SOURCE APPORTIONMENT OF WINTERTIME PM,, AT SAN JOSE, CALIF.

By Judith C. Chow,' David Fairley,> John G. Watson,?
Rohin DeMandel,* Eric M. Fujita,’ Douglas H. Lowenthal,® Zhigiang Lu,’
Clifton A. Frazier,® Glen Long,” and James Cordova'®

AssTRacT: A pilot air-quality monitoring study was conducted at two locations in San Jose, Calif.. between
12/16/91 and 2/24/92, with daytime {0600 to 1800 PST) and nighttime (1800 to next day 0600 PST) PM,,
{particulate matter with an aerodynamic diameter less than or equal to 10 wm) samples. Source profiles {the
fractional chemical composition of emissions) from local paved road dust were combined with source profiles
from other studies for input to the Chemical Mass Balance (CMB) receptor model to apportion the measured
PM,, to sources and to determine the additional information needed to develop emission-reduction strategies.
Residential wood combustion was the largest contributor during this period, especially to nighttime samples,
and averaged approximately 45% of the PM,, mass. Other significant sources included primary motor vehicle
exhaust, resuspended road dust, and secondary ammonium nitrate, each contributing between 15% and 20%
of the average wintertime PM,,. Secondary ammonium sulfate and primary marine aerosol contributions were
detectable, but these contributed less than 5% to the average PM,,.

INTRODUCTION

The Bay Area Air Quality Management District
(BAAQMD) encompasses an area of more than 14,000 km?,
as shown in Fig. 1. The BAAQMD is bounded on the west
by the Pacific Ocean. on the east by the Mt. Hamiiton and
Mt. Diablo ranges, on the south by the Santa Cruz Mountains,
and on the north by the northern reaches of the Sonoma and
Napa Valleys. The coastal mountains have nominal elevations
of 500 m. though major peaks are much higher (Mt. Diablo,
1.173 m: Mt. Tamalpais, 783 m; Mt. Hamilton, 1,328 m).

The BAAQMD manages air quality in Alameda, Contra
Costa, Marin, San Francisco, San Mateo, Santa Clara, and
Napa Counties, in the southern part of Sonoma County, and
in the southwestern portion of Solano County. More than
6.000.000 people. approximately 209% of California’s popu-
lation. reside within this jurisdiction. Major industries and
areas of employment include tourism, government/defense,
electronics manufacturing, software development, agriculture
{vineyards, orchards, livestock), petroleum refining, power
generation, and steel manufacturing. Residences are often
distant from employment opportunities, and more than 1,800
km of major controlled-access highways and bridges accom-
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modate approximately 240,000,000 vehicle kilometers trav-
eled on a typical weekday.

The U.S. Environmental Protection Agency (EPA) pro-
mulgated the National Ambient Air Quality Standards
(NAAQS) for PM,, in 1987 to protect human health and
welfare (“Regulations” 1987). The BAAQMD began long-
term routine monitoring of ambient PM,;, in 1984, and PM,,
is currently measured at 14 locations. The federal 24 h PM,,
standard of 150 pg/m® has been exceeded at the San Jose,
San Francisco, and Livermore sites. Table 1 summarizes PM
mass, sulfate, and nitrate concentrations at these standard
exceedance sites between 1988 and 1992. Analysis of moni-
toring data reveals that: (1) The 24-h PM,, standard is ap-
proached or exceeded only during the months of November,
December, and January; (2) the federal annual standard of
50 pg/m? is not exceeded at any of the BAAQMD monitoring
sites; (3) the highest PM,, levels occur in San Jose: and (4)
the state 24-h standard of 50 pg/m’ is exceeded at every
BAAQMD site (Chow et al. 1993a).

PM,, mass often exceeds the federal 24-h standard when
nitrate concentrations are high. Annual average nitrate con-
centrations are typically 2-5 pg/m?®, but maximum nitrate
concentrations exceed 30 pg/m® at several sites during win-
tertime. Maximum PM,, nitrate concentrations are two to
five times maximum sulfate concentrations.

As a result of the PM,, exceedances, the U.S. EPA is
expected to redesignate the Bay Area as nonattainment for
PM,,, thereby requiring submission of a State Implementa-
tion Pian (SIP) (PM,, 1987). The California Clean Air Act
also specifies annuai emissions reductions for attainment of
the state ozone standard, and it is possible that this might be
extended (o other state air-quality standards in the future.

Elevated PM,, concentrations result from a combination
of emissions, transport, transformation, and accumulation of
potlutants. Previous studies [e.g., Chow et al. (1992a, 1992b.
1993b, 1993c) and Watson et al. (1994)] have shown that both
primary and secondary particles contribute to high PM,, levels
in many California cities. Primary particles are directly emit-
ted from pollution sources. These particles undergo few
changes between source and receptor. and the atmospheric
concentrations are, on average, proportional to the quanfities
emitted. Secondary particles form in the atmosphere from
gases emitted by different sources. Sulfur dioxide (SO,). ox-
ides of nitrogen (NO,), and ammonia (NH;) are the most
common precursor gases of secondary particles such as sul-
fate, nitrate, and ammonium, though a portion of secondary
organic carbon can also result from total or reactive organic
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gases (TOG, ROG) via atmospheric reactions. Ambient con-
centrations of secondary aerosol are not necessarily propor-
tional to quantities of emissions since the rate at which they
form may be limited by factors other than the concentration
of the precursor gases. For example, secondary ammonium
nitrate is not a stable compound. Its equilibrium with gaseous
ammonia and nitric acid is strongly influenced by temperature
and refative humidity (Watson et al. 1994).

A pilot air-quality monitoring study was conducted during
wintertime at two sites in San Jose, Calif., to investigate the

sources of PM,, and to determine the additional information
needed to develop emissions-reduction strategies. The am-
bient chemical compositions and source apportionment re-
sults obtained from this study are presented in this paper.

EMISSIONS

Daily emissions of 1,344 tons of TOG, 812 tons of ROG,
536 tons of NO,, 118 tons of SO,, 85 tons of NH,, and 451
tons of PM,, were estimated to be released into the atmo-
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TABLE 1. Annual Statistics for PM,, Concentrations between 1988 and 1992
PM,; MASS PM,, SULFATE PM,o NITRATE
Maxi- | Geo- | Arith- ‘:'L\‘/ZE;’ Maxi- | Geo- | Arith- | Number of Maxi- | Geo- | Arth- |Number of
mum | metric | metic | © o S | Number| mum | metric | metic values [Number| mum | metric | metic values [ MNumber
24-h |average|average {ng/m’) of obser-{ 24-h |average|average| (wg/m®} |of obser-| 24-h |average|average| (ug/m3 lof obser-
County site {rg/m®}| (ug/m®) | {ug/m?) | =150 =50 | vations |{ug/m?) | (ng/m3) | (ng/m3) [ =10 wg/me! vations (ng/m3)| (ng/m?) | (ng/rm?) [ >20 wg/m?i vations
{1) (2) 3) (4) (3) | 8 (7) (8) (9 {10) (11) (12) (13) (14) (15) (16) (17
{a) 1988
Alameda
Livermore™ 74 25.3 208 0 2 19 3.1 1.33 1.51 Q 60 14.8 1.34 2.26 0 S8
San Fruncisco
San Francisco™ 17 256 315 0 2 19 57 1.73 1.95 V] 59 26.7 1.03 2.05 1 57
Santa Clara
San Jose—Moor-
pack* 494 30.3 a5 0 ] 40 4.3 1.40 1.65 0 44 #.4 1.47 249 0 4
San Jose—Hh St.b 73 359 H#).2 1} 5 21 4.3 1.58 1.82 0 60 20.6 2.08 3.27 1 5%
(&) 1989+
Alsmeda
Fremont® 77 29.] 32.6 0 5 48 5.5 2.06 2.34 0 48 .2 1.62 232 {0 EH
Livermore® H¥ 327 37.4 Q 13 6} 16.8 2.05 2.47 1 61 23.0 .84 2.7 2 6l
San Frangisco
San Francisco” 101 31.6 36.0 0 13 62 13.9 2.60 2.92 P 61 13.6 1.34 1.84 0 6l
Santa Clara
San Jose—Moor-
park? 97 32.4 R0 {} 3 6l 11.8 2.08 2.44 2 61 279 2.5 3.08 2 6l
San Jose~dth Sl 9 7 3.8 0 19 135 13.9 2.01 2.35 1 61 6.3 2.29 3.24 61
San Jose—W. San
Carlos! 106 5.6 Hro M) 7 27 4.0 2.15 2.34 0 27 77 1.80 2.34 ¥ Ly
{c) 1990
Alameda
Fremont” 136 27.1 324 0 0] 61 3.0 2.04 2.30 \) 6l 43.5 2.37 4.09 | 4]
Livermore” 137 27.5 »n7 0 i) 6l 6.3 1.54 2.12 [\ 6l 39.9 2.02 359 1 ol
Sun Leandro® 123 293 4.5 ] 4 26 4.6 2.15 2.3¢' o] 26 43.0 22 4.66' 2 26
San Francisco
Sun Francisco® 165 7.8 34.0 1 12 6l 5.3 2.43 2.62 0 6l 39.7 1.54 308 1 61
Sunta Claza
San Jose-Moor-
park® 127 298 354 il il 61 5.8 1.92 2.17 0 6i 335 2.53 4.1 1 ]
San Josedth St 165 27.t 336 | 25 178 7.9 1.78 2.05 0. 59 33.1 2.36 4.u2 1 9
San Josc-528
Tully™ 122 28.5h 35.1n 1} ] 31 59 L9l 2,83 0 61 353 2.43 448 1 6l
San Jose-W. San
Carlos™ 134 6.7 55.00 0 3 16 59 1.74 1.98 [t} o0 28.9 2.24 3158 i 6l
{d} 1991
Alameda
Fremont® 92 7 337 0 14 59 59 216 243 1] 59 237 2.95 4.607 l 5
Livermong® 155 2949 6.5 i 12 60 12,1 |- 1.%9 2.39 1 Al 44§ 2.89 4.91 1 )
San Leandro® g9 16 32.4 ] 0 &0 5.5 231 2.66 1] 6 3.6 2.4 N 1} )
San Francisco
San Francesca® 1y 297 3y 0 5 60 6.3 2.52 278 0 &0 0.3 £75 370 l )
Santa Clara
San Jose-Mocer-
park® 120 30.6 364 1] 13 60 5.1 2.07 2.41 4] 60 7.7 3.24 5.1 2 &)
San Josc-dth S1.4 153 215 330 1 26 170 4.5 .82 1.53 4] 98 16.9 0.9y 2.51 1} ug
San Jose—32%
Tully® L1 29.1 345 a 11 &) 7.1 2.03 2.34 ¢] ol 19.7 313 4 .60 10 60
San Jose- W, San
Carlos! 111 RIP 37.9 1] 14 &) 5.0 1.99 225 0 60 19.4) 313 4.58 4] il

*Air quality {1989) shows locations of all sampling sites. Sampling sites are grouped by air basin and county.
*Gravimetric. Sierra-Andersen Model 1200 high-volume sampler.
‘Addittonal annual statistics utilizing a Wedding size-sclective inlet are available in Chow et al. (1993a).
IGravimetric, Wedding size-sclective inket high volume sampler.
CAdr gualine (1990,

‘Sampled between OHOL/8Y and 08/30/89 with Sicrra-Andersen Model 1200 high-volumc samplcr.
fAfr gqualine (1991).

"Data presented are valid but incompiete in that an insufficient number of valid data points were collected to meet EPA und/or ARB criteriu for representativeness.

YAdr guality (1992).
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TABLE 2. Statistical Summary of Ambient Concentrations during Bay Area Pilot PM,, Study

SAN CARLOS ST. FOURTH ST.
12-h Daytime 12-h Nighttime 12-h Daytime 12-h Nighttime
Species® Avg Max® Avg Max Avg Max Avg Max
(1) {(2) (3 4 {5) {6) {7} (8) (9

Mass 53.2 92.7 66.7 1249 36.0 L08.5 69.3 R
Cl 0.21 0.51 0.99 1.94 €).24 0.59 .06 2.60
NO, 11.78 18.95 829 17.49 12.02 2146 9.76 2111
505 214 6.28 1.94 4.90) 2.52 7.25 2.16 s
NH, 4.01 8.13 2.89 6.82 4.20 9.92 3.44 7.79
Na~ 0.20 0.65 0.40 1.00 .34 0.65 (.50 .34
K- (0,20 0.39 (.45 0.98 0.26 (.51 0.69 157
ocC 14.16 20.51 22.65 44.24 14.30 25.98 22,75 3u.02
EC 6.20 12.47 9.51 16.93 6.98 14.21 10.19 18.08
Al (.81 2.00 0.65 1.22 0.93 1.97 0.78 1.28
Si 298 6.47 2.39 3.75 2.93 574 2.55 394
P (.00 0.047 G.009 0.043 0.006 0.055 0.005 0.059
S 113y 3.383 0.899 2.296 1.334 4.420 1.037 2.499
Cl (1156 0.529 1.109 2.666 0.158 0.495 L1179 3.399
K 0.523 0.922 0.910 2.023 0.559 1.032 0.936 1.696
Ca 1.621 [.437 0.518 1.017 0.775 1.552 0.625 1.064
Ti .U%0 0.338 0.086 0.476 0.066 0.121 0.059 0.091
\% 0.004 0.011 0.010 0.036 0.004 0.013 0.004 0.010
Cr 0.00¢ 0.004 0.003 0.013 0.003 0.005 0.062 0.009
Mn 0.012 0.026 0.012 0.020 (0.014 0.026 0.014 0.022
Fe 0.785 L.601 0.723 1.169 0.824 1.498 0.863 .307
Co 0.060 0.000 (.000 0.001 (.000 0.000 0.000 0,000}
Ni 0.002 0,405 (.002 0.006 0.004 0.007 0.004 0.008
Cu 0.020 0.034 (.035 0.072 0.020 0.035 0.030 0.046
Zn 0.033 0,098 0.060 0.108 0.059 0.101 0.073 0.109
Ga 0.000 0.401 0.000 0.001 0.000 .00 0.000 0.000
As 0.001 0.004 0.002 0.004 0.0 0.002 (3.002 0.004
Se 0.003 0.4H5 0.003 0.006 0.003 0.005 0.003 (1005
Br 0.010 0.026 0.011 0.019 0.011 0.022 012 0.022
Rb 0001 0.003 0.002 0.003 0.001 0.002 0.001 (0.003
Sr 0.007 0.4 0.010 0.057 0.0l6 £.056 0.028 0112
Y 0.001 0.002 0.001 0.004 0.000 0.001 0.000 0.401]
Zy 0.002 0.003 0.001 0.002 0.002 0.003 1.006 0.057
Mao 0.001 (.03 (.001 0.002 0.001 0.003 0.001 0.403
Pty 0.025 0.042 0.034 0.060 0.031 1.054 0.042 {070
Number n

average 9 — 13 — 9 — 13 —

Note: 24-h concentrations. not shown here, are available from the writers.

“Species seught but never found above their lower quantifiabie limits (defined as three times the standard deviation of the average ficld blank) were
P (<(L0285 wa/mh). Co (<0,0037 pg/m’). Ga (<0.0074 pg/m?), As (<0.0085 pg/m?). Y (<0.0050 pg/m™), Pd (<0.05 pg/m*), Ag (<0.058 pg/m?). Cd
(<0039 pp/m?), In {(<0.068 pg/m), Sa (<0.087 pg/m’), Sb (<0.099 ug/m), La (<0.46 pg/m?), Au (<0012 pg/m?). T (<0.0094 pg/m?), and U

(<0.008] pg/m*).

"Muximum concentrations in the data set. These maxima did not necessarily occur on the same day.

sphere during wintertime in the Bay Area. Alameda, Contra
Costa. and Santa Clara Counties (Fig. 1} account for the
majority of all emissions, with 59% of TOG, 54% of ROG,
67% of NO,, 68% of SO,, 32% of NH,, and 59% of PM,,
(1991 Clean 1992). As shown in Fig. 2, reentrained road dust
is the largest emitter of primary PM,,,, constituting 50% of
the total. Construction and demolition activities account for
3% residential wood combustion accounts for 11%, and on-
and off-road vehicle exhaust accounts for less than 10% of
primary PM,, emissions in the winter inventory.

Maost point-source emissions are located in Contra Costa
County. which contains major refineries at Richmond, Mar-
tinez, and Benicia. natural-gas-fired power plants at Pittsburg
and Antioch. und a steel mill at Antioch. Though these point
sources are estimated to emit less than 1% of the primary
PM,,. they are significant emitters of SO, and NO,. Forty-
five percent of SO, emissions originate in Contra Costa County.
Fig. 2 shows that 42% of district-wide SQ. emissions derive
from petroleum processes. On- and off-road motor vehicles
emit .over 409 of the SO, and more than 70% of the NO,.
Small-scale stationary sources account for less than 25% of
NO, emissions, while large industrial point sources emit less
than 5% of total NO,.
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Fig. 2 also shows that 38% of all NH, emissions are at-
tributed to livestock waste, 26% to vegetation and soil, 18%
to domestic/wild animal and human waste, and less than 6%
to industrial point sources and motor vehicle exhaust. Am-
monia emissions from wastewater-treatment plants are not
included in the current inventory and these may be significant.
Actuai NH, emissions are probably underestimated.

The 1992 BAAQMD emissions inventory is one of the best
of its type; however, it does not address temporal distribu-
tions for diurnally varying emissions, special circumstances
(e.g.. plant upsets, specific fires). and intermittent events
(e.g., tilling, controlled burns, pesticide applications), which
might affect PM,,, levels at sampling sites near a given source.
The inventory does not include some of the source types.
such as domestic cooking (e.g., charbroiling and frying) (Hil-
demann et al. 1991), which might be important contributors
to PM,, at certain times and places. Although the data in the
emissions inventory provide a general understanding of the
major emitters, they are not sufficient to determine the major
contributors to excessive PM , levels, the chemical compo-
sition of PM,, the secondary aerosol contribution to PM,,,.
or the effects of emissions reductions on PM , concentrations.
Comparisons with source-contribution estimates and with mi-



croinventories (Pace 1979) in the vicinity of sampling sites
are needed to improve estimates of primary and precursor
emissions for PM,, in San Jose and other parts of the
BAAQMD.

METEOROLOGY 4

The BAAQMD is characterized by complex terrain con-
sisting of coastal mountain ranges, inland valleys, and bays.
Temperatures along coastal areas are moderated by the Pa-
cific Ocean and bays, while inland valleys experience greater
temperature extremes. Inland valleys experience daytime up-
slope and nighttime downslope flows.

The summer climate is dominated by the semipermanent
east Pacific high-pressure system, and the California coast
normally experiences northwest flow and minimal precipita-
tion during summer. A thermal low-pressure area, extending
from the San Joaquin Valley to the Mojave Desert, causes
onshore flow during most of the summer. The steady
northwesterly flow along the eastern edge of the Pacific an-
ticyclone induces upwelling of deep, cold water along the west
coast, and air masses cool as they move over the cold coastal
water. This cooling is often sufficient to cause condensation,
producing frequent summertime occurrences of stratus clouds
and radiation fog. Horizontal temperature gradients are larg-
est during the daytime, with moderate temperatures along
the coast {(~20°C) increasing to ~30°C in the Livermore Val-
ley. Summertime meteorology does not encourage the ac-
cumulation of poltutants and it i1s not conducive to the for-
mation of secondary aerosols.

During winter, the Pacific high weakens and shifts south-
ward, upwelling ceases, onshore flow weakens, and winter
storms are frequent, with rain occurring most frequently and
with greater intensity from November through April. When
the Pacfic high is dominant, surface-based inversions, often
due to radiative cooting of the air near the ground, are strong.
Light winds and shallow surface layers inhibit the dispersion
and dilution of pollutants emitted near the surface. These
periods are characterized by radiation fog and winds that flow
out of the San Joaquin and Sacramento Valleys into the Bay
Area through gaps in the coastal mountains. During winter
rainy periods, inversions are weak or nonexistent, winds are
often moderate to strong, and air pollution levels are low.
The ocean and bays moderate minimum temperatures near
these bodies of water. The coldest temperatures are in the
sheltered infand valleys, accompanied by strong radiation in-
versions and himited vertical mixing. The effect of an urban
heat island partially counters cooling processes over San Jose
in the Santa Clara Valley.

MEASUREMENTS

Samples were taken at two San Jose sites, as shown in Fig.
1. at Fourth St. (downtown commercial district} and West
San Carlos St. (commercial residentiat area, 3 km southwest
of downtown San Jose). Daytime (0600 to 1800 PST) and
nighttime (1800 to next day 0600 PST) 12-h samples were
collected daily from 12/16/91 to 2/24/92 using Desert Research
Institute (DRI} sequential filter samples (Chow et al. 1993a)
with Graseby-Andersen (formerly Sierra-Andersen) SA 2541
medium-volume PM ,, inlets. Flow rates of 20 L/min were
drawn through Teflon-membrane and gquartz-fiber filter packs
from a total flow rate of 113 L/min through the inlet. Tetlon-
membrane filters were conditioned under constant temper-
ature and relative humidity for 24-h prior to gravimetric anal-
ysis. Quartz-fiber filters were prefired at 900°C for 3 h and
refrigerated (<4°C) before and after sumpling o mmimize
organic artifacts.

PM,, mass concentritions were measured on Teflon-mem-

brane filters for nearly 150 samples at the two sites. Of these
samples, 85 with high (>100 pg/m*), medium (~-30 pg/m?),
and low (<25 pg/m?® PM,, concentrations were selected for
chemical analysis to represent all days in the entire sample
population. Most, but not all, of these samples were taken
on the same day and over the same time interval at both sites
{Fairley et al. 1992).

Paved road dust samples were collected adjacent to the
Fourth S$t. and San Carlos St. sites. These samples were dried,
steved, resuspended into PM,, size fractions, chemically an-
alyzed, and composited to derive paved road dust source
profiles (Chow et al. 1994),

Source and receptor samples were analyzed at the DRI's
Environmental Analysis Facility for: (1) mass by gravimetry;
(2) 38 elements (Al to U) by X-ray fluorescence; (3) water-
soluble chlaride (ClI-), nitrate (NO5), and suifate (503-) by
ion chromatography; (4) water-soluble ammonium (NH ;) by
automated colorimetry; (4) water-soluble sodium (Na*) and
potassium {K =} by atomic absorption spectrophotometry; and
(6) organic carbon (OC) and elemental carbon (EC) by ther-
mal/optical reflectance (Chow et al. 1993d; Chow and Watson
1994; Watson and Chow 1994). Ambient and source data are
available from the writers in XBase (*.DBF) format on DOS-
compatible floppy disks.

CHEMICAL COMPOSITIONS OF PM,,

During the pilot study, the highest 12-h PM,, concentra-
tion of 150.4 = 7.6 pg/m* was recorded at the San Carlos St.
site during nighttime on 12/25/91. The lowest concentration
of 8.4 » 1.0 pg/m* was measured at the Fourth St. site during
daytime on 1/12/92. Fig. 3 shows that PM,, concentrations
for simultaneous samples at the two sites are highly correlated
(r = 0.96), with slightly lower concentrations at the San Car-
los St. site. Pair -tests showed that statistical differences be-
tween PM,, measured at the two sites were insignificant (P
> 0.1).

Twenty-four-hour average PM,, concentrations and stan-
dard deviations were similar at the two sites: 66.6 = 28.6 py/
m* at the Fourth St. site and 63.3 = 28.3 pg/m* at the San
Carlos St. site for the chemically analyzed samples. For the
entire set of 148 samples, average PM,, was 46.2 + 33.7 pg/
m* at the Fourth St. site and 47.4 = 30.1 pg/m* at the San
Carlos St. site. Daytime average concentrations were 39,1 =
32.9 wg/m” at the Fourth St. site, and 37.7 = 25.6 pg/m? al
the San Carlos St. site, while the corresponding nighitime
averages were 53.3 = 36.9 pg/m® and 57.0 + 37.6 pg/m’
respectively. Twelve-hour PM,, concentrations exceed 100

Comparison of 12-hr PM10 Mass

150

Stope = 0..88
Intercept = 4.07 0
r=096.
No=43 |

8

San Carlos St. (ug/m3)

g

1} 50 100 150
Fourth St. (ug/m3)

FIG. 3. Comparison of Average 12-h PM,, Mass Concentrations
at Fourth St. and San Carlos St. Sampling Sites
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TABLE 3. Source Profiles Applied in Bay Area Pilot PM,, Study (Weight % of Mass)

Residential Wood
Combustion Motor Vehicle Amrmonium Ammonium
Road Dust® {(RWC) Exhaust® Sulfate Nitrate Marine Aerosol®
{SCPVRD) (SJPVRD) (WFIRECT) {PHRD) (AMSUL) (AMNIT) {(MARINE)
Conc. + Une, Cone. = Une. Conc. = Une. Conc. = Unc. Cone. = Une, Cone. %+ Unc. Conc. + Unc.
(1 - (2) (3) 4) {5} (6) {7} (8)

Cl- (160 = 0.012 0.184 + 0.014 0.287 = 0.040 1.157 = 0.754 0.000 = 0.000 0.000 = 0.000 | 40.000 + 10.000
NO, 0.000 = 6.000 (L0000 % 0.000 0.203 = 0.016 11.025 = 10.407 (0L.000 = 0.000 77.500 = 7.750 0.005 = (.002
SO, 0.207 = 0016 0.107 = 0.008 0.455 + 0.036 6.013 = 2.092 72.700 = 7.270 0.000 = 0.000 | t0.000 = 4.000
NO; (LO33 = 0.002 0.024 = 0.002 0.113 = 0.014 4.106 + 2.740 27.300 + 2,730 | 22.550 = 2.255 0.000 = 1.000
Na- 0.120 + 0.010 0.063 = 0.005 0.000 = 0.000 0.000 = 0.000 {000 + 0.060 0.000 = 0.000 | 40.000 = 4.000
K- 0.120 = 0.011 0.051 = 0.005 0.521 + 0.080 0.759 = 2315 0.000 = 0.000 (LO00 = (.000 0.000 = 1.000
oC 14.526 = 2.233 12,124 ~ 1.864 49 496 = 5.481 39.003 = 18.618 0.000 = 0.000 0.000 + 0.000 0.000 = 1.000
EC 0.396 = 0.029 0.545 = 0.039 21,146 + 4.581 36.465 = 10,990 0.000 = 0.000 0.000 = 0.000 0.000 = 1.000
Al 9831 + 2,965 8.883 = 2.680 0.003 = 0.010 0.072 = 0.525 0.000 = 0.000 0.0600 + 0.000 0.060 = 1.000
Si 29.561 = 9.471 26.516 = §.499 0.044 = 0017 0.083 = 1.132 4.000 = 0.000 0.000 = 0.000 G000 = 1000
P .070 = 0.031 (1055 = 0.025 0.000 = 0.005 .084 = 0.133 0.000 = 0.000 0.000 + 0.000 0.000 = 1.000
S 0.241 * 0.018 0.243 + 0.018 0.153 = 0.017 2.016 = 0.603 24270 + 2.427 0.000 = 0,000 3.300 = 1.300
Cl 0.190 + 0.059 0.097 = 0.032 0.287 + 0.040 0.562 = 0.409 0.000 = 0.000 0.000 = 0.000 | 40.000 = 10.000
K 2136 + 0,438 1.826 + 0.375 0.635 + 0.101 0.215 = 0.229 0.000 + 0.000 0.000 = 0.000 1400 = (.200
Ca 4.035 + 0.708 2.612 + 0.459 0.066 + 0.017 0.125 + (.98 (1000 = 0.000 0.000 = 0.000 1.400 = 0.200
Ti 0,459 = (1.033 (.418 = 0.030 0.601 = 0.012 0.087 + 0.401 0.000 = 0.000 0.000 = 0.000 0.000 = 1.000
v 0.017 = 0.019 ¢.015 = 0.018 0.001 + 0.005 0.023 = 0.201 0.000 = 0.000 0.000 = 0.000 0.000 = 1.000
Cr 0.015 + 0.003 0.013 = 0.004 0.000 = 0.001 0.019 = 0.040 0.000 = 0.000 0.000 = 0,000 0.000 = 1.000
Mn 0.080 + 0.007 0.090 = 0.008 0.003 = 0.001 0.178 = 0.114 0.000 = 0.000 0.000 + 0.000 0.000 = 1.000
Fe 5.134 = 0.363 5.797 + (1.413 0.004 = 0.002 0.934 + 0.529 0.000 = 0.000 0.000 = 0.000 (L000 = 1.000
Co 0.000 = 0.074 0.000 = 0.083 0.001 = 0.001 0.003 = 0.089 G.000 = 0.000 0.000 + 0.000 G.000 = 1,000
Ni 0.014 = 0.001 G.0t7 = 0.001 0.000 = 0.001 0.019 = 0.015 0.000 = 0.000 0.000 = ¢.000 0.000 = 1.000
Cu (L014 = 0.001 0.015 = 0.001 0.000 = 0.00) 0.356 = 0.135 0.000 = 0.000 0.000 = 0.000 (.000 = 1.000
Zn 0135 = 0.010 0.131 = 0.009 0.076 + 0.005 0.505 + 0.387 0.000 = 0.000 0,000 = 0.000 0.000 = 1.000
Ga 0.000 + (.003 0.000 = 0.002 0.000 + 0.002 0.007 = 0.057 0.000 = 0.000 0.000 + 0.000 0.000 = 1.000
As 0.002 = 0.011 G000 = 0.013 0.000 = 0.002 0.006 + 0.094 0.000 = 0.000 0.000 = 0.000 0.000 = 1.000
Se 0.000 = 0.001 0.000 = 0.001 0.000 + 0.001 0.004 + 0.034 0.000 = 0.000 0.000 = 0.000 0.000 = {.000
Br 0.001 £ 0.002 0.001 = 0.001 0.003 = 0.001 0.058 = 0.034 0.000 = 0.000 0.000 = 0.000 0.200 + 0.050
Rb 0.007 = 0.001 0.007 = 0.001 0.001 = 0.001 0.002 = 0.033 0.000 £ 0.000 0.000 = 0.000 0.000 = 1.000
Sr 0.032 = 0.002 0.041 = 0.003 0.001 = 0.001 0.004 = 0.048 0.000 = 0.000 G.000 = 0.000 0.000 = Lo
Y 0.003 = 0.001 0.002 = 0.001 0.000 + 0.001 0.009 + 0.050 0.000 = 0.000 0.000 + 0.000 G.000 = 1.000
Zr 0.012 = 0.001 (L.010 = 0.001 0.000 = 0.001 0.010 = 0.063 0.000 = 0.000 0.000 = 0.000 G000 = 1.000
Mo 0.000 £ 0.003 0.001 = 0,002 0.000 = 0.002 0.010 = 0.106 0.000 = 0.000 0.000 = 0.000 0.000 = 1.000
Pb (L062 = 0.005 0.088 = 0.007 0.003 = 0.002 0.270 = (.126 0.000 + (.000 0.000 = 0.000 0.000 = 1.000

*Geological profiles of paved road dust from San Carlos St. (SCPVRD) and Fourth St. (SJVPRD),
"Residential wood combustion {fireplace and woodstove) profiles from Denver, Colo. {Watson et al. 1988).
‘Motor vehicle exhaust profiles from Phoenix. Ariz. (Warson et al. 1991b),

“Marine profile from U.S. EPA Source Composition Library (Air emissions 1990).

E Res. Wood Combustion & Ammonium Nitrate
] Unexplained

B Motor Vehicle Exhaust
Marine

i N Road Dust
‘ B Ammonium Suifate

PM10 Source Contributions (ug/m3)

=

2IgEzazsioisia:

F1G. 4. Daytime (D) and Nighttime (N) PM,, Source Contributions at San Jose—San Carlos St. Site (Height of Bars Represents PM,, Mass
Concentrations; Positive or Negative Unexplained Portions Indicate the Under- or Overestimation of PM,, Mass, Respectively, from CMB
Model Calculations
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{a) The Average Scurce Contributions to PM10
Mass at the Fourth St. Site
{Numbers in Average 36}

HRoad Dust

. §\§\f’—— 16+-88

=

Motor Veh. 9.2+-4.8

Marine 0.9+-0.7 2

Amm. Nit.
13.3+-8.8

RWC 31.3+-16.8
Amm. Sul, 2,3+-21

Calculated Mass 70.2+-29.7/
Measured Mass 68.4+-31.7

(b} The Average Source Contributions to PM10

Mass at the San Carlos St. Site
{Numbers in Average 49)

Road Dust

_ =54

Motor Yeh. 8.9+-6.8

Marine 0.7+-0.,8

Unexpl.
11+=4.4

Amm. Nit.

12.8+-8.8

RWC 31.3+-19.% Amm. Sul. 2.1+-2.0

Calculated Masa §7.7+-30.1/
Measured Maas §4.9+-33

FIG. 5. Average Source Contributions to Wintertime PM,, for Primary Paved Road Dust, Primary Motor Vehicle Exhaust, Primary Marine,
Primary Residential Wood Combustion (RWC), Secondary Ammonium Sulfate, and Secondary Ammonium Nitrate

() Fourth St.

B day
Wnight

g

Contribution to PM10 (ug/m3)
-] &

Mass Meot. Veis. Exhaunt Marine
Road Dust Res. Wood Comb,
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(b) San Carlos 5t.

3

Contribution to PM 10 (ug/m3)
8 -]

Sec. Am. Nie.
Sec. Am. Sul. Unexpl.

FiG. 6. Day/Night Comparisons of PM,, Mass Based on 7 Day/
Night Pairs at Fourth St. Site and 19 Day/Night Pairs at San Carlos
St. Site -

pg/m?® (twice the California 24-h standard) on 5% of the days
during the study period, with nighttime concentrations con-
sistently ~40% higher than daytime concentrations.
Average and maximum PM,, mass and chemical concen-
trations for the daytime and nighttime are reported in Table
2 for those samples that had paired chemical analysis results
for both sites. Table 2 shows that OC, EC, NOz, SO%~, and
NH? were the most abundant chemical components and ac-
counted for more than 80% of PM,, in the analyzed samples.
The sum of the measured chemical species in the analysis
subset explains 83 = 3% of the total PM,, mass. Organic
carbon (OC) was the most abundant chemical, with an av-

erage concentration of 19 = 6 pg/m® and an average PM;,
mass fraction exceeding 40%. Average and maximum OC
concentrations were 40% and 50% higher at night than they
were during the day; the same is true for daytime and night-
time EC concentrations. These wintertime OC concentrations
are 30% to 50% higher than annual averages in the South
Coast (Solomon et al. 1989) and San Joaquin Valiey (Chow
et al. 1993b) air basins.

Nitrate is the second most abundant species, with concen-
trations ranging from 0.5-20 pg/m*, and an average of ~10
= 7 pg/m*. Nitrate accounted for ~17% of the average PM,,
mass. This nitrate average is comparable to annual averages
reported in the South Coast (Solomon et al. 1989) and San
Joaquin Valley (Chow et al. 1993b) air basins.

Aluminum, silicon, potassium, calcium, titanium, and iron
concentrations were also similar at the two sites and ac-
counted for ~15% of the PM,, mass. The average PM ;, silicon
concentration was 2.9 = 1.2 pg/m? at both sites, which is
similar to annual average crustal concentrations at South Coast
urban sites (Solomon et al. 1989). These concentrations were
30% to 50% lower than those found in annual averages for
the San Joaquin Valley (Chow et al. 1993b}).

Average soluble potassium {(K*) was 0.61 + (.57 pg/m*
at the Fourth St. site and 0.37 + 0.15 pg/m* at the San Carlos
St. site. Nighttime average and maximum K* concentrations
were twice those measured during the day. The average night-
time soluble potassium to total potassium ratio was 0.74 at
the Fourth St. site and 0.50 at the San Carlos St. site. This
large fraction of potassium, which is soluble, is typical of
residential wood combustion contributions from woodstoves
and fireplaces (Watson et al. 1988; Chow et al. 1993c).

SOURCE APPORTIONMENT

Using the source profiles listed in Table 3, the Chemical
Mass Balance {CMB) receptor model (Watson et al. 1990)
was applied to this data set to estimate source contributions
to PM,, following the U.S. EPA application and validation
protocol (Watson et al. 1991a). Fig. 4 summarizes the indi-
vidual daytime and nighttime source contributions to PM,,
at the San Carlos St. site. PM,,, concentrations and source
contributions varied fivefold over different day and night pe-
riods. The percent mass explained was 100 = 10% in most
cases, Standard errors of source contribution estimates were
typically =15% to =25% for major contributors. Similar
source contributions were obtained at the Fourth St. Site.
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Model output is available in computerized form from the
writers.

Average PM,, source contributions at the two sites are
compared in Fig. 5. These source contributions are similar
for the two sites. During the pilot study, the largest contrib-
utor was residential wood combustion, accounting for ~45%
{31.3 pg/m* on average) of the PM,, mass for the analyzed
samples. Primary geological material was the second-largest
contributor, accounting for ~18% (12.5 pg/m’ on average)
of the PM,, mass. Primary motor vehicle exhaust and sec-
ondary ammonium nitrate contributed 13-19% (9-13 pg/m?
on average) of the PM,,, mass.

Secondary ammonium sulfate contributions varied from 0
to 10 pg/m?. with typical values of 2-3 png/m® (3—-4% of PM,,
mass). Primary marine-derived aerosol was detected (<1 g/
m*}. with a maximum contribution { = uncertainty) of 3.6 =
0.4 pg/m’ during the nighttime on 1/11/92 at the Fourth St.
site.

Average daytime and nighttime source contributions are
compared in Fig. 6. Nighttime residential wood-combustion
contributions exceeded twice the daytime contributions. Pri-
mary motor vehicle exhaust contributions were 50-80% higher
at night than during the day. Contributions from primary
geoltogical material and secondary ammonium nitrate were
similar for daytime and nighttime samples, however.

Residential wood combustion emissions on cold winter nights
and motor vehicle exhaust emissions from morning and eve-
ning rush hours, coupled with lower wind speed and less
mixing at nighttime during these periods, may result in higher
PM,, at night.

COMPARISONS BETWEEN PM,, SOURCE
CONTRIBUTIONS AND ESTIMATED EMISSION RATES

Fractional CMB source contributions to PM,, ranged from
24% to 87% from wood combustion, 6% to 49% from road
dust. 7% to 53% from vehicle exhaust, and 3% to 40% from
secondary ammonium nitrate.

The BAAQMD emissions inventory gives the impression
that over 50% of PM,, derived from paved road dust, while
the CMB resulted in an average of less than 20% of PM,,
from geological material for the analyzed samples. The in-
ventory estimates ~10% of PM,, from residential wood com-
bustion. compared to an average of ~45% from CMB source
apportionment. Motor vehicle exhaust accounts for ~13% of
PM,, mass in the analyzed samples. which is 5% higher than
the contribution estimated in the inventory. Furthermore, the
source contributions from ammonium nitrate and ammonium
sulfate show that the sources of precursor species such as
NO,. 5O,. and NH;. are just as important to ambient PM
as are the sources of primary particles.

SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

The wintertime pilot study conducted between 12/16/91 and
2/24/92 at two San Jose sites provide a basis for future studies
of PM,, in the San Francisco Bay Area. Major conclusions
ta be drawn from measurements and receptor modeling are
as follows:

+ The highest 12-h PM,, concentration was 1504 = 7.6
pg/m® at the San Carlos St. site during nighttime on 12/
25/91. No 24-h average PM,, concentrations exceeded the
PM,;, standard of 150 png/m* during this pilot study. Twelve-
hour PM,,, concentrations exceeded 100 pg/m* on 5% of
the sampled days. Nighttime concentrations were often
~40% higher than daytime concentrations.

« Organic carbon, elemental carbon, nitrate, and ammo-
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nium were the most abundant chemical components of
PM,,. accounting for more than 80% of average PM,,
mass.

* PM,,, concentrations and source contributions were sim-

ilar at the San Jose sites, indicating that one of these sites
is sufficient to characterize San Jose neighborhood air
quality.

= Primary residential wood combustion was the largest con-

tributor. accounting for ~45% of PM,,. Other major
contributors were primary geological material. primary
motor vehicle exhaust, and secondary ammonium ni-
trate—each accounting for 15-209% of the average PM,,,.
Secondary ammonium sulfate and primary marine-de-
rived aerosol contributions are generally low, accounting
for only a few percent of PM,,,.

Current PM,, emissions inventories underestimate the
residential wood-combustion and motor-vehicle exhaust
contributions, and overestimate the road dust source con-
tributions during winter. In addition, the current inven-
tory does not recognize the significance of precursor gas
contributions to secondary PM,.

The pilot study identified the following needs for further
understanding, which might be obrained in a more compre-
hensive study:

* Source profiles for primary geological material, primary
motor vehicle exhaust, and primary residential wood
combustions should be measured.

» Secondary acrosol precursor concentrations for ammonia

and nitric acid are needed along with the PM,, measure-

ments to determine which precursor gas concentrations
should be reduced to minimize ambient secondary am-
monium nitrate concentrations.

Trajectory and secondary aerosol models should be in-

tegrated with CMB receptor modeling to further specify

source contributions.

Better temporal resolution {e.g.. 0000 to 0500. 0500 to

1000. 1000 to 1600, and 1600 to 2400 PST) is needed for

PM,, mass, chemical composition, and precursor gas con-

centrations.

Additional sampling sites are needed to determine the

causes of elevated PM,, concentrations in other regions

of the BAAQMD.

Discrepancies between the Bay Area emissions inventory

and CMB receptor modeling need to be reconciled.

*

A comprehensive PM,, study plan {Chow et al. 1993a)
specifies the measurements, data analysis, and modeling ac-
tivities needed to develop emission control strategies. This
plan is caurrently being implemented, and the results are an-
ticipated by 1995,
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