| ™, BAY AREA

m- - AIR QUALITY
M
e

MANAGEMENT

B DISTRICT
939 Ellis Street, San Francisco, CA 94109

Research and Modeling Section Publication No. 201009-010-PM

Trends in Bay Area Ambient Particulates

November, 2011

PM Season from Nov. 15 to Feb. 10 e ointer EM28 Levels

WRzny D2y I“ Zs l%\
OPM25 Exceedances >, {
40 h
S 4 - 5
30 - g
B
10

PM25
0001 01-02 0203 0304 0405 05-05 0507 ng'm3
PM Season

Prepared by:
David Fairley, Statistician

Reviewers:

Scott Beaver, BAAQMD
Philip Martien, BAAQMD

Reviewed and approved by:
Saffet Tanrikulu, Manager, Research and Modeling Section




Table of Contents

ST 101> PP 1
N [ 1170 [0 Tox i o o TP P PP PP PP 8
2. PM Measurements in the Bay ArBa............cooo oo mmme e e e e e e e e e e e e e e e e e e e e e e aneeans 9
3. PM STANAAITS. ... et e e e e e e e e e e e e e e e e e e e e nnnan 14
4. STAtiStICAl MEINOUS. ... .eiiiiiiiiii e 16
LT Y e I (=] 41 E USSP 20
LS TR = 1Y, e I (= .10 P, 28
7. Trends in BRI COMPONENES.........ccooiiiiiiie e e e e e e e e e e e e e e e e e e saasaenesseeeeeeaaeeas 31
8. PM,sTrends in Central California Air BaSins........coococvieieiiiiiicceeieeeieeeeeeeeeev s eseee e ennneeennn . 40
9. Comparisons with the EmISSiONS INVENTOLY...........ceviiiiiiiiiieer e eeeeeeeveeeeeanees a4
10.  Trends in PM QUANTIES. .......uuiiiiiiieeieieee et e e e e e e mennssnrnreeeae e A48
11, Trends in PM Health EffECLS.......ccoiiiiiiiiii et 52
12, RECOMMENUALIONS. .. .eeiiiiiieeiiiiiiitieaeie ettt e e e e e e s e b b naess e e e e e e e e e s sassnbb s s eennssseeeeeeeeeeeaannnne 53
RETEIBNCES. ...ttt e s ame et e e et e e s s e e enme e e 54
Appendix A. Uncertainty of 2our design value trend eStimates...........cooovviivimemiiiiiiieeeeeee e 55

Appendix B Methodology and Meteorological Variables Considered in Wintertime Regressian58
Appendix Ci Numbers of days with PMMeasurements.................oooiviiiieeeiiiiiiiiccice e 61
Appendix D. Use of Dichotomous BMData for Trend ANalysiS...........coocuviiiiiiiiieeseeeeeeeeeiiieeee 62

Appendix E. Adjustment of nitrate measurements for the impact of refrigeratian....................... 64



Summary

Airborne particlepresent the greatesstimatechealth risk of any air pollutant in ti&an Francisc8ay
Area. Understandinthetrends in ambient concentrations of this particutasgter (PM) is a key to judge
the effectiveness of past and future air quality regulatidimés report analyzes the trends in Bay Area
PM from 19962010.

Background

PM is a complex pollutant, not only derivifrm many sources, but also appearing Wwide variety of
sizes ancompositions, antbrming via multiplepathways. PM was one of the six pollutants chosen in
the original 1970 Clean Air Act for regulation and adoption of standards

Theoriginal PM standard wasetfor total suspended particléTSP). But over the next 40 years a
mountain of scientific evidence has shown that the tifi&particles are the most dangeroushus,

the TSP standard was changed to af&thndard (particles less than 10 microns in diameter) in, 1987
and a PM; standard (particles less than 2.5 microns in diameter, aka finevB8/Hromulgateth 1997.
As a result, the District begaautine, multisite PMo monitoringin 1989 and PMs monitoring in 1999.

Historically, PM has been measured on filters. Aefils preweighed then placed in a sampler that draws
air through the filter, typically for 24 hours. Then the filter is posighed and the difference in weights
converted to concentration by dividing by the volume of air drawn. More recently, inetauha@e been
developed to measure PM continuously. However, PM standardsllapased on 24our

concentrations

There are two forms d®M standard$ annual and 24our. The annual standaisldesigned to cap

i ndividual sé6 theRdhad urP Ms texmpdasrud,e ;i ndi vi dual sd peak
each standard isdesign valué a statistic computed from the set of PM measurements that is compared
with the standard to determine compliance. For the annual standard, the desiimthalggarterly

averaged annual meameraged over thiireemost recenyears For the 2dour PM s standard, the

design value is the §gercentile of the PM measuremeat@raged over the threeost recenyears

Thus, we focus on the annual meand 9§ percentilsin the trend analysis below

Ambient PM is a mixture of many components tihabsform coalesce andgglomeratén the
atmosphere In contrast to the scientifevidencefor an increased rislis particle size decreadbsre is
little information fordeterminingwhich componentf PM poses the highest risk; currentPM standard
implicitly assumehat all fine PM poses a risk irrespective of composition.

Ambient PM is comprised of twimrmationcategoriesprimary PM1 PM that is dtectly emitted, and
secondaryPM i PM that forms through atmospheric transformations of gases and liduisiglso
comprised of two source categoriasthropogenid®M 1 PM from human activityandbiogenic, or

! The USEPA has compiled the relevant studies into a 2000 page science assessment for the latest update to the
National Ambient Air Quality Standards (EPA 2009).
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fi n at,®PMiaRMdrom natural sources. Table S1 shows the main components in these categories in
the Bay Area.

Table S1. Main components of Bay Area PMs by category

Anthropogenic Bi ogenic/ Ainatural o

Primary carbonaceous PM from combustion of fog marine air (sea sadind sulfaty some
fuels andwood, some geological dust, tire| geological dust, wildfires
and brake wear

Secondary | ammonium nitrate and ammonium sulfate secondary carbonaceofisom vegetative
emissiony

The District has been making measurata®f a number of PM components, including nitrate, sulfate,
ammonium, chloride (a marker for sea ssilice 199@Gnd, more recently, elemental and organic carbon
This allowed the tracking ahe contributios of these individual components to the t&¥.

Results

PM,strends:Fi gur e S1 shows the trend in the Districtos
PM,sstandardThe Di stricto6s des juggmforia992004 todqugmpforeads f r om 1 ¢
2010, a 28% reduction, with a 9086nfidence interval of 21% to 33%. As can be s#enDistrict met

the national annual P} standard for the whole period.

Figure S1. Bay Area PM2.5 Annual Design Values
19992001 through 20082010
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The Districannual design value is the maximum of design values from individual PM2.5 sites. The annual
design value for a particular site is the/8ar average of its quarterly averaged annual mean PM2.5
concentrations. The design values are marked at the third year of three year averages.

Figure S2shows he Di strictds desi gn -how PMsestandarde Foathei ve t o t
earliest periogvailable 19992001, the design value was f@/nt. By 20082010, it was 3Jug/nT,

which meets the standard. Although there is considerabldagrganr variation in Plyls concentrations,

the District is likely to continue to meet this stand. The eductionfrom 19992001 to 20082010 was

46%, with a 90% confidence interval of 29% to 63%.



Figure S2. Bay Area Aour Standard Design Values
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The Distric24-hour design value is the maximum of design values from individual PM2.5 sites. The annual

design value for a particular site is the/8ar average of the 98th percentilef its PM2.5 concentrations.
The design values are marked at the third year of three year averages.

We alsoinvestigaedtrendsin number of days exceeding the-2dur standardFigure S3 shows the trend

in exceedances of the standard across 11 winters from20#Bthrough 201:@011. There is

considerable winteto-winter weathedriven variationgiving the graph a satooth pattern. But

overlain is a clear downtrend, fraam average of over 24 exceedanfoedhe first 3 winters to under 8
exceedances in the most recent 3 winters, a 68% decrease. This decrease is statistically significant, and
becomesnore obviousith adjustment for meteorology.

PMy, Trends: Bay Area anual mean PM was reduced from 33g/nt in 19891991 to 18ug/m’ in
20072009, a total reduction of 44% representing an annual reduction of 3% peMyeme reductions
are a result of reductions in each of the anthropogenic components tracked Isgrtble @mmonium
nitrate, ammonium sulfatandelemental and organic carbon.

Figure S4 shows PMcomposition by decade. There have been substantial reductions in each of the
anthropogenicomponents.



Figure S3. Bay Area PM2.5 Exceedances by Winter
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Figure S4. Bay Area Annual Mean PM10 Composition by Decade
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PM,s1 PM1ycomparisorn Figure Ssshows theannualpercent reductions iRM, s summary statistics
from 2000 to 2010 anBM;, components from 1990 to 2010 along with 90% confidence intervals.
Reductionsaareshownon an annual basis to make the Rind PM, reductions comparable. Rediocts



in annualmean PMsand PMg are not statistically different, although RMmayhave a larger rate of
reduction, because it has a lower percentage of components not expected to decaeseeair and
geological dust. Note that the rate of deseeim 98' percentile is larger than fohe annual average, so
thatpeakPM values appear to be particularly affectedcabyhropogeniemissions reductions.

Among the PM componentbatthe District tracksthe greatest decreaisdn elemental carborgC),

which dropped about 7% per year from 1990 through 20h@. largest single source of Bay Area EC is
diesel exhaust. It appears that diesel exhaust PM may have beesdrathre than predicted in the
emissionsnventory which estimates a decreaseoofy a couple percent per yedrhis conclusion is
strengthened bthe observation thairganic carbofOC) has been reduced less than Bdhlike EC, Bay

Area OCderiveslargely from other sources, including wolbdrning, cooking, and gasoline exhaushe

fact that EC was reduced at roughly double the rate of OC suggests that sources with high EC/OC ratios,
specifically diesel, were reduced more than sources with low EC/OC ratasher bit of evidence is

that the ratio of carbon from fossil fuetsd¢arbon from notfiossil sources (including veaismoke and

meat cooking) has deeased, based on Carbbh analysis.

Figure S5. Bay Area Mean Annual Reductionsin -,
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Ammonium nitrate, one of the largest components of Bay AreasPidsalsobeen reduced
substantiallywith a rate of about 5% per yeaOrganic carbon and neeea salsulfate have been
reduced about 3% per year, and other§¥yeciesiqicluding geologichdust, tire and brake wear) have
been reduced about 2% per year. As expected, the marine air component shows no change.

Comparison with other air basins. The Bay Area has shown more consistent progress in reducing

PM, s than its twoneighboringair basingo the east the Sacramento and San Joaquin valleyke the

District, these areasave PM s measurements dating back to 2000. Over the past d&&ade,r a ment 00 s
annual PM: has been reduced by an amount similar to that of the Bay Area, and it meets the national
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annual PMsstandard. Butits2hour desi gn val ue h aditstllvioladestbep ped si ¢
national 24hour standardThe San JoaquiWalley has seen little progress in reducing its annual mean

PM, s concentrations, and it is still well above the national annual standard. San Joaquin has reduced its
24-hour design vale significantly, buit is still well above the standard.

Comparison with emissionsinventory trends: Figure S6 shows a comparison of annual reductions in

ambient nitrate, sulfate, Pyl and PM s compared withreductions in emissions of NOx, ®M,, and

PM,s. Thepercent decreasessnlfate match those of SOAlthough the point estimate of tlikecrease

in nitrateis greatethanthat ofNOx,t he t wo are not statistically diff
to-year variability.

Reductions ilmmbient PM, and PM s concentrations are much greater than the reductions registered in
the emissions inventorgven excluding road duéthich the inventoryestimates to have been

increasing. Although ambient PM contains secondary compounds, whiahlbeen reduced, there has
been a substantial reduction in concentrations of PM directly emitted from anthropogenic sarces.
there is a substantial difference between ambient and emissions inv@kitoeguctions for some source
categories.

Figure S6. Annual Reductions in Bay Area Emissions and Concentrations
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Reductionover 2Qyear period for all except a 3ear period for PM2.5. PM emissions
exclude geological dust. Also shown, 90% confidence intervals for concentrations.

Health effects: Ambient PM has a major impact on the health of individuals in the Bay Area. Itis
implicated in a variety of serious health effects, including triggering chronic bronchitis, abtrama
attacks, angremature death. The number of deaths affieisten the same order as that of homicide or
traffic accidents.



We estimate that reductions in RMrom 1990 to 2010 have reduced the number of premature deaths in
the Bay Area by more than 3,0p6r yeaf. Life expectancy in the Bay Area has growrBbyears in that
time, from 76years in 1990 to 81 years in 201%/e estimate that reductions in PM resulted irnaofith
increase in life expectancy, so that about a tenth of the total improvement is due to reductions in PM
concentrations.

2 Specifically, the number of deaths that occurred in 2010 with 2010, Bdcentrations is émated to be 3,000
fewer than would have occurred if BMconcentrations had remained at 1990 levels.
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1. Introduction

Airborne particulate matter (PM) constitutes the class of ambient air pollutants with the most serious
impact on the health of Bay Area residents. PM health effects range from lower and upper respiratory
symptomsncluding asthma and chroniconchitis toheart attackanddeath. These illnesses resulit i
thousands of absences from school, days of lost workyaspltal visitsannually We estimate that the
number of deaths in the Bay Area from elevated PMdeaweals that oimotor vehice fatalities or

homicides.

The Bay Areanttains thenationalannual PM s standardbut has continued to violatealiforniadd s annu a |l
standard. The Bay Area is in nattainment of the national 2#bur PM s standard.lt meets the national
PMpstandardb ut vi ol at e sgsténadrds Efforts ait theréggonaP dthte and national level

have reduced PM concentrations. This analysis estimates the amouhitabiiresin ambient PM as well

asin its differentchemical ad size components

1.1 History of PM standards and PM measurements

PM was oe of thesix ficriteriad pollutantsregulatedn the original Clean Air Act of 1970. Standards
were set for each of the pollutants and a procedure established for periodic review and update based on
new scientific evidence, a process that continues 40 years later.

The original PM standards were seterms of total suspended particulates (TSP). Evidence gradually
accumulated that smaller particles appearexttount for most of the health impactBhus, in 1987, the

EPA replaced the TSP standard with a standard fqQp Ridrticles less than 10ianons in diameter), and

in 1997, it added a standard for even smaller particlesgs@Mrticles less than 2.5 microns in diamgter
(SeeLippmann 2011 Today, there is mounting evidence that ultrafine particles (particles less than about
0.1 micron indiametey mayevenhave greater health impacts

1.2 Time intervals for PM standards and neasurements

Until recently, PM was measent by collecting particles diiters over 24 hoursand PM concentrations
were estimated by weightirigefilters before ad after collecting the particledBecause this process is
laborintensive, measurements have not been made event éagry stationAt most stations, they were
made eithepona %in-3 or kin-6 day schedule

Air pollution trends are typically hatd discern oveaperiod of a few years. Dap-day and yeato-
year variation in meteorology can lead to large swings in pollutant concentrafioeiefore, we
conducted analysex trends ovethe entire period of P measurements: 199910. For PMy, data
are sufficiento estimate trendsnly by decade: 1990s and 2000s.

PM also varies in compositioncluding carbonaceous particles from combustion of fossil fuels and
wood; geological dust particles; sea saltipbas; tire and brake wear particleSecondaryparticlesare
those formed bghemicalreactionsor physical interactions the atmosphereAmmonium nitrate and



ammonium sulfataccount for the bulk of secondary RiMthe Bay Area.Evaluatingcomponentrends
is useful forunderstanding the overall PM tremnwhichis thecompositeof these component trend$he
District has measured nitrate and sulfate orir@ day schedule since 1989. It has also measured
organic and elemental carbon, two othey RM components, since 2004.

1.3 Seasonality

There are large swings in PM concentrations by season. Almost Bllahge  Ahighestd s
concentrations occur in the wintertime. The reasons are several: 1.Bming is a significant source,
andoccurs mainly in winter. 2. Winter includes periods of atmospheric stag@aaiibstability with
particles trapped close to the surfabatbuild up over period of days. 3. Ammonium nitrate particles
form in colder weather. 4. Significant transpmeturs from the Central Valley, as stagnant periods
coincide with drainage ofirathrough the Carquinez Straihd various passes out to the Pacifezan

The District defines th&/inter Spare the Aiseason as the monthshdévember through February.
Analysis of exceedances of the-Bdur PM s standards restricted to these months.

2. PM measurementdn the Bay Area

The set of PM measurements made in the Bay Area has changed over time. Thisliseases what
measurementsave been made and whand when

2.1 PM measurements

The District began measurifiM;o concentratioa at a number of sités 1989 on a 4n-6 day schedule.

In addition tototal PM;, concentratios, a set of ions has been measured: nitrate, sulfate, ammonium, and
chloride. Starting in 1995, potassium was addad elemental and organic carbon (EC and OC) in.2004
In recent yearghe number of sites measuring BMas been substantially reduced.

The District began measuring BMn 1999. Until recently, he primary masurementsverefilter-based

A filter is put in a sampler that draws a steady and monitored airflow through it for 24 hblesPM s
concentration igstimated fronthe postpre weight differencef the filterdivided by the total air flow
yieldinga measurement of ambient PM in micrograms per cubic mejéni). These measurements are
called Federal Reference Method (FRM) and have been the ones used for determining compliance with
the national air quality standards.

ThePM, s measurement schedwas complex, with some sites having daily wintertime measurements
andothers once in 3 dayall sites hadh 1-in-6 daymeasuremergcheduldrom April through
September

Starting in 2001 the District began operation of BAM unitsontinuous PNs amalyzersat Livermore,
San Jose and Sandrcisco Thesaunitscollect PM s dataon an hourly basis. Initially, the

measurements were rextceptedy EPA for reference to the national PMtandard®ecause of large
uncertainty in this type of measuremen®&ecently, the accuracy has been significaintigroved andhe



District upgradednostof its BAM instrumentsSince 2009the PM s measurementsom the upgraded
BAM instruments have beatcepedas a federal equivalenteasuremennethod (FEMby EPA

2.1.1 Carbon measurements

The District commenced measurement of elemental and organic ¢g®a@nd OC, respectively)
2004 for PMcfilters. Previously, onlgporadiomeasurements were made

TSP measurements were discontinued in 1998, but another measuy@osdfitient of Haze (COH)
continued well after the turn of tleentury. COHmeasurements had been made by the District dating
back to the 1950sCOH is a measurement based on tlifedince in light transmitted through paper
before and after PM has been deposited on it; it is highly correlated witethentaktarbon in the
particles. Thus, it can serve a surrogate measure for EC

2.1.2 Other measurements

Speciated Pl measurements have been made at San Jose since February, 2000 as part of the Speciation
Trends Network. Measurements include all higher elements, a set of ions, and organic and elemental
carbon. A similar set of measurements has been made at Point iayes$the IMPROVE network

dating back to before 1989

In late 2008, the District started a program of speciategsPMasurementat Livermore and Vallejo.
West Oakland was added in February, 2009.

Extensive measurements were made as part of the California RdggotiallateAir Quality Study
(CRPAQS), late 1999 through early 2001. These measurements included speciatateBalirements
at several Bay Area sites that can serve as a baselicenfiparison.

2.1.3 Measurements by site and date

Table2 presents information abotlie PM measurements made in the Bay Aréae measurements have

been made for different lengths of time with changes in the number of Bitas, continuous records
havenot always been availabl&igure 2.1 shows a map with the sites.
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Table 2. Measurements and measurement history at Bay Area PM monitoring statiortsetween 1989 and 2010

Site PM, s Filter PM,s FEM PM,sSpecied | PMy,Mass+lons PM o Carbon COH
(frequency)?

Berkeley 20082010

Bethel Island 12/19991/2001 19892010 7/20042010 1989i 3/1992

Concord 3/19992010 (1) 19892010 10/20052010 1989i 1/2004

Fremont 3/19997/2009(3) | 8/20092010 3/1989i 6/2008 19891 1/2004

Gilroy 3/200710/2009 (3)| 11/20092010

Livermorée 12/19999/2008 (3)| 7/20162010 | 12/19991/2001 1989i 6/2008 10/20052/2008 19891 8/1995
10/20086/2010 (1) 9/20082010

Napa 19892010 10/20052010 1989i 1/2004

Oakland (East) 11/20079/2009 10/20092010

Oakland (West) 2/20092010

Point Reyes 19892010 (3) 19892010

Redwood City 3/19997/2008 | 10/2009 2010 1989i 6/2008 19891 2006

Richmond/San Pablo 3/1989i 2010 19891 8/1995

San Francisco 3/19999/2009 (1) | 10/20092010 | 12/19991/2001 19832010 7/20042010 19891 5/2006

San Jose 19992010 (1) 2/20002010 19892010 7/20042010 19891 4/2002

19901997

SJi Tully Rd 3/19999/2006 19892006 7/20042005

San Rafael 11/20092010 19832010 11/20082010 19897 8/1995

Santa Rosa 2/199910/2009 (3)| 11/20092010 7/19946/2008 19891 1/2004

Vallejo 9/20082010 12/1994i 6/2008 | 10/20052/2008 19891 8/1995

a (frequency):OctoberMarch frequency 1 = every day, 3 = evel/day; April-September frequency every ay at all sites.

b Species include all elements with atomic weight of sodium or higher; ions including nitrate, sulfate, ammonium; and aledrengi@hic carbon.

¢ Site moved in 2000 from Old Railroad RoadRimcon.

4 Richmond siteelosed in 5/1997 eplaced by San Pablo site at El Portal Shopping Ctr through 8/2002. Replaced by San Pablo site at Rumrill Blvd 9/2002.

© San Jose site at'st through 4/2002 eplaced by site at Jackson St in 10/20023an dsedata from 5/2002 through 9/2002).

" A dichot sampler operated at San Jose from 1990 through 1997.
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2.2 Methodology for combining data for trend analysis

As Table2 shows, the amount of data collected on PM and PM species has varied ove3diragmlkstrategies
were used to yield as long a record as possible and to ensure that the data were comparable Heee tisres.
summary of the issues and thethmelology employed to deal with them.

In general, a subset of sit@aschosen that had long data records. -w& ANOVA was used to fill in missing
values, then the average taken across sites for each year. See section 4 for a discussioragfANOY A
technique.

2.2.1 PMyand PM;, components

PMy, filters were collected fromi989through2007 at many sites and analyzed for,PMass, nitree, sulfate,
and chloride. Measurememntgre discontinued at about half the sites in 2008.-wa ANOVA was used to fill
in the missing values to extend the record through 2010.

2.2.2 PMjypnitrate

Since2009, the Districhasrefrigerated PN filters after the sample had been collected. Before 2009, PM
filters were unrefrigeratedThe impacbf the changeould be estimated by comparison with Rivheasurements
made at San Jose for the STN network where the filters have always been refrigénatechppears to have
been little impact for other PMcomponents, but for nitrateere was a elr difference, with substantial
volatilizationloss from the unrefrigerated filters. mMethod was developed &dljust the pr009measurements
to make them comparable to the@rent ones(See Appendik.)

2.2.3 PM,smeasurements

The District begaiits program of collecting Pbt measurements in 1999. Before that there had been some
limited PM, s measurements made in a special study in Sanfribmel 990 to 1997. Comparisons with
concurrently measured Byshowed that the special study PMegisered concentrations about 20% lower than
the PM s measured since 1999. Appendix D presents an analysis and develops an adjustment method.

2.2.4 Carbon measurements

In 2004, the District began measuring EC and OC oryRItrs. Before 2004, these were only measured in

special studies, but the District had a very long record of another measurement, Coefficient of Haze (COH). COH
is an optical measurement that is highly correlated with carbon, EC in particular. é geowerlap in EC and

COH measurements facilitated the developmeiat mithod to estimate EC concentrations from COH
measurements. This allowed the extension of EC measurements back to 1990.
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3. PM standards

The set of PM standards is complebhereareboth nationaland California standards for both RMand PM, for
boththe annual average and for 24 hofwith a coupleof exceptions) Here is a table with the level of the
various standards.

Table 3. Levels of national andState PM standards

PM2_5 PM 10
annual 24-hour annual 24-hour
National 15.0ug/nt 35 ug/nt N/A 150ug/n?
California 12.0ug/n?’ N/A 20 ug/nv 50 pg/nt

Differences among the standards and/kheyare metareexplained below.
3.1 National PM standards

Theannual PM;s national ambient air qualitytandardNAAQS) is 150 pg/m®. Compliance with the standard is
determined as follows. The standard is met by the Bay Area if and only if it is met aBayehyeasite

collecting EPAapprovedPM, s measurementsk-or a gien site, the standard is met if its annual design value

does not exceed the standaiiche annual design valuis the 3year average of annual average6 t he ,si t e 0
measurementsvhere each annual average is the mean of the four quarterly a¥efamesxample, the 2010

annual design value would be the average of the 2008, 2009 and 2010 annual averages.

The 24hour PMs NAAQS is 35ug/n®. Compliance with the standard is determined as follows. The standard is
met by the Bay Area if and only ifis met at every site collecting ER#oprovedPM, s measurements. For a

given site, the standard is met if its@dur design value does not exceed the standard24Fheur design value

is the 3year average of annual®Bercentilex f t h e ,smeasardmentsP M

There is also a 2Bour PMo NAAQS of 150ug/n?. This standard is met if tf@yearaverage of the 99
percentile values at each sisdess than or equal to 1@/n.

Additional cetails of the standas@regivenin the Code ofederal Regulations, Title 40, Part 50, Appendix N.
(CFR 40, 2011)

3.2 California PM standards

California standards are also based oi@dr PM s and PM, measurements, but differ from the NAAQS in both
level and form.Like the PM NAAQS, the Califoria annual standards are béis@ 3 years of data. But the

% Each quarter must have measurements for 75% or more of the scheduled samples.

* The 98" percentile is simply the sample'®Bercentile if the sampi schedule has the same frequency year round (for
example the Bhighest value if sampling is eveday). If the sampling frequency differs by season (as it has with many Bay
Area sites), the 98percentile is the determined from the empirical distitou (See US EPA 1999, page 27).
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California standards are violated if the annual average exceeds the standard in any of theTBg&zakfornia
annual PM;s standard is 1Rg/m®. Currently, California has no 2#bur PM s standard.

The California annual PN standard is 2Qig/m®. Its 24hour PM, standard is 5Qig/m®. Unlike the 24hour

PMo NAAQS, the 24hour CaliforniaPM,o standard is violated if any Plyimeasurement exceeds it, with certain
exceptions.Among the &ceptiors arevalues that are expected to occur less trare per year on average.
Thesearedetermined by a statistic termed #gected peak day concentratcrE PDC) , comput ed fr
worth of dat a. Any me as urludatl. Thahighest neaxicladedevalue isthe t e 60 s E
sitebds desi gn Asite meets thé standart ihrerte ofgtst thiree year design valueseed the

standard.
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4.  Statistical methodsusedfor trend analysis

For both the national annualdai@4-hour PM s standards, the design value is-geir averagé the average of
annual means for the annual standard, the averagét‘ob%ntiles for the 24our standard. Thus, the foools

this analysigs on methods to estimate trends insverages, and also to estimate the uncertainty in these trend
estimates.

Let t represent years from the initial year, so,tfteatexamplefor PM,sasthey ear s range from 19
2010, tranges from 0,4,,11. Let Y, be a summary statistic for year t for a given site. Heis &ither the

annual mean or the 9®ercentilefor year t

Some assumption about the form of the trend is necessary for statistical infé¥rentids analysis, we assume

Y= my(1-n)'e (4.1)

where ng is the initial mearisymbolically,E(Yy) ], r is the annual rate of reductiand is a random error term
with mean 1

Thereis a plethora of ways to estimate trend. These include:
1. Regression vs. yeaY, Yy, @ against= 0, 1, é, k

2. Regression on the log scale: Igivin(Yy) , élyn (&gai nst t = 0, 1, é, k.
3. Comparing the 3 most recent years with the earliest 3:ybarabsolute reduction) &, or the

relative reductionp @ f®,whered —and® —
4. Using a permutation approadtet Wy(r) = Y/(1-r)'. Find the value ofrsothat i & i T, Or
p wfw O

5. A nonparametric approact,g,us i ng Ke ntd¥alyd 6 €,)tBYuB Y'QH D,
where sgn(x) is the sign function, sgn(x1=f x<0, =0 if x=0 and =1 if x>0.Find the value of r so that
t(Wa(r), Wa(r), € , Wi(r)) = 0.

All these were used, in different parts of the analysis.

4.1 Focus of trend analysis

This analysis focusam progress toward meeting tleeleral PM standards. For RVand PM, the gatistical
tess appied useddesign values from the most recend aarliest yearavailable For PM components, the tests
used means for the most recent and earliest years.

4.2 Inference for ratios -- permutations

In light of this discussion, we consider inferences about the design values, Q. Statistical inference for the
difference in design Vae for a given sités straightforward using a twesample ttest. But to report progress

16



a difference of so many micrograms/cubic meter is difficult for aequert to understand and, further, the degree
of progress will depend on the typical levels, which vary from compound to compound.

Thealternativet to usethe relatie progress, that is, the relatinggluction,® 7 . The interpretation of the

relative reduction is straightforward and it makgsossible ® compae the reductions of various PM

components. The statistical infereng@ot as straigforward however A parametric approach is possible, one

that assumes the sample means are normal. But unlike the inference for the difference in means, inference on the
ratio involves a distribution with unknown parameters that, because of the smalksacan only be roughly
approximated.

Here we use a negparametric approach based on the permutation distribution. Assume that the data fit model
(4.1) above. Then, if the true reduction rate is r, the set,oiviiére W= Y /(1-r)', will be identically distributed.

Therefore, if we comput® i ® Fw , with high probabilityit will be within the range of the ratios
O i ® “T& * where the W arerandom permutati®of the W, that is, permuting the values among different
years.

A confidence interval for r can thus be found as the set of r sucbBghas not unusual among the permuted
values D*(r) More precisely, the sét r,O r} sGch that P(D*)  O)) B/, and P(D*() O,)) B4/2
is a 10Q1-a)% confidence interval for .

4.3 Inference for District design values

The design values consist 6f/8ar averages, so the methods discussed above are appfoptiaedesign
values for individual sitesBut the design valuéor the Districtpresentsa more difficult problem. As the
maximum of 3year averages, @toes not have the distribution of a simple avefagmeinferencemethod using
regression against year, is described in Appendix A.

Here we use a generalization of the rg@smutation rathod. Effectively, what that method does is to consider
permutations of years. This same approach can besdplthe District design value. See Appendix A.

4.4 Methods for trends in PM, s exceedancesncluding meteorological adjustment
We also consider trends fine number of exceedances of thel®gur PM s standard Exceedances occur almost

exclusively in the winter months. Therefore, we limited the analysis to November through February. Because the
high PM season overlaps years, seasidered the number of exceedances by winter, rather than by year.

® For the PMscase, we are usingsix®s t o compute the two means. =18j480h 12 vye
distinct ways to pick the six, so there will be at most 18,480 distinct values of D*(r), one ofisyto€lcourse, D(r). If we

chose a 90% confidence interval, tf@ = 0.05. Since 0.05 x 18480 = 924, we want to fjrst that D() is the 924

smallest of the D*(J values, and,rso that D(y) is the 924 largest of the D() values. We wrota program that found the

confidence interval iterativelly guessing values of r and, for each guess, cycling though all the possible permutations and
computing D*(r) for eacfi until the value of D(r) was close to the value of the"d@aallest D*(r); the repeating the

process until the value of D(r) was close to the value of th& B2dest D*(r).

®In contrast, the §ear average of yearly maxima would have the distribution of averages.
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Exceedances are relatively infrequent events, so their distribution can be reasonably modeled by the Poisson
distribution. Poisson regressions against year were performed.

Exceedanceare highly dependent on meteorology, leading to largetpegear fluctuations. Thuakey

guestion is how much of any trend is duehanges iremissions and how much due to a trend in meteorology.

A measure was developed that provides a roughefitéhate of the meteorological potential, namely the number

of light wind, no rain days. Specifically, we averaged thé@dr average wind speeds at three sites: Bethel

Island, Pleasanton and San Carlos. A light wind day was defined as one with ge swiathspeed less than 5

mp h . We used rainfaldl from San Jose, and defined a
highest PMstends to occur only after several days of buildup, we defifdld,a conducive daysa day where

there had beethreeor more dagin a row with both light winds and no raip to and including that day

We also performed a moosemprehensivanalysis usingnultiple regressioto predict daily PMs concentrations
from meteorological antémporal variables. The goal svto estimate how many exceedances would have
occurred each year if the meteorology was the same every yeamethodology is explained in Appendix B

4.5 Annual decreases for comparability

Because the number of yeangilable for trend analysis varied for the different PM spettiegnnualreduction
rates are also provided, where the annual ratefiredasr=p ®OId 7

4.6 Estimation of missing values

In looking at trends in annual statistesrcss sites, ignoring these missing data could result in bidsesduce
the potentiabias,an ANOVA model was fit to the datmamely

Yg=H+act+bi+g

whereY; is an annual statistic for site j in yearTthe missing Y, were estimatedteratively 1. computing
W4ty @ & & where the dot indicates which index over which the average is taken, tsimtingthe missing
values bywg (3 Gy Steps 1 and 2 werepeagduntil theestimates fomissingvalues converge

4.7 Statistical inferenceissues

For all of the above techniques, statistical independenceofdhe Y i s required to esti mat
PM, s values can be highly correlated one day to the next, this correlation decays within a feWhdesysannual

means from different years, which have at most a verynieasuredalues within a few days, should be close to
statistically independemtf eachother Successivgear 98 percentiles may be correlated if a stagnant period

occurs right around January 1, but it is unlikely to affect many years. Thutg-day autocorrelation should not
invalidate the inferences made.

Some factors do have a potential impact, howe@rewas a change of instrumentation. In 2009, continuous
FEM measurements replaced filter measurements. Analysis where parallel measurements were made showed tha
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the FEM measurements were higher by a random amount upgton3(Fairley 201). Because dthis, FEM
measurements were not included in the,Pivend analysis.

Another potential factor is the moving of a station. A couple of key stations were inthedowntown San

Jose site was moved frorfi &treet to Jacksorti®et in 2002. The Livermersite was moved in 2000. Based on
compari sons using other sites as controls, it appea
concentrations.

The same concerns applied to Rvheasurements made by other agenicig® PM s filter measuements made
for CRPAQS, for the STN instrument at San Jose, and for the DRI measurements at Livermore, Oakland and

Vallejo. These measurements were also excluded.

The degree of uncertainty will be expressed as 90% confidence intervals.
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5. PM,strends

This sectiorpresentsrends in annual mean and"98ercentile PMs design values, and also in numbers of
exceedances of the 2ur PM 5 standard.

51 Annual trends

Figure 5.1 shows the quarterly averaged annual means for District sites and Point Reyes. Also shgearis a 3
average oBA urban levels The averag®M, s across the District siteshows a steady reductibrom 12.2

pg/m for 19992001 to 8.6ug/m® for 20082010, a reduction of 30%, or a 3.9% per year compoundeavitie
90% confidence interval of 2.1% to 5.6%

Figure 5.1. Annual Mean PM2.5: San Francisco Bay Area
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Figure 5.2shows the District design valuedative to the annual standdrdm 19992001 through 2002010.
There has been an almost monotonic reduction, frompigt#® for 19992001 to 10.2ug/nt for 2008-2010, a
reduction of 28% or 3% per year, with a 90%ermutatiorconfidence interval 1% t05.1%.
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Figure 5.2. Bay Area PM2.5 Annual Design Value
19992001 through 20082010
national standard
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5.1.1 Longer-term trends

There were only limited P4 data collected in the Bay Area before 1999. There@éinuousecord from

Point Reyes extending back into 1988, but it is of limited value being a background sjteda®aAvere

collected at Fremont from 1988 through 1994 as part diiltimnd Acid Deposition Networkbut Fremont is

not one of the sites where routine Rvheasurements have been made San JosehoweverPM, s
measurements were collected with a dichotomous sampler from 1990 througlri®akso since 1999 as part of

A

thebD strictds routi.ne monitoring network

Figure 5.3 shows the annual concentrations for San Jose, where the dichot measurement9Tondg9Been
divided by 0.78 according to the analysis in Appendix D. Also shown are thgaRMial averages from the
District FRM sampler. The relationship between annual meass BiMI PMg has held fairly constant over time.
A regression line shows that there has been a consistent trend oM the 28year period from 1990 through
2010, a reduction from 178/m®in 19961992 to 10.1ug/nT in 20082010, representing a 43% decrease.
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Figure 5.3. Annual PM2.5 Concentrations
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5.2

Trends in 24-hour design value

Figure 5.4shows the annual 8%ercentile concentrations at District sitésalso shows a 3year moving average
of the average of all &¢ plotted vs. middle year. The plot shows a sudden dip in 200yrbatof this is
becausehe meteorologywas much less conducive to high PM in 2003 than 2002 3year average dropped
from 47 pug/nt® for 19992001 to 27ug/n? for 20082010, a 41% radttion, or 5.7% per year.

PM2.5 (ug/m3)

Figure 5.4. PM2.5 98th Percentiles: San Francisco Bay Area

0 —i—Livermore

60 == Fremont
=>e=Concord

> == San Francisco

40 1 =@-Redwood City

30 === San Jose
= SJ-Tully Rd

20 Vallejo

10 ¢— Santa Rosa

0 — national standard
1998 2000 2002 2004 2006 2008 2010™=3-yr BA urban mear

22



Figure 5.5shows the trend in the Bay Area-Bdur design value The valuegell almost monotonically, from 57
ug/m?® for 19992001 to 3Qug/m? for 20082010, a reduction of almost 50%. The annual reduction Wés er
yearwith a 90% confidence interval of 32to 84%.

Figure 5.5. Bay Area 24our Standard Design Value Trend
Design values plotted vs. most recent year. E.g. 2@08.0 dv plotted vs. 2010
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53 Trends in winter PM, 5

As discussed earlier, v i r tgcentehtnatiorss bdcur anfwinter dags. Breese Ar e a

days are distinctive not only in their meteorology, but also their mix gfsPMoodsmoke and ammonium
nitrate predominating. Thus, we focuswimtertime trends, more precisdlye trends from November thrgh
FebruaryFor this purpose, wieok at trends in counts of exceedances by winter.

The number of exceedances per wintdrighly variablebecause of meteorological fluctuatiors simple

method to track the meteorological effect is to compare the number of exceedances with the number of PM
conducive daysA more sophisticated analysis was done to account for meteorology, where formulas were
established for each wintdratrelaied daily maximum PMsto various weather and tingd-year factors. Such
formulas represent estimates of gegentialfor high PM, s under given meteorologgl conditionsso applying
each of the formulas across the same set of wintaditionsallows usto look at the trend ithe average

potentia] which we will termAverage Exceedance Potential

5.3.1 Trends in PM,sexceedances
Figure 5.@.shows the number of days RMexceeded the 38g/m’® standard for each winter 192900 through
20102011. Thesawtooth pattern in the numbers of exceedances is mostly due to meteorology rather than

changes in emissions. A reduction in the numbé&exceedances is clear, and the Poisson regrdsstoshows
a reductiorfrom a predicte0.6exceedances in 192®00 to7.4exceedances in 204AD11.
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Figure 5.6a. Bay Area PM2.5 Exceedances by Winter

Exceedances of the 2dour NAAQS and Poisson regression fit
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5.3.2 PM,sconducive days

Figure 5.6 shows the number of RBMconducive days along with the number of exceedangikkough not
perfectly correlated, the PMconducive days generally follow the same sawtooth pattern as the PM
exceedances. However, unlike the decline in exceedances, there is-tertotiggnd in conducive days; there
are actually more conducive days in the winters of through 20142011 than in 1992000 through

2001-2002.
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Figure 5.6b. Bay Area PM2.5 Exceedances by Winter
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5.3.3 Evaluating exceedancotential
To estimate potentialve bega with the Districtwide daily maximum Plyls concentrations.

The independent variables include a range of meteorolageasurements madg various District sites. These
were reduced to 2dour summarieslie 24hour averagewind speedaind24-hour resultant wind direction. We
also considered the Z2#bur rainfall athe City ofSan Joseneteorological statioandmeasurements from the
Oakland RAOB sounding In addition we considered ttiene lags of some of these variablaale also included
temporal variables: day of wedhplidays and time of year, specifically, the number of days from Jandary 1
See Appendix B for methodology.

Results

A set of trial variables was selecté8ee Appendix B Stepwise regressions were performed and the strong
predictorsi those withsmall pvaluesi were selected. The resulting regressmmula was

f = In(dmax) = 1.79 0.00819 jd- 0.0263avews + 1.41 1/avews + 0.202 sjrn<.02 + 3.77 1/3dyws + 0.250
pbwd<90- 0.00118 fuws&pb<90

Thecoefficientvalues, definitionsyuncertaintieand tvaluesare shown in Table 5.1.

" The RAOB soundings measurements made twice a day (4am and 4pm) at Oakland Airport using instruments on a balloon.
The measurements are recorded as the balloon reaches certain air pressure levels.
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Table 5.1. Predictors for District maximum PM,s.

Estimated p-
Predictor Description Coefficient (&) SE Coef t | value
Xo | Constant 1.790 0.110 | 16.33 0
X1 |jd # of days from Jan 1 -0.00819 0.00063 | -12.96 0
X2 | avews 3-site average of 24-hour ave ws -0.0263 0.0087 | -3.04 | 0.002
X3 | l/avews reciprocal of x, 1.409 0.300 | 4.70 0

Xg indicator of san jose rain < 0.02
sj rain<.02 inches 0.2017 0.0283 7.12 0

Xs reciprocal of 3-day average wind
1/3dayavews speed 3.768 0.221 | 17.07 0

Xe indicator of san pablo wind
san pablo wd<90° direction between 0° and 90° 0.2504 0.0391 6.41 0

X7 standard deviation at fort funston
fuws&ph<90 times X -0.00118 0.00037 | -3.16 | 0.002

The adjusted Rwas 65.9%.

A plot of the residals vs. predicted shows a relativelyen scatter, indicating no serious problems with
heteroskedasticity (neconstant variance). The first order autocorrelation of the residuals wasTti39s
statistically significant, but small enough that the variables in Table 5.1 should &k siltistically noizero.

Regressions were run for each individual winter using these same 7 variables. The aéustege® from 57%
to 82%. The variables jd and 1/3dyws are consistently significant from winter to winter, thardagrengtently
so. The predictions based on all variables were used. So, for each winter,

fw= 8wt aw'X1+ &wXo+ € AR

These formulas were then applied to each of the winters2@@@ through 2012011 (Steps 3 and 4 above)

The resultare shown in Table B2 in Appendix Bigure 5.7compares the predicted number of exceedances in
winter w with the actual number in winter w. There is a high correlation between the predicted number of
exceedances and the actual numfdre closeness ggests that the Gaussian error assumption works well.
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Figure 5.7. Actual and Estimated Exceedances
Estimates using prediction formula and meteorology of same year
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Figure 5.8shows the estimateal/erage exceedance potentialeach winter. In most winters, this potential is
closer to a linear trend line than the observed number of exceedaviersas thearrelation of actual
exceedances with year is 0.72, the correlation of exceedance potential with year&if@6jngthe conclusion
that the observed trend is real. A regression of log of exceedance potential vs. year has a0sldjpe of
indicating an annual rate of decrease in the number of exceedance6f®= 0.15, i.e. 15% per year.

Figure 5.8. Average Exceedance Potential
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6. PMjgtrends

For this trend analysis, we consider the period from1989 through 2007 for peakrfeML 9892010 for mean

PMy.. In order to establistonsistency across years, for the peakRivlalysiswe only considered days where
measurements were made at least 8 sites. As the table in Appendix C shows, the number of such days is relatively
consistent across years.

6.1. Trends in mean PMy

Figure 6.1 shows quarterly averaged annualfRdncentrations from 1989 through 2010. The solid red line
shows the average of 9 sites, where missing values were filled in by repeatedly fitiivey sARIOVA and
replacing the missing values with thevay ANOVA estimates.

The reductions were approximately 3% per year in the 1990s and 2% per year from 2000 through 2010, both
statistically significant. The-8ite average dropped from 88/m®in 19891991 to 18ug/m’in 20082010, a
reduction of 44%.

The Distict is close but does not megthe California annual P standard.lts 18ug/n? design valueseems to
indicate it metthe standad ut i t beeassdirét the sfaadard is based on the maximum average over the
most recent 3 years, and sectinel California standard sased on PM measured locally, which is generally
sormrewhat higher Bethel Ishnd registered the highestnual average of 34g/n? in 2008. However, the
maximumaverage since then wa8.4pg/n for San Jose in 2009.

The 2008 maxi ma were impacted by wil df kinfleesced As s umi
concentrations are excluded as exceptional events, then the District should reliably meet the California annual
standard in a very few years.

8 california PM, standards are based on local fghbncertrations, using local temperature and pressure, whereas national
PM;quses a standardized temperature and pressure. California values were not available for the whole period but were
available for the most recent data. The local and measurements ahégisdyycorrelated and are 1% to 3% higher than the
standardized. Both the California RMstandard and the PAMNAAQS are based on local measurements.
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Figure 6.1. Annual Mean PM10
Quarterly averaged, 1982010
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6.2 Trends in peak PM

Figure6.2 shows the number of exceedances of the Calif@iaour PM, standard.It also showshe
predictions from a Poisson regression. The reduction in exceedances heans@drable. The Poisson
regression shows a s#tically significant decreadeom almost 15daysper yea in 1989 to Jaysper year in
2007, a reduction of approximately 8% per year.

Figure6.3 shows the trend in District design valuekativeto the California standardThere has been a
significant rediction over the entire 1982007 period. The trend in the miamum design value from 2006
2007is not statistically significant and the downtrend in theté aveage is borderline significant.

The overall drop,rbm an average maximudesign valuef 157 pg/nt for 1989-1991to 78 ug/nt for 2006-2007

was 9% for an annuatate 0f4.3% per yea(90% confidence interval 2.4% to 6.5%)evertheless, the District
still violates the standard by a considerable margin.

29



Exceedances

20 ~

18
16
14
12
10

o N b~ O

Figure 6.2 Exceedances of the California PM10 Standard, -P989F
Days exceeding the 2dour standard with measurements at at least 8 sites

—¢— Exceedances (standard
conditions)

== P0isson regression fit

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Concentration (ug/m3)

Figure 6.3. Bay Area PM10 Design Values
for the 24-hour California Standard, 1982007

180 -

160 1 == maximum

140 - —A—6-site average

120 - = standard

100 -

80 -

60 1 californiaStandard

40 i H4

20 -

0 [o)] I o I — I AN I (a2] I < I Lo I O I N~ I [ee] I (o] I o I — I AN I ™ I < I Lo © N~

o0} (2] (2] (e} (2] (2] (o] (o] (o)) (@] (o] o o o o o o o o
(¢} ] (o] (2} ] (o] (2} ] (o] (2} ] o o o o o o o o
— — — — — — i i —l i i N N N N N N N N

30




7. Trends in PM components

7.1. Nitrate trends

Figure 7.1 showthe trends in annuahean nitrate concentrations. All sites show a downtrend although there is

considerablgearto-year variation. The-8ite mean nitrate wagduced from 5.3g/m’in 19

831991 to 2.6

pg/m? in 19992010 to 1.8ug/m?® in 20082010. These constitute reductions of%62rom 1990 ta2000, 296
from 2000 to 2009and66% from 1990 to 2009anoverall reduction of nearly twthirds (a 90% confidence
interval of 48% to 83%)On an annuaasis,hitrate was reduced a compound average rate of%.per year

from 1990 through 201@ith a confidence interval of 2.4% to 7.0%

A comparison of trends by decaffégure 7.2)shows nasignificant difference between that
the 2000s.

es in thel990s and

Figure 7.1. Annual Mean Nitrate 198910
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Figure 7.2. Nitrate Trends in 2 Decades: 1989and 199906/09
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7.2. Sulfate trends

Sulfate is another large component of Bay Area PM. As with nitrate, sulfate is formed from reactions with
ammonia, where S@onverts to sulfuric acid, combining with ammonia to prodaroenoniumsulfate

(NH4)2SO.

There are couple oflifferencedrom nitrateto keep in mind1. A sizeable amount of Bay Area sulfate derives
from direct emissions from ships, and also as a natuwabiyrringcomponents of the salts in marine .
Sulfate is less volatile, so that its aamtration on filters is not affected by whether or not the filter was
refrigerated.

Figure 73 shows the trend imean sulfate Although there is considerable variation, largely from meteorology,
there is a substantial 3@ar decline in mean sulfatermentrations. The-site mean sulfate dropped from 2.3
ug/m®in 1990 to 1.9ug/m®in 2000 to 1.3ug/m®in 2009. The rduction from 1990 to 2000 was %7 the

reduction from 2000 to 2009 wasZQand the overall reduction was%l(with a 90%confidence intervabf

27% to 51%. On anannual basis, theverage reduction rate betweE90and 2010 was 3.0% per year with a
90% confidence intervalbof 2.1% to 4.1%.
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Figure 7.3. Bay Area Geometric Mean Sulfate 12890
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7.3. Chloride trends

Chl oride is a major c onairt Infeshenarine air fit candtitates Blaoyt 5586rofahe 6 s n
norraqueous mass; other key components are sodium 31%, sulfate (8%), magnesium (4%), calcium and
potassium (1% each).

Chloride has no other significant sources, so its presence is a markerifa aiar But as marine air passes over

the Bay Areadés urban centers, much of the sodium ch
distance from the ocean or Bay,attimes when the air has been stagnth chloride concentration @ to
underrepresent the marine component.

As Bay Area chloride concentrations derive74rom mar
shows, this is indeed the case. The mean of Bay Area geometric mean chloridepgas‘if@ 19891991, 0.9

pg/nt for 19992001 and 1.3ug/nt for 20082010. The annual rate of reduction for the whole period, from 1990
through 2010, was 0.5% per year. This reduction is not statistically significlamtever, with the reductions in

nitrate and sulfateshloride is now as large a contributor to Bay Area,fa8 these.

Among the sitesSan Francisco stands out, being surroundeshliyater on three sides. Point Reyes also has

high | evel s gmnovPdMp and thewchloridetindmearin® atlargdy in the coarse (> 2.5 micron
diameter) fraction.
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Figure 7.4. Bay Area Geometric Mean Chloride 1:2890
3
=4¢—Fremont
25 =i—Livermore
== Concord
& 2 . - A =>e=Bethel Island
\i == San Rafael
215 —@=Napa
E San Francisco
& 1 Redwood City
San Jose
05 Point Reyes
e \ean
0 . . . . .
1985 1990 1995 2000 2005 2010

7.5 Potassiumtrends

The District began regular potassium ion measurements ggnfiRéts mid-1995 with the idea that it could serve
as a marker for wooburning in the Bay AreaAlthough thismight have been effective in some areas, for the
Bay Area, the presence of substantial amounts of soluble potassium in marine air obscures the woodsmoke signal.

Figure 7.5 shows mean soluble potassium concentrations from 1996 througit B@j0Area es. The 1996

1998 mean was 7.fig/m® compared with 8.7ig/m® for 20082010. The 1.1% per year increase is not statistically
significant. Unl i ke with chloride in Figure 7.4, San Franci
out below the concentrations at other sites. This indicates that there are substamti@tinersources. Whereas
concentrations of nitrate, sulfate actdoride at Napa are all at or below average, it often registers the highest
potassium concentratioiisnvith woodsmoke being the likely source; the fact that San Francisco potassium levels
ar e n 6t dedpite ghb faat potassium is a component of maiimsuggests that woodsmoke is not a big

source there.

The District has instituted winter Spare the Air alerts that ban Wwaotung on certain day It also has had an
extensive educational campaign on the negdudadth effects of womoke. Respanes t o t he Di str
wintertime surveys have indicated thesver residentsurned wood, with the extent of the reduction being 25%

to 50% since the winter of 20807. The absence of a downtrend in soluble potassium suggests that reductions
in woodsmok emissions may have been more modest than the survey indicates.
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Figure 7.5. Bay Area Geometric Mean Potassium 12060
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7.6 Trends in elemental and organic carbon

The record of elemental and organic carbon (EC and OC) in the Bay Area is spotty and not totally consistent.
What follows is an analysigtilizing and sometimes piecing together what is available. It should be considered
preliminary.

7.6.1. Data
The sources of EC and Qfieasurementare the following:

1. Starting in 2004, the District began a program of measuring EC and OC on{ffiteM at some sites:
Bethel Island, Livermore, Napa, San Francisco, San Jose, San Pablo, and Vallejo. These measurements continue
to the present except for Livermore and Vallejo, whvk, samplingwasdiscontined in 2008.

2. At San Jose, EC andXneasurements have been made from Hillers since February 2000. But: a) the

site moved in 2002, so the pand posimove measurements are not strictly comparable, and b) the EC and OC
measurement method was charigedipril 2009, a significant engh change so that those after April 2009 are
not really comparable.

3. At Point Reyes, consistent EC and OC measurements have been made for the IMPROVE netwgtk on PM
filters since 1989.

4. EC and OC measurements were made ossfikers at Bethelsland, Livermore and San Francisco from late
1999 to early 2001 for the CRPAQS study.

% From the NIOSH method to the IMPROVE method. All other EC/OC measurements use the IMPROVE method.
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5. EC and OC measurements have been made for the District by DRL@filRvs at Livermore and Vallejo
since September 2008 and at West Oakland since Februdry 200

6. In addition to filter measurements, the District operated instruments whose measurementscarssiagtd
with carbon patrticles, especially EC. There has been an aethalometer operating at-FackjdoseSeetsince
2004. Up until the mi®000s there had been a set of coefficient of haze (COH) analyzers operating at many sites
including six that operatetirough 2004.

7.6.2 Analysis

Data were averaged by quarter for all quarters with sufficient measurements. Then the quarterly averages we
averaged over-gear periods.Table7.1shows the earliest and latest averages and the annual rates of decrease

There is considerable site-site variation in trends, especially in OC. Some of it probably comes from piecing
together data from motlan one lab, but there seem to be other factors as well.

Among filter measurements, the median change in OC is a decrease of about 4% per year. The change in EC is a
decrease of about 8% per year. The San Jose aethalometer shows a decrease a&=25%opgpared with filter

based measurement reduction of 9% per year. The COH instruments show the likely reduction in EC during the
1990s as 7% to 8% per year, about the same as the filter measurements indicaté' fiedadelof the 21

century.

Table 7.1 Trends in OC and EC at Bay Area sites.

Site Data Source 1% Last Annual 1'EC | Last EC | Annual
OoC OoC Reduction Reduction
Bethel Island CRPAQS PM;599-01/ District PMg 2.91 3.36 -1.6% 1.34 0.61 8.4%
0810
Concord District PM;,05-07 / 0810 3.50 3.35 1.4% 0.86 0.77 3.7%
Livermore CRPAQS PM;599-01/DRI PM, 508 454 | 241 6.8% 2.39 0.61 14.1%
10
Napa District PM;,05-07/0810 4,57 4.08 3.7% 1.18 0.95 7.0%
Point Reyes IMPROVE 9799/07-09 0.98 0.48 6.9% 0.14 0.07 7.3%
San Francisco | CRPAQSPM, 5 99-01/District PMg 3.41 2.91 1.7% 1.85 0.76 9.5%
08-10
San Jose District 0406/0810 4.54 4.52 0.1% 1.48 1.02 8.9%
San Pablo District 0406/07-09 3.38 3.01 3.8% 0.96 0.84 4.3%
Vallejo District PM,q 04-06/DRI PM, 5 08-10 3.75 2.32 14.8% 1.08 0.58 18.8%
Median 3.7% 7.8%
SJ aethalomete| District 0406/0810 1.08 0.84 4.9%
COH 7-site mean 891/9901 3.16 1.43 7.6%

Figure 7.6.1 shows a plot of EC valuesnfrthe various sources from 19®0ough 2010. Note that Point Reyes
values have been multiplied by 10 to put them on a comparable scale. The graph shows wisabdppeaa
steady reduction in€ The larger than average reductions from 2008 to 2009 at Livermore and Vallejo may
represent the change from District Rj\ineasurements to DRI PMmeasurements.

36



Figure 7.6.1. Bay Area Elemental Carbon Concentrations
from various measurement sources 198910 _,_gethel Isiand
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The COH mean for 1989991 was 2.9ug/n™. A mean of Concord, Napa and San Franc&Cpthe 3 of the 6
COH sites with EC measurements from igfilters had a mean of 0.8§&y/m’ for 20082010. This represents a
reduction of 73%.For Point Reyes, EC dropped from pgém?® in 19891991 to 0.69ug/m’ in 20072009, a
reductionof 70%

Figure 7.6.2 shows trends in OC concentratidfe: most sites, the data record begins in 208gldiscussed

above, we do see a median downtrend of about 4% agearg these sites. The Point Reyestssa long and
consistent record. The figure shows its OC values times 5 to make it comparable with the concentrations at other
sites. On its original scale, Point Reyes OC averaged Q@I for 19901992 and 0.48ig/nm for 20072009,
representing a reduction of about 50%. This represents an annual rate of decrease of 4.1% per year, in line with
the reduction rate at District urban site
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Figure 7.6.2. Bay Area Organic Carbon Concentrations
8 from various measurement sources 198910
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7.6.3 Carbon-14trends

In addition to EC/OC measurements, there has been a limited amount of measurement ef£atbbsh is a

radioactive isotope of carbon with a hEdé of 5,730 years. It is constantly renewed in the atmosphere by cosmic

radiation. C14 is taken up bplants, and through them animals including humans. Therefore,amboheat
have the modern fraction of T4, whereadossil fuels,whosecarbonwasab®rbed millions of years ago, have

virtually no G14. Thus, the amount of-T4 in the carbon of filtesamples provides an excellent estimate of the
ction of carbon from Ainewd vs. fossil sources.

fra

The District has had measurements made bythieersity ofAr i zonabés Accel erator
A significant portion of these measurements Hasen made, not on a single filter, but on a composite of a

Ma s s

random sample of filters taken around the year. This not only helps gain an understanding of annual average

fractions, it also saveahoney in the high pesample cost. Such samples have beeremadsporadidbhasis on

filters dating back to 1998.

Figure 7.6.3 shows the fraction of modern carbon in samples from various Bay Area sites fre2@ M98 is
likely that the sites with the highest modern carbon fractioBsthel IslandNapa, Sata Rosa and San Raféel

are impacted by significant woodsmoke, and conversely for the sites with low carbon fractions, including San
Francisco and Oaklarif.

Also shown is the mean of the 5 sites that had measurements made in at least 4 years:[G@nomwg, San
Francisco, San Jose, and Vallejo. Missing-giars were imputed iterating axay ANOVA. The mean value

Oajr

guality sites canbét represent a whole city

or

metro

Where a monitoring site is placed can make a substantial difference. The SF site, for example, is located in anriedustrial a
with few homes nearby.
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increases almost monotonically from 0.57 in 1998 to 0.63 in 2010, a 12% increase. This suggests that PM from
fossil combustion haseen reduced faster than PM from wdnoining or cooking.

Figure 7.6.3. Annual Mean Modern* Carbon Fractions
for various Bay Area sites, 199810 —&—Bethel Island
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8. PM,trendsin Central California air basins

The Sacramento and San Joaquiteys border the Bay Area and thereasisiderable air exchange between

them. In summer, the typical pattern is westerly winds blowing from the Bay Area into these valleys. In the
winter, during periods of stagnation when PM concentrations are high, the pattern tends to reverse with easterl
flow draining from the valleyout into the Pacifi©cean

Thus, there isnterest in how the PM concentrations in these Central Valtdyagins compareith those of the
Bay Area. Figures 8.1a and 8.1b shbe annual means for the Sacramento amdJ®aquin valleysComparing
with the Bay Area means in Figure 5.1, we see that Sacramento means areasidfian Joaquin urban means
arehigher.

18 Figure 8.1a. Annual Mean PM2.5: Sacramento Valley
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Figure 8.1b. Annual Mean PM2.5: San Joaquin Valley
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Figure 8.2 shows the trend in Bay Area mean, Pédmpared with trends in the Central Valléjhe trends in the
Bay Area and Sacramento are significant and similar: 2.8% per year (90% confidence interval 1.5% to 4.1%) for
the Bay Area and 1.9% per year (90®nfidence intervad.5% to 3.2%) for Sacramento. The trend for San

Joaquin is virtuallyd and not statistically significant.

Figure 8.2. Design Values for Annual PM2.5 Standard
for 3 Central California Air Basins
25 -
20 - _
San Joaquin
E 15 - == Sacramento
S
2 M pay Area
g 10 -
o = national
standard
5 |
O T T T T T T T T T 1
99-01 00-02 01-03 02-04 03-05 04-06 05-07 06-08 07-09 08-10

8.1 98" Percentile comparison

Figures 8.3a and 8.3b show PM8" percentiles for Sacramento and San Joaggiieys These are comparable
to Figure 5.3 for the Bay Area. Sacramento and the Bay Area are Simililir values above the standard in
1999 falling below the standard by 201he San Joaquivalley also shows a decrease, but its sites all continue

to violate the standard.
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Figure 8.3a. PM2.5 98th Percentiles: Sacramento Valley
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Figure 8.3b. PM2.5 98th Percentiles: San Joaquin Valley
140
== Fresno-1st St
120 == Clovis
== Fresno-H
100 == Bakersfield-GSH
oé =@ Bakersfield-Cal
S 80 -
= === Bakersfield-P
Te}
g 60 — Corcoran
o e Merced
40 =—4— Stockton
20 =i Modesto
== \Visalia
0 . . . . . . national standard
1998 2000 2002 2004 2006 2008 2010

Figure 8.4 showstheZ@our desi gn values for the three air basi
5.8% per yeafrom 2000 to 201@90% confidencenterval 3.6% to 7.8%pnd met the standard for 2602610.

The design vale in the San Joaquin Valley shows a decrease of 3.8% pahgeaborderlinestatistically

significant Sacramentobds design value shows HExdudidgegher eas e,

wildfire months of June and July, the decrease is 3.8gar still not statistically significant.
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Figure 8.4 Design Values* for 2dour PM2.5 Standard

for 3 Central California Air Basins.
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9. Comparisons with theemissionsinventory

Trends estimated from ambient measurements and the emissions inventory have sonneplbatecdary
strengths and limitations. Comparing these trends can serve as a reality check on both.

Ambient trends have the strength that they are based on directly measured pollutant concentrations. But they are
limited in the number of locations, asdbjectto considerable variation from meteorology. Emissions inventory
trends, on the other hand, are based on a comprehensive set of sources covering the entire Bagrérea and
unaffected by meteorology. But they are based on engineering calcutativmast , i nevi tably, dot
actual emissions, and donodét account for atmospheric

Comparing total PM concentrations with emissions is complex, both bee®useamixture of many
compounds, and because some PM is metdy emitted. Thanalysisof ammonium nitrate and sulfatedkso
complex sin@ although eachvolves only one compoundach hatwo precursors and several chemical
pathways for their formation.

Figure 9.1 compares trends in nitrate (esit® avzerage)and NOx emissiongrom 1988 to 2010NOx emission

estimates are taken from a rep@AAQMD 2008 Reductions in NOx donodét aut c
nitrate because nitrate concentrations are a function of concentrations of other compspecially ammonia.

But the similar trend@ncluding a corelation of 0.74 suggests that there is a causal link.

Figure 9.1. Mean Nitrate Concentrations vs. NOx emissions 1989
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Figure 9.2 shows trends in sulfate concentrations a

match, necessarily. Bagain we see similar trends (correlation 0.83).

44



Figure 9.2. Mean Sulfate Concentrations vs. SO2 Emissions 1990

2010
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Figures 9.3 and 9.4 show R¥and PM,, where geological dust is excluded from emissions.

Figure 9.3. Annual Mean PM2.5 vs. Emissions excluding Dust
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Figure 9.4. Annual Mean PM10 vs. Emissions
19892010 Emissions exclude geogical dust)
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Figure 9.5 shows a comparison of percent reductions in emissions and concentrations. The reductigus.for SO
sulfate are quite similarThe trends for NOXx vs. nitrate appefifferent, but are within statistical uncertainty.
Someof the difference derives from the choice of summary statfstic.

The PM trends are quite different, however. Even exclugitdogical dust emissions (which is estimated to
increase), the trend in PM emissions is relatively slightreduction oibout 15% for a 2§ear period for Plv}

and 6% over a X§ear period for PMs. In contrast, P concentrations have fallen oved% in 20 years, and
PM;shas fallen 30% in 10 years. Moreover, excluding
chloride, which is from marine air not counted in the inventory, thesPétluctions argreater.

" The rate of NOx emissions was within a 95% confidence interval for the rate of nitrate emissions.

2 The reductions igeometrionean nitrate was 45%, almost identical with the NOx decrease. The difference with the
arithmetic mean erives from the difference in rates that different parts of the nitrate distribution have been reduced (see
section 10).
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9.5. Comparison of reductions in emissions and concentrations
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10. Trends in PM guantiles

Theaboveanalysis shows downtrends in both coarse and fine PM and in key anthropogenic comgrents.
downtrends in peak PM generally appeared greater than trends in the mean. This section explores how that might
occur.

Figure 10.1 shows-P plots® from the six Bay Area sites with Plymeasurements stretching from 1989 through
2010. The plot compares the RMistributions from 2002010 with 19891999. The lines ¥ x are drawn for
comparison. In every case, the data fall below theylme&, indicating that P\ has been reduced across the
board. Butin every case, the lines of data bend/ dmean y = x for the larger percéles (starting at about the
75" percentile), indicating that there has been a greater percentage redudt®tojn quarter of the distribution
than in the rest.

Figure 10.2 shows percentiercentile plots comparing 20@D10 nitrate and sulfate percentiles with 19899

for two Bay Area sites. The sites were chosen to represent the eastern and wesigfrthpdBisy Area. The

eastern part is affected more by Central Valley PM, which has high nitrate levels but less sulfate. San Francisco
sulfate is elevated by shippingtime Bay. The plots for the two sites are remarkably similar in shape, suggesting
that causal factors resulting in lower nitrate are widespread. Both nitrate and sulfate follow the pattegn of PM
with acrossthe-board reductions in the distribution, but greater reductions for the high percentiles. The bend for
nitrate is more extreméndicating large reductions in peak nitrate, smaller relative reductions for peak sulfate.

1B A Q-Q plot is a method for comparing two distriorts. It is a scatterplot showing the quantiles of one distribution againstahtlegiof another. It

pairs the first percentile of one distribution with the first percentile of the other%ther2entile with the second percentile, and so on up to thes9ghe

99". If the two distributions are equal, the data will lie on the line y = x. If one distribution is a sinifplef the other, then the-Q plot will lie on a

straight line, offset from the line y = x and parallel to it. If the difference is a simpgp@gtion (e.g., all values have been reduced by 10%sdthe board)
then again the @ values will lie on a straight line, but this time through the origaQ plots that are not straight lines indicate a more complex difference
that affects differenparts of the distribution differently.
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Figure 10.1. Percentile-Percentile Plots Comparing PM10 in 2 Decades
2000-2010 vs. 1989-1999 PM10 percentiles from 6 Bay Area sites
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Figure 10.2. Percentile-Percentile Plots of Comparing NO3 and SO4 for 2 Decades
2000-2010 vs. 1989-1999 Nitrate and Sulfate Percentiles at 2 Bay Area Sites
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One consequenc# this analysis is to show thpeak PM has declined faster tHawer percentiles Thus, the
percentageeduction in the 9Bpercentile is greater than the reduction in the mean (or median).

What do these plots imply about the dynamics of PM trends? An approach to answering this question is to find a
simulated process with a similaffPplot. One hypothesis is that the hockégk pattern derives from reductions

in the distribution of antlmpogenic PM against a constant distribution of background PM. Various simulations
were performed attempting to mimic the appearance dpt@eplots in Figures 10.1 and 10.2. Notable was the
failure of the rollback model¥= Xpack+ G*X anthro IN Whichthe trend was modeled as a reduction interej =

19891999 and 200€2010. This led not tahockeystick but, rather roughlyto the line y = dx.

It was noted that PM concentrations are much higher in winter than the rest of the yeaextGiundation

assumed that there was no change in % of the year and a large change in the other ¥4. Specifically we assumed
that X had a lognormal(0, .5) distribution.;o¥s 1990 = 12*(Xpack + 3*Xanthr9, Y 20002010 = 12*(Xpack + Xantnrg fOr the

3 winter monthsand 19gg1999 = Xback @Nd Yagoo2010 = Xpack fOr the othe® months. The factor 12vasselected to

scale the Y to the PM10 range seen in Figure 1Bidure 10.3s based on a simulation of 10,000 winter values

and 30,000 nowvinter values for Yaga1999 and Yagoo2010

Although the simulation is not intended to be a comprehensive model fgy iBMimilarity with the patterns in
Figure 10.1suggestshis combinatioras an explanation ¢fie behavior of the @ plot.

Figure 10.3 Q-Q Plot of Simulated PM10 Trend
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11. Trends in PM health effects

The health effects of breathing ambient PM have been extensively researched bothsicalargpidemiological
studies and animal experiments. The US EPA has concluded thigéepidemiological evidence continues to
support likely causal associations between PM2.5 and PM10 and both mortality and morbidity from
cardiovascul ar andUSEPA2004Pagt A8, Baragrapls)le as e s é 0 (

Doseresponse relations have been dithbd in various studieg (g.,Hall et al.2008, Stratus 2008) for a range
of health endpoints. We used the values developed for the US EPA iBeh&8IAP program(US EPA 2008).

Although a neeffects threshold has not been found, we assumedftkats were limited to Pk concentrations
above the Bay Arebackgroungdwhichwe estimagd to be the 5.fg/m’® mean measured at the Point Reyes site.
We estimated the 1990 Biyvalues by scaling the 202810 values by 17.9/10.2, the ratio estimdt@dSan

Jose in section 5.1.1. Because we look at the excess abqgrs’gi.e., 17.95.5 vs. 10.%5.5) the reduction

from 1990 to 2010n concentration above the backgrousdbout 2/3.

Figure 11 shows estimates of the number of annual casesmis/health effects caused by elevated, PM
concentrations in the Bay Arealote thatthe reduction inhe number of cases estimated is substamti@nging
from over 6,000 in 1990 to under 3,000 in 2010

Figure 11. Trends in Health Effects from Ambient PM

Annual number of cases of health effects 1990 and 2010 in the Bay Area

7,000

6,000 -

5,000 -

4,000 -

3,000 -

2,000
] I 1
. . o

1990 | 2010 | 1990 ‘ 2010 | 1990 ‘ 2010 | 1990 ‘ 2010 | 1990 | 2010 | 1990 ‘ 2010

Annual Number of Cases

Mortality Respiratory |Cardiovascular Chronic Nonfatal Heart Asthma
Hospital Hospital Bronchitis Attacks Emergency
Admissions Admissions Onset Room Visits

Over the past 20 years, Bay Area life expectancy has increased by almost 5 years, from 75.7 in 1980 to 80.5
2011, due to a variety of factors. Of the overall increase in life expectancy during this period, we estimate that the
improvements in air qualitcan be credited with extending average life expectancy in the Bay Area by 6 months.
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12. Recommendations

The ability to analyze ambient air quality trends depends crucially on the existence of the appropriate air quality
data. The ideal is to have antpterm set of measurements made with a constant methodology at a large number

of sites that representanar®8ut t he primary driving force behind ¢t
and Stateequirements. New instruments and sites mustdded periodically, and this requires tradeoffs to stay

within a reasonable monitoring budgé&tevertheless, there are some principles that could be followed even in an

era of tight budgets:

1 When one measurement method isaept by another, as wi@OH by EC orfilter PM, sby continuous
PM, s, it is valuable tgrovidea period of overlamt several sitewhere both measurements are made
will help to establisthow to correlate the two so that their trends can be melded todether.

1 From an analyticgboint of view, away to economize would be makesome measurements periodically
rather than continuouslyAn example is our speciated PMneasurements at Livermore, Vallejo and
Oakland. Valuable as these are, they could be discontinued for a cbhypégand then resumed.

1 Sites with high PM should have monitors that yield official measuremehésDistrict generally
complies with this principle, but West Oakland is an exception, having no FEM or FRM monitor even
though it may have (or have Hatie highest annual average Ph the District. A dramatic reduction
in PM is likely to haveoccurred at this site, but the lack of official measurements makes it impossible to
document with certainty.

1 There is real value ioontinued monitoring aiX¥ed monitoring locations They provide the backbone of
any trend analysis; without a set of these fixed points, trend analysis becomes difficult or impossible.

1 The EPA has a program to compare FEM measurement$&RNh but the relationship varies by region, so additional analysis for the
Bay Area can be useful. The District made COH and EC measurements in additioneqaiPéd sampling; the CGHC relationship
has been studied, but also varies by region.
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Appendix A. Uncertainty of 24-hour design value trend estimates

The District design value for either the annual ohddr PM s NAAQS is the maximum of-§ear averages. Its
distribution does notlend itselftoefies he | f st at i st i c al tesemsethedsthatshmldlbee de
appropriaté one a test based on permuting years, the other a generalized regression.

Permutation test for District design values

Here we use a generalization of the rg@mutation method described in Section 4.2. Effebtj what that
method does is to consider permutations of years. This same approach can be applied to the District design value

Letx, = (X, Xot, €« be & vector of statistics from k sites for year t (the annual mean¥ peaientiles). We
compute w = x/(1-r)', creating a vectow, = (Wy, Wa,  €y). Faor each site, we compute its design values for
the £'3 years and last 3 years and, from these, compute the District design value T8 flears, W, and the

last 3 years, W, and then compute the ratiocWW/r. We then take permutations of the vectgggthat is,

permuting years, so that, for example, the vector for 2007 is chosen as the permutation representimg$999 (
= W,g7), the vector for 2002 is cken as the permutation representing 20036 = W002), and so on. For each

of these permutations, we compute*Vdnd Wk*, and We*/W *. We finda 90% confidence interval, ft) by

with the 8" and 95" percentiles. So, for PM, where there are 18,4@@rmutationswe findr, so that W/We

equals the 9Msmallest of the W/W %, and 1, so that W/We equals the 9291Iargest of the W/W g*.

Regression method for District design values

The trends in 24our 98" percentiles and design values were made by simple linear regression against year, that
is, fitting a straight line through the data. Using simple linear regression to fit the line presents no problem
provided the trends are roughly linear, as they appdae.

But difficulty arises evaluating the uncertainty in the estimates of the design value. Simple linear regression
makes several assumptions about the data, one being that the values are statistically independent, or at least
uncorrelated. But degi values are based on rumgi3year averages, so that design values less than 3 years
apart use overlapping measurements and hence are not independent. For exampleQthd€€§8 value uses

the 1999, 2000 and 2001"percentiles, the 206P002 design value also uses the 2000 and 2001@8centiles
along with the 2002Design values three or more years apart can be assumed to be statistically independent.
(Those three years apart share one winter, so tHp&8entiles may be slightly cetated but likely not much.)

Now, if this were the only issue, it could be taken care of relatively simply, since a rurygag Biean is a linear
transformatiorthat meshes smoothly with the linear regression moBet the design values are meanshan t
original scale, not the | og scale, and the | og of t
Furthermore, the District design value is the maxin
maximum can switch from oney&ar period to the next.
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Here is one approach to estimating design value unc
design value, but could also be used for individual sites. Let the design value for the2y¢adrandt be D,
and let \{ = In(D;). Assume a linear trend in the mean gf V

E(VY) =bo+by(tT to)

where § is chosen as the average value of the yeassurie that the variance of i¥ constant: Var()) = s¢’.
Moreover, assume that th& dnd 2“ order autocoariances are Cov{\W,.1) =s; and Cov(V, Vi:2) =S5, and
that Cov(V, Vi) = 0 for k > 2. LetS be the variance covariance matrix of Ve ,,, ¥o thatS has entrie$; =
So2 on the diagonal$y.1 = 1 = Sii One off the diagonaBy., = s,. = S two off the diagonal, an84=0
elsewhere.Theregression coefficientre estimated as

b b &0 e

where X is a nx2 matrix with a fiity Bhée vatanckEavanianceo f 16s,
matrix ofb is
(XiX)XGSX (X iX) ™. (A1)

So, we need to estimafei.e.,s¢?, S1, ands,. Here we use the regression residuatsvyi (b b o o
The idea is to use

YUY ih YO i1 hoe Wy ii h

find the expected values of each of these sums in terms06,, ands,, then equate the expected values with
the sample values and solve for the unkneyns,, ands..

E(SSE) =Erir =EVj[l - X(XiX)™X;j]V = tr[[I - X(XiX)*Xi{]S
=str[[l - X(XiX) X ] + s tr[[l - X(XiX) XK + s tr[[l - X(XiX)*Xi]L (A2)

where tr() is the tracdS = (k;), with k; = 1 if |ij|=1 and O otherwise, = (I;) with I = 1 if |i5j|=2, O otherwise.
SSE = riMiaM.or = Vil - X(XiX) XM My [1 - X(XiX) "X ]V

wherer is the vector of residuals, Ms an (R1)xn matrix created by removing thé& rbw from the nxn identity
matrix I, and M, is the matrix created by removing the last row of hen

E(SSE)= EriMisM.r = EV[l - X(XiX) XM iaM.q [1 - X(X X)X {]V

= tr[1 - XX iX) XM M1 - X(XiX) *Xi]S

= sotr[[1 - X(XX) XilM iaM.[] - X(XX)Xi] + s tr[[1 - XX X)X IM M1 - X(XX) XK + 54
tr[1 - X(X X)X M 1M1= X(X X)X L (A3)

SSE =riMi-M .oy = Vi[l - X(X iX)_lx iIM i2M_ngy [1 - X(X iX)_lX 1\
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where M, is an (n2)xn matrix created by removing th& Z rows of | and M4, is the matrix created by
removing the last 2 rows of I. Then

E(SSE)= EriMjoM. .y = EVi[l - X(X iX) XM Mgy [1 - X(X X)XV
= tr[l - XX iX) XM i2M o[ - X(XiX)*X{]S
= sotr[[1 - X(XX) *XilM M.yl - X(XiX) X ]
+s1tr[[1 - XX iX) XM i2M_ @[] - X(X X)X (]K
+ 81 tr[[1 - XX iX) XM i.2M oyl - XOXX) XGIL (A4)

Although messy, this is straightforwai@ compute, leaving us with 3 linear equations in 3 unkngdsA3, and
A4, to estimatesy, S, ands,:

S +anS +aps =SSk
oS +auS +apsS =SSk
&S +tauS +apS =SSk

For n = 10, the table of &:

Table of aij for n = 10.

j=0 =1 j=2

8 -1.6 -1.2121

-3.2 5.8666| -2.29818

T
N[O

-2.4242| -2.29818| 5.76514

Note that g = 8, i.e., the welknow result that E(SSE= (n-2) s¢°.

The observed val ueg=01081718tSBE 0.BEES) and SEE +0.600723S Folving
yields:s m8int Plsy xT@rmo @lpod 1® 18t 1 ¢ o @Thig allows us to estimate the standard
deviations ob andb using term Al: 0.0391 and 0.0120bhe fitted value of the slope whs=-0.0589, so a

90% confidence inteal is-0.0589 + § 45(0.01205) =0.0803 t0-0.0365 or, roughly, reductions between 4% and
8%.
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Appendix B. Methodology for meteorologicalvariables consideredin
wintertime regression

Methodology for estimating meteorological potential

The key ideaf the method is for each winter, w, to find a formujathiatpredicts what PMs concentrations

would be expecteftom a given set afneteorological variables (e.g. wind spgedind directions, rainfall)

Then we cycle through the meteorology of eatthe winters, computing whay, predicts for each. This

provides an estimate of the number of exceedances that would be expected in winter w, averaged across the
different winter seasons. That is, we are trying to estimate what would have happemeriov under a variety

of weather conditions. We can then look at these expected exceedances across winters@0=20089 1 , é ,
201011, and again look at the trend. Here are the steps in the process:

Step 1. Choose basic model and set of melmgiocal and other predictors using all winters pooled. For the
dependent variable we started with the daily maximum fidncentration. We found that the natural log
transform produced regression residuals that appear close to GRugSae Figur®&1.)

Figure B1. Q-Q Plot of Residuals vs. Normal Scores

34 o0 ©

residuals

T T T T T
-4 -3 -2 -1 0 1 2 3 4
normal scores

Step 2. Fit the model for each winter, w, yielding prediction functignanfd regression standard deviatiops s

15 \We first tried Weibull regression, assuming that the regression errors were better modeled with a Weibull distribution, as
demonstrated by Cox and Chu (1993) forrezdata. But € plots of the sorted residualsws. In¢In(k/(n+1))) was not

straight. Regressions on the original scale have the usual problems of heteroskedasticity and skewness. We found that a log
transform resulted in a remarkably strong corretatvith normal scores (see Figure B in Appendix Bdicating that the

residual distribution of these PMdata are welbpproximated by a legormal distribution.
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Step 3. Applyft o each winter vb&s metue ek 0léaudoydhe INPRLGE) wigeee
=120 or 121 depending on whether winter v contained a Februry 29

Step 4. Estimate the expected number of exceedances from each fornithatfis, estimate the average across

di fferent wintersd meteorologies of the exceedance
for each day jF[(puv T IN(35.5))/s] , | 7, wHereF (@ js the Gaussian cumulative distrilmn function.

The value 35.5 is chosen based on tha@8r standard; any PM; measurement greater than this exceeds the
standard.The expected number of exceedances for a given winter v is just the summation of these probabilities:

B F 8

Step 5. We define thexceedance potentiaf a winter, w, as the average across all winters, v, of the expected
number of exceedances:

Exceedance potential for winterw =—B B F

Table BL. Meteorological Variables Considered

pred

Variable Description

days from Jan 1 number of days between the date and January 1 (e.g., Jan 5 =4, Dec 29 = 3)
avews mean of 24-hour average wind speeds from San Carlos, Pleasanton & Bethel Island
1/avews the reciprocal of avews

3dyavews the 3-day average of avews

1/3dyws the reciprocal of 3dyavews

nd<5 the number of consecutive days (up to 3) where the wind speed was < 5 mph
sjrain san jose rainfall in inches

sjrn<.02 =1 if sj rainfall was < 0.02 inches, =0 i f s rainfall O 0.
pb-result san pablo 24-hour resultant wind direction

pbres<90 =1 if pb-result was < 90°, =0 ifpb-r esul t ‘was O 90

funwdsd standard deviation of Fort Funston wind direction

fuws&ph<90 = funwdsd if pb-result < 90, =0 otherwise

we+hol =1 if a weekend or holiday, =0 if weekday

rlday Scottds r1 day

r2day Scottds r2 day

r3day Scottds r3 day

vday Scottds v day

zday Scottds z day

950mb height Height in meters of the 950 mb pressure measured during the 4am RAOB sounding
1000mb height Height in meters of the 1000 mb pressure measured during the 4am RAOB sounding
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Table B2. Exceedance potential byinter formula and meteorology

Formula for winter:

Condu
1999- 2000- 2001- 2002- 2003- 2004- 2005- 2006- 2007- 2008- 2009- 2010- -Cive-
Winter 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 ness:
1999-00 20 25 18 17 17 18 9 19 11 10 7 3 14.6
2000-01 28 37 26 29 27 27 15 28 17 16 14 5 22.5
= 2001-02 16 22 14 13 13 14 6 15 6 6 3 1 10.7
% 2002-03 24 34 22 25 23 23 12 24 13 11 10 3 18.8
E 2003-04 15 23 14 16 14 14 6 15 6 6 4 1 11.0
S 2004-05 a| = | 2 20| 19 o| 20 9 8 6 2| 155
3 2005-06 19 26 17 20 18 18 10 19 11 9 8 3| 148
S 200607 | 18] 2| w| w| 1] 1 s| 18 9 9 7 2| 136
$ 200708 13| 18 12 0| ul| 1w 50 12 6 5 3 1 9.0
= 2008-09 27 38 25 28 26 26 13 28 14 13 11 3 21.2
2009-10 23 33 21 24 22 22 10 23 11 10 8 2 17.4
2010-11 22 32 21 22 21 21 9 22 10 9 7 2 16.5
Eé‘t::ﬁt?;:”ce 205 | 288 | 188 | 203 | 189 | 194 | 95 | 203 | 102 | 93 | 73 | 23
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Appendix C. Numbers of days with PM,o Measurements

Table C. Numbers of days with PM, measurements at District monitoring sites

fr l cc | bi sr np | sf rc Sj va | st 8+days*
1989 47 60 60 60 60 60 61 60| 178 0 0 56
1990 61 61 60 61 61 61 61 61| 174 0 0 56
1991 59 60 59 60 61 60 60 60 [ 168 0 0 57
1992 | 61| 61| 61| 61| 61| 61| 61| 61| 61 0 0 60
1993 61 61 59 61 61 61 61 61 61 0 0 56
1994 60 61 60 60 61 59 61 61 61 9 31 59
1995 61 61 61 61 61 61 61 61 61 61 61 61
1996 61 61 61 61 61 61 61 61 61 61 61 61
1997 61 61 61 61 61 60 61 61 61 61 61 61
1998 61 61 61 61 61 60 61 61 60 61 61 61
1999 60 60 60 60 60 60 60 60 60 60 59 59
2000 61 62 61 61 61 61 61 61 61 61 60 61
2001 60 61 61 61 61 61 61 61 61 61 61 61
2002 61 61 61 61 61 61 61 61 14 61 61 61
2003 61 61 61 61 61 61 61 61 61 61 62 61
2004 61 61 58 61 61 61 61 63 61 60 61 61
2005 61 61 21 61 61 64 61 63 61 59 61 61
2006 66 61 61 60 61 64 61 63 61 60 61 61
2007 60 60 58 60 60 61 59 61 60 58 60 60

* Number of days with at least 8 sites with Blvheasurements.
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Appendix D. Use ofdichotomousPM, s data for trend analysis

Analysis of longterm PM strends is hampered by the lack of routinely collected Hdéfore 1999. However,
some PM s measurements were made at one site, San Jose, from 1990 through 1997. The sampling equipment
was diffeent, however, and this complicdtine analysis.

Although there are no dichot BMoverlapping with routine filter measurements, dichot;Peasurerants

overlap with FRM PM,. Figure D1 shows a comparisby year for 1990 through 1997First note that the

correlation is quite high, over 909%ext notice that the points lie near the line y = x for 1990 and 1991 but fall
below it for 19921997A regression through the origin produced goglmf 0.98 for 1990991 and 0.78 for

19921997. Table D1 shows a comparison of mean values on days when both instruments made measurements.
The ratios of the means average 0.99 for 19l and 0.78 for 1992997.

Figure D1. Dichot PM10 vs. FRM PM10 by year: San Jose 1990-1997
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Table D1. FRM and Dichot PM;gannual means on days when both had measurements

sj pm10 | dichot pm10 dichot/frm ratio
1990 33.54 33.29 0.99
1991 31.49 30.82 0.98
1992 32.94 26.39 0.80
1993 30.51 24.29 0.80
1994 28.46 23.33 0.82
1995 26.02 18.71 0.72
1996 24.53 19.15 0.78
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| 1997 | 25.21 | 19.32 | 0.77 |

Figure D2 shows the relationship between,R&hd PM, for both the dichot and the FRM samplers. The
patterns are very similar, with a lower PMPM;, slope for small PM values and a larger slope for high PM
values, with a few exceptions. Thus, the RKPM;q relationship is roughly the same for the two measurement
methods, so that the ratio of mean 2 mean PM, appears very similar (dichot BM/PM;, @frm

PM, ¢PM;q). Thus, for 1990 and 1991 we assume that the dichgt Ridresents what the FRM RBiywould

have measured, and for 199997, it appears reasonable to use the approximation

mean frm PMs @ mean dichot PMs (frm PM,¢dichotPM,q) @mean dichot PM/0.78.

Figure D2. Relationship of PM2.5 and PM10 measurements at San Jose
Dichot samples 1990-1997 vs. FRM samples 1999-2010
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Appendix E. Adjustment of nitrate measurements for the mpact of
refrigeration

In 2009, the District started refrigerating R¥Iters after sample collection. The goal was to prevent nitrate
from volatilizing beforethe filters could be weighedTo assess the impact of the changecompared San Jose
PMyq nitrate measurements against RMitrate measurements, where the filters have always been refrigerated
after sample collection, as a control. The chamgsed by refrigeration mibstantiahnd appears to have fixed
thevolatilizationproblem.

FigureE1 shows PN nitrate values relative to the corresponding,RNalues, the black circles for
measurements before 2009, the red squares for2WIR Bdore 2009, many PM nitrate values were well
below the corresponding RMnitrate value; in 2002010, they lie close to the line y = x, i.e., close to the
corresponding P nitrate value.

Figure E1. PM10 nitrate vs PM2.5 nitrate: San Jose
Impact of refrigeration of PM10 filters that started in 2009.
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FigureE2 shows the relationship before 2009 split into wistssison (NowFeb) and nowinter. Simple linear

regression lines for each season are also shown. The effectfrigaration is apparent for both seasons, but

more pronounced in the winter mon{sggnificantlymore graduaslope). Also note that the effect appears-non

linear, with PMg nitrate matchingPbkn i t r at e f or s mapg/h’).concentrati ons (¢

FigureE3 shows the same plot but for 262@10. For both seasons, Rjitrate matches P4 nitrate, and there

is no statistical difference between the seasons. The figure also showparamoetric fii that is, a curve

representing a best guess as to the true , underlying relation betweggaritRite and PN nitrate. The curve

startsat (0,0) but goes above the line y = x for smaller concentrations, then descends back to the y=x line. That is,
PMyq nitrate measurements are somewhat higher than the correspondiggit?&de unless the concentrations
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are high. Of course, since BMs a subset of PN, therebébs no reason why they s
guestion of the extent that nitrate lies in the coarse fraction gf. PM

Fig. E2. PM10 NO3 vs. PM2.5 NO3: Winter and Non-Winter pre-2009
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Fig. E3. PM10 NO3 vs. PM2.5 NO3: Winter and Non-Winter 2009-10
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Adjusting pre-2009 nitrate meaurements

Although the refrigeration of PMnitrate filters appear to have solved one problem, it created another, namely a
discontinuity in measured nitrate trends. To make past measurements closer to being comparable, we can attempit
to adjust them based on the relationship with, PMtrate. This would also have the advantage of allowing us to

get a better estimate of historical nitrate concentrations and what fraction these are of #ptal PM

It should be noted that we are making several assumjtions being that the relationship betwedn, pPnitrate

and PM s nitrate at San Jose would carry over to other sites. Also, the finding thah®slte is scarcely larger
than PM s nitrate is somewhat questionablae have beetold that a larger percentage was in the coarse fraction.
Also, if we adjust P\ nitrate, we presumably want to adjust BRbncentrations too, since it also is impacted

by the loss of nitrate.

With these caveats, we plunge ahead. Figdrehows the pr2009 relationship of Pbk nitrate to PMg nitrate

(just flipping the axes from Figute?). Notice that the deviations from the line y=x are highly asymmetric, with
many values below, but close to the line, and a few values far above the line. Also, the variability increases with
increasing conentration.

Standard statistical techniques like regression are suited to Gaussian variability or, at least, symmetrie and short
tailed distributions.

A log transform comes part way to solving this problem. Figisrshavs the same data but transformed so that
Xj = In(pm10 no3 + 0.3) and ¥ In(pm2.5 no3 + 0.3). [Adding 0.3 moderates the influence of the smallest
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