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A B S T R A C T

Ambient black carbon (BC) has detrimental effects on both human health and near-term global warming. To
mitigate these negative effects, there have been significant efforts to reduce emissions of BC from anthropogenic
and biomass burning sources in California's Bay Area since the 1960s. Recent reductions in BC have mainly been
from fossil fuel combustion sources such as diesel but additional reductions may be needed for contemporary
carbon sources like biomass burning and meat cooking. In this study, PM10 (particulate matter with aerodynamic
diameter of less than or equal to 10 μm) samples were collected at seven sites across the San Francisco Bay Area
from November 2011 to October 2012 to create winter and non-winter composites for each site. Radiocarbon
(14C) abundance and chemical mass balance (CMB) modeling were used for source apportionment of ambient
elemental carbon (EC, a proxy for BC). The 14C abundance in the EC fraction was used to quantify the relative
contributions of fossil carbon and contemporary carbon sources. The average biomass burning contributions are
48 ± 8% and 41 ± 5% for winter and non-winter seasons, respectively, across the Bay Area. Ambient con-
centrations of EC are approximately two to three times higher during the winter compared to the non-winter
season, except for Cupertino. A CMB model, using bulk aerosol composition and select inorganic compounds,
was used to understand the contributions of natural gas combustion, gasoline exhaust, and diesel exhaust to
fossil carbon as well as the contribution of biomass burning and meat cooking to contemporary carbon. The
different apportionment methods for EC (14C and CMB analysis) agree within 16 ± 12% for fraction fossil and
biomass burning for both winter and non-winter seasons. The contemporary contribution to EC is much higher
than estimated by current emission inventories, suggesting that the inventories may overestimate the con-
tribution from fossil fuels, particularly diesel exhaust. The results from this study are compared to literature
values from other 14C-EC or BC studies from across the world.

1. Introduction

Since the 1960s, significant progress has been made in the Bay Area
in reducing particulate matter (PM) concentrations. Due to progressive
regulations, including exhaust filters on diesel vehicles at the Port of
Oakland and “no burn” days for residential fires, fine PM (aerodynamic
diameter less than 2.5 μm; PM2.5), in particular black carbon (BC) has
been reduced from an annual average concentration of 4 μgm−3 to less
than 1 μgm−3 since the late 60s (Fairley, 2012; Kirchstetter et al.,
2008b, 2017). Studies have found that the reduction in BC has con-
tributed to negative radiative forcing (i.e. cooling effect) with an
overall of −1.4 Wm-2 radiative forcing over California (Bahadur et al.,
2011; Chow et al., 2010).

However, even with a threefold reduction in BC concentrations,
there is still a need to understand high wintertime PM and BC con-
centrations and to determine which regulations would be most effective
at further reducing emissions across the region. To that end, a recent
year-long study was undertaken to determine source contributions to
BC at seven sites across the Bay Area. Previous efforts to understand BC
in the Bay Area have focused on characterization of composition and
quantification of potential impacts of diesel vehicle emissions
(Dallmann et al., 2011, 2013; Kirchstetter et al., 1999, 2008a). BC
concentrations have been declining in the Bay Area despite an increase
in diesel vehicles and fuel consumption, likely due to implementation of
cleaner diesel technology (i.e. diesel particulate filters at the Port of
Oakland and reductions in fuel sulfur content) and regulations
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prohibiting prolonged idling of commercial diesel vehicles (∼5min)
(Dallmann et al., 2011; Kirchstetter et al., 2017). With the improvement
in diesel technology, it becomes more important to understand the
contributions of contemporary carbon sources to BC (residential wood
burning, meat cooking, agricultural burning, and wildfires) as these are
also subject to increasing governmental regulations including the Bay
Area Air Quality Management District's Wood-Burning Device Rule
(http://www.baaqmd.gov/rules-and-compliance/wood-smoke). Ap-
proximately 38 ± 2% of households in the area contain at least one
fireplace, pellet stove or wood stove (Fairley, 2014). Households also
reported that burning was most likely during the winter months be-
tween November and February (McLarney and Sarles, 2005). In addi-
tion to understanding seasonal trends of emission sources, it is also of
great interest to determine the spatial trends across this region, espe-
cially for regulation purposes. The sampling sites are part of the Bay
Area Air Quality Management District's (BAAQMD) air pollution mon-
itoring network and the chosen sites encompass locations (e.g. urban,
residential, rural sites) that are varying distances from the coast. This
study will provide better understanding in how effective regulations
have been/could be across the diverse Bay Area.

Radiocarbon (14C) analysis is used as a means of source appor-
tionment to distinguish contribution of fossil-fuel sources, which are
depleted in 14C (half-life of 14C is 5730 years), from biogenic sources
which have a 14C signature similar to atmospheric 14C. Source appor-
tionment studies have used 14C measurements to apportion total or-
ganic carbon (TOC) aerosols to distinguish between contemporary (i.e.
biomass burning, meat cooking, grass pruning, detritus matter, pollen,
etc.) and fossil fuel sources (i.e. diesel and gasoline exhaust, natural gas,
etc.) (Barrett et al., 2015; Sheesley et al., 2012; Zotter et al., 2014b). In
recent years, 14C analysis of elemental carbon (EC) and TOC samples
have been demonstrated to be a highly accurate method for quantifying
contributions of fossil fuel versus biomass burning-derived EC in var-
ious locations (Barrett et al., 2015; Mouteva et al., 2017; Slater et al.,
2002; Szidat et al., 2006; Zhang et al., 2014). However, very few 14C
studies of BC and EC have been reported for urban areas in the United
States (U.S.) (Briggs and Long, 2016; Mouteva et al., 2017). A BC and
EC source apportionment review from 2016 concluded that more stu-
dies which include inter-comparison of multiple source apportionment
techniques, including 14C, chemical mass balance (CMB) and emission
inventories are needed (Briggs and Long, 2016). This need for valida-
tion of apportionment methods and results is addressed in the current
study by comparing results from 14C, CMB and two emissions in-
ventories in the Bay Area following the methods listed below. This
study uses EC as a proxy for BC: BC refers to measurement of light-
absorbing carbon quantified by optical methods, whereas, EC refers to
refractory carbon determined by physical and chemical analyses (Chow
et al., 2010). 14C measurements of EC and TOC were made to enable
source apportionment of fossil vs contemporary carbon sources at seven
sites across the Bay Area. CMB analysis of EC was used to increase
specificity of aerosol source apportionment from fossil (diesel and ga-
soline vehicle emissions) and contemporary (residential biomass
burning, cooking and wildfires) sources for EC. Emission inventories for
California and the Bay Area were also compared to the receptor-based
apportionment of EC.

2. Experimental methods

2.1. Sample collection

In accordance with BAAQMD's routine sampling, 24-h PM10 samples
were collected on a 1-in-6-day schedule at the seven sampling sites:
Bethel Island, San Pablo, Concord, San Rafael, Napa, San Francisco and
Cupertino (Fig. 1). All samples were collected on 8×10″ pre-com-
busted Whatman QM-A (Ann Arbor, MI, USA) quartz fiber filters (QFFs)
using Anderson and TISCH high volume air samplers (Table S1 in
Supplementary Material). For this study, filter samples collected during

November 2011 to October 2012 were selected for analysis. Ad-
ditionally, trace-gas measurements including CO and NO2 were mon-
itored using a Model 48i gas filter correction CO analyzer and a Model
42i NO-NO2-NOx analyzer (Thermo Fisher Scientific, Waltham, MA,
USA), respectively. These trace gas data are included in the CMB model.

2.2. Site description

Core Based Statistical Areas (CBSA) are geographic areas comprised
of a county or counties which are socioeconomically tied to at least one
urban center-based commute pattern (U.S. Census Bureau, 2012a,b).
These seven sites are located in northern California and within three of
the CBSAs: San Francisco-Oakland-Fremont, Santa Rosa-Petaluma, and
Napa (Fig. 1). The three CBSA regions total approximately 5 million
residents (U.S. Census Bureau, 2012a,b; Malone et al., 2013). The
sampling sites include urban, residential, rural, and highly in-
dustrialized areas. Location of the sites vary in proximity to the coast.

• Bethel Island is a rural site with a population of 2,137 (U.S. Census
Bureau, 2012a,b), producing low levels of local emissions (Malone
et al., 2013). The site is ideal to measure pollutant transport be-
tween the California Central Valley and the San Francisco Bay Area.
Easterly winds transport particles from the Central Valley which is
one of the most productive agricultural regions in California
(Malone et al., 2013; Rinehart et al., 2006).

• Concord is the largest city in Contra Costa County with a population
of 122,067 (U.S. Census Bureau, 2012a,b). The city is located in the
Diablo Valley. Local emission sources include major highways and
two oil refineries at the north end of the valley (Claire et al., 2015).
The sampling site is in a residential neighborhood (Malone et al.,
2013).

• San Pablo has a population of 29,139 (U.S. Census Bureau, 2012a,b)
and is heavily influenced by industry and high traffic volume in-
cluding two major freeways. The sampling site is 1.2 miles down-
wind of the Chevron Refinery (Malone et al., 2013).

• San Rafael is the largest city in Marin County with a population of
57,713 (U.S. Census Bureau, 2012a,b). There is no industrial activity
in the immediate area. However, the sampling site is close to a major
transportation corridor (Malone et al., 2013).

• San Francisco is the second largest city in the Bay Area and largest
among these sampling sites with a population of 805,235 (U.S.
Census Bureau, 2012a,b). The densely populated city includes re-
sidents, year-round visitors and daytime commuters. The city also
has some industry and has high traffic volume.

• Napa has historically had high levels of PM due to agricultural
burning and fireplace use (Malone et al., 2013). It is also the largest
city in Napa County with a population of 76,915 (U.S. Census
Bureau, 2012a,b). The sampler at this site is situated a mile north of
downtown Napa in a mixed residential and commercial neighbor-
hood.

• Cupertino has two major highways passing through the city. This
site was selected to determine the pollution impacts to residents
from vehicle traffic and the Lehigh Cement Plant located one mile
west of the site (Malone et al., 2013). The city has a population of
58,302 (U.S. Census Bureau, 2012a,b). The sampler was situated in
Monta Vista Park (Malone et al., 2013).

2.3. Chemical analysis of tracers

Each PM10 filter was analyzed for OC, EC, potassium ion (K+) and
chloride ion (Cl-). For EC and OC analysis, filters were punched and
analyzed by a thermal optical reflectance (TOR) instrument using the
IMPROVE protocol (Chow et al., 1993). For K+ and Cl- analysis, the
ions were extracted from QFFs using deionized water and analyzed
using a Dionex Ion Chromatograph (IC) System 5000 (Thermo Fisher
Scientific, Waltham, MA, USA). A substantial portion of the soluble K+
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is from sea salt. In order to quantify the biomass burning portion, which
is needed for the CMB analysis, the following equation is used to cal-
culate non-sea salt K (nss K) (Fairley, 2012).

= Clnss K K (0.011/0.55 ) (1)

Bulk carbon concentrations and inorganic ions were measured by
the BAAQMD. All statistical analyses in this study use the Student t-test
or the Mann Whitney, depending on whether the data set is symmetric
or non-symmetric, respectively.

2.4. Description of EC composites

Two seasonal composites were established based on the need to
distinguish periods of heavy firewood and biomass burning practices
which are generally highest from November to February (McLarney and
Sarles, 2005). Samples were separated into two periods: “winter”

(November–February) and “non-winter” (March–October) composites.
To obtain an equal representation of samples collected during these two
seasonally different composites, a protocol was used to select seven
sampling dates for each site and composite in such a way that each day
of the week and month were represented as evenly as possible. Portions
of each of the filters from the selected days were combined into a winter
and non-winter composite for the seven sites, creating 14 composites in
total. Detailed sample contributions for the composites are included in
the Supplementary Material (Table S2). These samples were composited
for 14C analysis of both EC and TOC. A description of TOC sample
preparation is included in the next section.

The seasonal average ambient EC concentration calculation for EC-
based 14C composites (14C-EC) which used a mass-normalized con-
tribution approach included equal EC mass representation from each
filter sample. Each of the seven filter samples contributed approxi-
mately 15 μg of EC for a total of at least 100 μg of carbon mass – the

Fig. 1. Map of the sampling sites in the San Francisco Bay Area. Map includes sampling sites, labels and counties, county lines, and contribution of fossil fuel and
biomass burning of the EC fraction for winter and non-winter season.
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mass needed for 14C analysis. The protocol ensures that the composite
equally represents the source contribution from each sample, which
allows understanding the average contribution of sources regardless of
daily concentration. However, in order to calculate the ambient con-
centration of contemporary and fossil EC, a different seasonal average
ambient EC concentration needs to be calculated. The average seasonal
EC concentration (Avg ECms) was calculated using the following equa-
tion:

=
=

Avg EC a bms
f

g

fs f
1 (2)

where m is mass-based EC concentration, s is the seasonal composite, f
is the filter sample, a is the relative contribution of EC mass, and b is the
ambient EC concentration. The sum of the relative contribution of
ambient EC concentrations from all filter samples, g, in s represents the
average seasonal EC concentration. This representation of seasonal
average ambient EC concentrations is slightly different (average dif-
ference of 14 ± 5%) from a true seasonal average ambient con-
centration which is used for the CMB-EC and 14C-TOC measurements.
The slight difference in the EC seasonal average ambient EC con-
centrations can be seen in Fig. 6 (B,C,E, and F) when comparing ap-
portionment of EC using 14C to CMB analysis.

Preliminary OC-EC runs on all samples were completed to establish
the split-time for the EC harvest by the IMPROVE method. The split-
time is the time when the laser reflectance of the filter is equal to the
original reflectance of the filter while the instrument is operating under
a He and O2 atmosphere. This split-time marks the transition from
combustion of OC, including pyrolyzed OC, from the filter to EC. This
method operates under the assumption that pyrolyzed OC (PyrC) vo-
latilizes prior to native EC. Once the split-time was established, the run
protocol was adjusted to stop at or near the split-time, which would
allow removal of the filter with isolated EC. The protocols were ad-
justed to harvest 82%–97% of the EC from each filter sample. Thus, the
protocol is biased towards a more recalcitrant EC. There are un-
certainties in this collection protocol related to PyrC, which are ad-
dressed below. Select samples were also tested for potential contribu-
tion of carbonate carbon (CC) to ambient concentration of EC. In the
IMPROVE method, CC would be present in the EC4 fraction (Chow
et al., 2001), so EC4 peaks in each thermogram were visually inspected
and samples with the highest EC4 peaks were chosen for acid-fumiga-
tion and carbon analysis. Of these select filters, average contribution of
CC to TC is at most 5 ± 5% based on seven filters across sites and
seasons. The average difference in split-time is 7 ± 3 s earlier for the
acid-fumigated filter, meaning that the EC isolation based on untreated
split-times would be biased towards low EC recovery not towards in-
clusion of PryC. Because of the low contribution, and the bias towards
low EC recovery in the 14C-EC samples, there is likely minimal impact
of CC on the results of this study.

For the EC harvest, up to three punches of a filter sample were
loaded in the analyzer at one time until a target of 100 μg of EC per
composite is collected in a baked glass petri dish. Recovery of EC was
tested using the number of punches from the final harvest to guarantee
efficient recovery. EC recovery of each of the triple punches were from
73 to 99% while the double punches were from 84% to 98%, with no
multiple punch collection resulting in the inclusion of PryC or OC. Once
the EC was harvested, the filters were acid-fumigated in a desiccator
over 1N hydrochloric acid (HCl) for 12 h and then dried at 60 °C for 1 h.
The glass petri dishes containing each EC composite were sealed using
Teflon tape, labeled, wrapped in baked aluminum foil, bagged in in-
dividual Ziploc bags and shipped on ice to National Ocean Sciences
Accelerator Mass Spectrometry (NOSAMS) facility in Woods Hole
Oceanographic Institution (Woods Hole, MA, USA) for 14C analysis.

There are multiple potential sources of uncertainty in the EC 14C
method which have been discussed previously (Liu et al., 2017; Zenker
et al., 2017). To understand the potential contribution of PyrC, which

can be inadvertently included in the isolated EC, a sensitivity test was
performed. There are published methods that correct for the potential
bias including a water extraction pretreatment prior to EC isolation.
However, this method has documented up to 20% loss of EC due to the
extraction (Dusek et al., 2014). For this study we used another protocol
which conducts a post-analysis sensitivity test to report bias of PyrC if
included in the 14C of isolated EC (Andersson et al., 2015; Budhavant
et al., 2015; Chen et al., 2013). Results from this test calculate a max-
imum underestimation of fossil contribution to EC by 8.5 and 9.9% for
winter and non-winter samples, respectively. To incorporate potential
carbon contamination from shipping and handling of the EC harvested
samples, a separate sensitivity test was conducted. Several blank filters
were prepared replicating a similar EC harvest sample (e.g. volatilized
off OC by heating the sample, acid fumigation, drying, etc.), and
shipped and handled using the same method as the EC harvested am-
bient samples. These travel blanks were then analyzed for carbon
contamination using the carbon analyzer. The average contribution of
contaminated carbon on the travel blanks is 0.09 ± 0.08 μg cm−2. A
maximum 14C contribution from this contaminated carbon mass is
calculated assuming the carbon to be pure fossil (−1000‰) or pure
biomass burning (+107.5‰). Results from this test indicate a max-
imum percent difference of 14C of the EC due to blank subtraction of 2.5
and 11.3% for winter and non-winter samples, respectively. The results
from both sensitivity tests, potential contribution of PryC during EC
harvest, and potential contribution of contaminated carbon during
shipping and handling, were combined to calculate the uncertainty of
14C of the ambient samples.

2.5. Description of TOC composites

Sample preparation for 14C analysis of the TOC composite samples
was completed at the BAAQMD. As with the EC composite samples, the
TOC samples were separated into two composites: “winter”
(November–February) and “non-winter” (March–October). These com-
posites were composed of the same filter samples as the EC composites,
using equal area from each filter (Table S2).

The TOC composite samples and a PM10 filter blank were sent to
University of Arizona Accelerator Mass Spectrometry Laboratory
(Tucson, AZ, USA) where carbon isotope analysis was performed. The
14C results of the TOC sample composites were blank corrected, using
14C results from the filter blank, to account for potential contamination
of carbon from shipping and handling of the samples.

2.6. Method for radiocarbon analysis

The sample composites were first oxidized to CO2, purified and
quantified by manometry. Samples were then reduced to graphite and
subjected to accelerator mass spectrometry (AMS) to determine the
fraction of modern carbon (FM) which is the 14C/12C ratio of the sample
to the “Modern” or a reference material: NBS Oxalic Acid I (in AD 1950)
(Stuiver and Polach, 1977).

=F
C C
C C

( / )
( / )M

sample

AD

14 12

14 12
1950 (3)

2.7. Source apportionment modeling

2.7.1. Radiocarbon-based apportionment
For apportionment, the FM value is used to calculate the Δ14Csample

for the EC and TOC samples.

=C F exp1000 ( ((1/8267) (1950 2012)) 1)sample M
14 (4)

The isotope signature can be apportioned between fossil fuel and
biomass burning by using a mixing model ratio for Δ14Csample with end
members specific to these sources:
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= +f fC ( C )( ) ( C )(1 )M Msample
14

contemporary
14

fossil
14 (5)

The Δ14Cfossil component of Δ14Csample has a value of −1000‰
while Δ14Cbiomass burning can be between +28.1‰ (Zotter et al., 2014b)
and +102.5‰. The +102.5‰ corresponds to the end member value of
EC from wood smoke which was derived from averaging sections of an
80-year-old pinewood from the Bay Area. This was based on an aux-
iliary study in collaboration with BAAQMD. The calculated end
member value from this auxiliary study (+102.5‰) is similar to a
published wood smoke end member value (+107.5‰) which was de-
rived from a tree growth model by averaging 10–85 year old wood
fractions (Mohn et al., 2008). The 14C value of +28.1‰ corresponds to
biomass burning of annual sources including combustion of grass,
pruning, and agricultural waste, as well as meat cooking (Zotter et al.,
2014b). A bottom-up approach using the BAAQMD’s 2011 Emissions
Inventory (EI) for Criteria Air Pollutants was employed to calculate a
Δ14Cbiomass burning end member value specific to its region and season
(Fanai et al., 2014).

= + + +f fC ( )( 102.5%) ( )( 28. 1%)wood smoke annual biomass buring
14

biomass buring

(6)

The Bay Area-tailored Δ14Cbiomass burning end member for winter and
non-winter periods were calculated to be +98.5‰ and +71.2‰, re-
spectively. This customized end member is also applied for the 14C
analysis of the TOC samples.

2.7.2. Chemical mass balance modeling
To further apportion sources of fossil fuel and biomass burning,

CMB analysis using a Monte Carlo source apportionment technique was
employed to determine contribution of major sources collected on
sampled PM10 filters. The CMB is a receptor-based model that uses
known speciated source profiles to identify sources and source con-
tribution to carbonaceous aerosol. The model uses the following set of
linear equations to estimate the cik which is the concentration of ele-
mental carbon, i, at receptor site k:

=
=

c f sik
j

m

ij jk
1 (7)

which equals the sum of m source types where sjk is the contribution to
the ambient elemental mass concentration from source j at receptor site
k, and fij is the relative concentration of chemical component i in the
emissions from source j. In this analysis, the standard deviation of the
measured and model estimated masses is determined by using a Monte
Carlo approach. This technique repeatedly samples from the profile

distribution (approximately 100,000 times).
The CMB analysis relied on measurements of OC, EC, 14C-EC, 14C-

OC and nss K from the filters, and 24h average NOx and CO measure-
ments. The 14C-OC values were determined using 14C-TOC and 14C-EC
values (Supplementary Material). Profiles from five source categories
were used: gasoline, diesel, natural gas, biomass burning, and cooking
(Fairley, 2012; Fanai et al., 2014). These five sources account for over
90% of directly emitted carbonaceous PM2.5 and nearly 100% of EC,
based on the BAAQMD's EI. These sources are also commonly used in
other urban source apportionment studies (Fraser et al., 2003; Mohr
et al., 2009; Rogge et al., 1991; Schauer et al., 1996; Zheng et al.,
2002). Except for wood smoke/biomass burning, the same profiles were
used for the winter and non-winter composite analysis. During the
winter season biomass burning is predominately from wood smoke
while the non-winter season had similar contributions from wood
smoke and annual biomass burning. For the winter season, a source
profile of wood smoke was used while a combined wood smoke and
annual biomass burning profile was used for the non-winter season.
However, for the CMB analysis we will report apportioned wood smoke
and/or biomass burning as “wood smoke”. The term “biomass burning”,
when discussing the CMB analysis, will refer to combined “wood
smoke” and “cooking” sources.

3. Results and discussion

3.1. Bulk carbon concentrations and OC to EC ratios

The ambient concentrations of OC and EC composites during the
winter ranged from 1.29 to 8.67 μgm−3 and 0.23 to 2.77 μgm−3, re-
spectively, while non-winter samples ranged from 1.21 to 3.70 μgm−3

and 0.35 to 0.45 μgm−3, respectively (Table 1). For both seasons, Napa
consistently had the highest concentrations of OC and EC while Cu-
pertino and San Pablo had the smallest in the winter and non-winter
season, respectively. It was initially thought that Bethel Island would be
a background site, but inland sources (i.e. Central Valley) kept carbo-
naceous aerosol concentrations relatively high. Ambient concentrations
of OC and EC were significantly enhanced (p < 0.05) in the winter
versus non-winter samples for Bethel Island, San Rafael, Napa and San
Francisco. San Pablo had a significantly enhanced ambient OC con-
centration (p < 0.05) during the winter season, however there was no
significant difference (p= 0.05) in the EC concentration during the two
seasons. Concord had no significant difference (p=0.07) of ambient
OC concentration between the two seasons, but the EC concentration
was more enhanced (p < 0.05) during the winter season. For Cu-
pertino, there was no significant difference between the two seasons for

Table 1
Average (mean standard deviation) ambient EC and TOC concentrations for each composite sample. Isotope analysis including Δ14C and δ13C (‰), contribution
biomass burning (%BB) or contemporary (%Cont) for EC harvest and TOC samples, respectively, are included in the table.

Locations Ambient Concentration EC TOC

Composite EC (μg m−3)a TC (μg m−3) Δ14C (‰) δ13C (‰) %BB Δ14C (‰) δ13C (‰) %Cont

Bethel Island Winter 0.79 ± 0.09 6.10 ± 3.00 −415.7 −25.74 ± 0.22 53 ± 6 −257.4 −26.01 ± 0.02 68 ± 6
Non-Winter 0.32 ± 0.06 2.99 ± 1.05 −516.6 −27.14 ± 0.13 45 ± 10 −333.8 −26.89 ± 0.02 62 ± 7

Concord Winter 0.73 ± 0.08 4.93 ± 5.05 −414.4 −26.12 ± 0.25 53 ± 7 −264.4 −26.08 ± 0.01 67 ± 6
Non-Winter 0.36 ± 0.07 3.06 ± 1.11 −591.1 −26.91 ± 0.15 38 ± 11 −378.7 −26.99 ± 0.03 58 ± 6

San Pablo Winter 0.72 ± 0.08 4.97 ± 1.90 −537.3 −26.00 ± 0.20 42 ± 7 −381.8 −26.13 ± 0.01 56 ± 4
Non-Winter 0.37 ± 0.07 2.52 ± 0.92 −522.2 −24.96 ± 0.13 45 ± 14 −496.5 −26.73 ± 0.05 47 ± 3

San Rafael Winter 0.79 ± 0.09 5.36 ± 2.69 −518.5 −25.61 ± 0.25 44 ± 8 −339.3 −26.33 ± 0.01 60 ± 5
Non-Winter 0.36 ± 0.07 3.04 ± 0.62 −534.1 −25.65 ± 0.12 44 ± 8 −317.6 −26.91 ± 0.06 64 ± 8

San Francisco Winter 0.94 ± 0.09 5.75 ± 2.63 −577.1 −24.47 ± 0.21 39 ± 7 −426.6 −26.32 ± 0.01 52 ± 3
Non-Winter 0.37 ± 0.07 2.82 ± 1.13 −661.5 −25.74 ± 0.13 32 ± 13 −445.3 −26.70 ± 0.01 52 ± 4

Napa Winter 1.34 ± 0.11 8.95 ± 2.91 −308.0 −25.13 ± 0.15 63 ± 9 −137.3 −25.98 ± 0.01 79 ± 7
Non-Winter 0.40 ± 0.07 3.59 ± 1.28 −544.5 −25.90 ± 0.14 43 ± 8 −364.9 −26.49 ± 0.02 59 ± 5

Cupertino Winter 0.50 ± 0.07 4.08 ± 1.79 −515.0 −25.21 ± 0.21 44 ± 5 −405.2 −26.38 ± 0.01 54 ± 4
Non-Winter 0.38 ± 0.07 3.06 ± 1.01 −597.2 −26.20 ± 0.14 38 ± 10 −413.4 −26.60 ± 0.01 55 ± 4

a Mass-normalized composite.
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either OC (p= 0.29) or EC (p=0.19). The seasonal trend observed
from some of the sampling sites (i.e. higher carbonaceous aerosol
concentration during the winter versus non-winter season) has his-
torically been observed in the Bay Area (Kirchstetter et al., 2017) and
can be partially explained by meteorological factors (i.e. wind speed,
mixing heights, etc.). Glen et al. observed dispersion of pollutants to be
2 to 3 times stronger in the summer (May–August) than the winter in
the Bay Area (Glen et al., 1996). In addition to meteorological influ-
ences, residential wood burning significantly impacts wintertime air
quality in this region (McLarney and Sarles, 2005).

EC (or BC) is a highly stable, combustion byproduct that is directly
emitted into the atmosphere from combustion sources (Strader et al.,
1999; Turpin and Huntzicker, 1995). Particulate OC can be directly
emitted (primary OC), but can also be produced in the atmosphere via
chemical reactions of precursor volatile organic compounds (secondary
OC). Primary OC is also less stable in the atmosphere with respect to
chemical reactions, compared to EC. Using the ratio of OC to EC pro-
vides a qualitative measure of the impact of these secondary com-
pounds, which are referred to as secondary organic aerosols (SOA)
(Turpin and Huntzicker, 1995). An increase in the OC to EC ratio may
indicate an increase in SOA contribution, while a high correlation be-
tween OC and EC may indicate that primary combustion emissions
dominate the aerosol.

During the winter, OC more strongly correlates to EC (r2= 0.85)
(Fig. 2A) compared to the non-winter season (r2= 0.56) (Fig. 2B),
however, this may be due to greater range of concentrations in the
winter season producing higher correlation. The average OC to EC ra-
tios are 4.5 and 6.2 during the winter and non-winter season, respec-
tively. All sampling sites, except San Pablo (p= 0.59) and Cupertino
(p=0.25), registered significantly higher OC to EC ratios during the
non-winter versus winter season (p < 0.05) (Fig. 3). The largest
average OC to EC ratio was at Bethel Island (7.33 ± 1.12) during the
non-winter period. The smallest average OC to EC was at San Francisco
(3.83 ± 0.96) in the winter. For the Bay Area samples, the higher OC
to EC ratio during the non-winter season is supporting evidence that the
winter OC and EC are likely from combustion sources, while non-winter
OC is mostly more influenced by SOA production (Turpin et al., 1991).

Since SOA is a subset of carbonaceous aerosols formed via reactions
of volatile and intermediate volatility precursors with atmospheric
oxidants like ozone, hydroxyl radical, or nitrate radicals (Kleindienst
et al., 2007), correlations of OC to ozone were used to further in-
vestigate whether increased OC to EC ratio is due to SOA. Production of
ozone is largely dependent on meteorology (i.e. warmer temperature,
stagnant air masses and clear skies), with mixing ratios higher during
summer months. A stronger correlation is observed between OC and 8-
hr max ozone concentration during the summer season (r2= 0.46:
slope=12.9) (Fig. 4) compared to the winter season (r2= 0.17). The

higher OC to EC ratios collected during the non-winter season (March to
October) and correlation between ozone and OC during the summer
(subset of non-winter samples) season (May to August) point to higher
impacts of SOA in the non-winter season. However, average OC to EC
ratios in the Bay Area during the non-winter season were less than half
the average ratio observed during summer months in Nashville, TN
(12.11 ± 5.50), an area with high biogenic SOA impacts (Lewis et al.,
2004).

3.2. Source apportionment studies

3.2.1. Radiocarbon analysis of TOC
Contemporary contributions to TOC include combustion (e.g. bio-

mass burning and cooking), biogenic (e.g. vegetative detritus), and sec-
ondary sources. During the winter season, TOC composites had sig-
nificantly larger (p < 0.05) contribution of contemporary (62 ± 9%)
compared to fossil fuel sources (38 ± 9%) (Fig. 5A and D). Average
ambient concentrations from contemporary and fossil fuel sources during
the winter season were 3.67 ± 1.59 μgm−3 and 2.06 ± 0.35 μgm−3 of
TOC, respectively. Napa had both the largest contribution (79 ± 7%)
and ambient concentration (7.03 ± 0.65 μgm−3) from contemporary
sources. San Francisco had the largest contribution (48 ± 3%) and
ambient concentration (2.75 ± 0.20 μgm−3) from fossil fuel sources
during the winter season.

The non-winter TOC samples also had a statistically larger
(p < 0.05) contribution of contemporary (57 ± 6%) compared to
fossil fuel (43 ± 6%) sources. Fossil fuel and contemporary contribu-
tion sources are closer to equal parts during the non-winter season,
although the two seasons are not significantly different (p=0.12).
Average ambient TOC concentrations for contemporary and fossil fuel
sources were 1.72 ± 0.32 and 1.29 ± 0.13 μgm−3, respectively.
Though Bethel Island had the largest contribution from contemporary
sources (62 ± 7%), ambient concentrations from contemporary
sources were largest in Napa (2.14 ± 0.19 μgm−3). San Pablo had
largest contribution from fossil fuel sources (53 ± 3%), however Napa
had the largest ambient concentration (1.46 ± 0.20 μgm−3) of TOC
from fossil fuel sources.

For both winter and non-winter TOC composites, contemporary
sources are the dominant contributor of carbonaceous aerosols. Napa
has significantly more contemporary carbon compared to other sam-
pling sites, especially during the winter season. The Napa sampling site
is in the center of Napa Valley where agricultural burning and fireplace
usage during fall and winter are more frequent. During the winter
season, as expected, the urban San Francisco site was the most impacted
by fossil fuel sources (Fig. 5A). San Francisco also had the same fossil
fuel contribution (48%) in both season composites. The San Francisco
winter composite had the largest fossil fuel contribution while the non-

Fig. 2. Correlation of ambient OC and EC concentrations for (A) winter and (B) non-winter samples.
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winter composite has second largest fossil fuel contribution after San
Pablo (53 ± 3%) which is considered an outlier. The average con-
tribution from contemporary sources of TOC aerosols in the Bay Area
(59 ± 8%) was comparable to other major Californian cities including
Pasadena, where average summer contribution of contemporary
sources is 51 ± 15% (Zotter et al., 2014b). However, ambient con-
centrations from contemporary sources were generally greater in Pa-
sadena (2–4 μgm−3) (Zotter et al., 2014b) compared to the Bay Area
(∼2 μgm−3).

3.2.2. Radiocarbon analysis of EC
As EC is from combustion processes, the contemporary contribution

of EC includes sources from biomass burning and cooking. These
sources will be referred to as “biomass burning” for the 14C-EC analysis.
During the winter season, average contributions from biomass burning
and fossil fuel sources were 48 ± 9% and 52 ± 9%, respectively.
Unlike the TOC composite samples, there was no statistically significant
difference (p=0.42) between fraction of biomass burning and fossil
fuel sources in the EC samples during the winter season across the sites.

However, there was a significant difference (p < 0.05) between EC
apportioned to biomass burning and fossil fuel sources during the non-
winter season, where average biomass burning contributions
(41 ± 5%) were significantly smaller compared to fossil fuel con-
tributions (59 ± 6%). During the winter, average ambient EC con-
centrations from biomass burning and fossil fuel sources were
0.41 ± 0.20 and 0.42 ± 0.10 μgm−3, respectively. Average ambient
concentrations during the non-winter season for biomass burning and
fossil fuel sources were 0.15 ± 0.02 and 0.22 ± 0.03 μgm−3, re-
spectively. For the winter season, Napa had the largest contribution and
ambient concentration of EC from biomass burning during the winter:
63 ± 9% and 0.84 ± 0.12 μgm−3, respectively. San Francisco had the
largest contribution and ambient concentration of EC from fossil fuel:
61 ± 7% and 0.58 ± 0.07 μgm−3, respectively. For the non-winter
season, Bethel Island had the largest contribution of EC from biomass
burning: 45 ± 10%, while the largest ambient EC concentration from
biomass burning was from Napa: 0.17 ± 0.03 μgm−3. Bethel Island
likely received transport of biomass burning pollutants from Central
Valley where there is heavy agricultural activity. Consistent with the
winter, San Francisco had the largest contribution and ambient con-
centration of EC from fossil fuel during non-winter season: 68 ± 13%
and 0.25 ± 0.05 μgm−3, respectively.

Major sources of EC in this region have historically been from on-
and off-road diesel exhaust (Bond et al., 2004; Kirchstetter et al., 2017).
A major source of future EC may be from wildfires, as studies have
found increasing trends and projections of large-scale fires in California
(Barbero et al., 2015; Riley et al., 2013; Westerling et al., 2006).
However, a study by Schauer and Cass (2000) of California carbonac-
eous aerosol samples collected over 15 years prior to this study, found
that even with the inclusion of a major wildfire events, biomass burning
contributed only 20% of EC (Schauer and Cass, 2000). From our results,
with the large decrease in emissions of EC from diesel, there is evidence
that biomass burning, and potentially meat cooking, are becoming
more prominent contributors to EC or BC concentrations. These trends
are also observed in the TOC samples, aside from the outlier (i.e. non-
winter San Pablo composite). Contributions from the winter season
show an overall equal contribution of biomass burning and fossil fuel
combustion sources for EC amongst the seven sampling sites (Fig. 5B
and E). Although non-winter samples have statistically higher con-
tributions from fossil fuel sources, average biomass burning (40 ± 5%)

Fig. 3. Comparison of OC to EC ratio for winter and non-winter samples specific to each sampling site.

Fig. 4. Correlation of 8hr ozone max to ambient OC concentrations on days
sampled during months May through August.
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contributions from all sites were still much larger than the estimated
20% from the Schauer and Cass (2000) study.

Based on the State of California's Cal Fire website (http://cdfdata.
fire.ca.gov/incidents/incidents_seasondeclarations?year=2012),
summer and winter wildfire seasons in northern California begin ap-
proximately in May and November, respectively. During the period of
this study, however, there were few recorded large fires in the region
(CAL FIRE, 2012). Thus, the enhanced concentrations from biomass
burning in this study derive from residential wood burning and possibly
some agricultural burning. The EC contribution from biomass burning
during the winter season is significantly (p=0.03) greater compared to
the non-winter season. There is also a strong correlation between the
biomass burning (EC composite) and contemporary (TOC composite)
sources during the winter (r2= 0.96) and non-winter (r2= 0.89, ex-
cluding the San Pablo outlier) season (Fig. 6). The strong correlations
during the two seasons are an indication that the biomass burning
contribution from the EC fraction and the contemporary OC are from
the same source or combination of common sources. However, as the
non-winter OC to EC ratios are greater, these aerosols are likely more
impacted by secondary OC sources.

3.2.3. Chemical mass balance apportionment of EC
The apportionment of EC is different between the CMB and 14C

analysis (Fig. 5B–C, 5E-F). The CMB analysis uses volume-normalized
contributions (same method as the TOC 14C) to calculate average EC
mass for each sample site. The 14C analysis calculates average EC by
equal mass representation. Due to the difference in average EC calcu-
lation method per site, an average of 14 ± 6% higher EC ambient
concentration is present in the CMB apportionment. For the CMB ana-
lysis, EC was apportioned to three fossil fuel sources (i.e. gasoline ex-
haust, diesel exhaust, and natural gas) and two biomass burning sources
(i.e. wood smoke and cooking) (Fig. 5C and F). The relative contribu-
tions of EC from the CMB and 14C source apportionment analysis can be
easily compared.

During the winter season, the average estimated contributions from
fossil fuel and biomass burning sources were 45 ± 15% and 55 ± 15%,
respectively, for CMB. Contributions of natural gas (8 ± 3%) and ga-
soline (9 ± 2%) were relatively consistent across the sites. The largest
contribution of fossil EC is diesel exhaust with an average contribution of
28 ± 14%. San Francisco had the highest ambient concentration of
diesel exhaust at 0.61 ± 0.12 μgm−3. Wood smoke dominates the

Fig. 5. Ambient concentration of fossil fuel and contemporary sources using radiocarbon-based source apportionment of (A) winter TOC samples, (D) non-winter
TOC samples, (B) winter EC samples, and (C) non-winter EC samples. Ambient concentration of fossil fuel (e.g. gasoline, diesel, and natural gas), wood smoke, and
cooking sources for (C) winter and (F) non-winter EC samples using chemical mass balance-based apportionment. Fraction (fract) fossil fuel is included in each graph.

Fig. 6. Comparison of contribution of biomass burning from EC harvested composite samples to contribution of contemporary sources from TOC composite samples
for (A) winter and (B) non-winter seasons.
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biomass burning fraction of EC with an average of 45 ± 17% con-
tribution to winter EC concentrations. Napa had the highest ambient
concentration of biomass burning at 1.16 ± 0.23 μgm−3 and the
highest contribution 69 ± 3%.

During the non-winter season, average contributions from fossil fuel
and contemporary sources are 49 ± 12% and 51 ± 12%, respectively,
for CMB. The largest contribution of fossil EC in the non-winter season
was from gasoline exhaust with an average of 20 ± 2% amongst the
sites. Contribution of gasoline exhaust was also consistent across the sites
like in the winter season. Diesel exhaust was quite variable throughout
the region, with San Francisco having the largest contribution and am-
bient concentration with 34% and 0.15 μgm−3, respectively, whereas for
Bethel Island, the CMB analysis apportioned no contribution of carbo-
naceous aerosols to diesel exhaust. As with the winter season, biomass
burning also dominated the contemporary combustion fraction of EC
during the non-winter season. Average contribution and concentration of
biomass burning was 36 ± 15% and 0.14 ± 0.05 μgm−3. The largest
contribution and ambient concentration of biomass burning was from
Napa with 45% and 0.20 μgm−3, respectively.

Ambient concentrations of all sources were significantly (p < 0.05)
enhanced in the winter versus non-winter season, aside from the ga-
soline exhaust (p=0.26). Ambient concentrations of gasoline exhaust
remained consistent throughout the seasons proving that this is not a
seasonally influenced source like residential wood smoke (i.e. biomass
burning). The relative contribution of gasoline exhaust was enhanced
during the non-winter season (p < 0.05), however, this was likely due
to decrease of overall aerosol concentrations during this season.

3.3. Comparison of source apportionment methods

The different apportionment methods, 14C and CMB analysis for EC,
agree within 16 ± 12% for contribution of fraction fossil and biomass
burning for both winter and non-winter season. Samples from Bethel
Island and Napa consistently had larger differences between the two
analysis methods for both seasons. Both sites had significant contribu-
tions from contemporary sources. Interestingly, CMB analysis con-
sistently over-predicted the contemporary contribution by an average
of 9 ± 9%. The CMB analysis uses nss K as the only tracer for biomass
burning. Though nss K is a stable compound and resistant to chemical
degradation, the ion is not a unique tracer for biomass burning and adds
uncertainty in the apportionment.

3.4. Comparison to emissions inventory data

California Air Resources Board's Black Carbon Emission Inventory
(CARB-EI) reports statewide speciation of EC from its different sources
(CARB, 2016). The CARB-EI estimates that on-road motor vehicle ex-
haust contributes 20% of total EC emissions (18% from diesel and 2%
from gasoline) while off-road mobile sources (e.g. aircraft, off-road
equipment, commercial harbor craft, and trains) contribute 36% of
total EC (Fig. 7). The combined total of off-road mobile and on-road
gasoline and diesel sources contribute 56% of total EC emissions which
closely aligns to the 14C-EC analysis: average fossil fuel contribution of
EC is 56 ± 8%. However, if EC from industrial sources (i.e. petroleum
production, wood and paper, mineral processes) is included as fossil
fuel, then the CARB-EI estimates 70% contribution of EC from all mo-
bile plus industrial sources, which is significantly higher than the 14C-
EC average.

The CARB-EI is an average estimate of the contribution of EC from
across the state of California. The BAAQMD has published the Bay Area
Emissions Inventory for PM2.5 (BAAQMD-EI) (Claire et al., 2015) pro-
viding detailed speciation for PM2.5 specific to the sampling region. The
contribution of EC by fuel type was calculated for this paper using the
BAAQMD-EI and EPA's factors for estimating the fraction of PM2.5 to BC
(Fig. 7), however, this may be uncertain with regards to BC source
ratios and number of source types. This calculation estimates that fossil

fuel sources contribute 76% of total EC emissions: 44% from diesel, 8%
from gasoline and 24% from natural gas. The CMB-EC analysis esti-
mates lower fossil fuel contributions from diesel (22 ± 15%) and
natural gas (11 ± 4%). However, the contribution of EC from gasoline
exhaust is larger in the CMB analysis (14 ± 6%) compared to the
BAAQMD-EI (2%). This may be due to underestimation of high emitters
within the gasoline exhaust category in the emissions inventory (Lough
et al., 2007).

The BAAQMD-EI estimates contemporary sources to contribute 15%
of EC emissions including 14% from wood smoke and 1% from cooking.
The CARB-EI estimates that contemporary sources contribute 22% of EC
emissions, including 15% from residential wood smoke, 4% from
cooking, and 3% from agricultural burning (Fig. 7). The 14C-EC analysis
estimates a contribution from contemporary sources (44 ± 8%) larger
than either EIs. The CMB-EC analysis estimates larger contributions
from wood smoke (41 ± 16%) and cooking sources (13 ± 5%) com-
pared to the EIs (Fig. 7). The CMB and 14C apportionment analysis for
EC has a considerably larger contribution of EC from contemporary,
wood smoke and cooking emissions compared to the EI. In summary,
the EIs consistently predict lower contributions from biomass burning
as compared to receptor-based techniques (14C and CMB). However,
differences in the EI and observation-based apportionment can be
partially due to differences in methodology of bottom-up (i.e. EI
models) and top-down (receptor-based) approaches.

3.5. Comparison of radiocarbon-based EC results to other studies

To assess how source contributions to EC in the Bay Area of
California compares to other locations, a review of the current literature
for global 14C studies of BC and EC was completed. Table 2 includes 14C
apportionment of EC or BC, by method and season, from across the
globe. The region with the most 14C EC and BC studies is Asia, followed
by Europe, the Artic, and finally, the contiguous U.S. (Table 2). At the
time of this publication, there has been only one other study in the
contiguous U.S., by Mouteva et al. in Utah, (2017). There are no re-
ported studies in the Southern Hemisphere. Fig. 8 and Figure S1
(Supplementary Material) plot the 14C apportioned EC or BC data on a
global map for the winter and non-winter (and annual) seasons, re-
spectively. Regional trends in the contribution of biomass burning to EC
or BC can be visualized using these global maps (Fig. 8 and S1). In Asia,
studies can be grouped between East (i.e. China, South Korea, and
Japan) and South (i.e. India, Maldives, and Himalaya-Tibet) Asia.
Generally, there is a larger contribution of fossil fuel combustion to EC
and BC in East Asia, while South Asia has a larger contribution of
biomass burning. There is significant variability across the many Eur-
opean studies and the two contiguous U.S. studies.

Looking in more detail at Table 2, the average winter season con-
tribution of biomass burning is 48 ± 8% for the Bay Area sites, with
relatively little variability amongst the study sites. The European-based
EC apportionment studies report highly varying contribution (4–99%)
from biomass burning sources overall for winter. However, the average
winter season in the Bay Area is most comparable to winter measure-
ments in Switzerland (%BB of 25–63%; excluding Moleno where con-
tribution of EC was dominated by fossil fuel sources at a %BB of
4–18%). Overall winter measurements in East Asia (%BB: 12–43%) had
a lower EC and BC contribution from biomass burning compared to the
Bay Area and the European sites. The consistently high contribution of
fossil fuel combustion derived-EC in China is likely due to prominent
usage of coal combustion (Cao et al., 2011a,b; Huang et al., 2014).
Relative to East Asia, South Asia had higher contribution from biomass
burning (41–59%), which is more comparable to measurements in the
Bay Area. Biomass burning, especially during the winter, is likely in-
fluenced by residential, biofuel and agricultural burning in South Asia
(Bond et al., 2004; Stone et al., 2010). In the Bay Area, the average
contribution of biomass burning is lower in the non-winter season
(41 ± 5%). This pattern is also seen in the European studies (excluding
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rural site Aspvreten, Sweden). The Asian studies do not have a con-
sistent pattern for winter versus non-winter measurements.

There are only two reported studies to compare for the contiguous
U.S., which reflect very different emission scenarios. Although both
studies represent urban metropolitan areas, the Bay Area results re-
ported here have a much higher contribution from biomass burning
than Salt Lake City, Utah (Mouteva et al., 2017). This may partially
reflect differences in urban air quality strategies for the two regions.
The Bay Area has been reducing fossil sources, including diesel exhaust,
through environmental policy while Salt Lake City is currently working
on effective strategies to reduce the recent increases in wintertime
PM2.5.

4. Conclusion

This study provides a detailed description of the sources and sea-
sonal trends for carbonaceous aerosols in the San Francisco Bay Area,
including inter-comparison across two receptor-based EC apportion-
ments techniques, two emissions inventories, and a comparison to
global studies of 14C -based EC apportionment. The two receptor-based
techniques (14C and CMB) were very similar on average, although in-
dividual sites had larger differences. Of the seven cities included in this
study, San Francisco and Napa were the most different in terms of
source contributions. Napa had the highest EC mass concentration
(winter and non-winter: 1.34 and 0.40 μgm−3, respectively) for both
seasons, and a significantly higher contribution from biomass burning

than the other sites in winter (14C and CMB: 63 and 75%, respectively).
In Napa, enhancement of aerosols in the winter is influenced by both
meteorology and change of emission sources (i.e. increased residential
wood burning). EC in San Francisco is mainly from fossil fuel com-
bustion for both seasons, (14C and CMB: both 65%). For the remaining
four sites (Concord, San Pablo, San Rafael, and Cupertino) EC con-
centrations and source contributions are similar for the non-winter, but
Cupertino has a much lower EC concentration in the winter. For San
Francisco and these four sites, unlike Napa, the similar fractions of
contemporary and biomass burning contributions during the two sea-
sons suggest that seasonal variation in concentrations is largely driven
by meteorology.

Although the receptor-based EC source apportionment techniques
had similar results for the split between biomass burning and fossil fuel
combustion, there was a larger difference between the receptor-based
versus the emissions inventories. Average biomass burning contribution
from both emissions inventories is 19% which under predicts receptor-
based results by 27% and 35% for 14C and CMB, respectively.
Contribution of diesel sources in both emissions inventories (including
off-road mobile from CARB-EI) has an estimated average contribution
of 49% which over predicts receptor-based CMB results by 27%. These
results suggest that current EIs have not yet sufficiently accounted for
the reductions in EC from diesel emissions that have resulted from
improvements in diesel engines and cleaner fuels. Another potential
reason may be inherent differences in bottom-up and top-down ap-
proaches: EIs account for a comprehensive set of emissions in a

Fig. 7. Comparison of estimated source contribution of EC based on CARB's BC Emissions Inventory (CARB-EI), BAAQMD's PM2.5 Emissions Inventory (BAAQMD-EI),
and CMB-EC and 14C-EC analysis for (A) winter and (B) non-winter samples.
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Table 2
Compilation of literature values of contribution of biomass burning (%BB) of EC or BC carbonaceous fraction. Sampling location, sampling period and method of EC
or BC isolation also included. Arctic and near-Artic studies are listed in a separate section at the end of the table.

Location City Manuscript %BB - W %BB - NW %BB - annual Sampling Period EC/BC Isolation

Asia
China Beijing a Andersson et al., 2015 26 j Winter 2013 NIOSH o

Zhang et al., 2015a 18–28 j Winter 2013 Swiss_4S
Zhang et al., 2015b * 24 19 21 ± 6 2010 to 2011 Swiss_4S
Chen et al., 2013 17 ± 4 Winter 2009–2010 NIOSH o

Shanghai a Andersson et al., 2015 32 j Winter 2013 NIOSH o

Zhang et al., 2015a 21–23 j Winter 2013 Swiss_4S
Chen et al., 2013 * 17 ± 4 Winter 2009–2010 NIOSH o

Guangzhou a Andersson et al., 2015 32 j Winter 2013 NIOSH o

Zhang et al., 2015a 19–43 j Winter 2013 Swiss_4S
Liu et al., 2014 * 29 ± 10 j Winter 2012–2013 Theodore p

Xiamen a Chen et al., 2013 * 13 ± 3 Winter 2009–2010 NIOSH o

Xi'an a Zhang et al., 2015a * 22 j Winter 2013 Swiss_4S
Xinxiang a Liu et al., 2017 * 20 ± 1 14 ± 1 k 19 ± 3 2013–2014 multi-methods p

Ningbo b Liu et al., 2013 * 12 40 k 22 2009–2010 Theodore p

Hainan Island b Zhang et al., 2014 * 62 ± 11 2005–2006 Swiss_4S
Shinglin Bay b Chen et al., 2013 * 22 ± 3 Winter 2009–2010 NIOSH o

South Korea Jeju Island b Zhang et al., 2016 * 31 ± 12 21 ± 10 24 ± 11 2013–2014 Swiss_4S
Chen et al., 2013 25 ± 6 l Spring 2011 NIOSH o

Japan Tokyo a Uchida et al., 2010 24–28 39–42 k 2002–2004 CTO-375
Okinawa b Handa et al., 2010 69 l, r Spring 2008 CTO-375

India Sinhagad b Budhavant et al., 2015 * 56 ± 3 48 ± 8 2008–2009 NIOSH o

Sheesley et al., 2012 59 ± 5 2008–2009 CTO-375
Gustafsson et al., 2009 54 Winter 2006 NIOSH o

Maldives Hanimaadhoo b Bosch et al., 2014 59 ± 4 Winter 2012 NIOSH o

Budhavant et al., 2015 * 53 ± 5 53 ± 11 2008–2009 NIOSH o

Sheesley et al., 2012 73 ± 6 2008–2009 CTO-375
Gustafsson et al., 2009 41 Winter 2006 NIOSH o

Himalaya- Mustang Valley d Li et al., 2016 * 51–77 2013–2014 NIOSH o

Tibet Langtang Valley e Li et al., 2016 * 30–42 2013–2014 NIOSH o

Europe
Spain Barcelona a Minguillón et al., 2011 13 ± 1 9 ± 1 k 2009 Theodore p

Montseny b Minguillón et al., 2011 34 ± 3 21 ± 4 k 2009 Theodore p

United Kingdom Birmingham a Heal et al., 2011 7 2007–2008 Theodore p

Netherlands Rotterdam a, f Keuken et al., 2013 17 k Summer 2011 Theodore p

Switzerland Zurich a Zhang et al., 2013 36 Winter 2008 Swiss_4S
Szidat et al., 2006 * 25 ± 5 6 ± 2 k 2002–2003 Theodore p

Bern a Zhang et al., 2013 * 9 k Summer 2009 Swiss_4S
North of Alps g Zotter et al. 2014a* 42 ± 13 j Winter 2008–2012 Swiss_4S
Roveredo a Sandradewi et al., 2008 51 Winter 2005 Theodore

Szidat et al., 2007 38–71 27–73 l 2005 Theodore p

Zhang et al., 2013 * 63 Winter 2005 Theodore p

Moleno a Szidat et al., 2007 4–18 Winter 2005 Theodore p

Zhang et al., 2013 * 8 k Summer 2005 Theodore p

South of Alps h Zotter et al. 2014a * 49 ± 15 j Winter 2008–2012 Swiss_4S
Italy Milan a Bernardoni et al., 2013 * 16 Winters 2009–2011 Theodore p

Sweden Stockholm a Andersson et al., 2011 * 43 ± 23 35 ± 18 m 2006–2007 CTO-375
Zencak et al., 2007 70–79 Winter 2005 CTO-375

Råö b Szidat et al., 2009 30–36 Winter 2005 Theodore p

Aspvreten b Andersson et al., 2011 * 38 ± 20 45 ± 10 m 2006–2007 CTO-375
Zencak et al., 2007 88–99 Winter 2005 CTO-375

Göteborg a Szidat et al., 2009 7–13 3–16 k 2005–2006 Theodore p

Lithuania Preila c Ulevicius et al., 2016 * 67 ± 3 l, n Spring 2014 Swiss_4S
United States

California Bethel Island b This study 53 ± 6 45 ± 10 49 ± 6 2011–2012 IMPROVE o

Concord a This study 53 ± 7 38 ± 11 46 ± 11 2011–2012 IMPROVE o

San Pablo a This study 42 ± 7 45 ± 14 44 ± 2 2011–2012 IMPROVE o

San Rafael a This study 44 ± 8 44 ± 8 44 ± 1 2011–2012 IMPROVE o

San Francisco a This study 39 ± 7 32 ± 13 36 ± 5 2011–2012 IMPROVE o

Napa a This study 63 ± 9 43 ± 8 53 ± 14 2011–2012 IMPROVE o

Cupertino a This study 44 ± 5 38 ± 10 41 ± 4 2011–2012 IMPROVE o

avg of Bay Area, CA This study * 48 ± 8 41 ± 5 45 ± 6 2011–2012 IMPROVE o

Utah Salt Lake City a, i Mouteva et al., 2017 * 12 8 k 11 2012–2013 Swiss_4S
Artic/sub-Artic

Alaska, US Barrow c Barrett et al., 2015 * 32 ± 9 51 ± 6 l Winter 2012–2013 NIOSH o

Interior Alaska s Mouteva et al., 2015 −10 – +106 ‰ s, n Summer 2013 Swiss_4S
Interior Alaska s Mouteva et al., 2015 −354 – -57 ‰ s Summer 2013 Swiss_4S

(continued on next page)
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specified area and time while receptor-based ambient aerosol mea-
surements will represent all aerosol, whether emitted within the EI
region or transported from another region. However, transport of bio-
mass burning EC into the Bay Area from outside of California (therefore
outside of the EIs), maybe partially responsible for the observed higher
biomass burning contribution to EC. Even so, based on this study the
Bay Area will require emission reductions specific to the samples.
Additional biomass burning regulations would most improve air quality
in Napa, while more stringent motor vehicle regulations would have the
largest impact in San Francisco.

Though it has been established that EC (or BC) concentrations have
been decreasing across the US in the last several decades (Kirchstetter
et al., 2017), results of the current study and the accumulated global
studies indicate that in developed countries with intense air pollution
regulations, biomass burning may be increasingly important for am-
bient EC concentrations. With the variation reported for the U.S. and
Europe, continued characterization of EC, including source apportion-
ment by 14C, is needed in the U.S. to evaluate the efficacy of pollution
control strategies and to continue to reduce PM pollution in urban, rural
and remote regions.
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