BAY AREA

MANAGEMENT

|

m- - AIR QUALITY
o

e

DisTRICT
939 Ellis Street, San Francisco, CA 94109

Research and Modeling Section Publication No. 200910-004-PM

Fine Particulate Matter Data Analysis and Modeling in

October, 2009

e

0001 01-02 0203 0304 0405 05-05 0507 ng'm3
PM Season

Prepared by:

Saffet Tanrikulu, Research and Modeling Manager
Su-Tzai Soong, Senior Atmospheric Modeler
Cuong Tran, Senior Atmospheric Modeler
Scott Beaver, Atmospheric Modeler

Significant contributors:

Yiqin Jia, BAAQMD Ahmet Palazoglu, UCD
Jeff Matsuoka, BAAQMD James Cordova, BAAQMD
David Fairley, BAAQMD Phil Martien, BAAQMD
Amir F. Fanai, BAAQMD Steve Reid, STI, Inc.
Eric Stevenson, BAAQMD Gary Kendall, BAAQMD

Reviewed and approved by:
Henry Hilken, Director of Planning, Rules and Research Division

the Bay Area




Disclaimer

This reportpresents results from analyses of measurements and computer modeling
performed by the District to study PM. The results presented should be viewed as
preliminary because uncertainties may exist in emissions estimate, modeithgrabient
measurements. This is the first attempt in analyzing ambaeté and modeling Pp4. The
District plans taefine and expand upon these preliminary respétsd minimize
uncertaintiesvia its orgoing research effort.
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Executive ammary

CKA&a NBLRZ2NI LINBaSyida LINBgomydaty andlysis ahd roReling 3 a
efforts to better understandine particulate matter (PMs) formation in the Bay Are@®M 5

is a complex mixture of suspended particles and liquid droplets having aerodynamic
diameters of 2.51m or lessFor the Bay Area, public health impacts fromRkhay well

exceed the combined impacts of all other currently regulated air pollutants. The body of
knowledge contained in this report is an enhancement by BAAQMD investigations to
supplement resarch performed under state and federal agenciResearch efforts include
analyseof measurement&ndcomputer modelingThis documenisthe first in a series of
periodic technical reports describing BAAQMD,RBksearch efforts

E.1 Data analysis

Bay Area24-hour PM, s exceedancesalmost entirely confined to winter monthegccur
under increased stable atmospheric conditions that trappe pollutants near the ground
Winters with frequent stagnant periods tend to have m@#&hour PM, s exceedances than
winters with more periods of windy and stormy conditio@nsecutive stagnantlear
winter daysaretypicallyrequisite for PM s episodes to develofPM, s episodesareregional
in nature and impact most Bay Area locatiobisermore, Concord, San Joaad Vallejo
have24-hour PM; s design values at or near the NAAQS exceedance thresholdnaf/88.
Other populated locations exhibit design values arouné8@%g/m?. Nearbackground
PM; s levels were observed at Point Reyes, where amnawakage Plys levels were about
half that of other Bay Area monitoring locatioi$he Bay Area is expecteddtiain the
NAAQS for annuaverage PM;s level.

The Chemical Mass Balance (CMB) analysis was applied fgs8&Wce apportionment,
using specialized measurements mostly obtained during the years2@@D Primary
combustion sources (both fossil fuelsd biomass) were prevalent Blcontributors for all
seasonsThe biomass combustion contribution to peak PNévels was about-3 times
higher during winter than for the other seasorisotopic carbon('C) analysis confirmed
this increased proportio of winter biomass combustion emissiofi$ie increased winter
biomass combustion sources reflected increased levels of wood burning during the winter
seasonWood burning may have been the single largest contributing source tg; BiMier
episodic conditns Secondary Pl levels were only elevated during the winter months
Wintertime secondary PMswas mostly ammonium nitratel' his semwolatile PM 5
component is stable in its solid form only during the cooler winter marffiegondary
ammonium sulfatePM, s levels were generally low (<2ing/m®) but nonnegligible Sea
salt, geological dust, and tire and brake wear contributed minimally tgsPM

Meteorological cluster analysis, a data mining technique, was implemented by UC Dauvis to
determine how wather patterns impact Pl levels Clustering was applied to
measurements from every winter day across more than 10 y&dwis method robustly

E1
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established how the prevailing weather drives the development of FfddisodesEpisodes
nearly always develag under: stable atmospheric conditions inhibiting vertical dispersion;
clear and sunny skies favoring enhanced secondarysRivimation; and pronounced

overnight drainage (downslope) flows off the Central Valley rims, causinigi@hair in the
CentralValley to empty through the Delta and into the Bay Area along its eastern boundary
Atmospheric transitions of aloft weather systems profoundly influenced the surface winds
that determine PM s levels Surface conditions stagnated whareran upper-levelhigh
pressure system moved over Central CaliforRiarsisting high pressure conditions allowed
PM, s buildup, and Bay Are24-hour PM, s exceedances generally occurred afte4 Bays

A refined cluster analysis further characterized the upwind Cenatéy conditions during
Bay Area episode3wo distinct intesregional air flow patterns were associated with
different types of Bay Area episod@he majority of exceedance days (aroundp@dcent
were associated with winds from the Sacramento Valleth&onortheastentering the Bay
Area through the DeltaPeak PMs levels typically occurred at San Jose for this type of
episode A minority of exceedance days (around@rcen)) were associated with winds
from the San Joaquin Valley from the soegistentering the Bay Area through the Delta
Peak PM; levels typically occurred in the East Bay (at Livermore, Concord, or Vallejo) for
this type of episodeThe remaining relatively moderate episodes (aroung2fcen) could
not be associated with any distit inter-regional transport pattern linking the Bay Area and
surrounding air basins.

E.2 Computer modeling

Computer modeling efforts were initially based on data from the California Regional
Particulate Air Quality Study (CRPAQS) and provided by tiier@alAir Resources Board
(ARB)BAAQMD staff and its contractors have since contributed to a custom computer
model developed to address Bay Area RMxceedanced M, s simulations were
performed for the core PM season months of Decembamuary for bth the 200601 and
200607 periods Wood smoke simulations covered most of the 2@®Bwinter.

PM, s base cassimulations were performed using the most historically accurate winter
emissions inventory availabl&his inventory comprised various data cahlag bythe ARB
BAAQMD, and Sonoma Technology, Tie base case simulation was validated against
measurements to adequately represent PM levels in the Bay Area and Deltagdggure

E1 shows the spatial distribution of simulated primary and seconédb s components
averaged across the 52 simulated days for which measured Bay Ateaur PM; 5 level

(FRM or BAM) exceeded 8§/m>. For these episodic days, light winds flowed through the
Bay Area from the east, and Central Valley conditions were neat Baimary PM s levels
were elevated primarily near centers of commerce around the bay; over the Central Valley
major citiesand to a lesser extent its rural areas; near industrial facilities along Carquinez
Straight; and somewhat at Travis, Santa Rosa, and SantaSeoandary Pk, present
mostly as ammonium nitrate, was not localized near the sources of its precursor@msissi

B2



NQ, and ammoniaRather, secondary PMwas regionally elevated\ sharp gradient

existed with very high secondary PMevels in the Central Valley decreasing westward
through the Bay Area to reach background levels over the Pacific Oteamodel
suggested that regional ammonium nitrate buildup is limited by nitric acid, a product pf NO
emissions photochemical aging, and not by ammoimiahe Central Valley, PMlevels

were dominated by secondary components which could alone build to the daoee

level Around San Francisco and San Jose,shels were dominated by primary
components which could alone build to the exceedance ldval other areas affected by
PM episodes, such as the eastern and northern Bay Area and the Delta, primary and
secondary PM:s levels were comparabléoth primary and secondary buildup was required
for exceedancsto occurin these locations.

primary PMZ'5 secondary PM2‘5

. T

PMZ‘5 primary
[wg/m3]

PMZ.5 secondary
[ng/m3]

Figure EL. Spatial distribution of simulated primary and secondary,BMvels, averaged across the 52
simulated day$or which measured Bay Area-hour PM, 5 level exceeded SBg/m3. Bay Area counties and
the California coastline are drawn using thick black litéty limits for Sacramento and Stockton are drawn
using thin black lines.

PM;, s sensitivitysimulations were performed by reducing Bay Area emissions relative to the
base caseAcrossthe-board Bay Area emissions reductions ofp2Bcentwere simulated

for the following five classes of chemical species; &@ VOC combined; gaseous sulfur
species; ammonia; directly emitted PM; and these four classes combined, comgilsi
anthropogenic emission3 hese acrosthe-board reductions were simulated for one

episode each from 20001 and 2008)7. Reducing the directly emitted PM reduced peak
PM, s levels nearly ten times more efficiently than reducing the secondary PMisers
Reducing primary PM emissions byg#cent(around 18 tons/day eliminated) typically
reduced primary Pl levels by 120 percent depending on location, with an average
around 16percent Reductions of directly emitted PM were most effective ntee PM
emissions sources where primary PMevels were highest (see Figurd EThe largest
benefits of around 4 ng/m?® occurred near San JasReducing ammonia emissions by 20
percent(around 15 tons/day) was the most effective of the precursor emissions reductions
Secondary Pl levels were typically reduced®percent depending on location, with an
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average aroud 2percent Ammonia emissions reductions were less effective near
ammonia sources, where the secondary PM forming chemistry was limited by lack of nitric
acid Reducing N@and VOC emissions by gércent(around 250 tons/day total) was
relatively ineffetive. Reducing sulfucontaining PM precursor emissions by@ércent

(around 16 tons/day) typically had a small impact on Bay AreasRMels under episodic
conditions On certain days with the offshore shipping lanes upwind of the Bay Area,
however, he 20percentsulfur emissions reductions produced overg/m?® benefit.

PM, stransportsimulations were performed by zeroing out anthropogenic emissions for
various air basind'ransport impacts were evaluated for 55 days from 20Q@Gnd 200807
havingsimulated base cas&4-hour PM, s levels 35mg/m?® or higher Anthropogenic Bay
Area emissions were eliminated to estimate the cumulative transport impacts from all
sources outside of the Bay Argan average, transported primary BMevels were around
2-8 ny/m?3. Transport impacts were highest througfe Carquinez Straight and Altamont
Passwhich connect the Bay Area with the Central Valleyxansport impacts of secondary
ammonium nitrate were as high as 8/m? along the Bay Area eastern boundaryngm?
through the Carquinez Strait and Altamont Pass, ang/f> around the bayTransported
ammonium sulfate levels of aroundnty/m® were present uniformly throughout the Bay
Area Ammonium sulfate appeared to be transported mostly from regions outsideeo
Central ValleyCentral Valley P levels were relatively unaffected by eliminating the Bay
Area emissions.

A second pair of P4 transport simulations was conducted by zeroing out anthropogenic
emissions for the Sacramento area and San JoaqllapseparatelyReductions in
simulated PM; levels relative to the base case reflected transport impacts from the
respective air basin for which emissions were eliminakgdninating the Sacramento area
emissions reduced primary BMlevelsby around5 ng/m?® through Carquinez Straiby less
than 2mg/m? in the northern half of the Bay Area, and had little effect elsewhere in the Bay
Area Secondary PM levels transported from the Sacramento area were ragfm?®

through Carquinez Strait and Altamddass and around 1rfiy/m? elsewhere in the Bay
Area Eliminating the San Joaquin Valley emissions reduced primagy |B¥%éIsby around 4
my/m? through Carquinez Strait and Altamont Pdssaround 3mg/m? through Pacheco
Pass and into southern Santa @l&falley, and had little impact farther into the Bay Area
Secondary P levels transported from the San Joaquin Valley were uprtg/é® through
Pacheco Pass and into southern Santa Clara Valley, araugchd through Altamont Pass
and into eastern Qura Costa County, and arounch§/m?® elsewhere in the Bay Area

The above transport simulation results were based on average episodic condiianmsg
the more severe episodes, transport impacts were often greater than for the average
episodic conditns Transport impacts were tabulated for the six days each ZDD&nd
200607 winter period with the highest measured RPMevels, for 12 days total otal
transported PMslevels averaged 19, 19, 11, andriifm?® at the Livermore, Vallejo, San
Jose, ad San Francisco monitoring locations, respectivdgximum total transported
PMs s levels were 33, 37, 24, and 2¢/m?® for these stations, respectivelfhus,24-hour
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PM, s exceedances could have occurred in the Bay Area without any Bay Area
anthropogenc emissionsTransported secondary PMlevels averaged around 4D
percentmore than transported primary PpM levels, depending upon locatiomotal
transported PM s levels from the Sacramento area averaged 4, 5, 2, amg//®° for these
stations, respectively At Vallejo, transported Pbk from the Sacramento area had a
somewhat higher proportion of primary componengs the other three locations,
transported PM s from the Sacramento area had a somewhat higher proportion of
secondary component§ aal transported PMslevels from the San Joaquin Valley
averaged 13, 10, 7, andn@/m?® for these stations, respectivelJransported secondary
PM,sfrom San Joaquin Valley were 23imes higher than transported primary BM
levels.

Simulated transport impacts were also compared across two different transport scenarios
identified by the measurement®ased meteorological cluster analysis (described above)
There were 41 episodic days classified as having transport from the Sacramento area and 5
episodic days classified as having transport from the San Joaquin. Zalleing out the
Sacramento area emissions provided greater benefit in the Bay Area when transport
occurred from the Sacramento areBransported PMsfrom the Sacramento area was

about half primary and half secondatymostly impacted the central and northern portions
of the Bay AreaZeroing out the San Joaquin Valley emissions provided greater benefit in
the Bay Area when transport occurred from the San Joaquin Vallagsported Plls from

the San Joaquin Valley was about @higd primary and twethirds secondaryit mostly
impacted the central and southern portions of the Bay Area.

Wood smoke PMslevels were simulated for the 206 winter. The simulation period
contained 8 of the 11 Spare the Air days during the 20@8vinter. Two different model

runs were peformed. Bay Area wood smoke levels were simulated withand with wood
burning restrictions during the Spare the Air period&thout burning restrictions on the

Spare the Air days, peak wood smoke levels of up 8iGy/m? were simulatecover the

areas having high wood burning emissio@alculated woodmoke levelsvere around 5

ng/m?® or more for many of the remaining populated locations within the Bay Afeathe

run with burning restrictions, wood burning emissions were eliminated from the simulat
only for noon of each Spare the Air day through noon of the followingRegk benefits of

the wood burning restrictions were around b®/m? of reduced wood smokérhe24-hour

wood smoke levels (averaged midnight to midnight) were not reduced tolzsrause the
burning restrictions did not begin until noon of the Spare the Air daiso, carried over

wood smoke from previous days may have impacted the Bay Area during the Spare the Air
days Simulated peak wood smoke levels and maximum benefits wofibg restrictions
sometimes occurred away from the monitoring locatiokdeling results suggested that
reductions of population exposure to wood smoke were considerably greater than indicated
by the monitoring data aloné&Vithout the burning restrictios, wood smoke levels for the

eight simulated Spare the Air daygre averagedo be 11, 7, 5, 3, and 8g/m?for the

Concord, San Jose, San Francisco, Vallejo, and Livermore monitoring locations, respectively
Assuming 10@ercentcompliance, the burningestrictions were estimated to reduce these
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wood smoke levels by about 5 percent depending on locatiorBecause the burning
restrictions reduced carry over, enhanced benefits may be achieved for multiple,
consecutive Spare the Air calls.

E.3 Conclusios

This report summarizes a wealth of knowledge generated from BAAQM&use PM s
research efforts that builds on the U.S. HERARnd ARBefforts. Various analyses of
measurements were conducted to identify major sources and important weather pattern
contributing to PM s buildup. Extensive simulations covered the bulk of three winter
seasonsThecustom computer model adequately reproduced the various phenomena
represented in the measurement$he high degree of corroboration between the
measuremens- and modelingbased results provides a high level of confidence that the
findings presented herein are both accurate and representative.

Primary and secondary RMimpact the Bay Area differentlyy location and across a range
of typical meteorologicatonditions The model suggests that reducing direct RM
emissions within the Bay Area is the most effective means of reducing Bay Area primary
PM s levels These reductions, however, are most effective near direct £&hission
sources These are thareas in which Bay Area total PMevels are highesiThe model also
suggests that significant amounts of Pé/lespecially secondary BN are transported from
the Central ValleySecondary Pl exhibits a fairly regionally uniform influence throughou
the Bay AreaAnalysis of measurements identified separate transport patterns occurring on
different days from either the Sacramento Valley or San Joaquin Valleyg 19992007,
around 60percentof Bay Are&4-hour PM, s exceedance days occurred wittansport

from Sacramento area, and p@rcentwith transport from San Joaquin Valley

Model results indicated that Bay Area wood smoke levels during-POG£hisodic

conditions would have averagedld ng/m*without wood burning restrictions, depending

on location Spare the Air burning restrictions were estimated to have reduced wood smoke
levels by around 505 percent assuming 10@ercentcompliance Spare the Air calls on
consecutive days had the deld benefit of reducing carried over wood smoke, in addition to
reducing fresh burning emissions.

Further research results and refinements to existing findings will be reported as new
information becomes availabl®ore measurements, including those framcently
commissioned monitoring stations, will be added to the analyzed databbeeager records

of measurements will be especially useful for evaluating the effectiveness of wood burning
restrictions Modeling results will be enhanced by the developmehinore accurate
emissions inventorieAdditional winter seasons will be selected for both 2dnd wood
smoke simulationdNewer version models having enhanced physics and chemistry will be
implemented for all simulations.



Fine Particulate Matter Dat®nalysis and Modeling
in the Bay Area

1. Introduction

This report provides technical details of data analysis and modeling effolistter

understand fine particulate matter (PM) formationin the Bay Arearlhis is the first
significantpublished rg@ort describing Bay Area Air Quality Management District (BAAQMD)
scientific investigations into PM. The reportincludesa history of BAAQMQdactivities and
describes key results from a number of important studies.

1.1 Background Information

PM;sisa complex mixture of suspended particles and liquid dropletbe atmosphere
having aerodynamic diameters of 21 or less. An individual particle typically begins as a
core or nucleus of carbonaceous material, often containing trace méta&seprimary
(directly emitted) particles usually originate from incomplete combustion of fossil fuels or
biomassLayers obrganic and inorganic compounds are then deposited onto a particle,
causing it to grow in siz&hese layers are largely comprisedsetondarymaterial that is

not emitted directly Secondary PM instead formfir®m chemical reactions of precursor
gasses reased from combustion, agriculture, household activities, industry, vegetation,
and other sourcesAs a particle grows larger, gravity eventually causes it to be deposited
onto a surfaceNaturally emitted dust particles mostly have diameters too largbeo
classified as PM.

Numerous studies have demonstrat@dit sto be deleterious to human healtiMajor

human health outcomes resulting from Blexposure include: aggravation of asthma,
bronchitis, and other respiratory problems, leading to increalsespital admissions;
cardiovascular symptoms, including chronic hardening of arteries and acute triggering of
heart attacks; and decreased life expectancy, potentially on the order of yeaaller
particles have increasinghgore severeimpacts on humatealth as compared ttarger
particles This occurs in part because smaller particles are able to penetrate more deeply
into the human bodyFor the Bay Area, public health impacts fromRkhay well exceed

the combined impacts of all other currently rdgted air pollutants

Bay Area Pl levels are elevated during the winter montlidevated winter PMslevels
result from a combination of conducive weather patterns and increased wood burning
emissions.



1.2 Regulatory history

Regulation of airbornearticles started with total suspended particulates (TSP) in the
original1970federal Clean Air AcCTSP is effectively a measure of particles with
aerodynamic diameters of 10@m or lessin 1987, TSP was replaced byigMr particles
with aerodynamiaiameters of 10rm or lessin 1997, the federal Pp4 standard was
created in addition to the Ph standard, which was retaine&ince then, California has
established standards for PMand PMgthat are more stringent than required under
federal reguitions Both the California and federal standards have tightened as more is
learned about the consequences of PM exposiids trend is expected to continue.

Under federally mandated programs, the BAAQbHganmeasuring ambient P4 levels
in 1999 PM, 5 is a subset of PN, measuredn the Bay Areaince 1985Prior to that,
measurements for coefficient of haze reflected ambient levels of carbonaceous patrticles.

In 2008, the United States Environmental Protection Agency (UpEdpdsedthe first
attainment designations for Pp4 under the National Ambient Air Quality Standards
(NAAQS) of the Clean Air Aattainment status has two components: daiB4{hour) and
annual average ambient PMlevels The Bay Area currently attains the annual standard,
but does not attain the24-hour standard As a result, th@®istrictwill be required to
develop a State Implementation Plan (Sténtatively scheduled for 2013 his SIP
development process will largely be guided by scientific information summarizedin th
documentand refined as research progresses

1.3 BAAQMD research efforts

A tremendous effort to advance the scientific understanding of Pivis been carried out

in recent years at the federal, state, and local leviglach of the work that will ultimately
drive the Bay Area SIP process has been performaduse by the BAAQMD Research and
ModelingSection. This undertaking has been necessary becausgsfVa complex mixture
of individual pollutants that can vary considerably from one region tone. As such,
research performed at the state and federal levels cannot be expected to sufficiently
address the relevant intricacies of the Bay Area.Ppoblem.

Research into the Bay Area PMproblem began withareview and evaluation of
monitoringstations andan analysis of ambient measuremen&imple data analyses were

first applied to understanavhen, where, and to what exterglevated PM;levels occurred
Increasingly sophisticated statistical analyses were subsequently applied to undetftstéand
sources of PMsand how this pollutant is affected by the prevailing weathErese

analyses of measurements have been instructive; however, measurement campaigns alone
are insufficient to fully characterize the Bay AreasRlgroblem As such, competr

simulations were performed to characterize PMat times and locations for which
measurements were not feasibl€hese modeling efforts were initially based on data



resulting from the California Regional Particulate Air Quality Study (CRpA®Q®)edby
the California Air Resources Board (ABBAQMD staff and contractors have since
contributed to improve and expand upon these initial simulatioks a result, a custom
computer modelwasutilizedto explain many of the intricacies of the Bay AreasEM
problem.

District efforts for data analysis and computer modeling o, Be ongoing and will
continue through the SIP development process and beydhdse efforts include dedicated
field measurement campaigns, advanced statistical analyses of dxgamolumes of
historical records, development of increasingly accurate and contemporary emissions
inventories, and development and implementation of meteorological and photochemical
computer modelsThese studies are expected to continue to expand afideghe

scientific understanding of PMin the Bay Area and its surrounding regioniis scientific
knowledge is critical for the development of effective regulatory stratediags document
will be the first in a series of technical reports that Wil periodically published’hese
reports are intended to convey information about PMhat is necessary for bringing the
Bay Area into attainment for this pollutant.



2. Measurements and available data

Measurements of both Pl%levels and meteorologal conditions are necessary foetter
understanding PMs. Networks ofinstruments are continuously operated to provide data
for key Bay Area locationkocations of PM monitor§~RM and BAMgnd weather stations
are shown irFigurel. A large numbr of additional instruments areot included for brevity
such as N ozone, precipitation, etcThe map denotemstruments positioned within the
Bay Area, as well as selected proximal sampling locations in the Céaliey to the east
Measurements performed at each of these locations are describ&dlitel. The air

guality monitoring network plan published by BAAQMD (2009) provides additional details
for the PM monitorsSoundings launched twice daily from Oaklaawd Wind

Tablel. Surface monitoring locations for PM and meteoroloGiheck marks indicate type of measurements
performed at each locatiarPM may be monitored using FRM or BAM instaunt.

Monitoring Location Agency FRM BAM Meteorology
San Francisco Bay Area

Bethel Island BAAQMD X
Concord BAAQMD X X
Fort Funston BAAQMD X
Fremont BAAQMD X

Kregor Peak BAAQMD X
Livermore BAAQMD X X

Mt Tamalpais BAAQMD X
NUMMI BAAQD X
Oakland BAAQMD X

Pleasanton STP BAAQMD X
Pt. San Pablo BAAQMD X
Redwood City BAAQMD X X

Rio Vista BAAQMD X
San Carlos BAAQMD X
San Francisco BAAQMD X X

San Jose BAAQMD X X

San Martin APT BAAQMD X
Santa Rosa BAAQMD X X
Susun STP BAAQMD X
Vallejo BAAQMD X X

Outside the San Francisco Bay Area

Davis ARB X
Modesto ARB X X X
Roseville ARB X
Sacramento SMAQMD/ARB X X

Stockton ARB X X X
Woodland YSAQMD X X




Profiler and RASS systems, operated continuoudlyvatmore and Burkeville, provide aloft
weather data.

Data obtained from these monitoring stations undergo rigorous evaluation for quality
assurance and quality control, and are regularly archived by staff of the BAAQMD before
they are used for scientifstudies.

Figurel. Map of Bay Area domain showing locationke§ PM monitorsweather stationsand sounding
launch point A large number of sampling locations have been excluded for bréNdtyed locations refer to

PM monibrs.



3. Emissions inventorypreparation

An emissions inventory was prepared to establish soueceptor relationships, identify

major sources contributing to primary PM and releasing precursors of secondary PM (TOG,
NQ, SQ, NH), and provide inputs fomodeling. The inventory prepared for this study

covers an area extending from Redding in the north to Bakersfield in the south and from the
Pacific Ocean in the west to the Sierra Nevada in the @ag domain is essentially the

same as the Californiaegional Particulate Air Quality Study (CRPAQS) doRigurd?2).

Initially, the 2000 CRPAQS inventory was utilized for modeling. Subsequently, the Bay Area
portion of the CRPAQS inventory was replaced withl ioéarmation, as hese local data

were assumed to be more accurate and up to dateaddition,new inventories were

developed for Bay Area emissions of ammonia and wood smokiewas determined that

the CRPAQS emissions were not representativecaf sources.

Both District and ARB emissions data were manipulated and reformatted by Sonoma

Technology, Inc. foruse intEPAQ & { LI NES al GNAE hLISNF (2N YSNYy
model. District staff then prepared the CMAQ inputs for both winter 200Grd 200607

PM simulationsSeveral different versions of these inventories were preparedPidr

sensitivity simulations, transpognalysesfuture year modeling, and wood smokealyses

Beloware summarized some notable features and special handlingirements of the

BAAQMD and ARB emissions data, respectiB8AQMD emissions associated with some

nontNB R RASaSt a2daNDOSa 6SNBE KIFHEf @SR G2 NBTE SOU
2O0SNBalGAYFGSR 08 !'w. Qa hCCwh! 5 sYignRaeted ! f 3253
estimatedusinginformation from several winter season surveys conducted by the District.

For areas outside the Bay Area, ARB provided emissions data that wegdadued

according to the California statewidekdn grid Figure2). SMOKE processing retained the

pre-existing spatial distribution for these emissions. Temporal distribution information

embedded in the ARB dateere also retained.

Modeling was performed for both the 206l and 200807 winter seasonsTherefore, the

2000 ARB data had to be projected forward to 2006, while the 2005 District data were

backcasted to 20Q0Projection factors for criteria pollutants were developed using
AYVTF2NXYEGA2Y AY | wBapArea@nhiodiaichsdnsdvere projetted bishg
FOGAGAGE AYRAOFIG2NE FTNBYROUWIGR 9aCIQa IHDRFE Y
Analysis System (EGAS 5.0) for the remaining source catedoriggnia emissions outside

the Bay Area as well as biogenic emissions wergraected because of insufficient data.

Table2 summarizes the emissions input to SMOKE as obtained through the processes
described aboverigure3 shows the resulting spial distribution of the modeteady wood
burning emissions for the Bay Ardagure4 shows the spatial distribution of the model



ready ammonia emissions for the entire modeling dom&ior further reference, Appedix

A provides detailed summaries as well as SM@#ded information

Figure2. Emissions modeling domairnSray shows ARBkn statewide domain Blue is the CRPAQS domain

[ | cRPAQS Domain
CA 4km Emissions grid

for which emissions were prepared for District PMdebing.

Table2. Summary of emissions input to SMOKE

tons/day). Biogenic emissions are excluded.

creanas .3.2008 (BAAQMD)

2000 2006
BAAQMD | Remainder of Domafh BAAQMB | Remainder of Domalh
TOG 751 3877 620 3670
NO 609 1785 508 1595
SQ 89 130 66 129
PMs 88 653 87 640
NH; 72 299 82 299

@ Annual average daily
®December weekday
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Figure3. Emissions inventory for winter wood burning wittBay Area
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4. Data analyss

A variety of data analyses have been performetatter understand Bay Area P
formation. They can bsummarizedn three main categoriesharacteristis of measured
PM, s, Chemical Mass Balance (CMBalysisand statistical methods including cluster
analysis to infer how PM is affected by weather pattern®etails of these analyses and
findingsare reported invariousDistrictpapersor reports Keyfindings are briefly
summarized in this report.

4.1 Analysis of PM measurements

4.1.1 Seasonal patterns

Analyses were performed to characterize when, where, and to what extent elevated PM
levels occurredFigure5 shows the percentage @4-hour NAAQS exceedance days for
PM; s by calendar monthAn exceedance day is defined as any day for whichsRMels at
one or more sites exceeds 8§/m?. Most exceedances occur during the winter months
from November through Februar§he bulk of the exceedances, however, occur during the
core winter PM season of December and January

Several reasons explain the pronounced seasonality farsPitst, the winter months favor
the development of stable air masses over the Bay A8eah conditions exhibit a layer of
relatively warm aimloft andcool air at surfacecreating negative buoyancyhusyertical
mixing of pllutantsarelimited and polluants are trapped near the surfac8econd, the
cooler winter temperatures favor partitioning of ammonium nitrate, a major,BEM
component, into the solid particulate phagdigher temperatures for other seasons favor
the evaporation of particulate ammoniumitrate into its gaseous (neparticle)
constituents ammonia and nitric acid@hird, household wood burning during the winter
season is a significant source of PM

PM; sconcentrations exceed the federad-hour standard from 5 to 40 times a year,
depending on meteorological conditions. Typical elevated exceedances range from 36 to 55
ug/ma3.

4.1.2 Annual trends

Attainment status for PM is based on the calendar year; however, it is instructive to
examine the number a24-hour PM, s exceedances for &h winter seasonFigure6 shows

the number of24-hour exceedance days by winter season (November 15 through February
10), and also the number of rainy days for each corresponding se@lere is a general
alternating trend with every other winter having relatively high then moderate numbers of
exceedancesAn opposite trend occurs for the number of rainy days per winter season
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Winterswith relatively high numbers of rainy days have fewer PM exceedambéstrend
occurs because rainy conditions are associated with strong, (vertically) deep, turbulent air
flow patterns that allow ventilation of emitted PM and its precursors away from the ground
level Thus, the relative severity of a given winter PM season gelgigoverned by global
circulation patterns determining the proportion of stormy days during a given wintes
200001 winter had a particularly high proportion of stagnant daysis periodexhibited
extreme PM;levels and had the most exceedancesny winter on recordPM, s was

measured
Percentage of days with PM2.5 exceedance, by month
35%
30% —
25% —
20% +—Ff | —
15% +—f —
10% +—f —
5% +— —
0% —_ ‘ ‘ 1 ‘ ‘
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Figure5. Percentage o24-hour PM, s NAAQS exceedances by calendar month.

—

PM season from Nov.15 to Feb.10
_ I Rain days

|:| F'I'\#Iz_5 exceedances

abikrh
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Figure6. Bar plots showing number @4-hour PM, s exceedance days and number afity days for each
winter season from November 15 through February BB, s exceedance days occurred when at least one
Bay Area monitor recorde@4-hour PM, s level of 35rrg/m3 or greater Rainy days occurred when at least 0.1
in. of rain was reported in the Bay Area.
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Trend analyses have been performed for both,Rlsind PMg levels using historical
measurementsTime series for the annual average levels are shovigare7. PM, 5
measurements are only available since 19B® data appears to indicate a decreasing
trend for PMysand PMplevels. Since the late 1980s, RNevels have decreased nearly 50
percent Decrease in Py concentrations is not certain because there are fewer data
points to confirm this conclusiosignificant yeato-year variability in weather patterns (as
evidenced irFigure6) may confound the interpretatioof pollutant longterm trends over
periods of less than about 10 years.

Mean PM10 (ug/m3)

40 -
30 -

Vo 20
50| CAstd \w*./' 0

10

0 -

Mean PM2.5 (ug/m3)

20
15 US std 15

CA std o\ 12
10_ 'vw

Hie

0

T T T T T
1990 1995 2000 2005 2010
Figure7. Trends for annual average RMand PM s levels, with annual standards shown for referenedh s
data were not available before 199%here is 0 annual component of the federal Rpstandard.

4.1.3 Spatial patterns

PM,sis a regional pollutantits concentrations within the Bay Area are relatively uniform as
compared to locations outside of the Distri®tVi, s measurements for all Bay Area
monitoring locations are strongly correlated@his correlation implies that PMlevels
generally rise and fall with similar timing for all locations throughout the Disiigk 5
episodes develop under conducive meteorological conditions, when levelsghoot the
District increase and may eventually level off well above the background concentration
Typically, PMs levels must build for 2 days before @4-hour exceedance occur&pisodes
commonly last a few days, but they may persi& weeks or longe

Despite its regional nature, there is significant spatial variability fof P&¥els within the
Bay Arealt is important to understand how the spatial distribution of PM impacts

12



attainment for both the daily and annual components of the Rtandads. These levels
are calculated using aygear period to be consistent with how attainment status is defined
The 3year period wasselected as 20068.

Annual average PM levels for 9 Bay Area locations are showFigure8. Point Reyes,
largely reflecting the background, has annual.RMvels around half that of other sites
San Jose and Valldjavesomewhat higher annual average levels than the other sites
These two sites appear to be the most importamterms of attainment of annual

standards The remaining sites have roughly uniform annuabpRMvels around 9.0

my/m?®.

Design values are estimated as-graverage of the quarterly §8percentiles for measured
24-hour PM, s levels They are shown iRigure 9 for the period 200808. There is
considerably more sit#n-site variability than for the annual averagdsigure8) because
the design values are based on peak.,BMvels Four stations are at or near the
exceedance threshold: Livermore, Concord, San Jose, and VEflepesign value for the
remote Point Reyes location is around half that of the other sBesign values for the
remaining sites are around 25 mg/m°.

The composition of P4 also varies throughout the Bay Aréahemical speciation of P
samples was performed at six locations during the 200Qvinter as part of CRPAQS
Results are shown iRigurel0. Levels fosulfate, nitrate, and ammoniurare relatively
uniform throughout the Bay Ared@hey reflecthe secondary particulate compounds
ammonium nitrate and ammonium sul@&tThese secondary P components may require

a few days of air mass agingreach appreciable levelBuring this aging process, the
secondary PM and its precursors can be transported and dispersed uniformly throughout
the Bay AreaHemental carbonEQ, and to a lesser exterdrganic carbon@Q, reflect

primary PM s These compounds are more concentrated near their sources around the Bay
such as San Francisco and San.Jogerms of percentages, more urban locations around
the bay have relatively higher proportions of primary RMvhereas more rural locations
further inland have relatively higher proportions of secondary 2Msodium and chloride
levels reflect the presence of sodium chloridem suspended sea salT his natural P¥s
component represents a small fraction of the overall particulate masexpected, sodm
chloride levels are much higher at San Francisco and Point Reyeat tharother nor

coastal sites.
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Figure8. Annual average P levels by site for 3r period 200608. Error bars represent 95% confidence
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FigurelO. Levels for R, s major components at 6 Bay Area monitoring locations.

4.2 Chemical Mass Balance (CM&)alysis

Chemical Mass Balance (CMB) is a statistical receptor model used for source
apportionment It requires speciated PM measurements and also experimentally
determined source profiles for the source categories of inter€MB then determines the
contribution (strength) of each source category that best accounts for the observed PM
composition on a given dafpetailed results of CMB analybigve beemresentedin a
separate report by Fairley et al. (2008).

CMB was applied to speciated PMneasurements from five locations obtained as part of
CRPAQShese sampling locations accoedfor the spatial variability in Plys composition
throughout the Bay Arear’heSan Francisco and San Jose locations repredemban
conditions Livermorewas suburbanBethel Islandvas a rural location between the Bay
Area and heavily polluted Central Vall®pint Reyesvas a remote coastal location,
presumably sampling nedradkground pollution levelsSpeciated PMs measurements
were obtainedfor these locations every third day from late 1999 through early 2001.

Two separate CMB analyses were applied to determine source contributions to annual
average and peak PMlevels Annual average contributions were estimated by averaging
CMB results from yeaound recordsPeak contributions were estimated by averaging CMB
results for the ten winter days having the high@dthour PM, s levels for each monitoring
location
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For eachanalysis, the same six known source categories were used: ammonium nitrate;
ammonium sulfate; marinésea saltherosol; geological and road dust; fossil fuels
combustion; and biomass combustiol he fossil category includesbmbustion of fuels

from onroad and offroad vehicles, construction equipment, aircraft, heavy industry, and
power generationThe biomass category includedmbustion products of wood burning,
commercial cooking, fires, tobacco smoke, and waste incinerasotopic carbon (t)

analysis was used to adjust the raw CMB results to distinguish between combustion of fossil
and nonfossil (biomass) materials.

4.2.1 Source contributions to peak PMlevels

The ten samples with the highea4-hour PM, 5 levels were all obtained during war.
Most of these measurements occurred on days exceeding tHeo24 PM, 5 standard of 35
ng/m?®. Figure11 shows the percentage contribution of each source category for each
location These results do not reflect differences in total RBVevels between the stations.

The urban and suburban locatioffSan Francisco, San Jose, and Livermore) eadhibit
comparable source contributionBrimary combustion sources (fossil and biomass) and
secondary ammonium nitrate accowet for the bulk of PMs. San Josbada somewhat

lower contribution of ammonium nitri@ than the other havily populated locationdt was

more distant from the concentrated ammonia sources in rural North Bay and Central Valley
locations San Francisdoada somewhat lower contribution of biomass burning than the
other urbanized locationdHousehold wood burning vealess common in this densely
populated city that has many apartmentkingfireplaces Fossil iel combustion

contributions werevery comparable for these three locations impacted by vehicular and
construction emissions related commerce.

For the rural Bethel Island location, over half of thesRMlas ammonium nitrateThis
location is closest to the Central Valley where intense ammonia emissions and
meteorologicallyconducive conditions enhandeammonium nitrate formationDue to the
lack of substantial commercial activity, fdggiel combustion contribution waabout half
that of the more populated location8iomass burning contribution v8acomparable to the
more populated locatios. Likely, wood burning occurred a hidher proportion of
households, but population density vgaconsiderably lower for this rural location.

Point Reyesvas quite different from the other location3 hestrongest contributing source
was naturally occurringnarineaerosolsat over 30percent Ammonium sulfate contribution
was also gnificantat nearly 20percent This wa the only locatiowith an elevated
proportion ofammonium sulfateThe sitewas proximal to offshore shipping lanes and
lacked other local sourcesSecondary ammonium nitrateontribution was lowest for this
location most distant from concentrated ammonia sourdesssil fuel combustion
contributionwas also low for this remote location with negligible commercial activity.
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Overall, primary combustion particles@secondary ammnium nitrate werethe main
drivers for Bay Area PMepisodes impacting populated areA§ood burning mayave
beenthe single largest Pp4 source contribution for the Bay Area during episodes
Geological dust, tire and break wear, and marine sourcesitaited nearnegligible
amounts to PMs exceedances.

4.2.2 Source contributions to annual average BMlevels

Many PM s measurementsnadewere during noawinter months when Pl levels are
generally lowAnnual averages were computed from quarjealverages to avoid over

weighting seasons for which more measurements were perforraeglirel2 shows the

percentage contribution of each source category for each locafibese results do not
reflect differencesn total PM s levels between the stations.

The urban and suburban locations exh#sitomparable source contributionBrimary
combustion sources dominatle These locations/ere impacted by vehicular and
construction emissions related to commerce ansoahousehold activitiesAs with peak
PM; s, biomass contributions wergomewhat lower for San Francisco as compared to the
other heavily populated location¥he contributions of ammonium nitrate, ammonium
sulfate, and marine particulates wesmilar ar are about half that of the combustion
sources.

The rural Bethel Islanidcation hadhigher secondary and lower primary contributions as
compared with the more popated locationsThis location wa relatively distant from the
intense primaryPM sourcesround the baylt wasmost strongly impacted by regional
secondary PMs. The narine contribution wa relatively weak for this inland location.

The remote coastal location at Point Reyess affected most strongly by marine
particulate Marine percentageontributionswere 2-3 times greater than for the other
locations Ammonium sulfate percentage contributiomas around twice that of the other
locations because of proximity to offshore shipping laeserms of mass contributions,
however, marine andramonium sulfate contributions wereot very different from the
other locations This is because anthropogemmissions hadittle impact atPoint Reyes
and thus total PMs levelsherewere low.

Overall, primary combustion particles accoedfor the buk of annual average PMlevels
Ammonium nitate contributedsomewhat more than ammonium sulfagend marine
influences, which wereomparable Geological dust and tire and break wear contrilite
negligible amounts.

Figurel3shows the quarterly CMB results for Bethel Isldbdemonstrates the

pronounced impacts of ammonium nitrate and biomass burning during the winter seaso
Ammonium nitrate formation wa favored by low winter temperates This season also
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exhibitedincreased wood burning emissiar&milar results were obtained for other

locations; however, the more urbanized locations may mmtebeen as strongly affected
by winter wood burning.
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Note: Estimated annual percentage contributions from various source categories to the 10 highest PM2.5
days, based on CMB analysis adjusted for Carbon-14. The values shown are the masses from individual
source categories as a percentage of the total estimated mass.

Figurell CMB results foCRPAQS perioResults for exceedance days only.
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Note: Estimated annual percentage contributions to Bay Area ambient PM2.5 for 2000 and San Jose 2001.
Values are percentages of total quarterly averaged PM2.5 from individual CMB results with fossil fuel
combustion and vegetative burning adjusted for Carbon-14 results.

Figurel2. CMB results for CRPAQS periadnual results.
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Figurel3. CMB results for CRPAQS peri®dasonal results for Bethel Island location usedaimpute the
annual averages shown Kigurel2.
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4.3 Relationship between weather patterns and PM

Air monitoring showed that, along wittlevatedPM, s levels during the winter season
therewasa considerable dgto-day variability for PM level#&\ number of analyses were
performed to identify weather patterns associated whilghPM episodes.

4.3.1 Comparing and contrastinglirect measuements

Meteorological characteristics associated with PM episodes werdifag by comparing
weather station observations between episodic and feisodic winter daydt was

possible that different types of PM episodes could occur under different weather patterns
Pooling meteorological observations according to whetherairan exceedance occurred
could notpossibly resolve such intricacies.

Common meteorological characteristics associated with elevated Bay Area PM levels were
light winds from the east throughout much of the Bay Area and na &pecifically24-hour
average winds at San Carlos in the South Bay, Pleasanton in the Livermore Valley, and
Bethel Island in the East Bay had speeds less then 0.5 mph and an easterly (from the east)
directional componentAlso, no appreciable precipitation was measured at San Josd

days generally exhit@tl cool temperatures; however, temperature itself was not a strong
indicator of elevated PM levels

Exceedances of th&d-hour PM, 5 standard in the Bay Area typically occur as PM levels
build over time uporthree or more congcutive days having the above conditiofitus, the
exceedances appear to exhibit considerable carryover of PM from previousTday®ffect
is demonstrated irFigurel4 whichshows the mean Bay Area PMevelas a function of
the number of consecutive days having the above described characterigtiesncrease in
PM; s levels over time is mathematically consistent with exponential delehysically, this
model corresponds to new PM being added on to existoagried over PM on each
additional day, with atmospheric loss of PM proportional to PM level.
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Figure 1. Mean winter PM2.5 vs.number of consecutive PM-conducive days
Also, curve of cumulative PM2.5 assuming exponential deposition with a 2 day half-life
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Figureld. Mean observed Bay Area BMevel in response to number of consecutive days with favorable
conditions Curve is fit for gponential decay with 2lay time constant.

4.3.2 Cluster analysis for Bay Area weather patterns

Cluster analysis is a data mining technique that can identify recurring patterns among
historical observationsA rigorous approach to characterizing episadieteorological

conditions can be achieved through cluster analysis of weather station measurements
Disregarding PM levels, cluster analysis was applied solely to meteorological measurements
for each winter day of an extended study periagd/ f dza (HemMdgehéousHMAps, of

days are identified that share similar meteorological characterisiice average

meteorological conditions associated with each cluster constitute a distinct weather

pattern. Then, average pollutant levels are tabulated for eacistelr (weather pattern) to
determine its propensity to result in elevated PM levdlkis framework allows

identification of different weather patterns that may result in PM exceedances.

A cluster analysis of Bay Area conditions was performed at the tditivef California,
Davis Detailed results are provided in a report by Palazoglu (20093 study analyzed
each winter day (November through March) of the years 12067, for a total of 1754
days This large sample size ensured robust identificatibweather patterns influencing
PM in the Bay Aredlso, the decaddong study periodillowedcharacterization of yeato-
year variability in global weather patterns affecting the Bay Akésteorological
observations input to the cluster analysis were abed from 12 weather stations
positioned at key loations throughout the Bay Areatétions inFigurel within the District
boundaries.

The cluster analysis revealed five dominant winter weather patterns pmegakler the Bay
Area Threeof the clusters are conducive to elevated Bay Area PM lexdishreeexhibit
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winds entering the Bay Area from the eabtvo of the three clusters exhibit neaalm
conditions in the Central Valley, where PM levels are cenaldy higher than in the Bay
Area These two clusters account for around @&rcentand 15percentof all Bay Are24-

hour PM, s exceedancesrespectively The cluster accounting for §ercentof the Bay Area
exceedances exhibits persistent easterly veimato the Bay Area throughout the dayhe
cluster accounting for 1percentof the Bay Area exceedances exhibits easterly winds into
the Bay Area during the overnight and morning hoit¥snds may reverse to enter the Bay
Area from the west during the atnoon The third cluster with easterly flow into the Bay
Area has high winds in the Central Valley and correspondingly increased dispersion rates
PM levels are higher than average; however, Bay Area exceedances are uncorhmson
remaining two clusters émbit marine winds entering the Bay Area from the wdth of
these clusters represent stormy conditions, and PM levels are low

The pair of episodic clusters exhibits considerable buildup of secondary PM, particularly
ammonium nitrate For thesetwo episodic weather patterns, PM levels in the Central Valley
can beabout 23 times higher than in the Bay Ar€khis is largely because of meteorological
conditions, especially for the most episedeone cluster Conditions are more conducive to
the transfomation of NQto nitric acid (needed for the formation of ammonium nitrate) in
the Central Valley than for coastal locatiofiese conditions includew wind speeds
combined with high amounts of sunlight during the day and high humidity at nighese
settings enhance daytime and nighttime conversion of,nitric acid Nitric acid then
rapidly reacts with ammonia emissigmaostly from day activities which are especially
concentrated in the northern San Joaquin Valley, to form ammonium nitrate.

The clusters, based solely on surfaneteorologicalkconditions, correspond well with aloft
weather systems influencing much of the West Coast and/or southwestern United Skates
developing or approachingpperlevelhigh pressure center over Central Gatifia causes a
transition from a high wind pattern into a low wind pattern for the region, resulting in
increasing PM levels. Typically, PM builds to the exceedance levdldays upon a
transition into an episodic weather patterithereafter, PM leveleemain approximately
constant while the high pressure system persists over Central Califértiansition from

an episodic weather pattern into one of the nepisodic patterns marks the onset of high
surface winds that terminate the episodic conditioEpisodes often terminate abruptly
when a migrating storm (cyclone) passes over the Bay. Steang, deep, turbulent winds
associated with the storm, but not the precipitation itself, is the key factor resulting in a
sudden decrease of elevated PM levdlsansitions from an episodic weather pattern into a
non-episodic pattern lacking rain are often associated with PM levels that decrease
gradually over a few days.

A single cluster accounted for over gércentof all Bay Area exceedances; however, only
around one in three days belonging to this cluster resulted in an exceedaheeefore, this
weather pattern constitutes a necessary but insufficient condition for an exceedance to
occur. Days belonging tdiis lone clustemwere further explored todistinguish between
exceedanceand nonexceedance Exceedance days could be defined in terms of a number
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of simultaneous meteorological characteristics: a ridge of high presdafemoving over

SFBA and providing a weak surface pressure gradient over Cealifalrnia; persistent

easterly flows through SFBA extending vertically from the surface to around thieF225
pressure level; orographically channeled winds resulting from strongly stable conditions;
enhanced nocturnal cooling under clesky conditiongroviding for enhanced overnight
drainage flows off the Central California slopes; and at least two consecutive days of these
listed conditions.

Yearto-year differences in global weather patterns strongly influence the numb2d-of

hour PM, s exceedancesNinters with more rainy days tended to have fewer exceedances
This is because winters frequently affected by stormy conditions tended to have fewer days
with the light easterly winds and other above listed conditions that are associated with PM
episodes

4.33 Cluster analysis for interegional transport patterns

The cluster analysis of Bay Area weather patterns described above suggests that transport
from the Central Valley occurs during many Bay Area exceedarttaisstudy, however,

was unable toesolve the upwind source regions from which PM and its precursass
haveoriginated It was suspected that sources in the Sacramento Valley and/or San Joaquin
Valley may contribute to Bay Area exceedances, depending upon prevailing atmospheric
conditions

A secondset ofcluster analysis wasonducted at the University of California, Davis to
investigate these potential transport patternshis study appligthe clustering technique
described above to an expanded spatial dom&iraddition to Bay Area®ather stations,
measurements were also taken from stations in the Delta re@irstations shown in

Figurel). In this manner, the clustering reflects Bay Area conditions as well as upwind
conditions where the &ramento and San Joaquin Valleys directly connect to the Bay Area
High quality weather station observations were not available in the Delta region for the
entire 19962007 period used in the previous Bay Area clustersp, the weather stations

in the Delta region exhibited considerable gaps in their records which resulted in days being
excluded from the cluster analysls total, 1001 days from the years 199007 had

sufficient observations to be included in this transport cluster analysisugh maller than

the above Bay Area clustering, this sample giasstill sufficiently largeenoughfor robust
identification of interregional transport patterns.

The transport cluster analysisvealssix dominant winter weather patterns prevailing over
the Bay AreaTogether, two of these clusters largely correspond with the single pattern
from the Bay Area clustering that accounted for ovep@&@centof all Bay Area
exceedance®Both of these episodic transport patterns exhibit air flows entering the Bay
Area from the eastThis pair of patterngs distinguished by upwind conditions in the Delta
and beyondAverage surface air flows for this pair of clusters are shoviAigarel5. One
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cluster has winds enterindgné Bay Area from the Sacramento Valley and accounts for
around 60percentof the Bay Area exceedanc@$ie highest Bay Area BMevels are
usually observed in San Jo3ée other cluster has winds entering the Bay Area from the
San Joaquin Valley and aoats for around 2@ercentof the Bay Area exceedanc$e

highest Bay Area PMlevels are usually observed in East Bay locations such as Concord,
Livermore, or Vallejo.

These transport patterns will be further used for evaluating transport simulagsalts in
section 6.2.3

B 2 WE

Figurel5. Pair of episodic transport clusters in which air flow into the Bay Area occurs from the Sacramento

Valley (left, 60% of Bay Area exceedances) and from the Samidaédley (right, 20% of Bay Area
exceedances).
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5. Computer simulations

A number of different simulationaere performed tobetter understand theformation of
PM;sin the Bay Arealn section 5.1the computermodels and their configurations are
briefly describedIn section 5.2base case simulation results are presentéde models
were applied to estimate the sensitivity of RMlevels to reductions of Bay Area emissions
(section5.4) and transport impacts on the Bay Area (sectdp).

Threewinter seasons were simulatedll PMand precursosources were modeled for the
winters of 200001 and 2008)7. The 200801 winter was simulated because extensive
measurements were available from CRPAQS; however, this was a severe PM season with
the highest M levels on recordThe 200607 winter exhibited moderate conditions that

may be more representative for air quality planning purposesotal, PM, s was simulated

for 128 daysThis large sample size ensured that all representative meteorological
conditions under which elevated PM levels oaeatwere modeled The third modeled

winter was 200809. For this winter, onlgirectly emitted PM from wood burning was
simulated This winter wassimulated to evalua the effectiveness oivood burning
restrictionsfirst enacted for the 20089 winter.

5.1 Description of models

Computer modeling of PM requirdd/o types of simulations to be performe#irst,
meteorological fieldsvere simulated These meteorological fields wetieen used as inputs
to anair qualitymodel to simulate PMevels.

5.1.1 Meteorological modeling

Meteorological modeling used éhFifth-Generation National Center for Atmospheric
Research (NCAR)/Pennsylvania State UniveviagoscaléMlodel (MM5) Separate MM5
configurations were used for PModeling and woodmoke modeling.

For PM modelinghree nested modeling domains were usédthe outer domain covered

the entire western United States with d@n horizontal grid resolution to capture synoptic
(largescale) flow features and the impact thiese features on local meteorologihe

second domain covered California and portions of Nevada witkmd horizontal resolution

to capture mesoscale (suiegional) flow features and their impacts on local meteorology

The third domain covered Central @ainia with 4km resolution to capture localized air

flow features The 4km domain included the Bay Area, San Joaquin Valley, and Sacramento
Valley, as well as portions of the Pacific Ocean and the Sierra Nevada mouh#sns
innermost domain had89 gid cells in both the eastvest and northsouth directions.

All three domains employed 30 vertical layernish thicknesses expanded with height from
the surface to the top of the modeling domain (abo&tkim). Meteorological variables are
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estimated at themiddle of the layerén MM5. The thickness of the lowest layeearest the
surface was about 3. Thus, meteorological variables near thaerface were estimated
around 15m aboveground level

The model configuration was tested using a number of abiglphysics optionsThe final

choice of optionghat proved to be the best for charaateing meteorology in the domain

were similar to those used by the National Oceanic and Atmospheric Administration (NOAA)
for the Central California Ozone Study simiaas An exception is that the PleiXiu Land
Surface Model and PBL Scheme were used to provide additional fields to feed the CMAQ
model.

Simulation periods were 12/2/2 of both 200601 and 2006)7. The resulting
meteorological fields showed reasonablgreement with observations archived at the
National Center for Atmospheric Research (NCB&pils of the validation of the simulated
meteorological fields against measurements are presente&pipendix B

A different MM5 configuration wassed for woodsmoke modeling fot1/15/2008

2/15/2009. The nner 4km modeling domain had 7§id cells irboth the eastwestand
north-southdirections. This domain covered the Bay Area and surrounding regions, but not
the rest of Central Californihat was includedn the PM modelingMM5 configuration

There were 50 vertical layeBhysics options were the same as for the PM modeling. runs
The resulting meteorological fields compared well against observatidetsils of the
validation of the simulated meteorologictélds against measurements are presented in
Appendix B

5.1.2 PM modeling

PM modeling used thEPAConmmunity Multiscale Air Quality (CMAQ) modeling system

version 4.6 CMAQ simulates six individual PMtomponents whiclare combined to

estimate total R, slevels: ammoniumsulfate nitrate, OG EC and other unresolved
components The model distinguishes between primary and secondary OC, which is not

possible from measurement$ KS & A Ydzf  § SR gagdouiSaNibert 02 YLI2 y Sy (i
particulates including aist, marine aerosol, brake and tire wear, and trace metals.

The PM modeling domaimad 185 185 horizontal grid cells andkin grid resolutionlt was
centered in the innermost meteorological modeling domdine meteorological fields from

2 grid cells alog each edge of the meteorological modeling domain were not used in order
to minimize the impact of boundary conditions PM modelingvithin the 4-km modeling
domain Thisresultingmodelingdomain matches the-«m CRPAQSodelingdomain

shown inFigure2. Some upperlevelmeteorological model layers wemmllapsedwvhile
preparing meteorological input®r CMAQ to reduce computational timé&his is a common
practice in air quality modeling, as pollutant levelsapdrsaloft are relatively low and do

not significantly impact levels at the surfaddne resulting number of vertical layers in

CMAQ was 16, with layer thicknesses expanding with height from the surface to the top of
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the modeling domain (about 16 kmljhethickness of the first layer of CMAQ was kept the
same asn MM5 (about30m), estimating pollutant concentratiores around I m above
the surface.

Secondary PM formatiowasdependent upon ozone photochemistifhe ozone chemistry
used in CMAQ was tHatatewide Air Pollution Research Center version 1999 chemistry
mechanism (SAPRC98gecondary PM gas to particle conversion chemistry was simulated
using in the Model8 AE3 aerosol module in conjunction with the Regional Acid Deposition
Model (RADM) aquags-phase chemistry model.

As described in sectidd) base case emissions inventories were developed for one week
each for the years 2000 and 2Q0@hese oneveek inventories were replicated such that
identical emissions were simulated for each weekhef200001 and 200807 winters,
respectively The replicated weeks were taken from near the middle of each winter
simulation periodThe inventories are believed to be representative of their respective
winter simulation periods; however, specific emissienents seh as increased wood

burning werenot reflected in the replicated inventorie$he simple replication also ignored
differences in plume rise that may have resulted under different meteorological conditions
occurring during different weeks of a givwinter. This approximation is believed to have
negligible impact on simulated PM levels.

The boundary and initial conditions for the simulations were taken from CRAA@$nly
particulates included in the boundary conditions were dust and sulfurispgboth set to

low levels Boundary conditions were also supplied for nitrogen species, VOCs, and ozone to
drive the ozone photochemistnypon which PM dependénitial conditions were set for the
same set of species as present in the boundary conditimit&al conditions were uniform in

the horizontal dimension, but changed verticallyitial conditions for pollutant levels were

set to small values to avoid numerical instabilitiEach model run was initialized during a
period of low PM levels to aid excessive model spimp time.

5.1.3 Wood smoke modeling

Wood smoke modeling used the ENVIRON International Corporation Comprehensive Air
guality Model with extensions (CAMXx) versib®0. CAMx was used to simulated wood
burning emissions during th&inters of 200601 and200809. The wood burning emissions
inventory is described in sectid@ The wood smoke modelingisedan emissions inventory
for a single dayhat was replicated over theinters of 200001 and2008-09. As such, the
emissions inventoryepresents average levels of winter wood burnitigloes not reflect
specifi intensified wood burning evenexpected during periods with colder temperatures
or holidays Thedirectly emitted, nonreactivevood smokecomponents were simulated
without anychemistry to reduce computational burdemitial and boundary conditions had
small amounts of wood smoke patrticles.
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5.2 Base casd’®’M modeling results

CMAQ was run with the base case emissions inventoryZ#-2/2 of both 200001 and
200607. These bae case simulationsere intended to reconstruct actual pollutant levels
that occurred during these period$he simulated surface PMfields compared favorably
against PMs measurementsCertain limitations of the model were noted, however, such as
a tendency to underestimate very high RMevels This shortcomingvas primarily due to
the overestimation of windsvithin the boundary layeby the meteorological modeluring
extremely stable atmospheric condition&/hen the atmosphere is stable, air dlof
decouples from the surface and the model tends to generate localdeel jets that
subsequently cause underestimation of PM in the air quality maslskeparate research
project is considereds part ofthe CRPAQ&ogramto improve the meteorologicahodel
performance for such conditionBetails of the validation of the simulated RMevels
against measurements are presenteddippendix C

5.2.1 Individual PM 5 components

A key benefit oodelingis the ability to estimate levels of the major RMomponents
throughout the Bay Aredrhis information helps fill the large gaps in the speciated £M
measurements that are only available for a limited number of days at a few locations
Simulated episodi24-hour levels for the PMls components are sbwn inFigurel6. These
results are averaged acro® 55 days for whiclsimulatedBay Are&4-hour PM; 5
exceeded 3%g/m?. For theseepisodicdays, light winds floed through the Bay Area from
the east, and Cdral Valleyconditions werenear calm.

PM species EC PM species OC
: = e -

PM species other

[ng/m3]

C
- N w &

0
PM__sulfate
28
[ng/m3]

-0
PM_ nitrate
28
[rg/m3]

PM,, ammonium

[ng/m3]

Figurel6. Surfaceplots of simulated?4-hour levels for the six PM componentsaveraged across the 55 days
for which simulatedase cas®ay Area maximur@4-hour PM, s level exceeded 3Bg/m3. Bay Area counties
and the California coastline are drawn using thick black li@#g limits for Sacramento and Stockton are
drawn using thin black lines.
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EC and most of the OC result from primary emissiB@slevels are elevated primariyand
near centers of commerce around the bay; over the Central Valley major citietoaand
lesser extentrural areasThe highest Bay Area EC levels occur over West Oakland,
reflecting Port of OaklandieselsourcesAside from the rural Central Valley Idicas, EC
accumulates only near its sourc&C levels are elevated for the same locations as EC, as
well as other moderately populated areddC is associated with both commerce and
household activitiesAlso, G may be proportionally higher than EC opepulated areas as
compared to over highways and centers of commerce and induskgly, this reflects
impacts of household wood burning and cookingesidential areasAccumulated EC and
OC in the rural Central Valley locations demonstrate the lagkmiilationin the \alley.

During an episode, a stable, stagnating air mass is trapped betweevt tth f S&@ Qa NA Y& @

The "other" PM s componentpresented in Figure 16 alsesults from primary emissions
only. It is elevated near highways and populatedagét reflects trace metals from mobile
and stationary combustion sources, suspended road dust, and also small amounts of tire
and brake wear particleé\s with carbonaceous components, the other primary,BM
components are trapped in the Central Valleyd accumulate in its rural aregSeological
dust would not appear to be a major contributor to elevated 2\évels under relatively

calm conditionsor during the winter rainy season.

Figure 16shows thatammonium nitrate is the dominant component cdsndary PMs.
During episodic conditions, nearly all of the nitrate and most of the ammonium are present
as the compound ammonium nitrat@Nitrate with molar mass 62 g/mol and ammonium
with molar mass 18 g/mol would appear with the mass ratio of 3.4rgte/g ammonium if
they contributed solely to ammonium nitrat@his is very close to the ratio visually
apparent for most of the plotted domain Figurel6.) Notable exceptions include near
Richmond and Cardpez Strait where excess ammonium is presé@hie ammonium nitrate

is not localized near ammonia or Néburceslt isdiffuse This is because ammonium
nitrate forms by chemical reactions occurring over the course of several days and aghts
fresh emisions are aged in a relatively calm air m@agamonium nitrate levels are highest
in the Central ValleyThere is a general gradient with levels decreasing from east to west
through the Bay Area.

Ammonium sulfate is a minor component of secondary, Btiring episodic conditions
Presence of this compound is reflected by the sulfate levels showigimel6. Appreciable
levels of ammonium sulfate in the Bay Area appear only aroungainis, industrial plants

and refineries neaakland Richmongdand Carquinez StraighiHence the excess ammonia
here thatdoesnot neutralize nitrate, as noted above.) Theseasrepresent the only
significant lanebased sulfur sources in the Bay Ardaamonium sulfate also formover the
offshore shipping lanes from combustion of sulfaden bunker fuelBecause winds are

from the east during episodes, these offshore sulfur sources do not strongly impact the Bay
Area
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Ammonium sulfate &n occasionally account for a modergportion of PMy 5. This
situation may occur under neapisodic conditions when winds are from the west and the
shipping lanes are upwind of the Bay Area (not shownyger such conditions, PMlevels
are generally low, and ammonium sulfate mass loadrggilltypicallynot much more than
a fewmicrograms per cubic meter.

5.2.2 Ammonium nitratelimitation

Ammonium nitrate particulate forms upon the reaction of gaseoosipoundsammonia
and nitric acidAmmonia is directly emitted, whereas nitric aéotms through the
photochemical aging of N@missionsLack of &ailability of either ammonia or nitric acid
canbe the limiting factor in ammonium nitrate formatiofigurel7 shows levels for these

gases averageacross the 55 days for which simulated Bay R#&hour PM, s exceeded 35
3

ng/m®.

Under episodiconditions, ammonia accumulated the atmosphere only near intense
ammonia sourcefCompare ambient ammonia levelskEigurel7 with ammonia emissions
levels ofFigure4.) Ammonia wa especially concentrated in the Central Vallewt its levels
alsoincreasedor some Bay Area source locatiohar the ammonia sources, mit acid
was consumed to neazero levelsAlso, ammonium nitrate levels werdevated over the
ammonia sources (sdegurel6), indicating locations of significant secondary particulate
formation. Nitric acid wa only able to accumulate for remote locations ovikee Coast
Rangeand the Pacific Oceaand to a lesser extent rural locationsar the Central Valley
rims. There wereno major NQemissions sources near the locat®where nitric acid
accumulated Thesefindingssuggestd that ammonium nitrate formatiorwas limited by
nitric acid, and not by ammoni#t is cautioned, however, that these results coblzl
misleading because of the preliminary ammonia emissions inventoryfosedodeling.

Nitric acid limied chemistry means that nitric acid availability ultimately limited the total
tonnage of secondary ammonium nitrate that formétddoes not imply that reductions of
nitric acid levels would be the most efficient means for reducing ammonium nitrate levels
Ammonia emissions reductions cowstll reduce ammonium nitrate levels under nitric
limited chemistry; however, ammonia emissions reductiomsld not impede ammonium
nitrate formationfor regions in which all nitric acid has been consumed.

5.2.3 Spatid distribution of PM 5

The base case simulation results demonstrate how primaryd2dcumulates near its
sources, whereas secondary P spread out through the Bay Aréeko analyze the spatial
gradients in finer detail, it is constructive to divithee Bay Area into a number of subregions
sharing distinct Pl characteristicsTo objectively identify the relevant subregions, a
cluster analysis was performed on the simulated,BMvels (This is a different type of
cluster analysis than applied toeteorological measurements in section 4Te term
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and goals.) The cluster analysis was performed to group model grid cells having strongly
correlated PMs levels By definition, correlated grid cells exhibit PMevels that rise and

fall with the same timingsThis type of clustering naturally identifies contiguous domains,
because adjacent grid cells directly interact via the wind and the terfdie clusering was
applied only to days with simulated PM levels exceedinggdth® so that the identified
subregions reflect episodic conditiarisight subdomains were identified within the Bay
Area Figurel8). Other sullomains of interest in the Central Valley (not shown) include the
Modesto area and the Delta region immediately east of Carquinez Striiighs of

secondary versus primary BMlevels were constructed for each identified subregion
Results for selectegubregions are shown Higurel9.

0

- | Ammonia
[ppb]

9 Nitric acid

Figurel?. Aerial plots of simulate@4-hour levels for gas phase ammonia and nitric acid, averaged across the
55 days for which simulated Bay Area inaxm 24-hour PM, s level exceeded BEQ/mS. Bay Area counties

and the California coastline are drawn using thick black li@#g limits for Sacramento, Stockton, Modesto,
Fresno, and Bakersfieltisted north to south) are drawn using thin black lines.

Around Modesto, PMsis composed of approximately equal portions of primary and
secondary components, up to about B§/m?® of total PMs. This distribution demonstrates
the typical buildup of secondary RBMIin the Central Valley to levels as high asnaiy

PM, s around a major urban source area for primary particlescondary P levels
occasionally exceed 3fy/m?, indicating that an exceedance could occur in the Central
Valley even without any primary PM emissioRsr high levels of primary PM(beyond 25
ng/m?), additional buildup of secondary Bidoes not occurLikely, this indicates a limit
for air mass aging to progressonditions in the Central Valley are netagnant, yet not
stagnant enough to allow for indefinite secondary PM accuatnorh.

In the Delta subregion, PM characteristics are similar to Modesto; however, there is
slightly more primary than secondary contributid?rimary levels are similar to Modesto,
but secondary levels are slightly decreased outside of the Centilal\fabper A similar
effect is observed through the Altamont Pass and into the Livermore VHi&g, however,
total PM,slevels are lower than in the Central Valley or Ddlisermore Valley is buffered
from the heavily polluted Central Valley by tBeast Rangesignificant contributions of
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both primary and secondary Piare required for an exceedance to occur in the eastern
portion of the Bay Area.

SE SFBA & Livermore Valley
iAround & Over Bay
g} [ Carquinez Strait & Napa

[ Jdowntown SF, Oakland, East Bay

% [ SantaClara Valley

1Santa Rosa & Sonoma

San Jose & S. Penninsula

580/880 & Inland East Bay

Figurel8. Eight Bay Area subdomains sharing similar air quality charsiite when PM levels are elevated
Bay Area counties and the California coastline are drawn using thick blaclClityegmits for Sacramento and
Stockton are drawn using thin black lines.

Inthe San Francisd@eninsula an&an Jose, PMis dominatel by primaryPM emissions

These urban areas have intense primary sources, and also are distant from the main locus of
secondary formation in the Central Vall&econdary levels are aroundr§/m?lower than

in the Delta or Livermore Vallel the San Fancisco Peninsula and San Jd2kb s

exceedances can occur from primary contributions alone.

North of San Francisco, in the Petaluma Valley, fimore primary tharsecondary;
however, primary components do not dominateiaghe urban areasSeconday PM s
levels are similar ags the urban areas, reflecting the regional nature of secondary PM
Primary PMslevelsare around half that of San Francisco and San Jose, reflecting the
smaller source strength of Santa RaSagnificant contributions of kb primary and
secondary PMs are required for an exceedance to occur in the North Bay.

5.3 Development of a typical Bay Area PM episode

Simulations depicted how a typical PM episode developed in the Bay Area oveFiguee
20 shows simulation results for the foulay period January 224, 2007 On January 21, a
high pressure system was approaching the northern California coast from the west. The
offshore clockwise rotating high pressure system created strangs\entering the
Sacramento Valley from the nortfihe winds blew down through the Sacramento Valley
and split at its southern end to enter the Bay Area and San Joaquin Méijowlevel

winds remained strong through the Bay Area and exited over #uifie OceanPM levels
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were low for the Bay Area, Delta region, and Sacramento Valley because of the strong winds
and associated dispersioDeeper into the San Joaquin Valley, however, the winds became
weaker and PM was accumulated to high leveis thenext day, January 22, the center of

the high pressure system reached land and winds became weaker throughout Central
California Light winds entered the Bay Area from the east as the Central Valley air mass
emptied toward the Pacific Ocealm the San Japiin Valley, secondary PM levels were
regionally elevatedin the Bay Area and around Sacramento, primary PM levels were
elevated near their source®n January 23, Central Valley winds were near calm and light
flow continued through the Bay Area from eastwest The entire Central Valley, the Bay

Area, and offshore locations immediately west of the Bay Area were impacted by regionally
accumulated secondary PMs the high pressure system gained strength and its west to

east motion was slowed down by ti&erras, PMs levels were especially elevated for

around the San Francisco bay, through Carquinez Straight, and near the Central Valley cities
For these source areas, localized primary PM in addition to regional secondary PM allowed
for high PM s levels Similar meteorological conditions persisted through JanuaryPR®4 s

levels were similarly elevated as in the previous.dde plume of regional PM expanded
somewhat to more strongly affect outlying areas such as Santa Rosa and Sanih(ruz
episodecontinued for several more days as meteorological conditions persisted (not

shown).
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plus Modesto and the Delt&rayscale indicates relative frequency at which combinations of primary and
secondary PMs levels occurredDiagonal 1:1 lines indicate equal proportions of primary and secondary

components.
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CIAQ 24 hr ot PM2.5 level and 24 hr winds for Sun Jan. 21, 2007

CMAQ 24 hr total PM2.5 level and 24-be winds for Mon Jan, 22, 2007
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Figure20. Simulation results for four consecutive days showing the developmentalftivelysevere PM

episode in the Bay Arederial plots of CMA@imulated24-hour PM, s levels with superimpose@4-hour
averaged wind fi@ simulated with MM5Bay Area counties and the California coastline are drawn using thick
black linesCity limits for Sacramento, Stockton, and Modesto are drawn using thin black lines.

5.4 PM sensitivities to Bay Area emissions reductions

The sensitities of PMy s levels tovariousreductions of Bay Area emissions werstimated
by simulation This approachequiredimplementinga "sensitivity run" othe air quality
model usinga modified base case inventorfypically, the modified inventodyasemissions
reductions for one or more important source categonekative to the base case
Differences in simulated PM levdistween the base case and the sensitivity rafiectthe
modeled impact of the reduced emissiodsvo types of sensitivity runs weperformed:
acrossthe-boardemissiongeductions for classes of chemical species eathlictionsof
wood smoke emissions only.

The first typeof simulationexploredthe sensitivity of PM levels t80 percentacrossthe-
board reductions otlasses ofhemrtal species emittedly anthropogenic sourcesithin

the Bay Area: N(and VOC combined; gaseous sulfur species; ammonia; directly emitted
PM; andthese fourclasses combirge comprisingall anthropogenic emissions
Simultaneous NEand VOC emissions redigtiswere simulated becaus historicalcontrols
for ozonehavetargeted both of these emissions class@mmonia, sulfur, and direct PM
emissions reductions were simulated independentlljis type of sensitivity rubased on
classes of chemical specidig not distinguish between specific source categories (e.g.
mobile and stationary sources)
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Additional sensitivitysimulatiors explored the impact of Bay Area wood burning on PV
levels Model runs were pgormed with 100percent 50percent and Opercent simulated
compliance rate with the District wood burning restriction enacted fa& 200809 winter.
Reductions of wood smoke emissions were simulated only for actual Spare the Air days
during which wood burning was restrictetihe simulated emissionsductions were
implemented from noon of the Spare the Air day through noon of the following Taig
timing wasconsistent withthe no-burn period specified ithe regulation This type of
sensitivity runwasintended to estimate how much higher BMewvels would have been
without wood burning control masures for the 20089 winter.

5.4.1 Acrossthe-board emissions reductions

Acrossthe-board emission reglctions were simulated for 12/78000-1/6/2001 and
12/27/2006-1/11/2007, fora total of36 dayswhenPM levels were elevated in the Bay
Area Differences in Pl levels DPM, s equals base case BMlevel minus sensitivity run
PM; s level) were computed for each model grid cBIPM, 5 is defined such that positive
valuesreflecta decrease iPM leve$ when emissions are reducddPM, s values at each
grid cell were averaged across the 20 diaythe FH-daystudyperiod havingsimulated base
caseBay AredPM, s levels exceeding 38y/m?>. These sensitivities under episodionditions
are shown irFigure21.

Reducing 2@ercentof the directly emitted PM (around l#®ns/day eliminated seeTable

2) was approximately an order of magnitude more effective in reducing pkkls Rvels
than reducing 2@ercentof the secondary PM precursois Figure21, DPM, s achieved
from direct PM emissions redtions is only slightly belothan that achieved from reducing
all emissionsCorrespondinglyDPM, s achieved from 2@ercentreductions in precursor
gas emissions (N@nd VOC; ammonia; and suHtontaining pecies) was about 10 times
lower than for 2Qpercentreductions of directly emitted PMReductions of directly emitted
PM, however, were most effective near the PM emissions sources.

Reducing 2@ercentof the ammonia emissions (aroun& fions/day elimirated, seeTable

2) was the most effective of the precursor emissions reductions simulateeDPM, 5
achieved mostly reflects reduced particulate ammonium nitrate levidle ammonia
emissions reductions also reduced ammonium sulfate levels by up toydt® near sulfur
sources around Richmond and through Carquinez Strait (not shde)effectieness of

the 20percentammonia emissions reductions was roughly uniform throughout the Bay
Area This contrasts markedly with reductions of primary PM emissions, which were most
effective near primary PM source aredsnmonia emissions reductions were desffective
near ammonia sources, where the secondary PM forming chemistry was limited by lack of
nitric acid (See Figurel7 and also the discussiasf the implications of nitric acid limited
chemistry in the lasparagraph of section 5.2 2This effect was most notable in the Bay
Area around San Francisco, San Jose, and Santa Rosa.
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Reducing a combined Zircentof the NQ and VOC emissions (aroub@iOtons/day NO,
and 40tong/day VOC eliminatedseeTable2) was relatively ineffectivel' hese precursors
contribute primarily to ammonium nitrate formatiaBenefits from these emissions
reductions occurred primarily around Santa Rag&se benefit here was around 0.2§/m?>.
For other locationsDPM, s was small in magnitudd he negativéddPM, s values may be
mathematical artifacts from the model

Reducing 2@ercentof the sulfurcontaining B precursor emissions (around 1@&ns/day
eliminated seeTable2) had a relatively small impact on Bay AreaRMvels Benefits of
these emissions reductions occurred primarily near sulfur sources around the bay
MaximumDPM, s of around 0.251g/m*was comparable with that of the comfed 20
percentNQ, and VOC emissions reductiof®nnage reductionsf sulfur (16tonsday),
however, were an order of magnitude lower than for the ,N@d VOC reductionsiound
250 tons/day) required to achieve a similar effect

Under episodic conditins with winds from the east, sulfur emissions frtme offshore
shipping lanes werdownwind of the Bay Ared@iffshore sulfur emissionseductionsunder
winds from the easlikely had little impact around the bay where ammonium sulfate
reductions occurredReductions of sulfur emissions may have been more effective under
non-episodic conditions having winds from the wddhder such conditionshe offshore
shipping lanes ere upwind of the Bay AredPM, s resulting from the 2@ercentsulfur
emissions redctions were over hg/m?in some casewith winds from the wes{not

shown).

Emissions reductions benefits were tabulated for the Bay Area subdomains sh&vguiia
18. Benefits were tabulated only for direciynitted PM and ammonia emissions
reductions, the most effective reductions for controlling primary and secondarysPM
respectively For each subdomaimPM, s values were tabulated only for the grid cell with
the highest simulated Pp4 levels on each @podic dayPooling the model results in this
manner reflects how emissions reductions impact attainmer2éhour PM standards,
which is likewise based on peak PM levBlssults are shown iRigure22.

Directlyemitted PM reductions of 2fercentimpacted ambient Pl levels differently for
different Bay Area subdomainghe directly emitted PM reductions were most effective
around San Jose, where primary PNevels were high over a relatively large arBarefits
ranged about 46 ng/m?>. Directly emitted PM reductions were less effective for some days
at locations distant from PM sources, such as the eastern extremity of the Bay Area, Santa
Rosa, and Livermore Vall&therwise, DPM, s values were generally iihe range 35

nmy/m®. In terms of percentage reductions of primary Pithere was much less spatial
variability. This is because reductions of directly emitted PM more strongly impact primary
PM; s levels near PM sources where primary levels are high@mary PMs levels were
typically reduced 1220 percent with an average around Jfercent Secondary PM levels
were not significantly affected by reductions of directly emitted PM.
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Ammonia emissions reductions of gércentimpacted ambient P levek relatively
uniformly across the Bay Area subdomaifis exception was the extreme eastern portion
of the Bay Area, where PMlevels were somewhat less sensitive to the ammonia
emissions reductiong his subdomain adjacent to the Delta was mostly aéfddiy
transported secondary PM under episodic conditions having winds from the[BRisb 5
values were generally in the range @5 ng/m>. Secondary Pl levels were typically
reduced 04 percent with an average aroundrcent Primary PM levels wernot
significantly affected by reductions of ammonia emissions.

NOx+VOC emissions reduced 20% NH3 emissions reduced 20% SO2 emissions reduced 20%

Ho.s
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PM emissions reduced 20% All emissions reduced 20%
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Figure21. Surfaceplots of simulatedsensitivities oPM, 5 for five 20% emissions reductigreveraged across
the 20 days for vhich simulated Bay Area maximud-hour PM, s level exceeded 359/m3. Bay Area
counties and the California coastline are drawn using thick black {nggslimits for Sacramento and Stockton

are drawn using thin black lingBositiveDPM, s values indicate that ambient PM levels decrease with
emissions reductionsSane scale is used for top and bottom tiles.
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Simulated PM2.5 sensitivities for 20 of 36 days w/ Bay Area max. simulated PM2.5 > 35 ug/im3
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Figure22. TabulatedDPM, s values for grid cell with highest simulated PMevel for eight subdomains
depicted inFigurel8, for 20 exceedaredays onlyTop plot shows sensitivity to 20% direct PM emissions
reductions Bottom plot shows sensitivity to 20% ammonia reductiodsrizontal lines on boxes indicate™5
50" (median), and 7'§percentiles folDPM, s values. Remaining values are tained within whiskers, except
for outliers plotted using a plus signs.

5.4.2 Wood smoke impacts

Woodsmoke PMslevelswere simulated for 11/15/2008/31/2009. This was the first
winter for which BAAQMD wood burning restrictions were in effébe simiation period
contained 8of the 11 Spare the Air dayuring the 200809 winter(Table3). Two different
model runs were performeday Area wood smoke levels were simulated with and without
wood burning restricbnsduring the Spare the Air periodsor the run without burning
restrictions, full wood burning emissions were simulated for the entire winter pefod
the run with burning restrictions, wood burning emissions were eliminated from the
simulationonly for noon of each Spare the Air day thgiunoon of the following dayf his
timing reflects 10Qpercentcompliance witlthe actual perials of wood burning restrictian
For all other periods, full wood burning emissions were simulatbd only difference
between thepair ofmodel runs was the presence or absence of wood burning dthnieg
eight 24hour Spare the Air periods.

Examples of thewood smoke simulatios areshown inFigure23for Spare the Air day
12/10/2008and 1/18/2009 Without burning restrictionspeakwood smoke levelsf 10-20
my/m° would haveoccurredover the areas having high wood burning emissions Egere
3). Wood smokdevelswould have beeraround 5ng/m?® or morefor many of the remaining
populated locations within the Bay Aré&/ithout wood burning restrictions on 12/10/2008,
wood smoke levels would have been comparably high in the South Bay and EastoBdy
smoke levels also would have been elevated around the bay and Santa/MRitsaut wood
burning restrictions o 1/18/2009, wood smoke levels would have been highest in the
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South BayOther locations would have bedessstrongly impacted by wood smokVith
burning restrictions on these Spare the Air days, considerable reductions in wood smoke
levels occurred for most Baye® locationsiear concentratedvood burningsource areas
Peak benefits were around Ifiy/m* of reduced wood smokeDn 12/10/2008 greater

benefit was obtained in the East Bay, whereas on 1/18/2008 greater benefit was obtained
in the South Baywood smokédevels were not reduced to zero becauke burning
restrictions did not begin until noon of these daydso, carried over wood smoke from
previous days may have impacted the Bay Area during the Spare the AifTtage results
were representative of th00809 winter. Theburning restrictiors had a signifiant effect
which varied byocation depending on the prevailing weather.

Figure24 shows the effect of the wood burning béor the 200809 winter atthe Corcord

and San Josenonitoring locationsThese data are representative of the other Bay Area
sites Blue bars indicate the observed BMevel It is assumed thaneasurements during
theseSpare the Aiperiods reflected the effects df00percentcompliarce with the wood
burning ban (e. no wood burning emissiongreen bars indicate the simulated additional
concentration ofwood smoke that would have resulted withotite burning restrictions
These simulated wood smoke levels were averaged acros® tharray ofmodel grid cells
surrounding each respective monitoring locatidine sum of the blue and green bars reflect
the total PM s levels that would have resulted without burning restrictiofitius, the green
bars reflect the effect of the restrictics.

OnSpare the Air dag2/10/2008, observed ConcoiV, s level wasl7 my/m®. Without
burning restrictions, more than 1dig/m? additional wood smoke would have been present,
for a total PM s level of over 31rg/m®. This was the largest benefit of tiveood burning
restrictions to have occurred at Concoft San Jose, PMlevel was 30rg/m? with burning
restrictions, but would have been nearly 84/m® without the restrictions This benefit at

the San Josmonitoring location wa farsmaller thanthe maximum South Bay benef{itO
nmy/m®) indicatedin the surfaceplot (Figure23). This discrepancy ariségcause the San
Jose monitor was not located at the area of peak simulated wood smokeret South
Bay For Spare the Air day 1/18/2009, benefits of the burning restriction were roughly equal
(3-4 my/m®) for both the Concord and San Jas®nitoringlocations; howevergreater
reductions ofpeakwood smoke levelgFigure23) occurredin the South Bayl10ng/m?)

than in the East Baff ng/m®). Thesemodeling resultsuggest thateductions of

population exposure to wood smokeere considerablygreater than indicated by the
monitoring data alone.

Without the burning resrictions, wood smoke levels for the eight Spare the Air days would
haveaveragedaround 11, 7, 5, 3, andriiy/m?® for the Concord, San Jose, San Francisco,
Vallejo, and Livermormonitoring locationsrespectivelyAssumingLOOpercent

compliance, the bunmg restrictions werestimated to reduce these wood smoke levels by
about 5675 percent, depending on locatianThe24-hour (midnight to midnight) wood
smoke levels were never reduced to zero because of tiatiming (noon to noon) of the
burning restrctions and also carried over wood smoHRé&e burning restrictions had the
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added benefit of reducing carried over wood smoke into the days following burning
restrictions Because the burning restrictions redubearry over, enhanced benefits may be
achievedfor multiple, consecutive Spare the Air calier most locations, theato

consecutive Spare the Aialls on 11/2425/2008provided the largest reductiaof PM 5
levelssimulatedfor the 200809 winter.

Table3. Spare the Air ays for 200809 winter during which wood burning ban was in effect from noon
through noon the following day.

11/19/2008 12/7/2008 1/15/2009 2/3/2009
11/24/2008 12/10/2008 1/18/2009 2/4/2009
11/25/2008 1/4/2009 1/30/2009
WBPM
Daily_Awverage:20081210 WBPM
hase

Daily_Average:20081210

30 &6 base-baagmd_wb_100
6
249
18
12
4]
0
ugim~3 1
1 1
e ] December 10,2008 0:00:00 1
e Min= " 0at(l.1) Max= 22 at(44.37) December 10,2008 0:00:00
" base enic Min= -0 at(45.63). Max= 16 at(44,37)
30 &8 30 &8
29 249
18 18
12 12
4] 4]
0 0
ugim3s 1 ] ugim~3z 1 ]
e January 18,2009 0:00:00 e January 18,2009 0:00:00
MCHIC: kin= 0at(1.1). Max= 17 at(41.1  wcne Min= -0 at{50,7), Max= 9 at (41,17)

Figure23. Wood smoke simulatioresultsfor Spare the Air das/12/10/2008(top row) and 1/18/2009
(bottom row). Smulationwith wood burning emission@eft column) shows estimated Bay Area wood smoke
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levels assuming full wood ming. Simulation without wood burning emissions (right column) shows
estimated benefit (reduction) offood smokdevels resulting from the burning restrictions.
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Figure24. Simdated effect of wood burning restrictiorduring 2®8-09 winter atConcord andan Jose
monitoring locationsBlue barsare observed PMslevels For Spare the Air days, the observedRlvels are
assumed to result from 100% compliance with the burning restricti@neen bars indicate simulated wood
smoke that would havedditionallybeen present without the burningestrictions They represent the benefit
of the burning restrictions.

41



5.5 Transport impacts on Bay Area

PM, stransport impacts on the Bay Area were explored by simulafitve approach

imLJX SYSYGSR aiUNIyaLR2NI Ndzyaeg 2F GKS AN ljdzl £ A
described in sectiob.4. Two types of transport runs were performed: zeroing out of Bay

Area anthropogenic emissions aretlucingupwind areasanthropogenic emissions

Zeoing outthe Bay Area emissions providad estimate of the cumulative transport

impacts from all sources outside of the Bay ARRaducingupwind area emissions provide

an estimate of how Bay Area air quality may benefit from reduced upwind emissions

saurces This latter approach was applied to estimate transport impacts separately from the
Sacramento area and San Joaquin Vallég model results indicated differences in

transported primary and secondary Bkrom these Central Vallegreas

The tangort analyses in wich emissionsvere zeroed out weraunrealistic Such
simulations only providéqualitative information regarding the relative contributions of
sources within and outside of the Bay Ar&#oreover, theydid not account for potential
interactions of enssions from different air basins

5.5.1 Bay Area emissions zeroed out

CMAQ was run with zero Bay Area anthropogenic emissions for2{2/@f both 200001
and 200607. Simulated24-hour levels for the six Pk components are shown iRigure25.
These results are averages across the same 55 days as sheigargll 6, for which Bay
Area maximun®24-hour PM; s level exceeded 36g/m?in the base case simulatioRM
levels shown ifrigure25resulted from emissions outside of the Bay Area, as well as
biogenic emissions within the Bay Ar@&ay Area biogenic emissions contribdite OC and
G 2 G mrdrady PM only Differencesn PM levels betweeifrigurel6 and Figure25
represent the contribution of Bay Area anthropogenic emissions teg¥els.

Without Bay Area anthropogenic emissions, primaryRMvels (EQnost ofOC, and

other) in the Bay Area were markedly reducé&tis effect was most pronounced near the
Bay Area sources, where base case levels were locally elevatdeidsesl6). Transported
EC levels were as high asg/m?in the eastern portion of the Carquinez Straight and
through the Altamont Pas3 hese corridors directly connect with the Central Valley, where
EC levels were higheFor the rest othe Bay Area, EC levels were figgm?® or lower.

Similar spatial distributions were observed for OC and othes £Nigher levels were
observed nearer the mountain passes connecting to the Central Vhlldye Bay Area, OC
levels ranged about-& mg/m?, and other PMslevels ranged about 0-8 ng/m?°.

Transport impacts of secondary ammonium nitrate were generally greater than for the
primary PM s components combinedAmmonium nitrate levels along the eastern boundary
of the Bay Area were as high astim?®. Plumes of ammonium nitrate with levels around 8
ng/m?were present through the Carquinez Strait and Altamont Passas around the bay
had @out 5 ny/m? transportedammonium nitrate.
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Ammonium sulfate levels in the Bay Area were spatially unifarar@und 1ng/m?. This
regional ammonium sulfate did not appear to sieonglytransported from the Central
Valley.

Central Valley levels for all PM components were nearly the same with and without Bay
Area emissionsTherefore, it is unlikely that PM anis precursors were transported from
the Bay Area into the Central Valley when Bay Area episodes occurred.

Figure25indicates average transport impacts that occurred under episodic Bay Area
conditions During the more severe episodes, transport impacts were often greater
Transport impacts were tabulated for the six days with highest measured RWels for
both 200601 and 20087, for 12 days totallotal transported PMslevels averaged 19, 19,
11, and 12vg/m? at the Livermore, Vallejo, San Jose, and San Francisco monitoring
locations, respectivelyMaximum total transported Pl levels were 33, 37, 24, ardd
ng/m? for these stations, respectivelyhus,24-hour PM, s exceedances could have
occurredin the Bay Areavithout any Bay Area anthropogenic emissidfsr these12 days,
transported primary PMsaveraged 7, 8, 4, andry/m® and transported secondary PM
averaged 12, 11, 7, andi/m? for thesefour stations, respectivelyTransported secondgr
PM, s levelsaveragedaround 4080 percentmore than transported primary Pk levels
depending upon location.

Figure25. Same agigurel6, except simulated with Bay Area anthropogeamissions zeroed oubcales are
same asn Figurel6to facilitate comparison.

5.5.2 Upwindemissions zeroed out

CMAQ was ruseparatelywith zeroSacramento area and San Joaquin Valtlghropogenic
emissiondor 12/2-2/2 of both 200001 and 2008)7. Simulateddifferences irk4-hour
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