samples, we developed

two marine profiles. One representeeksfit marine ajiwith composition frattons equal to

those in Figure 3 scaledo sum to 1 For uncertainty values wesed a weighted average of
ambient standard deviations from Point Reyes on days where the air was believed to contain a
fresh marine comgment and standard deviations from a marine prdékeloped by Desert
Research Institute

The other marine profile represented aged marine air, where the species otbeditnan

were reduced by 50%nd the total rescaled som to 1. Although the ag air contains

nitrate, it was decided to excluderitthe aged marine profileecause nitrate f
anthropogeniorigin. The intent was that the CMB source apportionment would account for
this nitrate as part ofs apportionment into ammonium nitrathile the amount accounted as
"marine"” would be of natural originlSee Appendix Al for more details.)

2 Wikipedia: http://en.wikipedia.org/wiki/Sea_salt#Compositigtcessed 6/6/12)
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http://upload.wikimedia.org/wikipedia/commons/2/2c/Sea_salt-e-dp_hg.svg

3.1.4 Geological Profile

A geological profile derived from a composite of measurements of dirt samples from around
the Bay Area wataken fromChowet al.1995 This had been fourtd beadequate
previously so it was usad the present analysis

3.1.5 ResidentialWoodsmokeProfile

A composite residentialoodsmokeprofile had been developed from filter samptediected
in neighborhoods with considerable wdmarning. The profile had been adjustedemove
contaminatiorfrom marine and motor vehicle components.

A range of profiles was available from other studies (Chbal. 2004). These were
compared with the Bay Argaofile, species by species. The Bay Area composite profile
spedes were adjusted to be within ostandard deviation of thgrofile distribution from
other sources. If the Bay Area standard devidbom given speciesas greater than the
standard daation of the profiles from the other siad the latterstandard deviatiowas
used. (See Appendix AZfor details.)

3.1.6 Forest Fire Profile

Comparison betweeBC andOC at various siteshowedhat during periods with forest fires,
OC was greatly elvated relative to ECFor residentialvood burningthe OC/EC ratiavas
just over 3 to 1. But during forest fires, the OC/EC ratio appeared to be closer to 9 to 1.
Since OC ad EC are the two largest componentsvafodsmokewe decided it would be
useful to develop a separate profile for forest fires.

An analysis of other specishowed that theratio to EC was higher for forest fires than for
residential woodsmokébut their ratio to OCwas similar In other words, EC was a smaller
fraction ofthe total mass in forest fires than in residential woodsmdkerefore, we decided
to make the forest fire profile with a lower fraction of EC (from about OC/3.3 to OC/8.7),
raising all other species fractions to compeng&ee Appendix A3.)

3.1.7 Ships

Oceangoinglsip emissions havieada distinctive chemical signaturélthough virtually all
forms of motorized transportation equipmerg fsssil fuelspnly shipshaveburredresidual
fuel oil. This is the only substantial source ohadium (see dble 2.3, and also thé&argest
source of nickel.

A profile was developed starting wigublished reislual oil emission profiles and modified

with an analysis of ambient data from Point Reyes. Specifically, regressions were performed
with each of thether species as the dependent variable and with vanadium as one of the
independent variablésThe vanadium slope was used to scale the etmables relative to

3 Where there were multiple possitdources for the speciegher indicator species were included as
independent variables.
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vanadium, each slope multiplied by the estimated fraction of vanadium in ship exhaust
(0.12%. The final profile was the simple average of the sldgeved estimate and the
residual profile estimate(See Appendix Ador details Note that this profile was developed
based on emissions before the CARB rule requiring ships to use clealsgr f

3.1.8 Cooking profiles

Cooking profiles were selected from the Speciate and CRPAQS databases. Analysis revealed
large variation irsome species. For example, the amount of sodium could vary by orders of
magnitude: clearly some cooks use moréetbain others. Because the distributions were not
symmetric, but frequently with a long right tail, we decided toindiridual profiles

randomly selected, ratheraih a pooled profile. See Section 4.

3.1.9 Diesel and Gasoline Profiles

Both the Pedate and CRPAQS databases contaimaay diesel and gasoline profiles.
Unfortunately, no subset could be considered representatikie emissions fromurrent

Bay Areamotor vehicls, especially with newer regulations on fuels and engines. Although
the CRPAQS profiles might in theory be more representative, since tharadrsicks

sampled were from California, the profiles were challenging, with EC+OC fractions often
considerably greater than 100%ttempts to makadjustments in EC and OC failed.

As an alternative, these profiles weamdomlysamped (as discussed in Section djth any
profile the sum of whose components exceeded 100% scaled to 100%.

3.1.10 Fireworks Profile

Typically inthe Bay Area potassium is welbrrelated with organicatbon. But occasionally
potassiuntoncentrations are much highéf/e noticed that ils occurredmostlyon January 1
or July 4 suggeshg fireworks. Initially, a profile was developed based on gunpowget.
fireworks may contain a range of elementsduolor, like strontium, copper arighrium.
Conversely, elevated potassium may be associated with other sources.

An analysis of ambient data was performigeéntifyingdays with very high potassium.

Theredid indeed appear to be a subset of these days associated with fireworks (all occurring
within one day oflanuary Jor July 4) and another subset not associated with fireworks and
notoccurringnear these dates.

Of the fireworksrelated dayswe saw consierably elevated values for copper, strontium and
magnesium. On the other high potassium days, we saw elevated levels of iron, manganese,
calcium, and elemental carbon. Thég&rmay indicate brake wear.

The fireworks profile was developed using #mbient neasurements on days with an
obviousfireworks signature. We backed out the contributionsafdsmokeand marine ajr
and averaged the residuals, using their standard deviatiome fordfile standard deviations
(See Appendix ASor details)

3.1.11 Brake Profile
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On some days with potassium outliers, we found elevated iron, copper, manganese, zinc,
titanium, and strontium, all of which can be significant components of brake wear. To
account for such days, we developed a brake profile lmasadset of profiles from the
Speciate and CRPAQS databases.

3.2 Completeness of source list

The range of possible sources is much wider than listed here. Nevertheless, we can check the
completeness of our list of profiles in a couple of ways. Oreasipare it to the

BAAQMD Emissions Iiventory. The inventorylists a total of 4%ons/day of directly emitted

PM s, of which 29%tons arecarbonaceous (that is, from burning fossil fuels, wood or other
biomas, and cooking), and anothetdhis aregeological. Thus, our profiles encompass most

of the inventory.

A second method is to examine the CMB analysis in cases wilikresinofit well. This has

led to the discovery of several missing sources, e.g., excess potassium was evidence of
fireworks. A large discrepancy between the fitted and actual measured species concentration
is reflected in the chéquare statistic. The fitting results are discussed in Section 5.4.
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4. A Model for Source Apportionment -- CMB

In this analysis, wmodifiedthe EPA CMB model(EPA 1990) Thismodified model
usesa Monte Carlo approach that simulates sets of sources and chooses the sets with the best
fit.

The CMB model works as followsSuppose we haveraeasurement from an ambient filter
sampley = (y., Y2, ¥ € Yp), Wherey; = concentration of species i in the sample. Letj=
the index for a givesource(e.g., geological dust or wood smokaidlet f; = the fraction of
species i in source j.For exampleif woodsmokes 15% elemental carborhen f = 0.15 for

i = EC and j =-woodsmokg The goal ofCMB modeling is to find cocentraion estimates,;c
so that for each species, i,

afi+cfp+ € fiF Qg (1)

where J = number of source categories used in the CMB andlysis. EPAG6s @GhHdB model
measure of closeness betweeand its sourcenix estimate, i; + fip, + € fig is the

estimate standard deviation of their difference. Symbolically, |et atandard deviation

(measurement error) of,yand let y be the standard error gf fAs discussed above;

represents nainly measurement error in the fractign but also the variation in the source

itself. Thevariance of the difference is estimated as:

u?+ il + vt + é Al ¢ (2)

and the CMB minimizes the sum over i of the squared differences paitts®f terms in (1)
divided by (2), that is, it finds the values gf &,  é;that minimize:

4.1 A Monte Carlo approach to fitting CMB

In this analysiswe developed andsed a new approach to fitting CMB. Rather than
incorporating the variation in source profiles into the fit, as in (2) above, we repeatedly
sample from the profile distributions. Specifically fit a givenobservationpur method is as
follows:

1. Sample from each of the J source profile categories. If the category is represented by a
vector of means and standard deviations, we satingée as normal random variables. If the
category is represented as a set of profiles, we sample one of thespvidlfilaniform
probabilityfrom the set and add a normal random error to represent its measurement error.

2. We fit the model minimizing the sum of squares of term (1) divided®y u
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where (f4if 5,  &h) are the vectors of simulated source proffida.each simulation, if any
coefficient, ¢ was negative then the source j with the most negative coefficient was
eliminated and the modelasrefitted The eliminations continued until all coefficiemtsre
O 0.

Steps 1 and 2 werepeated 00,000 times, each time computi@®g T, where T represents
how closely the calculated mass matched the measured mass:

Y T ET— h—
(0] (0]

where y= total measured mass,zuits uncertainty, b=+, + € ;¥=wm+y.+ ¢é +
Yo and & = u*+ u’+ € + Theseconderm is included for theccasionatase where
the measured total mass is very different from the sum of the species, thigtiery

different from y.

Of these, 6r the 25 with the smallest vakief S+T, the coefficients and alshe simulated
source profiles were saved.

3. For each source, |, theeighted average of these 25 coefficients e@sputel, weighting

by €*72 This estimate is somewhatadhbch er e i sndt a tstiicton et i c al
foritt al t hough ités the | ocal mean aroaednd t he n
mean |ikelihoodd esti mate.

4.2 Choice of CMB species

Although a large number of species are measured, fioe $oere are few or no observations
that exceed the corresponding uncertairftielsingthemadds noise to the analysis rather
than information so these species were excluded from the analysis.

4 Thegds can be found di r eecause §is ofthé form of b wesghtedimultgle tnear ve f i t |
regression, which has a closftm solution.

® We also tried taking the average across all 100,000 samples, again weighted’y €his is basically the

mean of the posterior distributiotie Bayesian solutioassuming a flat prior on the original source profiles.

This posterior mean did not perform as well as the localized mean likelihood approach by several measures, so
we decided to adhere to the ad hoc approach.

® The measurements proeid for CMB analysis include corresponding uncertainties but not limits of detection.
The uncertainty is taken to be the standard deviation of the measurement error. Frequently, measurements
smaller than the corresponding uncertainty are included, eveghtthey can't be reliably distinguished from

zero. If a given chemical species is found in most samples and several source profiles but falls below the
uncertainty in some samples, this provides evidence of a lack of sources with that species arttbelse p

samples. But if a species is almost always below its corresponding uncertainty, including the source
uncertainties, then it basically can't be measured precisely enough to provide any real information.
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Also, several species occur in more than one form: chi@owyum and potassium may be
measured both as elements on filter 1 and ions on filter 2. Sulfur occurs both as an element
on filter 1 and as part of sulfate on filter 2. To avoid dowolenting, only one of thearms

was used in any analysis. Sulfursnaever used. For the otHerms the data quality

appeared to vary by lab, and not all labs measurddrals For the analysis of the data from
each lab, the form with the better correlations with other species was chosen.

Table 4.1 shows a list gpecies, those used in the analysis shown with an asterisk. The table
shows the percentage of ambient samples where the measured concentration exceeded its
uncertainty that is, where the measured concentration is largerah@standard deviatianlt

also shows the number of source categories where the sfracigsnexceedsheuncertainty

of the fraction Those species with high percentages were inc|wdétthe exceptions to

avoid doublecounting, as noted above.

For most species, the chom@s the same for all sites. Exceptions included:

Chloride was used except for San Jose, where chlorine was used because chloride was not
measuredAmmonium was used except for Point Reyes, where it was not measured.
Elementakodiumwas used except foroit Reyes, where it was not measut@dromium

was used except for Point Reyes, where it was not mea&ubilium was used for Point
Reyes, which uniquely had many observations above the corresponding uncertainty level.

Thespecies excluded were thdse which there were nsources
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Table 4.1. Species measured and species used in CMB, and percent of concentrations above uncertainty

DRI Used | IMPROVE Used | RTI Used # of

Livermore OaklandW Vallejo in PointReyes in SanJose in sour-
# samples 152 151 152 CMB 154 CMB 234 CMB ces*
Mass 99% 99% 99% 97% 100%
Chloride 86% 97% 96% * 99% * 7
Nitrate 100% 100% 100% * 100% * 100% * 7
Sulfate 100% 100% 100% * 100% * 100% * 10
Ammonium 86% 83% 84% * 96% * 8
Sodium lon 92% 97% 95% 63% 7
Potassium lon 99% 100% 99% 96% 10
Organic Carbon 91% 83% 80% * 87% * 100% * 8
Elemental Carbon 81% 77% 66% * 70% * 60% * 7
Magnesium 7% 17% 14% * 79% * 64% * 6
Sodium 21% 41% 28% * 95% * 94% * 7
Aluminum 41% 50% 38% * 38% * 59% * 6
Silicon 76% 75% 71% * 82% * 97% * 6
Phosphorus 0% 0% 0% 1% 0% 4
Sulfur 100% 100% 100% 97% 100% 10
Chlorine 78% 91% 88% 78% 92% * 5
Potassium 97% 97% 96% * 97% * 100% * 10
Calcium 78% 86% 81% * 97% * 100% * 9
Titanium 28% 30% 31% * 69% * 36% * 3
Vanadium 1% 5% 1% * 74% * 13% * 2
Chromium 17% 21% 18% * 6% 53% * 6
Manganese 4% 15% % * 40% * 45% * 6
Iron 95% 99% 95% * 97% * 100% * 7
Cobalt 0% 0% 0% 30% 1
Nickel 1% 7% 3% * 55% * 38% * 5
Copper 14% 26% 18% * 37% * 78% * 6
Zinc 48% 72% 53% * 92% * 85% * 4
Gallium 0% 0% 0% 0
Arsenic 0% 0% 0% 13% 6% 1
Selenium 3% 9% 5% * 69% * 19% * 4
Bromine 30% 30% 22% * 97% * 85% * 5
Rubidium 1% 2% 3% 12% * 8% 3
Strontium 9% 19% 11% * 89% * 14% * 9
Yttrium 10% 7% 6% 1
Zirconium 12% 19% 16% 12% 6% 3
Niobium 0% 0% 0% 2
Palladium 0% 0% 0% 0% 1
Silver 0% 0% 0% 8% 0
Cadmium 0% 0% 0% 7% 0
Indium 0% 0% 0% 7% 0
Tin 0% 0% 0% 6% 0
Antimony 0% 0% 0% 6% 2
Barium 0% 0% 0% 9% 4
Lanthanum 0% 0% 0% 0
Mercury 0% 0% 0% 0
Lead 17% 23% 24% * 73% * 21% * 6

* Number of sources where species mean exceeded species uncertainty.
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4.3 Using the Carbon-14 measurements

The specie measurements for tifigers selected for €14 analysisvere averaged for each

site and period. For each of the sites and periods,-the dhalysis provided an estimate of
the fraction of modern carbon, f. New variables were then made by taking the total carbon
measurement, TC = OC + EC, and computing a mmocd&rbon value, f * TC, and a fossil
carbon value, (f) * TC. These were used in place of the OC and EC measurements in the
CMB analysis.

The CMB analysis was performéat these averaged filter measments using the new
variables, yielding adjustdds and also using OC and EC measurements insyezlding
unadjusted fits For each analysis, the fraction of modern carbon was estimated by summing
the amount of modern carbon, mc, and fossil cgrimrattributed to each of thigted
sourcesthencomputing the ratios mc/(mc+fc).

Figure 4.1shows the results. For San Jose and, to a lesser extent for Livermore, the amount
of modern carbon was ovegpresented in the unadjusted fits relative to the measuied C
fraction, so that the CMBnalysis appears to have attributed too much of the carbon to
modern sourcesuch asvood burningand cooking relative to the fossil sources, principally
diesel and gasoline exhaudthe adjusted CMB fits had ratios consistently closer to tid C
fraction for these sites. For Oakland, the ratios from the unadjusted fits were relatively close
to the corresponding measuredL€ fraction; the adjusted values were not substantially closer
to the G14 ratios. For Vallejo, the unadjusted summer ratios weéystantially higher than

the corresponding-Q4 ratio and the ratio for the adjusted fit was closer. For the other
periods, the adjustment did not kesa substantial improvement.
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Oakland

m Unadjusted
m Adjusted

Livermore

m Unadjusted

m Adjusted

= C-14 measurement = C-14 measurement

sp/fall summer winter  peak sp/fall summer winter  peak

San Jose Vallejo
m Unadjusted m Unadjusted
m Adjusted m Adjusted

m C-14 measurement m C-14 measurement

sp/fall summer winter peak sp/fall summer winter peak

Figure 4.1 C-14 fraction of modern carbon and the fractions from CMB analysis adjusted and unadjusted for 4.
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Figure 4.2 shows the CMB results for wood, diesel, gasoline, and casitingnd without C14
adjustments.The results are limitetb the sources with substantial fractions of carbon, and

totaled for the year. As with Figure 4.1, there are sizeable changes for Livermore and San Jose,
but little change for Oakland and Vallejo. For Livermore and San Jose, the estimated
woodsmoke andaoking concentrations have been adjusted downward and the diesel and
gasoline increased. The amounts of decrease in the woodsmoke and cooking concentrations are
approximately proportional as are the increases in gasoline and diesel exhaust.

4.0 -
Livermore unadj
3.5 - m Livermore adj
Oakland unadj
3.0 - .
c’vE? m Oakland adj
§> 25 - San Jose unadj
5 San Jose adj
= 2.0 1 g i
e Vallejo unadj
[
§ 15 - m Vallejo adj
@]
O
1.0 -
0.5 -
0.0
Wood Diesel Gasoline Cooking

Figure 4.2. CMB -estimated annual average concentrations for carbonaceous sources, adjusted and
unadjusted for C-14.

To summarize: 1. there are some substantial biases, 2. the degree of bias varies among sites, 3.
the bias is in one direction for Livermore and Sase] and 4. the proportional bias is roughly

the same among new carbon sources and among fossil carbon sources. Therefore, the following
adjustments were made to the individual CMB fits:

Livermore Oakland San Jose Vallejo
Rationale consistent bias | little bias consistent bias | bias
Adjustment | adjust all values | no adjustment | adjust all values | adjust summer

to ratio* to ratio* values to ratio*

* M ultiply new carbon sources byand old carbon sources by 1 +rjt,/c;, wherec, = new carbon concentian, ¢
= fossil carbon concentratioWhere r = f/f,, f,= (adjusted new carbon fraction 1d new carbon fraction)/2 and
fu = unadjusted new carbon fraction for a given season and site.
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4.4  Strengths and limitations

Knowledge of sourcesiustbe brought in at some point in the source apportionment process. A
strength of the CMB approach is that it incorporates prior knowledge of the composition of
various sources as part of the modes a result CMB is capable of differentiating pollutant
contributions from multiplesourceghatmay be confounded if theyye highly correlated, e.qg.,

brake wear and diesel exhaust

Animportantweakness of the CMB model is that it requires source profiles specifically tailored
to the ambient dataDue to chagesin regulatons the profiles of diesel, gasolinend perhaps
brake and tire wear have changedalifornia significantly, especially over the past decade
Another key change occurred in July 260@®e low sulfur fuel requirement for igls. Thus, the
availablesource profileswhich were mostly developed earlier in the decade or even the past
century,maydiffer significantlyfrom the actual chemical compositiofemissiongrom those
sources.

A second weakness is the assumptiah thesource compositiaarenormally distributedthat

is, with a bell shape and no large outliefhiere is no reason this must be the cdsm.

example, Figure .8 shows a histogram of chloride ion fractions from various cooking profiles,
i.e., how nuch saltwasused. The distribution is skewed, not balhapedMany profiles have no
salt, some have a small amount, and a few have quite a bit.

Figure 4.3. Histogram of chloride fraction in cooking profiles from EPA and CARB
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This distribution is clearly nenormal(under the assumption that all gales are equally
probable) Thus, we believéhat the use ahe Monte Carlo approach, which samples the clearly
non-normal distributions from individual source profile$fers an advantage
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The use oflie Monte Carlo approach offers another advantégeelects those fits that best
match the data within the likely ranges of the source distributions. If the actual source has
altered systematicallg.g., containgnore or less of one chemical speciesa/iss the others
than the source profile wouldiggest, then the Monte Carlo method will select those draws
where the random error is in the direction of the actual source profile.
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5. CMBResults

The results are presented with a focus on their connection with natiorateaaléM, s
standardswhich are set foannual and 2dhouraverage PMs. The latter standard focuses on
the highest daily Pl measurementsTherefore, we presettie results in terms of annual
average and pedkM, s concentrations We also present results by seasNiotethat in this
section, we presengsults for source categoriegction 6 provides estimates for individual
sources.

5.1 Annual averages

Figure 5.1 showannual averages of tlggiarterly averagesource contributions fromOlsource
categories by siteTable 5.1 shows the percentages for each ¥iteodsmokeand ammonium
nitrate are the two largesbntibutorsat every urban sif@veraging 25% and 22%8 the tota

respectivelymarine air dominates at the Point Reyes backgroundsjieesentingalf itstotal.

. Source Concentrations Annual Averages (@4 adj.)
H San Jose
m Livermore
Oakland
cé) m Vallejo
S 2 . B
g m Point Reyes
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0 |
AmSul  AmNit Geological Marine  Wood Ship Diesel Gasoline Cooking Brake

Figure 5.1 Annual averages of garterly averaged CMB estimatedconcentrationsfor various source
categories adjusted for Carbon-14.

Table 5.1 Annual sourcecategory contribution percentages, by site.

AmSul | AmNit Geological | Marine | Wood Ship Diesel Gasoline | Cooking | Brake
San Jose 11.1% 23.2% 2.1% 4.3% 25.3% 2.6% 8.2% 12.5% 9.5% 1.1%
Livermore 13.5% 24.6% 3.1% 7.0% 26.3% 1.4% 6.8% 9.7% 6.4% 1.2%
Oakland 14.1% 19.6% 3.1% 16.9% 20.9% 2.7% 3.7% 12.4% 4.4% 2.1%
Vallejo 12.9% 21.7% 2.6% 12.0% 27.7% 1.6% 4.2% 8.7% 6.7% 1.8%
4 Site Ave 12.8% 22.3% 2.7% 10.0% 25.0% 2.1% 5.7% 10.9% 6.8% 1.5%
Point Reyes | 12.2% | 12.4% 2.1% 53.7% 7.6% 5.7% 0.9% 2.2% 3.0% 0.1%
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Among anthropogenic sourgesnmonium sulfate is the third greatest urbaarcecategory
representing 1% of the total. Gasoline (nordiesel fossil) imextat 11% followed by cooking
(7%) and diesel (6%)

The contributions from the ship categamnglow about 26 at urban sites, and/®at Point Reyes
These ar@about halthe percentage estimatprevioudy, due to reductions in emissions that
started inJuly 2009

Geological contributios averaged? at urban sites, armakecontributionsaveraged..5%.
Fireworks were not shown, but averaged less than 0.1% at every site

5.2 Comparison with the Emissions Inventory

The CMB analysis includes source categories for ai §NMthe Bay Area, whereas the

Emissions Inventory is largely limited to directiynitted anthropogenic PM. The source
contributions estimated WYMB were compared with the Emissions Inventory where they
overlapped. This overlap excluded the secondary PM sources that CMB idéndifredonium
nitrate and sulfaté and also marine air. The Emissions Inventory sources were summed to
correspond to C categories. For example, residential fireplace and woodstove emissions
were added to the emissions from the burning of waste material and wildfires to correspond to
the woodburning category in CMBIt was assumed that CMB apportioned natural gas R in
the "Gasoline" category.

Figure 5.2 shows a comparison of CMB and2B&0Emissions Inventory for the seven source
categories represented in thgentory Shown are percentages of the total from those seven
sources.

45%

m CMB 4 Site Average

0, |
40% CMB 4-Site Ave (C-14 adj,

I

®m Emissions Inventory

Percent of the 7 sources

Geo Wood Ship Diesel Gasoline  Cooking Brake

Figure 5.2 4-site average peentage®f annualCMB-estimated contributionsdm sevensource categories vs.
2010 Emissions InventoryThe percemtyges are out of the totalf the severtategoriesnot total PMs. Shown are
results fromCMB analyses both adjusted and unadjustedCtmbonl14.
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The figure shows rough congruence between the EI and CNfBboth, woodsmokas the
largest source among the overlapped categoriesgreatsor greatethan diesel and gasoline
contributions combined. In both CMB and the t&k ship emissions are only a few percent.

There are some significant discrepancies, howe@eological dusestimates arever three

times as much of the PMin the El as in CMB.The CMB estimatds likely closer taheactual

dust percentage immbient concentrations. Geological dust has a clear chemical signature.
Silicon and aluminum are two of its major components. The lack of high ambient concentrations
of these elements implies that there is little geological dust in the air sampéeterbht the
monitoring sites. Part of the discrepancy likely arises because the El estimates what is emitted
into the air, not what stays in the air. Geological dust is composed mainly of larger particles (>
2.5 microns)hatsettle out of the atmospleein a matter of hours. Products of combustion are
mostly smaller particles (< 1 microtf)atcan staysuspendetbr days. Thus, a larger proportion

of the combustion emissions will remain suspended long enough to reach ambient monitors. The
same explaation may apply to brake wear, which is also composed mainly of larger particles.

As with geological dust the EIl estimates are several times those of CMB

The values for diesend gasoline are both larger in the El than with CMB. The "gasoline" El
catggory includes all natural gas emissions as well. The valuegoiod burningand cooking
are correspondingly less the El than CMB

The values for the ship contribution are close. Hawéh the EI and CMB have considerable
uncertainty This is becase he El uses a somewhat arbitragean boundary of 3 km beyond
which ship emissions are not count@idCMB uses a ship profile based on a fuel that is no
longer used near part

The EI cooking estimate is considerably lower than the CMB estini&is.isthe oppositeof
the previous estimates) the previous El, whereondensablearticles were included, the
cooking estimate was highelf roughly half of condensablearticleswere includedn the E|
the two estimatesould beclose.

TheC-14 adjustedCMB percentage arecloser tothe Elfor most categoriesadding credence to
the value of the adjustment

5.3 Peak concentrations

Figure 5.3 and Table 5show the CMBestimated source contributions for the 10 days thi¢h
highest PM s concentrations at each site. The goal is to identify?tlesources on days when
the 24hour PM 5 concentrations are elevated

At every urban sitethe largest source is ammonium nitrate, contributing almost 40% of the total
on average Woodsmokeaddsanother30% Thesetwo sourcegontribute more to peak
concentrations than to tlaenual averagé&ngineexhaustdieselplusgasoline contributes about
15%, similar to its annual average contributiohll other source$ ammonium sulfate, cooking,
mairine, geological and shipcontribute les$o peak PMsthan to annual
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Source Concentrations Peak Days (T4 ad;.)
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Figure 5.3 Average of concentratiorisom the 10 days with highest BMconcentrations at each site.

Table 5.2 Peak source percent contributions, by site

AmSul [ AmNit Geological | Marine | Wood Ship Diesel Gasoline | Cooking | Brake
San Jose 6.4% | 38.0% 0.7% 0.4% | 27.5% 1.1% 13.2% 8.6% 3.1% 1.1%
Livermore 6.4% [ 40.1% 0.8% 1.2% | 33.1% 0.4% 6.0% 7.7% 3.9% 0.6%
Oakland 11.2% | 37.0% 0.7% 2.6% | 22.8% 1.1% 4.9% 13.8% 4.1% 1.9%
Vallejo 6.2% [ 41.7% 0.3% 1.1% | 34.9% 0.1% 5.1% 4.8% 5.0% 0.7%
4 Site Ave 7.4% | 39.2% 0.6% 1.2% | 29.7% 0.7% 7.7% 8.5% 4.0% 1.1%
Point Reyes | 12.0% | 23.6% 0.4% | 46.2% 8.9% 1.0% 1.4% 1.9% 4.4% 0.1%

5.4 Goodness of fit

Evaluating goodness of fit is challenging. tBeone handthe fits gpearvery goodbecause

eachCMB fit is based on the top 25 out of 100,000 trigdn the other handhe chisquare
statistici a standard measure of goodness daffite p e nd s
If the lab claimghat its measurements are very precise, then thegetaire statistic will be

larger. Thus, @ross the 864its from thefive sites a chisquare test found significadeviatiors
in 141, or about onsixth. All but eighto f

t hese

where thaeportedab error was much smaller.

Another way to estimatgoodness of fits to compare the observed and estimated vallies.

on

a

abos

eval

i pr o intIReysssonSamlese,e f

calculated mass and measured mass are compared in Figure 5.4.1. The calculatedanass is th
sum of the CMB source profile coefficient®ver 99 of the fits met the EPEMB application
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criterion that the ratio of calculated mass to mesgmasshouldbe betwee®.8 and 1.2 (EPA
1990, page 57), excefar Livermorewhere it was 97%f the fits

Measured Mass vs. Sum of CMB Source Contributions
SITE
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B Oakland West A
g PointReyes
"é’ A SanJose 4 \ y =X
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8 10_
=

0

0 10 20 30 40
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Figure 5.4.1. Measured mass vs. CMBcalculated mass.Calculated mass is the sum of CMBtimated source
contributions Also shown is the line y=x where the measured mass = calculated mass.

Wecancomputan “fiRst ati stic for each of the species
squared residual with its sample variance, that @, fito 8 hw are the measurements for
species i, and the corresponding CM&imated values ate hw 8 hw , define

B o w
B W W

v 0

for the R of species i. Figure 5.4.2 shotese values for each site. For nitrate and sulfate, the
values are virtually 1 because they soerce categories themselves. Otipercieswith high R
values include calcium, chlorine, iron, organic carbon, potassium, and silicon? VaiuRs for

iron are over 0.99%erhaps becausieevery low uncertaintyf iron measurementsparts a
significantinfluence onthe CMB fit. Converselylow R? values foundn some cases may be
becaus®f errors inspecis measurments For example, manganesed nickelalues are rarely
above theorresponding measurement standard devidtiohivermore, West Oakland or

Vallejo, just the sites ith R? values less than 0.3oint Reyes, with a high percentage of
measurements above the correspondtagdard deviatiorisad an average’®f 0.92aaoss
species, compared with 0.660.7 for the other sites.
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Percentage of Variance Explained by Species and Site

Vallejo

i@ Aluminum Bromine Calcium Chlorine Chromium
miNIRINED I
oo Do O -
Copper Elemental Iron Potassium Magnesium
1.0 = e 0 = e e —
H H | [ |
o 00
E i@ Manganese Nitrate Sodium Nickel Organic
S L = — - — - —
Pl 1 [ [0
o ooLr= O | O
i@ Lead Sulfate Selenium Silicon Strontium
0.5 ]
10 O n ¢ H ] []
. T T T T T T T T T T
Titanium Vanadium Zinc g i H’;\ 8 2 g i 5’; 8 2
1o w — ] £ 2 § 2 5 € 2 & 2 3
5 T % (% > 5§ T % (% >
0.5 2 & 5 2 8 5
00-LL r T T © S
: N : :
= £
5 3 5 ]
> 0 > «
5 5

OaklandWest
PointReyes
Vallejo
Livermore
OaklandWest
PointRey es
SanJose
Vallejo
OaklandWest{— ]
PointRey es—

Site

Figure 5.42. Percentage of variance explained. Rralues for each site and species.

An examination of the residudlghe difference between the measured concentration and the
concentration estimated from CMBoffers some clues to missing or syecifiedsource

profiles. Figure 5.4.3hows the mean of the residuals by species andigitked by the mean

for that species. A positive residual indicates that the observed concentration was larger than the
CMB predictionand a negative residual indicates the oppogiteo shown are 95% confidence
intervals for the mean of the residuals.

For example, in the plot for aluminum in the upper left, the valu®&iandis 0.30 so that, on
average, the measured values were 30% higher than the corresponding prediete@halu
confidence interval was 0.18 to 0.4lh this case, the CMB model substantiallydeestmated
aluminum concentrations

Several features stand otihe Elemental Carbon concentrations were overestimated at every
sitei by several percent, excdptr San Jose where the overestiotvas large. Wauspect

that this is a reflection of the cleartaurning diesel engines. The San Jose anomaly may be a
measurement issue.

Vanadium concentrations were almabstantidl overestimated except for PoiReyes. This is
likely because of the new rules requiring shafing the California coasd switch from residual
fuel oil to marine distillate, which has much lower vanadium concentratiansthe ship profile
used in the CMB analysisvhich was develag for residual fuel gjland it suggests Point Reyes
gets a substantial fraction of its ship emissions from ships further from shenes the CARB
rule doesndt apply.
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Species Residuals as a Fraction of the Species Means
and 95% Confidence Intervals
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Figure 5.43. Meanresidual error (observedi predicted) as a percentof mean for speciesn CMB. Also
shown are 95% confidence intervals for the mean, and zero lines where observed = predicted.

Silicon is overestimated for Livermore, Vallejo and West Oakland, and underestimated for Poin
Reyes. The pattern with aluminum is the reverse. This may indicate a limitation with the
geological profile and/or differences resultingrfr varying measurement accuraayong labs.

Chromium is underestimated fall sites where it was measurgubssbly indicating an
unidentified sourcer a lab measurement issue.

Selenium was vastly underestimated at West Oaklancsidualplot showed severaksiduals
where the measured value was many times the predicted (although the median residual was
actually negative). This suggests an omitted source that registers intermittently.

Note that therarelarge variatios from species to species in the range of fractidisamples
includesulfate and nitrate, whose means differ by less than 0.4%zeam On the other

extreme are vanadium and selenium, where the mean residual is larger than the species mean in
absolute value, i.e., the predicted values average more than double or less than half the measured
values. In some species, very small relatdifferences were atistically significant, e.g.yon

where the differencesereabout 1%2% of the mean These differencesereso smaltthatthey

lack practical significance.

Measurements may differ by lab. Livermore, West Oakland and Vales@measuredby the
sameab, while San Jose and Point Reyeseeachmeasured by different lab Note a pattern
for aluminum, manganeseickel, lead, and zinc, where the former thetes have values that
differ from the othetwo.
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5.5 Analysis by season

Figures 5.5.1 5.5.5 show CMB results by seadon each site PM, s concentrations are highest
in Nov-Jan. We defined this period as the winter seasOther seasons are defined as follow:
spring agrelruary-April, summer as Mayuly, fall & August-October. At every site,

ammonium nitrate andboodsmokeare much higher in the winter season, as expected. Diesel
and gasoline are adighest in wintedue to in partvi n t geeaté atmospheric stability

Marine is lowest in wintempeaking insummer Thisreflects the fact thastagnant conditions
with easterly drainagairflows are common in winter monthsn ¢ontrastthe windsthat blow
the rest of the yeare typically westerly, cariyg marine air from the Pacific Ocean.

Ship emissinspeak in thesummer at West Oakland and Point Reyesaghly paralleling marine
emissions. Ammonium sulfatelesss variabldrom season to seasdout peaks iffiall at every
siteexcept Point ReyesCookingpeaks in fall or winter

Geological dust andrake wear are low in every seasd@seologicaldustis lowest in winter,
which would make sense as a combination of winter conditiorsrofindow windswhen it is
not raining
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Figure 5.5.1. PM ssource contributions by season, West Oakland, 200801 1.
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Figure 5.5.2 PM, s source contibutions by season, Livermore 2000-2011.
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Figure 5.5.3 PM, 5 source contibutions by season, San Jos@0®-2011
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Figure 5.5.4 PM, 5 source contibutions by season, Vallejo20M-2011.
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Figure 5.5.5 PM,ssource contibuti ons by season, Point Reyes, 202910.

5.6 Comparison with apportionment of data from 1999 -2001

For the purpose of comparing tapportionmenof data from20092011 withdata from1999
2001,we appliedhe same methodologgpmputer program, and source profilesed for 2009
2011to the 1992001 data Because €14 data for the 1992001 weraunavailable, we used the
unadjustedits for both periods

In each period, there were five sites, but the locations varied; thevsitepairedas closely as
possible The sites at Livermore and Point Reyes were the s&ar.Jose Jacks¢8JJ)
operating in 2002011, was pairedvith San Jose"4St. (SJ4) which operated in 1992001.
Oaklandwas pairedvith San Francisco (bottrlan sites influenced by marine air), and Vallejo
was paired witlBethel Island (botlsites influenced by Central Valley BN but clearly with
Vallejo being an urban site)t ik important to keep imind that they are different in the
following comparisons

The periods compared are short and may be affectddfbyentmeteorology to some extent.

The winter of 2002001, in particular, wasoreconducive to high Pl As a matter of fact it

was the most conducive wintanang all the years i data. The winter of 1992000,

however, was moderatievertheless, the comparison is based on annual averages, averaged by
guarter therefore despitesome impact from meteology, the influence of meteorology is not
expectedo be substantial.

Figure 56 shows a soureby-source comparison of the apportionments in the two peasds
discussed below:

Marine air is not impacted byrends inanthropogenic emissionglowever,we did not find
identical concentrations for this category for the two pisjieven at Livermore and Point Reyes.
This suggestthatwe might expeca considerable amount of variatiust by chance as opposed
to asystematidrend.
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Geological dustshows an inconsistepattern, though the difference between SJ4 and SJJ may
represent a difference in the emissions in the immediate vioh#ach site

Total PM;ss hows reductions for every pair, averagi
shows only a marginal reduction, but in part this results from being heavily influenced by marine
air.

The most dramatic and significant drops occurred digselandgasolne concentrations, each
estimated to have dropped by 2/3 on average at urban Siiessum of these fossil sources was
comparable to ammonium nitratewoodsmokean the 19992001 periodbutthe combined
contribution is apparentlgssin the 20092011 period Comparinghe 2000 alues with the
2010valuesfitted with Carbonr14, there is stila drop of more than %z in diesel plyssoline at
every urban sité

Ship concentrationshow reductions similar to those of gasoline and dieBkis comportsvith
reductions in ship emissioespected toesult from a requirement for using cleaner burning
fuels neathe shoreline

Ammonium nitrate droppedby about 40% at urban sites,%2@t Point Reyes.

Cooking concentrations dropped abdfi% on average. Some of this decrease may be the result
of the Districtés charbroiling rule.

Wood burning shows some reduction at Livermore, the only urban site with data from both
periods. If analysis is limited to the period where most wood burning octlogemberl5
through Fekuary15, howeverthe reductions at Livermore and Point Reyes were both 40%.
(See Section 5.9)his finding is consistent with District wodalrning surveys, whh also
indicate a reduction in the amountvedod burning

Ammonium sulfateremained essentially unchanged.

" If anything, this underestimates the drsfnce the 2000 data were fit without thel € measurements, and limited
C-14 analysis in the previous study suggested that new carbon wa®presented there also.
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Figure 56. Comparison of2000and 2010 annual averagesource apportionment results.
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5.7 Comparison with Central Valley sites

Estimatingthe sources of Pp4 in the Central Valley is useful foegeral reasongo help
validate the CMB model, to help validate the CMAQ Bishulationswhich include the Central
Valley, and to provide information on the composition of ZNfom sites that macontribute to
Bay Area pollution through transport.

Speciated Pls data were downloaded from AQS for selected Central Valley coufrbes
Butte in the north to Kern in the soutBamples with incomplete data were eliminatétie
analysis was limite to 20092010. To ensure comparability, CMB analysis was done with
OC/ECrather than €14 for the Bay Area as well as the Central Valley sitéable5.3lists the
Central Valley sites analyzed.

Table 5.3 Sites with speciated PM s data from selected CentralCalifornia counties

# samples

Site County analyzed 1st date last date
Chico Butte 85 | 4/1/2009 | 10/26/2010
Sacramento Del Paso Sacramento 189 | 4/4/2009 | 11/7/2010
Sacramento T St Sacramento 79 | 4/7/2009 | 10/26/2010
Modesto-14th St Stanislaus 55 | 10/4/2009 | 10/26/2010
Visalia Tulare 50 | 11/3/2009 | 10/26/2010
Fresno Fresno 185 | 4/1/2009 | 11/7/2010
Bakersfield Kern 103 | 7/21/2009 | 11/4/2010
Sequoia N a tPérk-Ash

Mountain #2 Tulare 119 | 1/1/2009 | 12/30/2009

The CMB modelwasrun using the same methodology as for the Bay Area with the exception
that the ship profile was excluded. The results are combined with those of the Bay Area and
presented in the figures below, showing anifaaérage of quarterly averages)d peak (top 10)
CMB-estimated source contributions. Several features stand out:

1 There isgenerally a gradient of increasing annualB&om north to south in the
Central Valley driven by increasing concentrations of ammonium nitrate.

1 Ammonium nitrate concentratioase higher in the valley than the Bay Apxrhaps
because of higher ammonia emissions from farming operations and the extensive use of
fertilizer. Ammonium sulfate concentratiomsthe two areaare similar.

1 Annual concentrations efoodsmokeare highein the valley, which could be from
residentialwood burning but alsowildfires and/or secondg organicPM (PM formed in
the atmosphere from gaseous carbonaceous molecules)

1 Woodsmokes a majorfactor in peak PMs at severaCentral Valleysitesi Freso,
Sacrament®el Paso, and especially, Chico.

1 Diesel + gasoline + brake wear are relatively small across Jites.may be due, in part,
to CMB underfitrelative tonew carbon sources.

1 Althoughthere wasnoregeologicaldustin the Gentral Valley tharihe Bay Area,
concentrations were well under 1 pd/except at the Bakersfield site.
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T Ammonium sulfate is amall butconsistent factor, yielding a not insignificant 1 pgtm
2 ug/nt across sites.

Source Contributions to Annual PM2.5 Concentrations
CMB Estimates for Bay Area and Central Valley sites, 2009
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Figure 5.7.1 Source contributions to annual PM2.5concentrations. CMB estimates for Bay Area and Central
Valley sites, 2002010
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Source Contributions to Peak PM2.5 Concentrations
CMB Estimates for Bay Area and Central Valley sites, 2009
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Figure 5.7.2 Source ontributions to peak PM2.5 concentrations. CMB estimates for Bay Area and Central
Valley sites, 2002010

5.8 Reduction in ship contributions

A CARB ruleto reduce sulfur in ship fusbok effect n July 2009%that was expected to reduce
PM, s emissions fronships neathe California coastlinby 75% (QARB 2011). Figure 58

shows a plot o€EMB-estimatedtontributions to annual ambient B¥rom shipemissions

before and since July 2089. The estinated drop was considerable at fofithefive sites and

in line with the expected reductions from the ridspite the fact that the ship emissions source
profile was based on the pdely 2009 ship fueformulation The drop for Point Reyes was
large, though less thdar Livermore, Oakland or Vallejo. This mée because a significant
fraction of the shiglerived PM s Point Reyes receives is emittegships beyond the limit of

the CARB rulethat coninue to use residual fuel oil

8 An effort was made to provide comparable-@ned postestimates. LivermoreandVaej o each had a ye:
worth of data before and after July 2009, so quarterly averaged annual averages are shown. For San Jose, the data
begin in the ¥ quarter of 2009, so we compared this quarter againsf'{lygi&rter of 2010. For Point Reyes, a full

year was available before & after, and therefore used. For Oakland'ahd 2“ quarters of 2009 were available.

We compared the average of these against the annual average since July 2009. A compattsod'aitd 2°

guarters of 2010 suggests even a bigger drop in shig Bdhcentrations.
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Figure 5.8. CMB -estimated annualPM, s concentrations fromship emissions before and since July 1, 2009.

5.9 Trend in Residential Wood Burning

The District adopted WoodBurningRule in July 2008 (BAAQMD 2008&hat prohibits wood
burning on dayshatthe District predicts the national 2%ur PN s ambient air qualitgtandard

will be exceeded

Responses

t o

t h ee Sparedhe Aii Strvae@idscatea n n u a |

that wood burning may have been reduced snbatly overall.

To investigate whethehé source apportionment analysis corrobarthtis trend we analyzed
the period when most wood burning occutdovember 15hrough February 15Data from just
before 2008 were not available, so we again compared with data fror2Q999And, asin
section 5.6the comparisons weraadefor CMB analysis excluding-14.

Figure 5.9 shows the mean concentrations for 2010 and 2000. There aaatgallvstiuctions
for each comparison. The two sites tre@hained in the same locatiorLivermore and Point
Reyesi both show reductions of about 40%; the other pairs show divergent reductions, but this
could be because of divergent local conditions.
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Figure 5.9. CMB -estimated Nov 15 through Feb 15meanwoodsmoke concentration2010vs.200Q The
values above the bars represent the percent reduction from 2000 to 2010.
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6.  Apportionment to Individual S ources

The CMB analysis provides estimates & contributions from sourceategories To make

an apportionment to individual sources, we need to incorporate information from elsewhere
namely the Distr i cTthéEdwagusedspsovide breakdowns ferrsdveral y
CMB categories of idectly emitted PM sl gasoline, diesel, and geologicito estimates for
individual sources For secondary Pp4, our PMair qualitymodelwas used tprovide

estimates of the contribution$ various precursors, anide H was then usetb apportion
contributors to those precursors.

6.1 Apportioning secondary PM

SecondaryPM forms with the presence girecursors NOandammonia for ammonium nitrate
and SO2 and ammonia for ammonium sulfatee District has simulated secondary 2Msing

the CMAQ nodel (Tanrikuluet al 2009). The model shows that ammonium nitrate is reduced if
either precursor is reduced, though not in equal proportion. The same holids &enonium
sulfate.

The goal of source apportionment is to attridbeecontribution of certain amount of emissions
to a certain amount of concentratioBut how can the contribution tfo precursorde
guantifiedif both are necessary for the production of the secondary compotmelfate that the
secondary compound is producedmnsgenera) dependent on the relative amounts of the
precursors and also atmospheric conditidhsrtunatelythe CMAQ modelis capable of
estimatingthe rates that secondary R84 educedn response to reductions fpmecursor
emissions

Table 6.1 shows the reduction in populatieeighted concentrations of ammoniunitrate and
ammonium sulfate resulting froen10% reduction in their precursaisnulated by CMAQ We
used the ratios 52.9 to 35.8 and 25.2 to 15.7 to apportion ammoniute aiithsulfate
concentrations ttheir precursor emissions.

Table 6.1. Reduction in per capita exposure concentration (ng/m3) per 10% reduction in emissions

NOXx SO2 Ammonia
Ammonium Nitrate 52.9 0 35.8
Ammonium Sulfate 0 25.2 15.7
* Values computed using the Districtds Multipollutant Evalua

6.2 Apportionment to individual sources

Table 6.2 showthe apportionment of source categories to individual sourteis. table
represents contributions on annualbasis thus estimates of contributions tnnual average
PM,s The largest individual sourcewgod burningrepresenting 25% of the total; residential
wood burningepresents about 80% of this, or 20% of the tofdlenext largest sources ave-
road gasoline vehiclg40%), (nonanthropogenicinarine air(10%), cooking (9%).and
refineries (8%)
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Table 6.3 shows the apportionment to individual sources on day$igt PMs. Wood
burningremaingthe largest individual source, representbgut 28%of the total. Orroad

gasolineand diesel contribute 14% and 10% respectively, more than their annual totals. This
greater contribution results from their being thajor sources of NOx emissions, and hence

major ammonium nitrate precursors. Domestic, landfills/compost and farm livestock also
contribute more, being large sources of ammonia emissions. Other sources, including refineries
and marine air contribute cespondingly less to peak BMthan to annual
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Table 6.2. Apportionment ofannual averageCMB source categories toindividual sources

Annual averageacross four sitepg/m®)

Emissions from the Annual 20liiventory (t/d)

Ammonia

% of Direct | AMMO- | AMMO- | oo | prake | | CaTPOR Inventory*

total Total PM, . nium . nium logical | & Tire aceous Geg Bra!<e '
Sources i Nitrate Sulfate’ PM, 5 logical | & Tire | NOx SO2 | Ammonia
Wood burnind 25%| 2.18 2.14 0.018 0.017 14.82 2.57 0.53 320
Cooking 9% | 0.76 0.76 0.000 0.000 1.79 0.00 0.00 0

OnRoad 3.63
On-Road gasoline 10%| 0.90 0.09 0.456 0.083| 0.140| 0.132 0.80 3.90| 100.56| 0.78 4056
OnRoad diesel 7% | 0.58 0.27 0.306 0.002 2.70 91.17| 0.08 6
Off-Road 0.39

Off-Road gasoline 3% | 0.29 0.19 0.094 0.000| 0.007 1.62 28.09| 0.00
Off-Road diesel (except
farm and construction) 2%| 0.15 0.09 0.047 0.000| 0.007 0.91 14.05| 0.00
Ships 3% | 0.25 0.18 0.028 0.041 0.88 8.27 1.82
Aircraft 1%| 0.10 0.05 0.038 0.021 0.40 11.26|( 0.91
Trains 1% | 0.06 0.02 0.036 0.000 0.24 10.70| 0.00
Refining 8% | 0.70 0.31 0.049 0.340 2.62 10.65| 14.56 460
Power Generation 2% | 0.18 0.14 0.034 0.014 1.16 8.63| 0.49 164
Domesti¢ 7% | 0.59 0.14 0.304 0.146 1.19 12.21| 0.09 8962
Landfill 1% | 0.06 0.02 0.021 0.017 0.17 0.81 0.31 617
Compost 1% | 0.10 0.068 0.037 2307
Livestock/Farm 3% | 0.22 0.03 0.125 0.058| 0.009 0.31 0.24 5.92 0.00 3603
Construction 2% | 0.16 0.07 0.045 0.000| 0.042 0.69 1.10 13.45| 0.00
Soils (biogenic) 2%| 0.18 0.119| 0.065 4057
Marine 10%| 0.85 0.85 0.000 0.000
Other 5% | 0.40 0.119 0.258| 0.027 0.70 20.63| 10.09 1703
Total 100% | 8.72 5.35 1.91 1.10 0.23| 0.13 30.30 6.06 3.90 | 338.97| 29.66 26255

#Total from CMB annual averagexcross four sitesindividual terms apportioned according to NOx and ammonia emissions in the ratio of 52.9 fior 388 for ammonia.
® Total from CMB annual averagexcross four sitesIndividual terms apportioned according to SO2 and ammonia emissions in the ratio of 25.2 for SO2 to 15.7 for ammonia.

¢ Ammonia InventorySTI 2008

d . e . . .
Includes residential fires, accidental fires, controlled burns, and cigarette smoke.

¢ Includes domestic natural gas for heating and cooking, plus dog, cat and human respiration.
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Table 6.3 Apportionment of peak CMB source categories to individual surces

4-site average, annual averaggg/m®)

Emissions from th&Vinter 2010inventory (t/d)

Ammonia

% of Direct | AMMO- | Ammo- | o, | Brake] | Carbon Inventory*

total Total PM, 5 m.u m a nium logical &. aceous Geg Bra!< e .
Sources Nitrate Sulfaté’ Tire pm2.5 logical | & Tire | NOx S0O2 | Ammonid
Wood burning 28% | 7.04 6.94 0.076 0.017 18.47 1.94| 0.25 320
Cooking 4% | 0.93 0.93 0.000 0.000 1.75 0 0 0

OnRoad 3.50
On-Road gasoline 14%| 3.45 0.20 2.265 0.130| 0.088| 0.770 0.80 3.90| 107.29| 0.77 4056
On-Road diesel 10%| 2.53 1.05 1.479 0.003 2.70 93.68| 0.08 6
Off-Road 0.40

Off-Road gasoline 3% | 0.78 0.33 0.443 0.000| 0.005 1.32 28.09( 0.00
Off-Road diesel (except
farm and construction) 2% | 0.59 0.36 0.222 0.000| 0.005 0.92 14.05| 0.00
Ships 2% | 0.54 0.34 0.130 0.067 0.24 8.27| 1.82
Aircraft 1% | 0.29 0.08 0.173 0.032 0.34 10.94| 0.88
Trains 1% | 0.26 0.09 0.168 0.000 0.24 10.677 0
Refining 6% | 1.40 0.64 0.231 0.531 2.56 10.50| 14.20 460
Power Generation 2% | 0.47 0.29 0.160 0.022 1.15 8.65| 0.49 164
Domestié 9% | 2.20 0.42 1.553 0.231 1.68 18.28| 0.13 8962
Landfill 1% | 0.17 0.04 0.100 0.027 0.17 0.81| 0.31 617
Compost 2% | 0.38 0.326 0.058 2307
Livestock/Farm 3% | 0.81 0.12 0.601 0.091| 0.005 0.30 0.20 5.89| 0.00 3603
Construction 2% | 0.48 0.27 0.184 0.000| 0.025 0.69 1.00 11.67| 0.00
Soils (biogenic) 3% | 0.67 0.573 0.102 4057
Marine 3% | 0.85 0.85 0.000 0.000
Other 4% | 0.93 0.500 0.412| 0.018 0.70 16.44| 10.09 1703
Total 100% | 24.77 12.94 9.18 1.72| 0.15( 0.77 33.33 5.80 1.25]| 347.18| 29.02 26255

®Total from CMB, 4site annual averages. Individual terms apportioned according to NOx and ammonia emissions in the ratio of 52.9 for.8{fox &onB5orea.
® Total from CMB, 4site annual averages. Individual terms apportioned according to SO2 and ammonia emissions in the ratio of 25.2 for7S@2ammbnia.
¢ Ammonia Inventory: STI 20Q8Units are tons/year.
4Includes residential fires, accidental fires, controlled burns, and cigarette smoke.

¢ Includes domestic natural gas for heating and cooking, plus dog, cat and human respiration.
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7. Summary and Conclusions

This analysis accounts fand apportions to sourcesl but a small fraction of the Bay
Ar e a &s The Bimilarity between the CMB results and the Emissions Inventory
strengthens the conclusion that the apportionment is approximately correct.

7.1 Source contributions

By combining the CMB model results with the Emissions Inventory, the contributions of
individual sources to ambient BMwere estimated, including botlirectly emitted®M, s and
PM, s created in the atmosphere frdine precursorsNOx, SQ and ammoniaThe results
were:

1 Wood burningemains the number one source of Bh the Bay Area, contributing
25% oftheannualaverage concentrati@andalmost30% of thepeak PM s
concentrations Of this, most is residenti@ood burning representing approxirtely
20% on an annual basis and 25% of peak PM

1 Gasolineemissions frm on and offroad vehiclesand equipmentontribute
approximatelyl5% of the total. Diesel emissionsofm on and offroad vehiclesand
equipmentontribute approximately 10%.

1 Marine air contributes 10% to annual Pibut only 3% to peak PMs.

1 Shipscontribue only 2%-3% because of the new ship r§feARB 2011)

1 Domesic emissiong from space and water heaters, and ammonia from human and
pet respirationi contribute 86-9% of annual and peak PM.

1 Refining contributes ® of annual an@% to peak PMs.
1 Cooking contributes 9% to annuaid4% topeakPM,s.

1 Smaller sources include: livestock/farms (3gonstruction (2%)power generation
(2%), biogenic soil emissions (2%), landfills (1%), compost (1%), and aircraft (1%).

7.2 Reductions from 2000

One striking resulis the dramatic reduction in contributions from motor vehicles, both diesel
and gasolineln the earlier report (Fairley 2008), which analyzed data from 200@nzh
off-road vehicles q@resented 30% of the contribani to annual Plys concentrations and 40%
to peak. A decadllater, these represent only22@f annual PMs and30% of thepeak.

43



These reductions are due to reductions of emissions of both dirggtaPlfa key secondary
PM precursoyNOX.

There has been a sizeable drop in ship emissions also, previously representing 10% of PM

Other sources, includingood burningand caking, have also declinetut because of the
greater declines in motor vehicle contributions, the percertagebution fromthese other
sources has remaineelatively constant.

7.3 CMB and Emissions Inventory roughly comparable

Thepercentages dEMB-estimatedtontributions to PMls concentrations are roughly
comparable tohe corresponding percentages of emissioriserEmissions Inventory. Both
showwoodsmokeas the largest single source of directRmissions withthe percentages

for dieselandgasolineconsiderably smaller. Ship emissions are only a few percent in each.

One discrepancy is geologicalsiuwhere the El estimates 15% compareéde than 5% for
CMB. The identificatiorof geological dust by CMB has little uncertaimtyd islikely to be
closer to the true ambient fraction at the monitoring sites. One likely reason for the
discrepancy is that the El estimates what gets emitted into the air, whereas filters measure
what stays in the air. In contrast to PMrom combustiongeological dust consists mostly of
larger particles that settle out of the air relatively fast. There is a similar discrepancy for
brake weaemissionswhich also tend to be larger particles.

Anotherdiscrepancy is cooking, where emissionsmateh les thanthe CMB estimatesThe
current EI omits contributions frocondensablgapors. Previously, these had been included
and the EI cooking emission percentage was then considerably larger than the CMB
estimates. This suggests that some ottraenshle vapors become PM.

7.4  Comparison with Central Valley sites

Bay Area urban concentration6PM, sare similar to those in Sacramento but smaller than
those forthe San Joaquin Valley citiesf Modesto, FresndVisalia, and Bakersfield. One
majordifferenceis that ammonium nitrate concentratianghese San Joaquin Valley cities
aredouble to triple those of the Bay Are&/oodsmokes a large component of Central
Valley PM, 5, as it is in the Bay Arealn fact, it is larger in several citiesptably Chico,
where it accounts for half of its PM It is possiblethat more of Central Vallewoodsmoke
derives from wldfires T the annual Central Vallewoodsmokepercentcontribution is over
30% compared with 25% for the Bay Area.

7.5 Changes to the previous source apportionment methodology

The key change from the source apportionment for -Z28E was the application of a new
methodologyi a Monte Carlo approach to fitting CMB. This facilitated the inclusion of
seweral new source profiles
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The previous source apportionment used only wood, fossil, geological, fireworks, and marine
profil es. This anal ys ivewoddmokei, d efidwi il wlof o dr ce 6i natnod
Acookingo; divided Afossil o intoveaidi esel 0 anc
Considerable efforvent into refining the source profiles.

The results were partly successful. The splits betwamusmokeand cooking, and between

diesel and gasoline appear reasonable. The concentrations of brake wear appear consistent
withtheEL. The spl it betwoodsmokéimedi dewnt d&di reo was n.
yielding large samplo-sample variability. Thus, these were combined into one

fwoodsmoké t ot al

Another addition wat useammonia from the El in the apportionmenitndividual sources.

This led to finding additional sources of Bay AreafNhcluding landfills and compost and
suggesting that domestic emissiorsr@among the largesources.
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Appendix A. Source Profile Development

This appendix discusses refments made ithe source profiles used in the latest CMB
analysis.

Al. Marine Air

Some of thembient PM5sin the Bay Area blows in from the ocean. It includes sea salts and
also some ship emissions. This section focuses on developing profiles for the sea salts.

Figure 1.1 shows the major salt constituents.

Sea salts Sea water

Water
96.5 % (965 g)

Sulfate
T7% (27 0)

Calcium Magnesium
12% @42 1T%3g salt
Potassium Minor constituents 8% @ g
11%@asg 17% @25 Quantities in relation tn 1 gy o 1 litre of sea witer

Figure 1.1 Major sea salt componeis. (Source:http://enwikipedia.org/wiki/Seawatgr
Table 1.1 has a more detailed breakdown.

Table 1.1.Sea water components

Atomic
mol/kg weight relative mass in ocean % of salts

H20 53.6 18 964.8000

Cl- 0.546 35.453 19.3573 54.9924
Na+ 0.469 22.9898 10.7822 30.6313
Mg2+ 0.0528 24.312 1.2837 3.6468
S042- 0.0282 96 2.7072 7.6909
Ca2+ 0.0103 40.08 0.4128 1.1728
K+ 0.0102 39.102 0.3988 1.1331
Br- 0.000844 79.909 0.0674 0.1916
Sr2+ 0.000091 87.62 0.0080 0.0227
Sum of listed non-H20 species 35.02 99.4807
All non-H20 species 35.20 100.0000
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We use the percentages in the last column for the assumed distribution of fresh marine air.
Measurements

Measurement precision and accuracy limit the identificationarine species. Sodium and
chloride are welidentified even if the concentration of marine air is low. But some of the
other species listed in TablelInay not be welidentified. This limits their effectiveness in
estimating the amount of marine amd also other sources that may share some of these
species.

The Point Reyes IMPROVE site is near the ocean, with lower concentrations frem non

marine sources with shared species. It also has the smallest reported uncertainties. In fact, at
least 97% ofts 176 observations had measurements above the uncertainty level for every one
of the species listed in Tablelexcept for elemental chlorine (82%), but including chloride
(100%) (see next section). The correlations among the species were highengttception,

sulfate, which has several other sources, including ships and refineries. The correlations
among chloride, chlorine, sodium, magnesium, calcium, and strontium were all over 0.75.

The correlations witlpotassiunwere somewhat lower, but still at least 0.6; potassium is also

a key species in woodsmoke.

For San Jose, sodium, sodium ion, chlorine, and magneditnadatorrelations at least 0.6,

but the correlations with other marine species were lower. Calcingentrations were

always above the uncertainty level, but it was only weakly correlated with other marine
constituents. It is a component of geological dust and tire wear, but its values were poorly
correlated with thessourcesalso. Potassium was wewgldorrelated with marine species but

had correlations above 0.6 with organic and elemental carbon and, interestingly, with copper.
Organic carbon is the major constituent of woodsmoke. Bromas®my weakly correlated

with other marine conguentsandmore strongly with several species including organic

carbon and iron, indicating other sources predominate for this species. Strontium has few
values above its uncertainty and no correlations above 0.2.

For Oakland and Vallejo, sodium and sodium iogiitie and chlorine, and magnesium are

all highly correlated. For Livermore, calcium is not highly correlated with marine species but
is with silicon, suggesting most of its calcium is geological. As with San Jose, potassium is
highly correlated with orgnic carbon at these sites, but not with marine species. Unlike San
Jose, magnesium is not highly correlated with the other marine species, although the
correlations are statistically significant; it is rarely above uncertainty levels at these sites.
Bromine and strontium are also mostly below uncertainty levels. Bromine had significant
correlations with sodium and chloride, but below 0.5. Strontium was also weakly correlated
with marine species; at Oakland it was more strongly correlated with sethezed,oncluding
potassium and organic carbon, indicating other strontium sources.

Cl and Na measurements$ ion or elemental

One complicating aspect of this analyisithe differences between datasettemms of the

species measured. (See Table 1Thg two key marine species, sodium and chloride, may

be measured either as ions or elements. tAleedatasets differ on which combinations are
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measuredand there appear to be differences in the precision and accuracy of iangsvis
the elemental nasurement also.

Table 1.2. Which chlorine and sodium species are measured at which sites.

Chloride Chlorine Sodium ion Sodium
Point Reyes X X X
San Jose X X X
Livermore X X X X
Oakland X X X X
Vallejo X X X X

For source apportionment purposes, one would choose chloride and sodium ion as being more
appropriate for analysis of marine air, all else being equal. But, as can be seen in the table,
San Jose lacks a chloride measurement. Figure 1.2 shows chlogt®rise for the other

sites. Note that, contrary to expectation, the chloride measurement is virtually always greater
than the chlorine measurement. Most of the differences far exceed the joint uncertainties in
the measurements. Thus, one or the atieasurement has systematic biases.

Chloride and chlorine are measured separately from two different filters. Gsibifty is
volatilization of dhlorine-containing species in the vacuum environment of the elemental XRF
measurements (Kohl 2010).

Chloride vs Chlorine at various sites

Livermore

1.64
2.4

1.2 181

0.8 1 1.2

0.4+ 0.6

0.0 1 0.0
O.'O 0.'4 0.'8 1.'2 1.'6 O.'O 0.'6 1.'2 1.'8 2.'4
Point Reyes Vallejo

2.44

6.0 A

chloride (ug/ m3)

4.5 4
1.8

3.04 1.2

1.5 1 0.6 1

OIOA T T T T T 00‘ T T T T T
0.0 15 30 45 6.0 0.0 06 12 1.8 24
chlorine (ug/ m3)

Figure 1.2. Chloride vs. chlorine at foursites. y=x lines are drawn for reference.

Figure 1.3 shows sodium ion vs. elemental sodium. As with chloride/chlorine, the ion form is
generally larger, contrary to expectationde™ifficulty is again with the elemental
measurement. Apparently, the sodium atom produces ontgt@ngy xrays that the XRF
instrument has difficulty measuring.
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Sodium ion vs elemental sodium at various sites

Livermore
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Figure 1.3. Sodium ionvs. elemental sodium affour sites y=x lines are drawn for reference.

Figure 1.4 shows the correlations between sodium ion and eleoraptared witlchlorine

ion and element. The correlation between sodium ion and chloride ion is better than the
correlation between elemental sodianmdchloride ion in the cases where both exist. Thus, it
may be reasonable to use the sodium ion even for San Jose, where the correlation of the
sodium ion with elemental chlorine is somewhat lower than the correlation of elemental
sodium with elemental chime.
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Figure 1.4. Correlations between sodium measurements and chloriraloride measurements.
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Figure 1.5 shows the relationship between sodium and chloride ions at the sites that measure
both. Most of the points for the urban sites are above thefliegual parts sodium and

chloride, indicating the aging of the marine air, whereas at the Point Reyes site, subject to
fresh marine air most of the time, the values are clustered more evenly around the line.

Sodiumion vs. Chloride ion at various sites
Lines represent equal parts Na and Cl

Livermore Oakland
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0.0 0.6 1.2 1.8 2.4
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Figure 1.5. Salium ion vs. chloride ion at various sites.

Figure 1.6 shows a similar plot for San Jose, only substituting elemental chlorine for the
unmeasured chloride ion. We see more of a spread in the sodium values, as might be
expected if chlorine is underestirimag the chloride ion as shown in Figure 1.2.

Although we canotbe completelysure, Figure 1.6 is consistent with the assumption that San
Jose elemental chlorine measurements also underestimate its chloride ion concentrations. It
differs from the relabnships in Figure 1.5 with almost all points lying above the line for

fresh marine air. To account for this we could either modify the marine source profiles with
lower elemental chlorine values than chloride ion values, or we could approximate &an Jos
chloride ion concentrations from its chlorine values and its sodium based on the relationship
we see at the other sites.

52



Sodium ion vs. Chlorine at San Jose
Line represents fresh marine Na+ and Cl-
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Figure 1.6. Sodium ion vs.elementalchlorine at San Jose

Taking the latter course, we performedioas linear regressions using the thuelban sites.
We excluded Point Reyes because the chloride/sodium relationship is likely to be different
from that at San Josethe Point Reyes site often seeing essentially fresh marine air. Based

on an Ftest, ftting separate slopes and/or intercepts did not improve the fit. The regression
eqguation found was

Clion =.586 Cl +.785 (Na ion) + .065

where the units aneg/m®. The standard errors of the coefficients were .069, .062 and .017,
respectivelyi all highly significant. The Rwas 89% and the regressistandard deviation
(s.d) was 0.175my/m>. Thus, we use this synthetic Cl ion value in our analysis. Figure 1.7
shows the relationship of Na ion to this synthetic Cl ion. This figure shows a Na/Cl
relationship more similar to those in Figure 1.5.
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Synthetic Cl ion vs. Na ion for San Jose
Line represents equal parts Na and Cl
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Figure 1.7. Sodium ion vs. synthetic chloride ion at San Jose.
Chemical transformations of marine air

As marine air combines with air containing ammonium sulfate andeyisaime chloride and
bromine are replaced by sodium sulfate and sodium nitrate (See e.g.eAgkd999).
Thus,in the Bay Areaas marine air is mixed with ship emissions, which contain some
ammoniumsulfate and with urban aicontainingsomeammonum nitrate and ammonium
sulfate, the marine air is transformed.

This transformation raisebree questions. First, how far does this transformatawel?

Second, how should the additional sulfate and nitrate be accounted®r part of fAmar i
originp0 or as something separate? Third, shoul d
uncertainties for chloride and bromine, or two profiles, one representing fresh marine air, the

other well aged?

Figure 1.8 is the same as Figure 1.5 with a dashed linargipavadoubling of the sodium ion
relative to the chloride ion. As can be seen, most Na/Cl pairs fall below the line except for a
few outliers, or if Cl is small. On the other hand, a number of these values above the line are
well above it, that is, notigt measurement uncertainty. The causes of the large outliers are
unclear. Nonetheless, we will use a simple transformation to create an aged marine profile by
simply doubling the sodium relative to the chloride.
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Sodium ion vs. Chloride ion at various sites

Solid Line represents fresh marine Na+ and Cl-. Dashed line doubles Na+.
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Figure 1.8. Sodium ionvs.chloride ion at various sitesshowing the line representing twgarts sodium to

one part chloride.

But what of the other marine constituents? According taf\{E999) bromine is also lost,

fact, perhaps more than chloridé/e did not find a definitive reference, but the Point Reyes
data provide interesting, and surprising, results. Figure 1.9 shows broense sodium and
chloride ions, differentiated between (relatively) fresh marine air (black circles) and aged
marine air (redguares), as suggested by a chloride/sodium ion ratio of less than 1.1. In the
plot versussodium ion, the bromine in aged air clearly has a lower slope than it does in the
fresh marine air. In the ploewuschloride, there is some evidence of a redurcth slope

but not as pronounced.

To investigate the effect of aging on each of the marine components in Table 1.1, we
performed regressions of each against sodium and against chloride, with separate slope

depending on whether Chloride was > 1.1*Sod{urm f r e s h

(haged

mari ne

airo).

A

number

mar i

of

ne airao)
t hese

or
Compoc

woodsmoke, geological dust, or ship emission particles. Thus, we checked whether certain
covariate markers were statistically sfigant and, if so, added them to the regression.

We attempted regressions for all sites except San Jose, because it lacks chloride. In some
cases, there was too much moais find results of interesb these cases were excluded.

Bromine

For bromine, lhe results emerged roughly as expected, namely that there is a substantial
reduction in aged marine air. There was marginal evidence that the reduction was greater
than for chloride, although the difference wmatslarge. For the Point Reyes regressise,
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found thatorganic carbon@C) and Silicon (Si) were significant covariates; for Livermore,
OC and Aluminum (Al) were the covariates; for Oakland, the regression was not useful; for

Vallejo, OC and Vanadium (Mwere the covariates.

Point Reyes Bromine vs. Sodium and Chloride ions
Lines represent mass ratios in sea water
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Figure 1.9. Bromine relative to sodium and chloride ions at Point Reyes. Black circles represent fresh

marine air; red squares, aged marine air.

Figure 1.10 summarizes the regression results for bromine. The estimated bromine regression
coeficients are shown, with fresh and aged coefficients contrasted. The error bars represent
an 80% confidence range for the difference between the fresh and aged coefficients. Thus,
the coefficients are different if and only if the aged coefficient liéséxen the barsFor

example, the fresh coefficients are significantly larger than the aged coefficients for both
sodium and chloride for Point Reyes and for sodium at Livermore, but not in the othet cases.

As can be seen, in the regressioasus sodium, the aged coefficient is roughly half the fresh
coefficient at every site, whereas the coefficients for chloride are much more similar.

° As discussed, regression results that were statistically insignificant were excluded, in this case, for Oakland

West.
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Figure 1.10. Bromine regression coefficients for aged vs. marine air for sodium and chloride, for various
sites. Also shown is an 80% confidence interval for theifferencebetween fresh and aged air.

Potassium

Potassium is also a component of woodsmoke and geological dust. To estimate the marginal
relationship of potassium to chloride and sodium in themmeaomponenta multiple

regression was performed for each site, with covariates for either woodsmoke, geological dust
or both depending on the goodness of fit. The following covariates were used: Point Reyes
(OC, S); Livermore (OCgelemental carbon dC); Oakland (OC); Vallejo (EC).

Occasionallyvery large values are seen on from fireworks or firecrackers (gunpowder). This
may have been the case for OaklandDecember 9, Z®. This outlier was removed for the
Oakland regression.

Figure 1.11 showthe regression results. There are substantial redudiguassium

relative to sodiunin aged marine air, but not relative to chloride. The results are consistent
with a reduction of about 50% relative to sodium and no reduction relative to chloride.
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Figure 1.11. Potassium regression coefficients for aged vs. marine air for sodium and chloride, for various
sites. Also shown is an 80% confidence interval for thdifferencebetween fresh and aged air.

Calcium

Calcium is also a constituent of gealmay dust and other sources. Again, multiple

regressions were performed to estimate the marginal relationstatcafmwith sodium and
chloride. The following covariates were used: Point R€@€3 Si); Livermore (Si); Oakland

(Si); Vallejo (S, EC). Figure 1.12 shows a summary of the regression results for calcium.
For Point Reyes, calcium acts similarly to potassium with a large reduction relative to sodium
in aged air, but not relative to chloride. But the other sites show a differesrnpatith little
change relative to sodium and a statistically significant increase relative to chloride in aged
air. This discrepancy is puzzling, suggestingagbssibilitythat either Point Reyes or the

other three sites are affected by another satooéining calcium.
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Figure 1.12. Calcium regression coefficients for aged vs. marine air for sodium and chloride, for various
sites. Also shown is an 80% confidence interval for thdifferencebetween fresh and aged air.

Magnesium

Only Point Reyesdd statistically significant results for magnesium. Also, no covariates were
found to be significant though the correlations between magnesium and sodium and chloride
were high. Figurel.13 shows that in aged marine air magnesium drops significantlg relat

to sodium but not to chloride.
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Figure 1.13. Magnesium regression coefficients for aged vs. marine air for sodium and chloride, for Point
Reyes. Also shown is an 80% confidence interval for ttdifferencebetween fresh and aged air.
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Strontium

Point Reyes and Oakland had statistically significant results for strontium. The covariates
were OC, $and V for Point Reyes, and OC and@ Oakland. Figure 1.14 shows that there
is a highly significant drop in strontium relative to sodium, but a@thioride for Point
Reyes. For Oakland, there appear to be drops in magnesium relative to both sodium and
magnesium, but these are nowhere close to statistically significant.
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Figure 1.14. Strontium regression coefficients for aged vs. marine air f@odium and chloride, for Point
Reyes and Oakland. Also shown is an 80% confidence interval for tltgfferencebetween fresh and aged

ailr.

Development of marine source profiles

A simple method for setting the means for fitesh marine profiles to take the percentages

from the last column of Table 1.1. This would be appropriate providgéresh marine

aerosol matched. The development of uncertainties is more of a challenge. A fresh marine
profile was available. To check the reasonadssrof its uncertaintiegje considered
measurements for Point Reyes where the Glsueement was greater than 1.1 tirtesNa

measurement, and where the sum of the marine species times 1.077 was atgjeast’3

Figure 1.15 shows a comparison of thesh marine profilé t h e

fi d evithdahe maamo

and standard deviation from the sample, plotted on the log scale. There is good agreement
between the mean values; and even some of the differences make sense, such as potassium
and calcium having higheara mp | e v al
constituents of woodsmoke and geological dust, respectively. Thus, there is no indication that
marine aerosol differs substantially from the salts in sea water with the possible exception of

ues

presumably

because

10 We excluded sulfate from the comparidmtause a large fraction is from other sources. To standardize, we
divided all values by 1.077 times the sum of the spécihe 0.077 to compensate for not including sulfate.
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bromine. For simplicity, wethusassume marine aerosol has the same weight percentages as
sea water.

1

O Mean default
B Mean sample
O Standard Deviation default
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Figure 1.15. Comparison of theoretical marine air andPoint Reyessample fresh marine air means and
standard deviations for key marine species.

The standal deviations are intended to represent the actual variability of marine air. The
sample and default standard deviations are in the same ballpark but differ significantly in
most cases based on aelt. It is unknown where the default s.d.s come frarhe sample
s.d.s are based on only 36 data poifutithemore the potassium and calcium s.d.s are likely
inflated because they derive from more than one source. Somewhat arbitratdgk the
geometric means of the sample and theoretical exdept for potassium and calcium where,
because the presenceaisenc®f other sources would inflate the sample sveé.weighted

the result in the direction of the default s.d.

For theaged marine profilebased on the above analysis, we assume ltfsgtegies except

sodium are decreased by half. We also assume that the lost chloride is replaced by nitrate.
Because the nitrate is largely from anthropogenic sources, we wish to account for it separately
from marine air. Thus, we want a profiléh@sepercentages add up to 10@cluding the
percentage due to nitrate, the idea being to estimate the remaining mass deriving from marine
salts.

Identifying the percentage mass of each element by its symbol, we have

Na + 0.5Cl + K + Mg + Ca +Br + Sr) = 100%,
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keeping the ratios of the elements except sodium in the same ratios as in fresh marine air and
the ratio to sodiunequaling halthe ratio in fresh marine air. The following is a table of the
results for fresh and marine air

Table 1.3. Source prafes for fresh and marine air

Na Nau | Cl Clu Mg Mgu K Ku Ca Cau Br Bru Sr Sru

fresh | .306 | .043 | .550 | .056 | .036 | .015 .0113 | .0020 | .0117 | .0020 | .0019 | .0005 .00023 | .00007

aged | 471 | .029 | 421 | .028 | .028 | .008 .0087 | .0010 | .0090 | .0010 | .0015 | .00025 | .00018 | .000034
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A2. Residential Woodsmoke Profile

A woodsmoke profile was estimated for the previous CMB analysis (Fairley 2008) based on
samples collected ithreebackyards over several days on ffters. Efforts were made to
"back out" other sources that mightdmntaminating the sampiemarine air, geological dust
and motor vehicle exhaust.

For this CMB analysis, we decided to test and compare this profile against a library of other
profiles. Woodsmoke profiles were available from several studies (Table 2.1

Table 2.1. Studies producing woodsmoke profiles.

Study Location Description Year

Ca. Source Characterization Bakersfield, agicultural burning (wheat & barley stubble), | 1987

(CARB) Mammoth Lakes| fireplace/woodstove

Denver Brown Cloud Denver fireplace & woodstove under various condition] 1987

(Scenic)

State of Nevada Air Pollutiol Reno, Sparks residential fireplace 19887

Study (SNAPS)

Bay Area Winter PM SF Bay Area fireplace from residential chimneys 199394

Mt. Zirkel Visibility Study Mt. Zirkel forest fire, fireplace from residential chimneys | 199495

Las Vegas Valley PM Las Vegas fireplace & woodstove from residences 199596

Northern Front Range Denver fireplace & woodstove in dilution tunnel, varioy 199697
wood species

Big Bend NationaPark Texas simulated wildfire 19992000

Regional Visibility

(BRAVO)

Ca. Regional PM AGstudy | Fresno fireplace in dilution tunnel, various wood speci{ 2001

(CRPAQS)

Source: Judy Chowt al.2004

All profiles included measurements for 21 species: ions nitrate, sulfate, ammonium, and
soluble potassium; organic and elemental carbon; and 15 elements from aluminum to lead.
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As a first pass, a cluster analysis was performed on these measurementfhevbertes
are identified as ag (agricultural burning), ff (forest fire), fp (residential fireplace), wf
(wildfire), and ws (woodstove). A couple of odd profiles were eliminated a jpriam
Texas fence post profiles, and a Duraflame log profile.

Figure 2.1 shows the cluster results. The focus is on finding BayrAleaant source
profiles so the key categories are fireplaces and woodstoves. Generally, most fireplace
profiles are similar and reasonably close to most woodstove profiles. The ii@gsofiles
are also similar. The ag profiles constitute most of the outlying observations and clearly
differ systematically. The wildfire profiles also difféherefore, in what follows, profiles are
limited to fireplace, forest fire and woodstove.

Figure 2.2 shows a dendrogram of these source profiles. There are still some significant
outliers. Observation 3 has an impossible EC value > 100%. Observation 57 has a very large
nitrate value. Observations 22 and 23 were both from the Reno fireflaese observations

were eliminated. The next most extreme observation, 69, was actually from the Bay Area
study. This was kept in the analysis because the goal is to adjust these profiles to eliminate
contamination from other sources.

Source profile canparisons

Figure 2.3 shows boxplots of 20 species in the wmoding profiles froneightlocations.

Lines are drawn at the median of #ightmedians. There are clear differences among the
sites on virtually every species. The Bay Area profiles iff@a caiple of systematic ways.
Theyhave abve-average fractions of sevéspecies related to marine:ahloring calcium,
bromine, and strontium. They also have elevated fractions of a set of metals: iron, copper
zinc, and lead.

Of course, thex is a possibility that the wood used in the Bay Area has a different

composition. Only an analysis under controlled conditions can determine this for ckrtain.

any casemarine air is presg much of the time in San Jossda previousnalysis has

shown that San Jose has elevated concentrations of a range of metals some of which, at least,
are related to the heavy motor vehicle traffic in the area (Fairley 2010). dbsbacef

other evidence, we assume that these represent coatami
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Cluster Analysis of Vegetative Burning Profiles
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Figure 2.1. Dendrogram of wood and biomass burning profiles from library of Chowet al.2004.
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Cluster analysis of fireplace, forest fire and woodstove profiles
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Figure 2.2 Dendrogram offireplace, woodstove and forest firgrofiles from library of Chow et al.2004.



Boxplots of Chemical Species by Location
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Figure 2.3. Boxplots of species by location. Reference line drawn at the median of #ie medians.
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Adjusted profile

Figure 2.4 compares the Bay Area medians with themed mean of the medians from the omren
locations. Also shown are the trimmed standard deviations.
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Figure 2.4. Comparison of SF Bay Area profile median by species with the trimmed mean of the medians of the other
sevenlocations. Also showris ° 1 standard deviation of the medians.

We adjusted the Bay Area woodske profile to be at or within orstandard deviation of the trimmed
mean of the medians from the other locations. This reduced the fractions of chlorine, bromine, and the
metals mentioned above. It also actually raised the sulfate level somewhat.

The Bay Area uncertainties were compmbwath the standard deviation of all the observations pooled.

In several cases, the Bay Area uncertainties were substantially greater. Since the pooled observations
vary by region and probably because of contamination, it seemed reasonable that theaBay A
uncertainties should not be largéngerefore, we took the minimum of the two. The uncertainty for
elemental potassium was lower than that for soluble potassium and considerably lower than the variation
among the location medians. We raised this tairgy to equal the Bay Area uncertainty for soluble
potassium. The adjusted profile is presented in Table 2.2.
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Table 2.2. Adjusted woodsmoke profile

N3IC S41C N4CC KPAC OCTC ECTC | ALXC SIXC CLXC KPXC
fraction 0.0014 0.0015 | 0.0010 0.0092 0.465 0.149 0 0 0.0069 | 0.0103
uncertainty | 0.0031 0.0058 | 0.0061 0.0044 0.15 0.043 0.0007 0.002 0.0084 | 0.0044
CAXC MNXC FEXC NIXC CUXC ZNXC [ BRXC RBXC SRXC PBXC
fraction 0.0015 0 | 0.0005 0 0 | 0.0007 | 0.00004 0 0 0
uncertainty | 0.0008 0.00003 | 0.0009 [ 0.00007 0.0004 | 0.0007 | 0.00010 | 0.00003 0.00002 | 0.0001
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A3. Wildfire Profile

Plots of OCas a function oEC from various sitesevealed outliersvhere OC was considerably higher

than EC. Figures 3.1 and 3.2 show thestliers along with the dates they occurred. The dates are all
during periods with substantial wildfire activity. Because the ratio of OC to EC appeared exceptional, it
seemed reasonable to create a wildfire source profile.

Our Bay Area woodsmoke piltef has an OC/EC ratio of 3.3, shown in Figure 3.2. There were two
periods in 2008 with heavy wildfire smoke in the Bay Area, Jur2&and July 612. Figure 3.3 shows
a dramatic satete photo for July8, 2008 where wildfire smoke covers not just B&y Area but much
of Northern California.

Figures 3.4 and 3.5 show QS a function oEC at two coastal California IMPROVE sites, Point Reyes

and Redwood National Park. These sites are less impacted by urban OC and EC sources. Unlike Figure
3.2, most bthe points in the OC/EC line are near or above the lio@ever, there are several points far

above the line. Some of these points also coincide with northern Califaldiges, including October

12, 2004 andOctober20, 1999 toOctober23, 199. Sveral othehigh points occurred between August

3, 2002 andAugust12, 2002. There were no substantial wildfires in northern California in this period

that we could determine.

Observations oknown wildfire days were combinethdshown in Figure &. The OC/EC relationship
appears quite linear. A simple linear regression has ah %% with an insignificant intercept. A
regression through the origin yields OC = 8.7EC with a sét@edard erroof 0.4. Figures 3.7a and
3.7b show the relationship of OC and EC to potasgKinon these days. Also shown are the ratios of
OC and EC to potassium from the District's woodsmoke profile. With the exceptimiaiier20,

1999 for Redwood National PadndOctoberl2, 2004 for Point Reyes, the OC/K relationship is similar
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to the ratio for District woodsmoke. But the ratios forte® in Figure 3.7b are well below the line,

with one exception. This suggests that wildfires have less EC than reguldsmalee as opposed to
having more OC.
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Figure 3.1. San Jos®©C vs.EC for 2008 from STN measurements.
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Figure 3.2. Organic vs. elemental carbon at various Districsites, 20042010. A line representing the typical OC/EC
residential woodsmoke ratio is also shown.
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