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Using radiocarbon to constrain black and organic
carbon aerosol sources in Salt Lake City

Gergana O. Mouteva' (2, James T. Randerson’ ("), Simon M. Fahrni"?, Susan E. Bush?,
James R. Ehleringer® (2, Xiaomei Xu', Guaciara M. Santos' (), Roman Kuprov®,
Bret A. Schichtel’ (), and Claudia I. Czimczik'

1Department of Earth System Science, University of California, Irvine, California, USA, ’Now at the Eidgendssische
Technische Hochschule (ETH), Zirich, Switzerland, 3Department of Biology, University of Utah, Salt Lake City, Utah, USA,
“Division of Air Quality, Utah Department of Environmental Quality, Salt Lake City, Utah, USA, >National Park Service,
Washington, District of Columbia, USA

Abstract Black carbon (BC) and organic carbon (OC) aerosols are important components of fine
particulate matter (PM;s5) in polluted urban environments. Quantifying the contribution of fossil fuel and
biomass combustion to BC and OC concentrations is critical for developing and validating effective air quality
control measures and climate change mitigation policy. We used radiocarbon (**C) to measure fossil and
contemporary biomass contributions to BC and OC at three locations in Salt Lake City, Utah, USA, during
2012-2014, including during winter inversion events. Aerosol filters were analyzed with the Swiss_4S
thermal-optical protocol to isolate BC. We measured fraction modern (fy;) of BC and total carbon in PM, 5 with
accelerator mass spectrometry and derived the fy; of OC using isotope mass balance. Combined with **C
information of end-member composition, our data set of 31 "*C aerosol measurements provided a baseline
of the fossil and contemporary biomass components of carbonaceous aerosol. We show that fossil fuels were
the dominant source of carbonaceous aerosol during winter, contributing 88% (80-98%) of BC and 58%
(48-69%) of OC. While the concentration of both BC and OC increased during inversion events, the relative
source contributions did not change. The sources of BC also did not vary throughout the year, while OC had a
considerably higher contemporary biomass component in summer at 62% (49-76%) and was more variable.
Our results suggest that in order to reduce PM, s levels in Salt Lake City to meet national standards, a
more stringent policy targeting mobile fossil fuel sources may be necessary.

1. Introduction

Anthropogenic emissions of carbonaceous aerosol from fossil fuel and biomass combustion have increased
significantly since 1850 [Novakov, 2003; Bond et al., 2007; Bauer et al., 2010] and account for a major fraction of
the fine particulate matter (PM, s aerodynamic mass diameter < 2.5 um) in the global atmosphere, particu-
larly in polluted metropolitan areas. The carbonaceous aerosol is often separated into two components: black
carbon (BC) and organic carbon (OC) [Penner and Novakov, 1996; Gelencser, 2004]. Black carbon is emitted as a
primary product of incomplete combustion of fossil fuels (e.g., coal, oil, natural gas) and contemporary
biofuels (e.g., wood, crop residues) and thus often has an anthropogenic origin [Haywood and Boucher,
2000]. Urban BC loads and properties therefore typically reflect regional fuel consumption patterns such as
fuel type and combustion technology [Szidat et al., 2007; Andersson et al., 2015]. In contrast, OC can be formed
either as a primary aerosol from incomplete combustion of biomass or fossil fuels or by means of oxidation
and condensation of volatile organic compounds (VOCs) emitted from biogenic or anthropogenic sources
[Griffin et al., 1999; Kanakidou et al., 2005; Goldstein and Galbally, 2007]. The production of BC and OC from
fuel burning depends on fuel type and combustion efficiency. Most biomass burning emissions of BC and
OC originate from landscape fires in tropical savannas, forests, and peatlands [Van der Werf et al., 2010],
although other important sources include emissions from residential combustion and agricultural waste
burning in South Asia [Gustafsson et al., 2009; Budhavant et al., 2015].

As a major component of PM, s, BC and OC contribute to the adverse health effects associated with PM; 5
exposure. PM, s has been linked to both respiratory [Sheppard et al., 1999; Knaapen et al., 2004; Gétschi
et al., 2008; Pope et al., 2011; Young et al., 2014; Rice et al., 2015] and cardiovascular [Dominici et al., 2006;
Miller et al., 2007; Brook et al., 2010; Pope et al., 2011; Kloog et al., 2015] diseases and, ultimately, increases
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in morbidity and mortality [Dockery and Pope, 1994; Schwartz et al., 1996; Ostro et al., 2006; Fann et al., 2012;
Johnston et al., 2012]. PM, 5 also contributes to neurological deficits influencing intelligence quotient and
cognition [Oudin et al., 2016; Chen et al., 2017]. Outdoor air pollution, mostly in the form of PM, 5, was esti-
mated to have caused 3.3 million premature deaths worldwide in 2010, with model projections indicating
that these impacts could double by 2050 [Lelieveld et al., 2015].

Urban air pollution can also contribute to the urban heat island effect [Cao et al., 2016] and affect regional
precipitation patterns [Rosenfeld, 2000]. In the physical climate system, BC and OC play important and
often contrasting roles, as they influence climate directly through changes in absorption, scattering, or
reflection of solar radiation [Penner, 1995; Myhre et al., 2013] and indirectly through cloud microphysical
interactions [Ackerman et al., 2000; Cozic et al., 2007; Koch and Del Genio, 2010]. Black carbon deposition
on snow and ice further contributes to a positive climate feedback in mountain and high-latitude regions
by decreasing snow albedo and accelerating melt rates [Wiscombe and Warren, 1980; Flanner et al., 2007;
Jiao et al., 2014].

Within developed countries, metropolitan areas are prime targets for aerosol emission reductions because of
co-occurring health and climate benefits [Grieshop et al., 2009; Lelieveld et al., 2015; West et al., 2016]. To
develop effective air quality legislation, however, more information is needed about the contribution of dif-
ferent sources that are often difficult to disentangle in complex urban environments. Important discrepancies
remain between top-down BC and OC source estimates obtained from receptor modeling [Stone et al., 2007;
Chen et al., 2013] and bottom-up emission inventories derived from fuel consumption data and emission
factors [Bond et al., 2004, 2007; Junker and Liousse, 2006; Bauer et al., 2010]. These uncertainties also limit
our ability to develop realistic emission time series as boundary conditions for Earth system models and thus
contribute to uncertainties in projections of future climate change [Penner et al., 2010; Vignati et al., 2010].
Top-down and bottom-up discrepancies are significantly larger for areas where emission monitoring and
reporting is limited [Winiger et al., 2017], as compared to regions where technology-based emission inven-
tories are more advanced [Winiger et al, 2016]. These regional differences highlight the importance of
improving emission distribution and source attribution with the aim of developing reliable climate model
predictions and effective mitigation strategies.

One approach for improving attribution of fossil fuel and contemporary biomass contributions to BC and OC
is to measure the aerosol radiocarbon ('*C) signature [Heal, 2014]. Radiocarbon is a particularly effective tra-
cer for separating emissions from fossil and biomass combustion because fossil emissions are 'C free and
biomass emissions have a characteristic '*C/'°C ratio that is proportional to atmospheric carbon dioxide
(CO,) at the time of carbon fixation [Reddy et al., 2002]. This source apportionment approach has been used
to separate fossil and biomass sources in urban [Gustafsson et al., 2009; Szidat et al., 2009] and remote atmo-
spheric environments [Slater et al., 2002; Gelencsér et al., 2007; Barrett et al., 2015; Mouteva et al., 2015b].
Widespread use of this approach has been limited in the past by technical challenges related to isolation
of CO, from BC and OC aerosol fractions and by small sample sizes that limit the accuracy of accelerator mass
spectrometry measurements [Szidat et al., 2013].

Here we used a recently developed method for measuring '*C in microscale aerosol samples [Zhang et al,,
2012; Mouteva et al., 2015a] to quantify the temporal and spatial variation in fossil and contemporary bio-
mass contributions to BC and OC in a major metropolitan region, Salt Lake City, Utah, USA. An improved
understanding of fossil and contemporary biomass contributions to carbonaceous aerosols is of great
importance in the Salt Lake Valley, because particulate air pollution in winter is considerable and is exacer-
bated during inversion events [Silcox et al., 2012; Whiteman et al., 2014]. High PM, s concentrations within
this metropolitan area have been linked to an increased number of asthma attacks and emergency hospital
visits [Beard et al., 2012]. The relative contributions of motor vehicles versus residential wood burning emis-
sions to winter air pollution has been the subject of debate. While a wood burning ban has been implemen-
ted as a necessary air pollution control measure during inversion events [Utah Division of Air Quality, 2015],
the Salt Lake Valley continues to experience nonattainment PM, s episodes. Thus, major uncertainties
remain with respect to the relative importance of the different combustion sources. Here our '*C measure-
ments allowed us to identify how fossil and contemporary biomass contributions varied seasonally and dur-
ing inversion events over a 16 month period. Our study may provide additional data necessary for designing
effective mitigation policies.
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Figure 1. Study area. A map showing the location of the aerosol sampling stations within the Salt Lake City metropolitan area. The regional topography is from the
Shuttle Radar Topography Mission 90 m Digital Elevation Data, percent tree cover is from the Hansen/UMD/Google/USGS/NASA forest cover data set [Hansen et al.,
2013], and road system and water layers are from the Topologically Integrated Geographic Encoding and Referencing (TIGER) data set, available at http://www.

census.gov/geo/maps-data/data/tiger-line.html.

2. Experimental Methods
2.1. Sample Collection

We collected PM, 5 at three locations across Salt Lake City (Figure 1, Table 1). The stations were selected to
capture spatial variations within urban (Hawthorne), industrial (Rose Park), and suburban (University of
Utah) areas of Salt Lake City. To capture seasonal variations, we collected samples over a 2 week period
during each 3 month meteorological season from October 2012 to August 2013. Additional samples,
targeting inversion periods, were collected at the Hawthorne station through the winter of 2013/2014. A total
of 41 aerosol samples were collected: 26 at Hawthorne, 8 at Rose Park, and 7 at the University of Utah
(Table A1). During our study period in 2013, the Salt Lake County population was 1.08 million [Census
Bureau and P. D., 2017].

At Hawthorne and Rose Park, samplers were positioned on Utah Division of Air Quality (DAQ) air-monitoring
platforms elevated by 3 m or more above ground level. At the University of Utah, the sampler was installed on
the roof of the Aline Skaggs Biology Building. Samples were collected on 20 cm x 25 ¢cm quartz microfiber
filters (2500 QAT-UP, Pallflex Tissuquartz, Pall, Port Washington, NY, USA), using high-volume total suspended
particulate matter samplers (HIVOL-AMCLD, Thermo Environmental Instruments, Franklin, MA, USA) with SA-
230-F impactor plates (TE-230-QZ, Tisch Environmental, Cleves, OH, USA), operated at 1130 L min~". A slotted

Table 1. Location of the PM; 5 Sampling Stations®

Station Latitude °N  Longitude °W  Elevation (m asl) Site Description EPA AIRS Code
Hawthorne® 40.7344 —111.8721 1306 Located in a metropolitan area in downtown Salt Lake City 490353006
Rose Park 40.7956 —111.9310 1295 Located in an industrial area in north Salt Lake City 490353010
University of Utah ~ 40.7637 —111.8485 1426 A higher elevation site, located near the base of the Wasatch Mountains N.A.
#The PM, 5 sampling stations were colocated with the CO, monitoring network stations, except at Hawthorne. N.A. denotes not applicable.
|°The closest CO, monitoring station at Hawthorne was the Sugarhouse CO, station, located at (40.740°N, 111.858°W, 1339 m asl).
MOUTEVA ET AL. EMISSIONS OF BC AND OC IN SALT LAKE CITY 9845
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microquartz fiber filter (TE-230-QZ, microquarts slotted collection substrates, Tisch) was installed on the
impactor plate per sampling period to remove larger particles. The impactor filters were only used for siz-
ing and were discarded following sampling. The sampling duration was set to approximately 48 h to allow
accumulation of sufficient BC aerosol for "C analysis. A blank filter (one fourth the size of a sample filter)
was mounted on the inside of each aerosol sampler housing (in an area without gas flow) during each
sampling period to estimate the background contribution from volatile OC absorption (hereafter referred
to as the blank).

Prior to sample collection, sample filters were prebaked at 500°C for 4 h, wrapped in aluminum foil, and
stored in sealed plastic bags to prevent possible carbon contamination. Following sampling, the sample
and blank filters were wrapped in aluminum foil, packed into the airtight plastic bags, and stored at —20°C.

2.2. Extraction of BC From Bulk PM, 5

We used a thermal-optical OC/EC analyzer (Sunset Laboratory Inc.,, Tigard, OR, USA) with the Swiss_4S
protocol [Zhang et al., 2012], specifically developed for accurate '*C analysis. When isolated with such
thermal-optical approaches, the BC fraction is also commonly referred to as elemental carbon (EC) [Bond
et al.,, 2013]. The Swiss_4S method was adapted at the University of California Irvine, where a simple and effi-
cient vacuum line was coupled to the OC/EC analyzer, allowing cryogenic trapping of the evolving CO, dur-
ing the thermal-optical analysis with high accuracy and a low carbon blank [Mouteva et al., 2015a]. The PM; 5
filter samples were introduced into the OC/EC analyzer as 1.0 X 1.5 cm? filter punches (1.0 cm x 1.5 cm). Prior
to analysis, punches were washed with Milli-Q water (Synergy 185, EMD Millipore, Billerica, MA, USA) and
dried at 60°C for up to 1 h to remove water-soluble OC and minimize charring. To avoid bias in the "*C mea-
surement of BC from charring and premature BC loss, the Swiss_4S method discards a middle fraction as
potential mixture of OC and BC and consequently may underestimate BC concentration [Zhang et al.,
2012] (see supporting information).

2.3. Measurement of the Total Carbon in Bulk PM, 5

We separately analyzed the total carbon (TC) content of each PM, s sample by taking multiple punches
(n = 2-18, based on carbon content) from each filter. A conventional “sealed-tube” procedure was used to
convert TC into CO,. Punches were sealed with a known amount of cupric oxide under vacuum in prebaked
9 mm outer diameter quartz tubes and combusted at 900°C for 3 h. We then measured the mass of the TC-
derived CO, and collected the CO, in a reaction tube for subsequent graphitization and 'C analysis [Xu et al,,
2007]. The OC concentrations were calculated as the difference between TC and BC.

2.4. "C Analysis of Carbonaceous Aerosols

The "C content of BC and TC was measured with accelerator mass spectrometry at the W. M. Keck Carbon
Cycle Accelerator Mass Spectrometry laboratory (KCCAMS) at the University of California Irvine. The OC "*C
content was estimated using isotope mass balance equations. Prior to analysis the purified CO, was con-
verted into a solid graphite target. Different methods were used for graphitization of the BC and TC fractions
due to their different carbon masses (calculated as mg C). The smaller BC samples (< 0.01 mgC) were graphi-
tized using an open-tube hydrogen reduction method specifically optimized for ultrasmall samples [Santos
et al., 2007]. The larger TC samples (> 1 mg C) were graphitized using a sealed-tube zinc reduction method
[Xu et al.,, 2007]. All samples were processed alongside standards and blanks [Xu et al., 2007; Mouteva et al.,
2015a). The "C data is reported here as fraction modern (fy), which represents the deviation of the
14¢/'2C ratio of the sample from modern, defined as 95% of the '“C concentration of the standard OX-I (or
NIST HOxI SRM 4990B) in 1950 [Stuiver and Polach, 1977], corrected for mass-dependent fractionation
obtained from the online measurement of '3C/%C in the spectrometer [Santos et al., 2007]. All of the indivi-
dual sample carbon concentrations and fy, values, along with the date and duration of each sampling inter-
val, are reported in Table A1. All 41 of the aerosol samples we collected had sufficient carbon mass to enable
¢ analysis of TC, and 31 had sufficient mass to enable '*C analysis of BC.

2.5. Radiocarbon-Based Source Apportionment

A simple isotopic mass balance equation was applied using fraction modern signatures of fossil fuel (fyossil)
and biomass (fypio)) and the measured fraction modern signature of the BC or OC (fy(c)), to calculate the
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fossil-derived BC and OC (Csossi)) from the total concentration (denoted as C). We applied the same equation
separately for BC and OC:

famie) X € = Fmfossity X Crossit + Fmbio) X (€ — Crossil)

Fossil material is '*C-free and therefore characterized by fmossily = 0, while contemporary material is intrinsi-
cally labeled with a characteristic "*C/'2C ratio associated with the time of CO, fixation and the local atmo-
spheric "C concentration. Biomass produced after 1955 is enriched in '*C (fy, > 1) because aboveground
thermonuclear weapons testing in the late 1950s and early 1960s produced large quantities of '*C, causing
a sudden twofold increase in the '*C/'2C ratio of the Northern Hemisphere atmospheric CO,. Since the partial
cessation of nuclear testing in 1963, the global *C/'2C-CO, has been declining as a consequence of
exchange with ocean and land carbon reservoirs and dilution by fossil fuel emissions [Suess, 1955; Levin
et al, 2010].

To estimate the contemporary biomass fi, end-member, we used direct '*C measurements of two potential
sources: (1) leaves, as a proxy for emissions of biogenic VOCs by plants or green waste burning, and (2) fire-
wood smoke as a proxy for emissions from residential wood burning (Table 2). During summer, the OC frac-
tion can have a large contribution from the oxidation of biogenic VOCs, which are often produced by means of
different metabolic pathways in leaves and are closely coupled with carbon fixation pathways [Kesselmeier and
Staudt, 1999; Lerdau et al., 2013]. To capture the isotopic signature of the volatile organic source contribution,
we analyzed mature live aspen leaves, collected in the Salt Lake Valley between June and August 2013.

Wood smoke can also be an important contributor to PM, 5 throughout the year. To accurately represent this
in our source apportionment analysis, we measured the '*C content of TC in PM, 5 from the combustion of
three types of firewood purchased in Salt Lake City in the winter of 2013/2014. A wood burning stove in a
laboratory setting at the University of Utah was used to collect the PM, 5 samples on baked TE-230-QZ filters
in March 2014.

In the source apportionment calculations, average values were used for all leaf samples (fupiosieaves)
=1.019 £ 0.002, n = 14) and all wood samples (fupio/wood) = 1.041 £ 0.035, n = 4) (Table 2). The greater fraction
modern for the wood samples was consistent with the bole of trees accumulating carbon over a period of many
prior years, at times when atmospheric '*C/'C ratios were greater [Levin et al., 2010; Mouteva et al., 2015b].

2.6. End-Member Analysis of Fossil and Contemporary Biomass Contributions

To more quantitatively estimate the relative contributions of fossil and contemporary biomass sources to BC
and OC and to integrate important sources of uncertainty, we performed a two-source end-member analysis.
For the contemporary biomass end-member, we developed two scenarios for the spring-summer-fall period
using the mean of either the aspen leaf or wood fy, measurements as the end-member (Table 3). This
approach recognizes that both oxidation of biogenic VOCs and combustion of biomass fuels likely contribu-
ted to the carbonaceous aerosol during these seasons.

For the winter, we used only the wood smoke samples for the contemporary biomass end-member, recog-
nizing that production of biogenic VOCs was likely to be minimal at cold temperatures [Guenther et al.,
2006]. For fy measurements of BC near the '*C detection limit for ultrasmall graphite targets, we developed
two additional scenarios to help quantify uncertainty. In one scenario, we assumed that the BC fy, upper limit
was the correct aerosol measurement value. In the second scenario, we assumed that these samples were at
the lower detection limit and contained no '*C (i.e., fiy was equal to 0).

2.7. Additional Data Sources

Continuous observations of near-surface CO, mole fractions were obtained from the University of Utah’s CO,
measurement network (http://air.utah.edu). We report midafternoon mole fraction measurements of CO,
(measured halfway between solar noon and sunset) from the following sites: Rose Park (40.794°N,
111.932°W, 1299 m above sea level (asl)), Sugarhouse (40.740°N, 111.858°W, 1339 m asl), and University of
Utah (40.763°N, 111.848°W, 1430 m asl). We selected midafternoon measurements to better identify winter
inversion events that often persisted for several days and contributed to elevated CO, that far exceeded
background levels. Two of the CO, measurement sites were colocated with the aerosol sampling sites
(Figure 1). The Sugarhouse CO, monitoring station was selected because it was the closest available
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Table 2. Radiocarbon Composition of Samples Used to Estimate the station to the Hawthorn aerosol

BT [T sampling site. We also obtained

Description of Samples n Fraction Modern daily 24 h-averaged PM, s concen-
Aspen leaves tration for the Hawthorne monitor-
1.4 km radius of Hawthorne 5 1.018 + 0.006 ing station (https://www.epa.gov/
0.3 km rad!us of Rosg Pa‘rk 4 1.021 £ 0.003 outdoor-air-quality-data). The PM, 5
0.4 km radius of University of Utah 5 1.020 + 0.004 d imetricall
Average + SD 1.019 + 0,002 was measured gravimetrically on
48 mm diameter teflon filters with
Wood tial ai ler for 24 h
Pine By 1078 + 0.028 a seguen ia Z.:]II’ sampler for
Oak 1 1.035 + 0.002 (Partisol 2025i, Thermo). We used
Maple 1 1.009 + 0.002 these data to define inversion peri-
Average + 5D 1.041 +£ 0.035 ods when the PM, 5 concentrations

exceeded the 24 h-average U.S.
National Ambient Air Quality Standard (NAAQS) of 35 ng/m? continuously for more than 3 days. Since inver-
sion periods are characterized by high atmospheric stability, synoptic-scale high-pressure systems, and
persistent cold-air pools [Gillies et al., 2010; Silcox et al., 2012], we also used DAQ measurements of ambient
temperature and barometric pressure, collected every day, to help interpret the seasonal dynamics of our
'€ observations.

3. Results

3.1. Aerosol Concentration and Fraction Modern Observations

We observed the highest concentrations of BC and OC during winter and fall, which coincided with periods of
elevated CO, and PM, 5 (Figure 2). Elevated CO, is a typical characteristic of inversion events in Salt Lake City,
where emissions of trace gases and aerosols are trapped in cold surface layers that inhibit convection and
increase natural gas heating demands [Pataki et al., 2003]. Black carbon concentrations were highest in win-
ter, with a mean (+ 1 standard deviation) of 0.38 + 0.23 ug C/m? air (n = 14 samples), and lowest in summer
with a mean of 0.15 + 0.09 g C/m> (n = 8). Winter and summer differences in BC concentrations were statis-
tically significant at a 95% confidence level (analysis of variance) (Figure 3). In contrast, OC aerosols were
more variable, particularly during fall and winter, and thus seasonal variations were not statistically different
(Figures 2b and 3b). The mean OC for winter was 5.9 + 5.9 ug C/m> (n = 14), and the mean for fall was
6.1 + 6.9 ug ¢/m? (n = 10). In the spring and summer we observed lower OC concentrations and less varia-
bility, with a spring mean of 2.6 + 0.9 ug C/m> (n = 6) and a summer mean of 2.8 + 0.9 ug C/m> (n = 8).

Seasonal patterns of fy, were considerably different for BC and OC, indicating that the two aerosol components
had different sources. The fy, of BC was relatively uniform temporally and spatially with an annual mean and
standard deviation of 0.13 + 0.11 (n = 30, Figures 2c and 3c). Summer and winter fy, levels were statistically
indistinguishable. Several BC samples had very low '*C/'2C ratios that were near or at the measurement detec-
tion limit (Table A1). For these samples, the reported fy, value shown in Figure 2c represents the most positive
upper bound, and the reported measurement uncertainty range varied between 0 and this upper limit.

In contrast, the fy; of OC was considerably higher than that of BC and varied significantly between seasons
(Figures 2d and 3d). The fy, of OC had an annual mean of 0.50 + 0.24 (n = 18), with values during the winter
(0.43 £ 0.11, n = 12) significantly lower than those during the summer (0.64 £+ 0.13, n = 6) (two-sample t test).
We did not observe any significant difference in concentration or fy; across the different stations, for either BC
or OC. Therefore, in the following section we present results, averaged across all sites.

3.2. Radiocarbon-Derived Fossil and Biomass Source Contributions to BC and OC

Our analysis indicated that fossil fuels were a dominant contributor to BC throughout the year, with an annual
mean of 89%, a range of 78 to 100%, and with no statistically significant differences among seasons (Table 3).
In contrast, OC had a considerable non-fossil source contribution that varied seasonally. Non-fossil OC
accounted for 62% (with a range of 49-76%) of the OC mass during summer and for 42% (31-52%) during
winter. During summer, the higher non-fossil fraction of OC would be consistent with a larger contribution
from the oxidation of biogenic VOCs. During winter, the end-member analysis was consistent with residential
wood burning contributing significantly to OC mass but having a minimal influence on BC. The radiocarbon
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Figure 2. BC and OC concentrations and fraction modern (fy) results from three stations in Salt Lake City. Top row shows concentrations of (a) BC and (b) OC; middle
row shows fraction modern values of (c) BC and (d) OC; and bottom row shows environmental variables from other sources during the period of our campaign.
(e) Atmospheric CO, mole fractions were measured by the University of Utah network, and (f) 24 h-averaged PM, 5 concentrations and ambient air temperature were
measured by the Utah DAQ at the Hawthorn station.

source apportionment method, however, cannot distinguish between contemporary biomass burning and
biogenic VOC contribution to the OC aerosol. To quantitatively evaluate the biogenic VOC contribution
and distinguish it from biomass burning emissions, further analysis of other chemical tracers is required.

3.3. Winter Inversion Measurements of BC and OC

During winter inversions in the Salt Lake Valley, persistent cold-air pools and multiday episodes of high ambi-
ent atmospheric stability lead to exacerbated PM, s levels [Silcox et al., 2012]. Therefore, during the campaign
we specifically aimed to investigate the sources of BC and OC during such conditions. We sampled two winter
seasons (2012/2013 and 2013/2014), each characterized by three inversion events. Of the 41 samples col-
lected in this study, we captured four winter inversion samples—one during the first winter and three during
the second winter (Table A1). The isotopic composition of BC and OC during inversions was similar to their
composition during non-inversion winter periods. The fraction modern means of BC and OC were statistically
indistinguishable between inversion and non-inversion samples, and from our end-member analysis we
found that on average 92% (range: 81-100%) of the BC and 59% (range: 55-63%) of the OC had a fossil origin
during inversions.

4. Discussion
4.1. Implications for Effective Air Quality Policy in Salt Lake City

During winter inversion events, Salt Lake County often experiences episodes with PM, s concentrations
exceeding the 24 h-average NAAQS of 35 pg/m>. Globally, this standard is even lower, as set by the
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Figure 3. Box and whiskers plot of concentration and fraction modern (fyy) for BC and OC aerosol. Top row shows variation in (a) BC and (b) OC concentrations, and
bottom row shows variation in the fy of (c) BC and (d) OC for each season, combining observations from all stations together. For each box, the central red line is

the median, the top and bottom edges of the box are the 75th and 25th percentiles, the whiskers extend to the most extreme data points not considered outliers,
and outlier points are plotted individually.

World Health Organization (WHO) at 25 ug/m?>. Despite continuous efforts to reduce emissions through the
development of a comprehensive state implementation plan and ensuing regulations, Salt Lake County has
continued to experience nonattainment days during winter inversion events [Whiteman et al., 2014; Utah
Division of Air Quality, 2015]. The nonattainment status of an area has legislative implication for air
quality mitigation. Salt Lake City failed to meet the 24-h NAAQS for PM,s by the Environmental

Table 3. Fossil Contribution (%) to BC and OC Aerosol Concentrations®

Fall Winter® Winter Inversion Spring Summer

End-Member

Assumptions BC 0oC BC 0oC BC oC BC 0ocC BC ocC

Wood combustion
Upper limit fy(BC) 86+7 54 +10 87+6 59+ 10 89+3 59+4 87+4 56 + 13 90 +3 39+ 12
At the limit fjy(BC) =0 88+9 54+9 89+9 58+ 10 94+7 59+4 92+ 10 55+13 94 +6 38+12
Fresh Biomass

Upper limit f,(BC) 86+7 53+10 n.a n.a. n.a. n.a. 86+ 4 55+13 90+ 3 38+13
At the limit fy(BC) = 0 87+9 53+10 n.a n.a. n.a. n.a. 92+ 10 54 +13 94 +6 37+13
Average 87 54 88 58 92 59 89 55 92 38
[Range] [78-96] [44-64] [80-98] [48-69] [81-100] [55-63] [82-100] [41-68] [87-100] [24-51]

@N.A. denotes not applicable, since during winter biogenic volatile organic compound oxidation emissions from vegetation were assumed to be negligible.

Winter periods include the inversion samples.

MOUTEVA ET AL.

EMISSIONS OF BC AND OC IN SALT LAKE CITY

9850

85UB017 SUOWILWOD BAIESD 3[ceot|dde aup Aq peusencb ase sejoiie YO 8sn Jo sejn 10 Ariq i 8UlUQ /8|1 UO (SUONIPUOD-pUe-SLUB)/W00" A8 | 1M Ae.q 1jpuluo//Sdny) SUORIPUOD pue Swie | 8 89S *[720z/20/TT] uo Akigiauliuo A8|IM ‘6TS920ArZT0Z/200T OT/1op/wod A3 |im Aseidjeuljuo'sgndnbey/sdny wouy pepeojumoq ‘8T ‘2T0Z ‘96686912



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD026519

Protection Agency (EPA) attainment date and was therefore recently reclassified from a moderate to a ser-
ious nonattainment area, effective June 2017, becoming one of the first serious nonattainment areas for
PMZ.S in the U.S.

While much attention has been focused on PM, 5 source attribution through analysis of chemical compo-
nents [Long et al., 2005; Kelly et al., 2013; Kuprov et al., 2014], the sources of the carbonaceous aerosol have
remained poorly characterized. However, the carbonaceous aerosol, and in particular the BC fraction, has
recently gained increased recognition as a major driver of adverse air pollution health impacts. Several
reports have called for consideration of an air pollution health standard for BC, separate from that for
PM, s, suggesting that such a standard may prove useful in evaluating local efforts to reduce the population’s
exposure to combustion PM [Janssen et al., 2012; Grahame et al., 2014]. Here we show that fossil emissions
accounted for the majority of BC throughout the year and for more than half of OC during winter, when
the air quality was exacerbated by inversions. Under the current state implementation plan for Salt Lake
County adopted on 3 December 2014, mobile emissions are the most significant source leading to violation
of the PM, 5 NAAQS [Utah State Implementation Plan, 2014]. This places much of the responsibility for redu-
cing Utah's PM, 5 emissions with the federal government, which establishes the emission standards for new
motor vehicles. If mobile sources, such as diesel vehicles, are the major contributor to BC and OC emissions,
then policy steps to reduce traffic, increase the use of public transportation, and facilitate use of electric vehi-
cles may provide some leverage in mitigating the carbonaceous aerosol concentrations.

Utah has implemented voluntary traffic-reducing actions (for example, reducing vehicle use by consolidating
trips) when the Utah DAQ air quality forecasting predicts an inversion period [Smith and Johnson, 2013].
However, a study examining the effectiveness of air quality alert systems in Salt Lake County showed that yel-
low and red air quality alert days were associated with increased traffic in the winter, possibly because more
people drive to avoid exposure to the poor air quality and colder temperatures [Tribby et al., 2013]. As a result,
improvements in vehicle emissions may be offset by increases in traffic. States have the power to regulate
vehicles after they are sold to consumers, but efforts to control vehicle use are difficult to implement due
to the large number of vehicles and public opposition to control measures. A positive example of the success-
ful implementation of such air pollution control measures can be seen in California where the transition to
lower emission gasoline, a cleaner diesel fleet, and use of electrical energy has significantly reduced PM loads
from vehicle and vessel traffic [Parrish et al., 2016].

Area sources (smaller stationary sources, such as home heating, agricultural burning and harvesting, con-
struction, residential and commercial energy generation, wildfires, and biogenic emissions) in the Salt Lake
area are the second most important source of PM, 5 emissions, and the Utah DAQ listed solid fuel burning
as the most important area source of pollution in 2014 [Utah State Implementation Plan, 2014]. Among the
new area source regulations, a Winter Control Program was implemented, including mandatory solid fuel
burning restrictions. Wood and coal burning stoves or fireplaces must not be used when Utah DAQ air quality
forecasts predict an inversion period [Utah State Implementation Plan, 2014]. However, enforcement of the
rule limiting the use of wood as a source of residential heating is challenging. Our findings indicate that con-
temporary biomass sources, including biomass burning, contributed to nearly half of winter OC during 2013
and 2014. Given the relatively high precision and accuracy of the aerosol '*C measurements, continued mon-
itoring may allow policymakers to identify whether residential wood burning was responding as expected to
existing and future regulations.

The recent reclassification of Salt Lake County from a moderate to a serious nonattainment area for PM, 5
means that the DAQ must submit a new serious area state implementation plan delineating new control
strategies. The development of an improved emissions inventory will be a critical factor in determining the
stringency of the requirements described in the plan. In this context, our data set of 31 '*C BC and OC aerosol
measurements provides an important baseline for the fossil and contemporary biomass components of
carbonaceous aerosol. A future step toward achieving PM, 5 emissions consistent with NAAQS would be to
use this data set to develop an improved emission inventory.

4.2, Comparison With Other Metropolitan Areas

In the U.S,, previous studies have only analyzed the '*C of TC in PM [Bench, 2004; Lewis et al., 2004; Lewis and
Stiles, 2006; Bench et al., 2007; Schichtel et al., 2008]. The results from these studies indicate that contemporary
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biomass carbon was predominant in PM, 5, accounting for 56-80% in Nashville, Tennessee [Lewis et al., 2004],
and 52-89% in Tampa, Florida [Lewis and Stiles, 2006]. These studies further recommend that to obtain a bet-
ter understanding of the sources driving the variations in the carbonaceous aerosol, new '*C measurements
of BC and OC fractions are needed.

One major challenge with respect to the successful application of '*C for source apportionment of BC and OC
is the complete physical separation of the two fractions without cross-fraction interference and with minimal
contamination from background carbon. Aside from the time-consuming nature of these measurements,
another limiting factor is the collection of sufficient aerosol mass to prepare targets suitable for the accelera-
tor mass spectrometer [Szidat et al., 2013; Heal, 2014].

Here we present, as far as we are aware, the first study in the U.S. which separately evaluates the '*C con-
tent of BC and OC aerosols. Our observations indicate that fossil sources are larger than contemporary bio-
mass sources for both BC and OC in Salt Lake City, although the relative contributions are different for
each carbon fraction. Similar results have been observed in other metropolitan areas. In Milan, Italy, fossil
emissions account for 84% of BC and 37% of OC in the wintertime aerosol [Bernardoni et al., 2013]. In
Zurich, Switzerland, on average 75% of BC and 32% of OC during winter has a fossil origin [Szidat et al.,
2006]. Significant contributions from fossil sources to BC have also been reported for London (76 to
93% for BC, in contrast to 28 to 46% fossil TC) [Crilley et al., 2015] and for Chinese megacities (75 + 8%
fossil BC, compared to 45 + 10% fossil OC) [Zhang et al., 2015]. Non-fossil source contributions are typically
dominant, however, in areas with greater combustion of biofuels (e.g. India [Kirillova et al., 2014]) or
in areas surrounded by evergreen vegetation and subject to wildfire smoke (e.g., Mexico City [Hodzic
et al,, 2010]).

The higher fossil contribution to BC and OC we observe in Salt Lake metropolitan area is consistent with pre-
vious PM '*C observations, which in the U.S. generally have had a higher fossil contribution (50% fossil) than
periurban (3-30%) or rural areas (0-18%) [Bench et al., 2007; Schichtel et al., 2008].

4.3. Other Benefits From Reducing BC Emissions in Salt Lake City

4.3.1. Climate

Black carbon is of great scientific and regulatory interest because it is also recognized as the second
most important climate warming anthropogenic emission in the present-day atmosphere (after CO,)
[Ramanathan and Carmichael, 2008; Bond et al., 2013]. Black carbon is often transported over long distances,
mixing with other aerosols along the way, and while sources are often localized, BC can still influence air
quality and climate on local, regional, and global scales [Ramachandran and Kedia, 2010]. Given that BC
has a significant contribution to global radiative forcing, and a much shorter lifetime (on the order of days
to weeks) compared with CO,, the prospect of achieving rapid climate and health benefits by specifically
reducing BC emission has attracted much attention [Grieshop et al., 2009; Arctic Council Task Force on SLCF,
2011; U.S. Environmental Protection Agency, 2012].

Warming from BC aerosols is amplified by deposition on snow and ice surfaces, which reduces surface
albedo, increases surface solar heating, and accelerates snow and ice melt [Wiscombe and Warren, 1980;
Flanner et al., 2007, 2009; Hadley and Kirchstetter, 2012; Lee et al., 2013; Jiao et al., 2014]. Winter inversions
in the Salt Lake Valley may increase aerosol deposition in nearby snow-covered areas. Anthropogenic air pol-
lution in the Wasatch Range during winter, for example, has been shown to represent a significant source of
ion deposition to snow-covered ecosystems [Hall et al., 2014], and carbonaceous matter, in particular, is asso-
ciated with a significant reduction in snow albedo in the Wasatch Range of northern Utah [Reynolds et al.,
2013]. Here we have shown that wintertime BC in Salt Lake Valley originates primarily from fossil fuel combus-
tion. An important next step in this context is to use regional atmospheric models to quantify how BC mitiga-
tion in Salt Lake may increase albedo and reduce the melt rate of snow in region, thus slowing rates of
regional climate warming.

4.3.2. Health

Apart from complying with the WHO and the NAAQS for PM, s, policy measures focused on achieving the
greatest health benefits may require specifically targeting BC reductions. Recent studies have directly related
BC to the adverse health effects of air quality and suggested that it is a better indicator of harmful health
impacts from combustion-related sources (especially traffic) than PM mass [Janssen et al., 2011, 2012;
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Grahame et al., 2014]. This is particularly relevant for the Salt Lake area where short-term exposure to air pol-
lution has been linked to increased rate of emergency department visits for asthma [Beard et al., 2012], a lar-
ger number of acute coronary events in people with preexisting conditions [Pope et al., 2015], and increased
suicide risk [Bakian et al., 2015].

4.3.3. Visibility

Reducing BC emissions can further contribute to improved visibility and reduced haze. The scenic beauty of
Salt Lake City is one of its defining features, with tourism contributing significantly to the local economy
[Leaver, 2014]. Visibility in urban settings is protected by the secondary PM NAAQS; however, since BC has
higher extinction efficiency than most aerosols, reducing BC would have additional visibility benefits over
other aerosols in Salt Lake City.

5. Conclusions

Here we used an optimized method for BC-OC separation [Zhang et al., 2012] and '*C analysis of micro-scale
aerosol samples [Mouteva et al., 2015a] to estimate fossil and contemporary source contributions to BC and
OC in a U.S. city. Our measurements indicate that for Salt Lake City, BC concentrations throughout the year
were dominated by fossil fuel emissions, whereas OC had a significant contemporary biomass component
that was larger in summer than in winter. Future measurements of '*C may provide information about the
efficacy of air quality control measures, which is one of the major goals of the Utah DAQ air-monitoring net-
work. Our results suggest that the use of "*C for monitoring BC and OC aerosols may improve our under-
standing of source composition in other nonattainment areas, and long-term time series may provide
information about the success of different climate and air pollution mitigation policies.

Appendix A

Table A1 provides a detailed summary of all data collected and analyzed in this study.

Table A1. Summary of Aerosol Sample Concentration and Isotopic Composition®

Date (Start) Time (Start) MST ~ Duration (h)  TC (ugC/m®)  BC (ugC/m3)  OC (ugC/m°) fin (TC) fw (BOP® fim (OC)
Hawthorne
10/27/2012 12:01 AM. 47.97 39 024 37 05730001  0262+0039 0593 + 0.003
10/29/2012° 11:00 AM. 48.00 6.2 0.77 54 0349 +0.038  0.064 (or less)  0.389 + 0.008°
1/8/2013 (inv) 12:00 AM. 96.00 53 0.86 44 0360+ 0001  0.118+0023  0.407 % 0.005
2/13/2013 2:30 P.M. 48.00 48 075 40 03670001  0.115+0052 0415+ 0.010
2/16/2013 12:01 AM. 48.00 32 034 29 0449+ 0001  0.189+0058  0.480 % 0.007
2/19/2013 10:00 AM. 48.00 36 032 33 0.396 % 0.001 - -
2/21/2013 10:30 AM. 24.00 18 0.10 17 0.649 + 0.002 - :
3/13/2013¢ 1:00 P.M. 48.00 28 0.16 26 0261 +0022 0095 (orless)  0.271 + 0.004°
3/26/2013 1:00 PM. 48.00 2.7 0.14 26 0.394 % 0,001 - -
4/17/2013 12:05 PM. 48.00 24 0.19 22 0464 0001  0.119(or less) 0493 + 0.014°
4/20/2013 12:01 AM. 48.00 20 0.09 19 0511 % 0.001 - -
4/22/2013 10:00 AM. 48.00 2.1 0.12 20 04830001  0.172+0046 0501 + 0.003
4/24/2013 10:30 AM. 48.00 48 027 45 056240001  0.172+0046  0.586 % 0.003
6/17/2013 1:00 P.M. 53.00 30 0.29 27 0656 +0.001  0.057 (or less)  0.720 + 0.028°
8/5/2013 217 P.M. 48.00 42 023 39 0487 +0002  0.105+0051  0.509 + 0.003
8/7/2013 319 P.M. 47.93 38 0.15 37 0588+ 0001  0.105+0051  0.607 % 0.002
8/9/2013 11:59 PM. 48.00 20 0.07 20 0.674 % 0.002 - -
8/12/2013 237 PM. 48.00 38 0.19 36 0810 £0.002  0.109 (or less)  0.847 + 0.015°
10/16/2013 2:45 P.M. 4825 135 038 13.1 031640001  0.116+0050 0322+ 0.002
10/23/2013 215 P.M. 4933 237 0.66 230 0.448 +0.001  0.053 (or less)  0.459 + 0.001°
10/28/2013 3:40 P.M. 50.67 52 0.17 5.1 0539+ 0001  0.176+0054 0551 % 0.002
1/1/2014° (inv) = 48.00 56 0.60 5.0 0441 £0024  0.142+0031 0477 %0004
1/18/2014 (inv) - 48.00 86 037 8.2 0418 £0.001  0.101(orless) 0432 + 0.003°
1/21/2014 (inv) = 48.00 7.9 054 7.4 0364 £0.001 0077 (orless)  0.385 + 0.003°
1/24/2014 = 48.00 17.4 036 17.1 0248 +0001  0.030 (or less)  0.252 + 0.002°
2/1/2014 - 24.00 210 0.17 208 03030001  0.157+0040 0304 + 0.001
Average 6.4 0.31 6.0 0.466 0.121 0476
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Table A1. (continued)
Date (Start) Time (Start) MST  Duration (h)  TC (ugC/m3)  BC (ngCT/m3)  OC (ugC/m°) fu (TO) fu (BOP fu (0C)
Rose Park
10/31/2012 1:30 P.M. 4750 3.1 023 29 0531 +£0002 0127 £0035  0.563 + 0.003
2/16/2013 12:01 AM. 48,00 22 0.21 20 0572+0002 0276 £0026  0.602 + 0.003
2/19/2013 11:00 AM. 48.00 2.1 0.18 1.9 0395+0002 0180 £0059 0416 + 0.006
2/21/2013 11:15 AM. 24.00 22 0.18 20 0597 £0.002  0.180 £0.059 0635 + 0.006
4/20/2013 12:01 AM. 48.00 09 . - 0.571 + 0.002 . -
4/22/2013 9:20 AM. 48.00 14 2 = 0.505 + 0.002 . =
8/7/2013 2:02 PM. 48.00 3.0 0.02 3.0 0618 £0.002 0137 £0068  0.620 + 0.002
8/9/2013¢ 11:59 P.M. 48,00 1.7 0.13 16 0.667 + 0.002 . =
Average 2.1 0.16 22 0.557 0.180 0.567
University of Utah
10/24/2012 12:00 P.M. 48.00 15 0.09 14 0518 + 0.001 . =
10/27/2012 12:01 AM. 47.97 1.7 0.07 1.7 0.567 + 0.001 5 =
10/29/2012 11:15 AM. 48,00 24 0.14 22 038240001 0.180+0.066 0395 + 0.004
10/31/2012 2:30 PM. 47.00 22 0.11 2.1 0518 £0.001  0.180 £0.066  0.535 + 0.004
2/13/2013 2:00 P-M. 48.00 25 029 23 0339+ 0001 0081 (orless) 0372 £ 0.009°
4/17/2013 11:20 AM. 48.00 08 . = 0.442 + 0.002 5 -
8/5/2013 12:17 P.M. 46.22 24 0.15 22 0493 + 0001 0098 (orless) 0519 + 0.004°
Average 1.9 0.14 20 0.466 0.134 0.455

periods of inversion are denoted with “(inv)” by the start date of the sample. Dates are formatted as month/day/year.
Several BC samples reached the AMS measurement limit, and their fy; is reported as a given value or smaller. The true value can be as low as 0.

“Samples which were duplicated in the

duplicates.

C analysis of TC. Reported values for TC concentrations and fyy(TC) are the average and standard deviation of the

%The corresponding fy(OC) of samples reaching fiyy(BC) limit were calculated assuming that the reported n(BC) was correct and propagating the error as a

square root.
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