ABSTRACT

Trends, Optical Properties, and Source Contributions to Elemental and Organic Carbon
Influencing the North American Arctic

Tate E. Barrett, Ph.D.

Mentor: Rebecca J. Sheesley, Ph.D.

Atmospheric aerosols are one of the greatest sources of uncertainty in current global
climate models. Aerosols affect the earth’s radiative budget by scattering or absorbing incoming
solar radiation and by acting as cloud condensation nuclei. Carbonaceous aerosols are dominated
by two main components: organic carbon and elemental carbon. Traditionally, only elemental
carbon aerosols acted as absorbing species in global climate models, causing models to
underestimate warming in certain regions, particularly the Arctic. However, it is now known that
a fraction of organic carbon, or brown carbon, absorbs incoming solar radiation mainly in the
ultra-violet wavelengths, and is responsible for as much as 19% of total aerosol absorption
resulting from anthropogenic activity globally. Primary aerosols are emitted directly into the
atmosphere via natural and anthropogenic processes wildfires, fossil fuel combustion, and
biomass burning, while secondary organic aerosols are formed in the atmosphere via gaseous
emission partitioning into the condensed phase. Due to their short atmospheric lifespan, 1-2
weeks, it is thought that decreasing the emissions of elemental and brown carbon would

immediately reduce climate forcing across the globe.



The Arctic is particularly sensitive to anthropogenic climate forcing. It is warming at a
rate nearly twice the global mean, with temperature increases of nearly 2 °C since 1970.
Aerosols play a vital role in the radiative budget of the Arctic due to their direct and indirect
effects. For example, deposition of atmospheric aerosols on snow and ice reduces surface albedo,
contributing to changing melt patterns. In order to determine the contributions of fossil and
contemporary sources to organic and elemental carbon in the North American Arctic, a
combination of source apportionment strategies, including radiocarbon abundance, was applied
to samples collected at Barrow, Alaska. Optical properties were also explored to determine the
overall efficiency of light-absorbing particles in the region. Results indicate that fossil sources
dominate the elemental carbon burden for much of the year, while organic carbon has more equal
contributions of fossil and contemporary sources throughout the year. These apportionment
results are more tightly constrained than current climate models, and can be used to improve the

overall accuracy of these models.
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PREFACE

The overall objective of this thesis was to investigate the sources, characteristics,
and optical properties of atmospheric carbonaceous aerosols, including organic carbon
(OC) and elemental carbon (EC), on the North Slope of Alaska (NSA), located within the
Arctic Circle. This was accomplished using multiple techniques: abundance
measurements of radiocarbon of total organic carbon particulate matter, isolation of EC
and subsequent radiocarbon abundance measurements of isolates, analysis of water
soluble organic carbon (WSOC), and light absorption measurements of both WSOC and
EC. The specific objectives of each chapter and author contributions are highlighted
below.

Chapter One introduces atmospheric aerosols and their effect on climate change
and Chapter Two introduces the main sampling methods and analytical techniques used
throughout the remaining chapters.

The main objective of Chapter Three was to investigate seasonal trends in bulk
aerosol composition and water-soluble organic carbon concentrations and optical
properties in central Texas and to determine the influence of major metropolitan areas on
a regional background site. This chapter serves as a proof of concept for Chapters Four
through Six, a local study used to develop the field, chemical, optical and spatial analysis
tools to be applied in the Alaskan Arctic. This study was designed to establish a method
for water-soluble organic carbon extraction and measurement, as well as UV-absorption

measurements for carbonaceous aerosol filter samples. I am the primary author of this

XiX



chapter and performed all sample collection and analysis. Dr. Rebecca J. Sheesley was
involved in all aspects of the project and writing the manuscript.

The main objective of Chapter Four was to determine the contributions of fossil
fuel combustion and biomass burning sources to the atmospheric EC burden in Barrow,
AK during the Arctic winter. Radiocarbon apportionment was compared to a chemical
mass balance apportionment model to quantify the limitations of the application of the
latter model to remote sites. Based on those comparisons, a novel method of calculating
the half-life of levoglucosan, a biomass burning organic tracer, was also developed. I am
the primary author of this chapter and coordinated sample collection and conducted all
sample preparation and data analysis for the radiocarbon source apportionment. Dr.
Eleanor M. Robinson performed the sample extractions and gas chromatography-mass
spectrometry analysis (GC/MS). Dr. Sascha Usenko assisted with the GC/MS data
analysis and writing the manuscript. Dr. Rebecca J. Sheesley was involved with all
aspects of the project, in particular, she oversaw the quality assurance and quality control
of the chemical mass balance model and the writing of the manuscript.

The main objective of Chapter Five was to perform year-round characterization of
atmospheric OC in Barrow, AK, including its solubility (ie. WSOC), optical properties,
and source apportionment. This characterization of WSOC was combined with
radiocarbon abundance measurements of OC. I am the primary author of this chapter and
coordinated sample collection and performed all sample and data analysis. Dr. Rebecca J.
Sheesley was involved in all aspects of the project and writing the manuscript.

The main objective of Chapter Six was to perform a year-round assessment of the

optical properties and the contributions of fossil fuel combustion and biomass burning to

XX



atmospheric EC in Barrow, AK using radiocarbon abundance measurements and
investigate the optical properties of Arctic EC. I am the primary author of this chapter
and performed the radiocarbon sample preparation and source apportionment
calculations. Dr. Jeffrey A. Back and Claire Moffett performed the IC analysis.
Radiocarbon sample preparation was performed at Stockholm University under the
guidance of Dr. Orjan Gustafsson and with the assistance of Patrik Winiger. Dr. Rebecca

J. Sheesley was involved in all aspects of the project and writing the manuscript.
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CHAPTER ONE

Introduction

Atmospheric Aerosols

By directly influencing the radiation balance of the earth through scattering or
absorbing incoming solar radiation, aerosols introduce one of the greatest sources of
uncertainty in global climate models (IPCC 2007; McComiskey, et al. 2008; Chen and
Bond 2010). Atmospheric aerosols are a mixture of suspended solid and liquid particles
originating from both natural and anthropogenic sources. Aerosols are typically classified
based on their size, ranging from a few nanometers (typically from combustion sources)
to around 100pm (Seinfeld and Pandis 2016). Aerosols are also of interest due to their
negative effects on human health and can penetrate the lungs and leading to possible
cardiovascular and respiratory diseases (Lin, Lee, and Eatough 2010; Lin, et al. 2011).

Aerosols are emitted directly into the atmosphere as primary particles from
natural sources such as sea spray, volcanic emissions, wind-driven dust and emissions
from naturally occurring wildfires (Poschl 2005; Seinfeld and Pandis 2006).
Anthropogenic sources of primary particles include combustion of fossil fuels as well as
biomass/biofuel burning and industrial processes (Seinfeld and Pandis 2006). Secondary
aerosols are particles formed in the atmosphere through the transformation of gaseous
emissions such as sulfur- and nitrous oxides and volatile organic compounds (VOCs) into
lower volatility species that partition into the condensed phase (Kroll and Seinfeld 2008;

Kirillova 2013).



Compared to CO,, aerosols have a very short lifespan in the atmosphere
(approximately 1-2 weeks) due to their removal from the atmosphere by one of two
mechanisms: dry deposition (deposition at the surface of the earth) and wet deposition
(incorporation into precipitation) (Seinfeld and Pandis 2016). Concentrations of aerosols
respond quickly to emissions reductions, therefore aerosol emission controls represent a
possible strategy in reducing climate forcing from anthropogenic activities, and thus

slowing the rate of climate change (Bond, et al. 2013).

Carbonaceous Aerosol Composition
Carbonaceous aerosol components in the atmosphere consist of two major
components: black or elemental carbon (BC or EC) and organic carbon (OC). These two
account for a large fraction of atmospheric particulate matter (Seinfeld and Pandis 2006;
P6schl 2005). Total organic carbon (TOC), the geochemical term, refers to the sum of all
carbon contained in both the EC and OC fractions of carbonaceous aerosols (TOC = OC

+ EC).

Black Carbon

BC is emitted only through fossil fuel or biomass combustion processes and is
therefore a primary pollutant (Bond, et al. 2013; Seinfeld 2008; Seinfeld and Pandis
2016). BC is distinguished from other forms of carbon in the atmosphere by the
following physical properties: (1) it strongly absorbs light in the visible spectrum; (2) it is
refractory, retaining its basic form at very high temperatures; (3) it is insoluble in water
and organic solvents including methanol and acetone, and (4) it consists as an aggregate

of small carbon spheres (Bond, et al. 2013). More than 90% of BC resides in fine



particulate matter (particulate matter with an aerodynamic diameter of less than 2.5 pum,
PM, 5) and undergoes little chemical transformation in the atmosphere; therefore, it can
be used as an indicator for anthropogenic air pollution (Y. G. Wang, et al. 2011; B. Chen,
etal. 2012).

Throughout the literature, BC is referenced to by a number of different names (i.e.
black carbon, elemental carbon, equivalent black carbon, and refractory black carbon)
depending on the measurement method used for quantification (Arctic Monitoring and
Assessment Programme 2015). In order to maintain consistency with current literature,
the nomenclature suggested by Petzold, et al. (2013) will be used. BC will be used to
refer to light absorbing atmospheric aerosols, possessing the four previously mentioned
physical properties, with no reference to a specific measurement method. Elemental
carbon (EC) will be used to refer to light absorbing carbon evolved from thermal optical
methods (Petzold, et al. 2013; Birch and Cary 1996). Further description of the

determination of EC will be discussed in the methods section.

Organic Carbon

The organic carbon fraction of aerosols typically refers to aerosols associated with
condensed organic compounds (Pdschl 2005; Seinfeld and Pandis 2006). OC is typically
categorized into water-insoluble organic carbon (WIOC) and water-soluble organic
carbon (WSOC) (Hecobian, et al. 2010). WIOC has been found to be emitted as a
primary aerosol from combustion of both fossil fuel and biomass while WSOC can be
emitted directly or result from atmospheric processes (Hecobian, et al. 2010; Zhang and
Ying 2011; Zhang, et al. 2013). Water-soluble organic carbon (WSOC) is an important

part of OC due to its ability to influence climate by increasing the hygroscopicity of



particles and their ability to act as CCN; WSOC can account for up to 70% of total

organic aerosol (Kirillova, et al. 2014).

Aerosol Source Apportionment

In order to develop proper strategies for aerosol mitigation, it is imperative to
understand source contributions to observations of ambient aerosol concentration (Hopke
2016). Source apportionment can be accomplished by including ion and organic tracer
concentrations as input into receptor-based models (Kirillova 2013; Hopke 2016). One
such receptor-based model commonly used is the chemical mass balance (CMB) model,
which is most applicable to the apportionment of primary aerosols and has been used
extensively for PM,( apportionment across the western United States (Watson, et al.
2002; Hopke 2016). While the CMB model has been used in remote locations (Barrett, et
al. 2015; von Schneidemesser, et al. 2009), receptor-based apportionment modeling can
be limited by the accuracy and appropriateness of the input emission source profiles for a
particular study location; therefore, more accurate apportionment techniques are needed
in remote areas such as the Arctic (Barrett, et al. 2015).

One such source apportionment technique is the measurement of the abundance of
radiocarbon (**C) in OC and EC samples (Heal 2014; Gustafsson, et al. 2009). This
method distinguishes between fossil sources of carbon, which contain no ¢, and modern
sources of carbon, which contain an abundance of '*C (Heal 2014). 'C is present in the
atmosphere and living material is at equilibrium with the atmosphere through the
photosynthesis and respiration. Once living material dies, the uptake of '*C ceases and
the amount of '*C begins to decrease with a half-life of 5,370 years; therefore, the carbon

in fossil fuels contains no *C due to its age (Heal 2014). While the '*C apportionment is



more precise than the CMB and other receptor-based models, the combination of the two
can provide additional information over the 'C alone, such as the relative contributions
of subgroups of fossil carbon contributions (i.e. coal combustion, petroleum combustion,

motor-vehicle exhaust) (Sheesley, Andersson, and Gustafsson 2011).

Aerosols and Climate Change

Atmospheric aerosols can affect the earth’s radiative balance through direct
effects (absorbing and scattering incoming solar radiation) and indirect effects (acting as
cloud condensation nuclei, the cloud albedo effect, and decreasing surface albedo) (Chen
and Bond 2010; Kirchstetter, Novakov, and Hobbs 2004; Lu, et al. 2015). BC has a total
radiative forcing value (changes in the radiative balance of the earth due to increasing
absorption of light within the atmosphere), including both direct and indirect effects, of
+1.1 W m™ with 90% uncertainty bounds of +0.17 to +2.1 W m™, making it the second
most important atmospheric pollutant behind CO; (Bond, et al. 2013).

Typically, OC is treated as a light scattering species while EC is treated as the
only light-absorbing species in climate models (Kirchstetter, Novakov, and Hobbs 2004;
Cheng, et al. 2011). However, the effects of light-absorbing organic carbon, known as
brown carbon (BrC), are becoming more apparent (Bahadur, et al. 2012). Recent
modeling efforts including BrC suggest that it contributes up to +0.25 W m™ globally to
the earth’s radiative budget, which is 19% of the total light absorption due to
anthropogenic aerosols. The global atmospheric burden of BrC may be more than three
times the burden of BC (Feng, Ramanathan, and Kotamarthi 2013). While there are

multiple techniques to determine the presence and absorption properties of BrC, the



measurement of light absorption of liquid extracts of organic aerosols is a common

method (Chen and Bond 2010; Kirillova, et al. 2014; Cheng, et al. 2011).

Aerosols at a Regional Background Site in Central Texas

Three major air quality studies have been conducted in the gulf region of Texas:
the Texas Air Quality Study 2000 (TexAQS 2000), the Texas Air Quality Study 2006
(TexAQS 2006), and NASA’s DISCOVER-AQ (Deriving Information on Surface
Conditions from Column and Vertically Resolved Observations Relevant to Air Quality)
in September 2013 (Barrett and Sheesley 2014). These studies showed the potential for
outflow of organic contaminants and secondary aerosols from major metropolitan areas
which could impact background regional aerosol concentrations (Fan, et al. 2005; Bates,
et al. 2008; Bahreini, et al. 2009). Therefore, Riesel, TX, located in central Texas
between two major metropolitan areas, Dallas/Fort Worth and Houston, TX, was chosen
as a background measurement site. The assessment of background aerosols provides a
broad assessment of the impact of atmospheric aerosols on the radiative budget of a

region, helping to assess the possible impacts of major metropolitan areas in the region.

Aerosols in the Arctic

Wide-spread haze across the Arctic was first observed by explorers crossing the
Greenland ice sheet in 1883, and also noted by pilots flying over the North American
Arctic in the early 1950’s; (Nordenskiold 1883; Law and Stohl 2007). “Arctic Haze” is a
phenomenon occurring each winter and spring consisting of particulate organic matter,
sulfates, BC, and ammonium, nitrate and dust aerosols (Law and Stohl 2007; Quinn, et al.

2009). It was widely accepted in the 1970’s that the majority of the air pollution in the



Arctic was transported from the middle latitudes (Law and Stohl 2007); however, the
importance and possible underestimation of in-Arctic air pollution sources has recently
been noted (Stohl, et al. 2013).

In addition to wide-spread haze events across the Arctic, the region’s climate is
rapidly changing, warming nearly 2 °C since 1970, at a rate nearly twice that of the
global mean (Odemark, et al. 2012; Sand, et al. 2013a; Pistone, Eisenman, and
Ramanathan 2014). Increased warming can lead to earlier spring melts, longer melt
seasons, thawing permafrost and a reduction in sea ice thickness and extent (Sand, et al.
2013a; Peters, et al. 2011). Due to Arctic warming, Arctic sea ice cover has decreased by
nearly 40%; this decline in sea ice extent is expected to continue with climate models
predicting an ice free Arctic as early as the 2040’s, unlocking the region for increased
anthropogenic activity and the introduction of new aerosol emission sources (Odemark, et
al. 2012; Pistone, Eisenman, and Ramanathan 2014; Wang and Overland 2012; Overland
and Wang 2013).

More specifically, atmospheric aerosols, including OC, BC, and sulfates have
been shown to have significant impacts on Arctic climate forcing, contributing to the
current warming trend (Shindell and Faluvegi 2009; Serreze and Barry 2011; Odemark,
et al. 2012). Recent model calculations have attributed 0.5-1.4 °C of warming in the
Arctic to BC aerosols alone, leading to the idea that decreasing BC emissions within the

Arctic will slow the warming trend in the region (Shindell and Faluvegi 2009).

Direction of the Dissertation
The goal of this dissertation, as previously stated, is to investigate the sources,

characteristics, and optical properties of atmospheric carbonaceous aerosols, including



organic carbon (OC) and elemental carbon (EC), at the North Slope of Alaska (NSA),
located within the Arctic Circle. This was accomplished through atmospheric aerosols
sample collection in two field studies: a long-term sampling campaign at a regional
background site in Riesel, Texas to test methods (Chapter Three), and a year-round
Arctic aerosols sampling campaign in Barrow, AK (Chapters Four-Six). The regional
background sampling campaign and sample analysis served as a pilot study for the
subsequent sample collection and analysis during the Arctic sampling campaign in
Barrow, AK.

During the pilot study, I successfully established several analytical methods for
our lab at Baylor University including the WSOC extraction and analysis method, EC and
WSOC absorption method, and the source region identification method. Additionally, I
established sample preparation methods for radiocarbon analysis of OC and TOC, as well
as a method to isolate EC for radiocarbon analysis. All methods are discussed in Chapter
Two and are currently the standard methods for the Sheesley research lab. Following the
discussion of the methods, the results of the two field campaign are presented in Chapters

Three though Six.



CHAPTER TWO

Methods

The research presented in this dissertation is comprised of full environmental
chemistry studies: field sampling/collection, analytical chemistry, spatial analysis, source
apportionment modeling and statistical analysis. This chapter will give a brief overview
of these components with additional, specific, relevant details presented in each chapter
(Three through Six). This chapter is intended to introduce the readers to the methods that
are present across several chapters and to indicate the methods utilized to complete this

work.

Field Sampling

Two aerosol size fractions were routinely collected for off-line chemical analysis:
particulate matter with an aerodynamic diameter less than 2.5 pm (PM;s) and particulate
matter with an aerodynamic diameter less than10 um (PMg). All aerosol samples were
collected on quartz fiber filters (QFF, Pall Corporation, Ann Arbor, MI) with an assumed
collection efficiency of at least 99% of suspended particles that are passed through the
filters. QFFs were chosen for their chemical, mechanical and thermal stability (Chow
1995). PM;, samples were collected on 20 x 25 cm QFFs (TissuquartzTM Filters 2500,
QAT-UP, Pall Corporation, Ann Arbor, MI) using a Tisch high volume PM;y sampler
(TE-6070; Tish Environmental, Cleves, Ohio). PM; s samples were collected on 90 mm
QFFs (Pall Corporation, Ann Arbor, MI) using a URG medium volume PM, s sampler

(URG-3000b, URG Corporation, Research Triangle Park, NC). Prior to sample



collection, all filters were baked for 12 hours at 500 °C to and stored in baked foil
packets. Field blanks were collected during each sampling campaign and were handled in
the same manner as samples. Prior to and post sampling, QFFs were placed in freezers

for storage.

Riesel TX

PM,; s samples were collected at the United States Department of Agriculture-
Agriculture Research Service (USDA-ARS) Grassland, Soil, and Water Research
Laboratory’s Riesel Watersheds site in Riesel, TX (31°28°30”N, 96°55°64”W). Samples
were collected once every six days following the U.S. Environmental Protection Agency
(EPA) 1-in-6 day monitoring schedule using a URG 300b medium volume air sampler
(URG Corporation, Research Triangle Park, NC). Samplers were operated for 24 hours
from midnight to midnight at a flow rate of 92 L min™' with a dual sampling train for a
Teflon filter and a 90mm QFF. Additional details and the results of this campaign are

included in Chapter Three.

Barrow, AK

Atmospheric particulate matter samples were collected from June 2012 to May
2013 at the Department of Energy Atmospheric Radiation Measurement (ARM) Climate
Research Facility. The NSA ARM research site is located 7.4 km northeast of the village
of Barrow, AK in order to reduce the impact of local sources. Two size fractions of PM
were collected during the sampling campaign, PM, s and PM,. Additional details of this

campaign are included in Chapters Four through Six.
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PM,, sample duration was approximately one week at a flow rate of 1.2 m’ min™.
PM, 5 sampling duration was one to two weeks at a flow rate of 0.092 m® min™. The total
volume per filter was normalized using the BC concentration from a co-located PM; s
sampler which had weekly flow rate checks.

Laboratory Measurements and Calculations

Organic Carbon and Elemental Carbon Measurements and Radiocarbon Measurement
Sample Preparation

OC and EC concentration measurements were performed using the NIOSH 5040
protocol on a thermal-optical transmission (TOT) carbon analyzer from Sunset
Laboratory (Tigard, OR) (Birch and Cary 1996). Using this method, the speciation of OC
and EC is accomplished by controlling the temperature and atmosphere of the sample
while continuous monitoring of filter light transmittance, achieved with a He-Ne laser at
678 nm. A 1.5 cm” punch from each QFF is loaded into the OC/EC analyzer, where OC
and EC concentrations are determined in two steps. During the first, OC is volatilized
from the sample in a 100% He atmosphere as the temperature in the oven is increased,
stepwise, to 820 °C. The evolved carbon is then oxidized to CO, by MnQO,, and reduced
to CHs in a methanator oven. The CHy is then detected and quantified by a flame
ionization detector (FID). The oven temperature is then reduced to 525 °C, and a 10%
oxygen/helium mixture is introduced to the system, and the temperature is again
increased to 850 °C. During the He phase, EC can be produced in-situ through a process
called charring, causing filter transmission to decrease (Schauer, et al. 2003). The char is
burned off as O, is introduced into the oven and once the artificially generated EC has

volatilized the transmittance value through the filter returns to its original value. This
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point in the sample run is defined as the “split” point between OC and EC. Any carbon
evolving prior to this point is classified as OC, and any carbon evolving after this point is
considered EC. An instrument blank and sucrose standard were run with every batch of
10 samples and all samples were blank corrected.

Two fractions of the aerosol samples were submitted for radiocarbon abundance
measurements: the total organic carbon fraction (TOC) and the EC fraction. For total
organic carbon, an area containing approximately 100 pg of carbon was cut and subjected
to acid fumigation in a desiccator over 1N HCI for at least 12 hours to remove carbonates
and then placed in a drying oven at 60 °C for one hour. Samples were then sealed in pre-
leaned glass petri-dishes.

In order to perform radiocarbon analysis on the EC fraction of aerosols, it must be
isolated from the OC. Two different methods were used to accomplish this separation.
The first method, the “filter pull” method (Chapter Four), involves truncating the above
TOT method on the carbon analyzer, removing the OC and preserving the EC on the
filter. In the second method, the “CO, capture” method (Chapters Five and Six), a full
TOT run on the carbon analyzer is completed, and the resulting CO, from the evolving

EC is collected via cryotrap. A full description of each method is below:

Filter-pull method. This method is used to isolate EC on individual 1.5 cm’
punches from each sample. First, a filter punch is analyzed using a full NIOSH 5040 run
on the Sunset carbon analyzer, and the split time between OC and EC is recorded. The
NIOSH protocol is then adjusted to stop at the split time, causing only OC to evolve off
of the filter, leaving 90-95% of EC on the filter (Gustafsson, et al. 2009). This is

repeated with successive filter punches until a cumulative 100 pg of EC has been
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isolated. The prepared filter punches are then acidified by fumigation over 1N HCI" for at
least 12 hours to remove any carbonate carbon and dried for one hour in an oven at 60

°C. The filters are then sealed in pre-cleaned glass petri-dishes.

CO; capture method. This method is used to capture the evolved CO, from the
EC fraction of aerosol samples for radiocarbon measurement. The CO; that is produced
during EC combustion is moved out of the Sunset TOT system and taken through a silver
trap (Ag wool heated to 600 °C) to remove any halogen and sulfur containing gases that
can inhibit the formation of graphite from CO, as well as a water trap filled with
magnesium perchlorate (Mg(ClO4),. The gas is trapped in steel tubing immersed in
liquid nitrogen. Additional filter punches are analyzed, collecting only EC, until a
cumulative 60 pg is trapped. This EC as CO; is then transferred under vacuum to a glass
tube with silver and copper oxide added to remove any water or halogen impurities
(Chen, et al. 2013).

All carbon isotope measurements were performed at the US National Ocean
Sciences Accelerator Mass Spectrometry (NOSAMS) facility at the Woods Hole

Oceanographic Institute (Woods Hole, MA).

Solvent Extraction and Chemical Mass Balance Model

Organic tracers were extracted from filter sections using pressurized liquid
extraction (PLE) with dichloromethane (DCM) and methanol (MeOH) followed by
analysis with a gas chromatograph 7890 coupled to a 5975C mass spectrometer in
electron impact mode. The PLE methods are adapted from a previous study

(Nallathamby, et al. 2014). Accelerated solvent extractor (ASE) cells were be pre-cleaned
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using 1:1 (v/v) DCM:MeOH under the following ASE conditions: 100 °C, 1500 psi, 3
cycles (5 min each), and 120% rinse volume. Filter areas corresponding to ~300 pg
organic carbon were placed in the cleaned cells and spiked with isotopically labeled
surrogate standards (standard source: Wisconsin State Laboratory of Hygiene, for
quantification of target analytes). Filters were extracted twice using 1) DCM and 2)
MeOH using the same conditions described above. Combined filter extracts were then
concentrated to ~65 pL at 40 °C and spiked with an isotopically labeled PAH internal
standard (for quantification of PAH surrogate standards) prior to analysis using gas
chromatography mass spectrometry (GC/MS) in electron impact mode. GC/MS methods
are based on Usenko et al., 2005 with slight modifications. The final hold time was 19
min and the injection pulse pressure was 20 psi until 0.75 min. The target analyte list
consisted of 28 PAHs, eight steranes and hopanes, and 25 alkanes. Levoglucosan was
also identified and quantified through derivatization by using N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA) as a silylation agent.

The EPA Chemical Mass Balance version 8.2 was used for apportionment of OC
from wood smoke and motor vehicle exhaust (Schauer, et al. 1996). The wood smoke
source profile is an average of spruce and pine with greens emissions while the motor
vehicle exhaust apportionment uses includes three profiles: spark ignition exhaust,
lubricating oil impacted exhaust, and diesel exhaust (von Schneidemesser, et al. 2009;
Sheesley, et al. 2009; linuma, et al. 2007). Fitting statistics (r2, Xz, and a calculated to
measured ratio for species included in the model) are used to validate the CMB model.
The chi-square is the weighted sum of squares of the differences between the calculated

and measured concentrations of the fitting species. A chi-square value less than 1
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indicates a very good fit, values between 1 and 2 are considered acceptable and values
over 4 indicate that the source contribution estimates do not explain one or more of the
species concentrations (EPA 2004). In a perfect model, there would be no difference
between the calculated and measured concentrations of the fitting species and the chi-
square would be zero. The r-square given is the fraction of variance in the measured
concentration that is explained by the variance in the calculated species concentrations.
A value less than 0.8 indicates that the source contribution estimates do not explain the

observations with the source profiles used for fitting (EPA 2004).

WSOC Extractions

WSOC analysis was performed using an established water extraction method
(Barrett and Sheesley 2014). Sample aliquots were placed in 50 ml centrifuge tubes (Bio-
Link Scientific, Wimberly, TX) and sonicated in 30 mL of de-ionized water for 15
minutes. All tubes were pre-cleaned by triple rinsing with DI water. The extracts were
then centrifuged for 10 minutes and decanted to separate out large filter pieces from the
solutions. The extracts are filtered using disposable Iso-Disc PTFE-25-2 Filters with a
pore size of 0.2 um (Supelco Analytical, Bellefonte, PA), to remove any particles or QFF
material. The filters and syringe are both triple rinsed with DI water prior to filtration. 60
pul of 6N HCI" was added to remove any CO, present in the solution. WSOC
concentrations were measured as dissolved organic carbon in the solution using a
Shimadzu TOC analyzer (Model TOC-5000A, Shimadzu, Kyoto, Japan) (Yang, Li, and
Yu 2003). Samples were run in groups with calibration standards (Potassium Hydrogen
Phthalate (KHP), C8H5KO4, 1000 mg C/L), (concentrations of: 0, 0.5, 1, 2, 3, 4, and 5

mg L) measured prior to analysis of each group and periodically throughout each group.
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The reporting limit is 0.5 mg L. Each sample was analyzed three times using 100 pl
injections each time. All samples are blank subtracted using an average blank value from

field blanks collected during the sampling campaign.
Absorption Parameters

Water-soluble organic carbon absorption. Light absorption measurement of the
aqueous extracts were done using a recently proven method (Barrett and Sheesley 2014).
Light absorption of the aqueous extracts is measured from 200 to 700 nm on an Agilent
8453 UV-Vis spectrometer (Santa Clara, CA), with deuterium and tungsten halogen light

sources. Light absorption of the extracts is defined by Beer-Lambert as:
I
ATNA = —lOglo (E) =LX Zi(Ci X Si,ﬂ)
where Iy and I are the intensity of the incident and transmitted light, L is the absorbing
path length, C;is the concentration of light absorbing substances in solution, and &, is the

wavelength dependent mass absorption efficiency. The absorption coefficient (babs) is

then calculated from ATN using the following equation:

(baps)a = (ATNy — ATNy00) X % x In(10)

where Vy, is the volume of water used for the extraction (30 ml), V is the volume of air
sampled (m’) and L is the path length (0.01 m). Since there is no absorption for ambient
aerosol extracts at 700 nm, ATN7yy accounts for baseline drift during analysis (Hecobian,
et al. 2010; Cheng, et al. 2011). Mass absorption efficiency at a particular wavelength

(MAE,) is then calculated as:

MAE, = st
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Elemental carbon absorption. The optical attenuation (ATN) of a 678 nm laser
source in the TOT analyzer will be used in the determination of b,,s and MAC for the

filter based samples. ATN is defined by the Beer-Lambert law as:
— _In(l
ATN = -In (%)
where Iy and I are the transmittance signals before and after thermal optical analysis.

ATN from the carbon analyzer is then used to determine byps:
byps(Mm~1) = ATN x é

where 4 is the filter area with particle loading (mm?) and ¥ is the volume of air sampled

(m’). MAC is then calculated as:

ATNXA 1

ECXV 3.6

MAC (m?/g) =
where EC; is the filter loading of EC. All MAC calculations will be corrected by an
empirical correction factor, C= 3.6 (Weingartner, et al. 2003). Previous studies have
shown equivalence in ATN as determined by the Aethalometer and the carbon analyzer

when the wavelength is kept constant (Cheng, et al. 2011; Ram and Sarin 2009).

Back Trajectory Analysis

Back trajectories (BTs) were completed using the NOAA Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) Model version 4 May 2012 release (R.R.
Draxler and G.D. Rolph 2010) and clustered using HYSPLIT. The HYSPLIT model is
run using meteorological data from the Global Data Assimilation System (GDAS)
produced by the National Oceanic and Atmospheric Administration. Ten-day back
trajectories were calculated from the sampling location every 6 hours of each sampling

day. Each back trajectory is set to run with a starting height of 10 meters above ground
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level, using vertical velocity fields supplied with the GDAS meteorological data. The

resulting clusters were mapped using ESRI’s ArcGIS 10 software.
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CHAPTER THREE
Urban Impacts on Regional Carbonaceous Aerosols: Case Study in Central Texas
This chapter published as: Barrett, Tate E., and Rebecca J. Sheesley. "Urban Impacts on
Regional Carbonaceous Aerosols: Case Study in Central Texas." Journal of the Air &
Waste Management Association 64, no. 8 (2014): 917-926.
Abstract

Rural and background sites provide valuable information on the concentration and
optical properties of organic, elemental and water-soluble organic carbon (OC, EC and
WSOC), which are relevant for understanding the climate forcing potential of regional
atmospheric aerosols. To quantify climate- and air quality-relevant characteristics of
carbonaceous aerosol in the Central USA, a regional background site in central Texas
was chosen for long term measurement. Back trajectory (BT) analysis, ambient OC,EC
and WSOC concentrations, and absorption parameters are reported for the first 15 months
of a long-term campaign (May 2011-Aug. 2012). BT analysis indicates consistent North-
South air flow connecting central Texas to the Central Plains. Central Texas aerosols
exhibited seasonal trends with increased fine particulate matter (<2.5 um aerodynamic
diameter, PM ;5) and OC during the summer (PM, 5= 10.8 pg m™ and OC =2.95 ng m'3)
and elevated EC during the winter (0.22 ug m™). When compared to measurements in
Dallas and Houston, TX, central Texas OC appears to have mixed urban and rural
sources. However, central Texas EC appears to be dominated by transport of urban
emissions. WSOC averaged 63% of the annual OC, with little seasonal variability in this

ratio. To monitor brown carbon (BrC), absorption was measured for the aqueous WSOC
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extracts. Light absorption coefficients for EC and BrC were highest during summer (EC
MAC = 10.6 m* g'1 and BrC MAE;4s = 0.14 m? g'l). Results from optical analysis
indicate that regional aerosol absorption is mostly due to EC with summertime peaks in
BrC attenuation. This study represents the first reported values of WSOC absorption,

MAEg:¢5, for the Central USA.

Introduction

Optical properties of aerosols are important in determining climatic impacts on
both regional and global scales (Ram and Sarin 2009). Elemental carbon (EC, equivalent
to black carbon) is thought to dominate light absorption by aerosols and is most efficient
at absorbing visible light (Bond, et al. 2004) with a climate forcing value of +1.1 W m™
with 90% uncertainty bounds of +0.17 to +2.1 W m™, resulting in a net global warming
of up to 0.8°C (Ramanathan and Carmichael 2008; Chung, et al. 2005; B. Chen, et al.
2012; Chung and Seinfeld 2005; Bond, et al. 2013). Among atmospheric pollutants it is
second only to CO; in potential forcing (Bond, et al. 2013). It has also been proposed that
atmospheric heating as a result of EC may affect large scale circulation and the
hydrological cycle, leading to significant regional climate effects (Cheng, et al. 2011).
Typically, EC is treated as the only light absorbing species in climate models (Cheng, et
al. 2011; Kirchstetter, Novakov, and Hobbs 2004). However, the effects of light-
absorbing organic brown carbon, or BrC, are becoming more apparent and have been
reported at 28% of total absorption at lower wavelengths for California (Bahadur, et al.
2012; Doherty, et al. 2010). BrC absorbs light from the UV to lower visible wavelengths,
with absorption greatly increasing as wavelength decreases. Sources of BrC include

primary emissions (e.g. incomplete and smoldering combustion) as well as products of
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photochemical reactions in the atmosphere (Zhang, et al. 2011; Hecobian, et al. 2010;
Zhang, et al. 2013). The presence of BrC in atmospheric particulate matter is often
determined through the spectral properties of water soluble organic carbon (WSOC) in
aqueous solutions; however not all WSOC is BrC (Hoffer, 2006). BrC can also be
present in the water insoluble fraction of organic carbon. For this study, BrC refers only
to water-soluble, light-absorbing organic carbon.

Absorption due to carbonaceous aerosols, both the organic and elemental
fractions, is currently one of the greatest sources of uncertainty in the global radiative
budget (Chen and Bond 2010; Anderson, et al. 2003; McComiskey, et al. 2008).
Absorption coefficient for WSOC absorption (b,,s) and mass absorption cross section
measurements for the USA have been made in the Southeast and on the West Coast,
including Atlanta, GA (bas = 0.61 £ 0.38 Mm'l) and Pasadena, CA (by,s = 0.88 £ 0.71
Mm™) but are needed for the Central USA, particularly for BrC (Zhang, et al. 2011;
Hecobian, et al. 2010). Aerosol absorption measurements are needed in this region to
improve regional accuracy and reduce uncertainty in global climate models (Cheng, et al.
2011; Thompson, et al. 2012; Bond and Bergstrom 2006).

To characterize carbonaceous aerosols in the Central USA, a rural background
site in central Texas was chosen. Central Texas is frequently impacted by atmospheric
pollution from major metropolitan centers (Dallas-Fort Worth, the Texas Coast including
Houston, and the Interstate-35 corridor including Austin). Depending upon the season,
these metroplexes can impact regional aerosol concentrations and radiative forcing up
through the Central Plains. Two major air quality studies have been conducted in the gulf

coast region of Texas: the Texas Air Quality Study 2000 (TexAQS 2000) and the Texas
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Air Quality Study 2006 (TexAQS 2006). These studies indicate high potential for urban
outflow of organic matter and secondary aerosol from Texas metropolitan areas (Zhang
and Ying 2010; Bahreini, et al. 2009; Massoli, et al. 2009; Russell, et al. 2009; Bates, et
al. 2008; Fan, et al. 2005). A more recent study characterizing PM, s in Houston, TX
identifies industrial activities and traffic in and around the Houston Ship Channel as
major sources of PM;, s (Sullivan et al. 2013). With this outflow of major urban areas
combining with regional agricultural and biogenic sources, central Texas is a natural
laboratory for characterizing EC and BrC from mixed urban/rural sources.

Measurement of organic carbon (OC), elemental carbon (EC) and water-soluble
organic carbon (WSOC) provides a broad perspective on carbonaceous aerosol sources
and variability (Schauer, et al. 2003; Currie, et al. 2002; Birch and Cary 1996). WSOC
can comprise 20-70% of carbonaceous aerosol (Kirillova, et al. 2010). WSOC is emitted
by primary sources (biomass burning), produced in the atmospheric by gas to particle
conversion processes (secondary organic aerosol formation) and can be used to track
aging of particulate carbon (Hecobian, et al. 2010; Kirillova, et al. 2013; Zhang, et al.
2012b). Several campaigns have measured WSOC concentrations in the central United
States; however, these campaigns do not include absorption parameters for WSOC
(Anderson, et al. 2008; Asa-Awuku, et al. 2011; Snyder, et al. 2009). This study is the
first in the central United States to include long-term WSOC absorption measurements.

This study presents filter-based ambient concentrations and absorption of OC, EC,
and WSOC combined with calculation of ba,s and MAC for both the filter samples and

aqueous extract. Statistical analysis combined with clustering of HYSPLIT back

22



trajectories (BTs) was used to understand seasonal and source region influence on
ambient concentrations.
Materials and Methods

Sampling Site

A fifteen month long sampling campaign was conducted at the United States
Department of Agriculture-Agricultural Research Service (USDA-ARS) Grassland, Soil,
and Water Research Laboratory’s Riesel Watersheds, Riesel, Texas (31°28’30”N,
96°55°64”W). USDA-ARS Riesel Watersheds is a part of the Agriculture Research
Service and managed by the United States Department of Agriculture and has been in
operation since the mid-1930s (Harmel, Bonta, and Richardson 2007; Harmel, et al.
2003; Harmel, et al. 2006). Riesel is 29 km southeast of Waco, Texas (Figure 3.1). The
primary local sources are agricultural activities. The USDA-ARS site is located
approximately 4 km off of Texas Highway 6, the primary route between Waco and
Houston, annual average daily traffic count of 12,000 vehicles (2011,

http://www.txdot.gov/inside-txdot/division/transportation-planning/maps/traffic.html).

Sample Collection

PM, s samples were collected once every six days from May 2011 through August
2012, following the United States Environmental Protection Agency (US EPA) 1-in-6
day monitoring schedule, on a URG 3000b medium volume sampler (URG Corporation,
Research Triangle Park, North Carolina). Teflo® Teflon Membrane Disc Filters (47 mm)
and quartz fiber filters (QFF, 90 mm) (Pall Corporation, Ann Arbor, Michigan) were used
for sample collection. The sampler operated for 24 hours at 92 1 min™, split at 10 I min”

for the 47 mm filters and 82 1 min™' for the 90 mm filters, with a total of 132.48 m’ of air
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sampled from midnight to midnight each day. Prior to sampling, the QFF were baked at
500°C for 12 hours and were individually stored in petri-dishes lined with baked
aluminum foil. All samples were stored in a freezer prior to and post sampling. Blanks
were handled in the same manner as the sampled filters. Summer and winter intensives
were conducted in August 2011 and January 2012. 24-hour samples were taken every
other day over a two-week period.

PM, s data from Houston (Clinton St.), Dallas (Hinton St.), and Waco (Mazanec)
monitoring stations was accessed via the Texas Commission on Environmental Quality’s
(TCEQ) air quality monitoring website available at http://www.tceq.texas.gov/cgi-
bin/compliance/monops/site_photo.pl. Houston Clinton and Dallas Hinton St. OC and
EC data was downloaded via the US EPA Air Quality systems data mart available at

http://www.epa.gov/ttn/airs/aqsdatamart/access/interface.html.

Bulk Carbon and PM s Analysis for Riesel

OC and EC concentrations were determined on a thermo-optical transmission
(TOT) carbon analyzer (Sunset Laboratories, Tigard, OR) using the NIOSH 5040 method
(Birch and Cary 1996). An instrument blank and sucrose standard were run with every
batch of ten samples. All samples were blank subtracted using an average blank value of
0.19 ng cm. For use in PM, s mass balance, the OC concentrations need to be converted
to organic mass (OM). This factor is dependent upon emission source composition and
photochemical aging. Different factors have been recommended in the literature, for
example, a factor of 2.1 + 0.2 is recommended for aged aerosols at rural sites downwind
of urban areas (Polidori, et al. 2008). In this case, an OM:OC factor determined by

Fourier transform infrared (FTIR) fluorescence during the TexAQS 2006 study in
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Houston (Russell, et al. 2009) was used. A factor of 1.8 £ 0.14 was estimated for
northerly air masses impacting Houston and this factor will be uniformly applied to
estimate OM for Riesel (Russell, et al. 2009). This factor is potentially biased high during
winter seasons which have less photochemical activity and biased low for aged air
masses impacting Riesel during summer months.

Prior to April 2009, the reported OC and EC values from the Dallas Hinton site
were determined using the NIOSH protocol. The NIOSH protocol was also used at the
Houston Clinton site prior to January 2010. After these dates, OC and EC concentrations
for the Houston Clinton and Dallas Hinton sites were determined using the IMPROVE
method. The two methods have been shown to report equivalent total carbon
concentrations; however, EC concentrations from the NIOSH method have been shown
to be lower than those from the IMPROVE method depending on emission sources
(Chow, et al. 2001; Zhang, et al. 2013; Wright, et al. 2010). In order to address the
possible bias in EC concentrations due to differences between the NIOSH and IMPROVE
protocols, long term trends in the EC and OC averages at the two urban sites were
examined (Figures A.1 and A.2). 1-in-6 24 hour EC and OC concentrations from January
2006 through March 2009 were compared to concentrations from April 2009 to 2012 for
the Dallas Hinton site while measurements from 2006 through 2009 were compared to
those for 2010 and 2011 for the Houston Clinton site using an unpaired t-test (a = .05).
No significant differences in the EC concentrations from the NIOSH and IMPROVE
methods were found using the statistical analysis at either the Houston Clinton (p-value =

0.06) or the Dallas Hinton (p-value = 0.08) site.
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PM, s mass was determined gravimetrically using the 47mm Teflon filters. All
filters were weighed in a humidity and temperature controlled room at the Wisconsin
State Laboratory of Hygiene prior to and post sampling. PM,s mass for Riesel was
compared to data collected by the TCEQ at the Waco (Mazanec) air quality monitoring
station (r2 = 0.55). The Waco (Mazanec), Houston Clinton, and Dallas Hinton monitoring
sites determine PM, s mass using a tapered element oscillating microbalance (TEOM).
The TEOM has been shown to underestimate PM,s mass when compared to
gravimetrical measurements (Li, et al. 2012) and this may explain the positive bias in the
comparison between Riesel and Waco (Supplemental Materials figure S3.) Despite the
possible underestimation by the TEOM, PM, 5 concentrations in Dallas and Houston are,

on average, greater than Riesel and Waco PM,; 5 concentrations.

WSOC Analysis

Water-soluble organic carbon (WSOC) analysis was performed on sub-samples of
the QFF’s. WSOC extraction methods largely followed established protocols (specific
extraction techniques are further outlined in the supplemental materials) (Kirillova, et al.
2010; Ram and Sarin 2010). Briefly, soluble compounds on the QFF were extracted by
sonication using 30 mL of deionized water. Blank levels were on average 6% of the
sample. WSOC concentrations were measured as dissolved organic carbon in the solution
using a Shimadzu total organic carbon (TOC) analyzer (Model TOC-5000A, Shimadzu,

Kyoto, Japan) (Yang, Li, and Yu 2003) (Appendix A).
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Absorption Parameters

Elemental carbon absorption. The optical attenuation (Wood, et al. 2010) using
the 678 nm laser source in the TOT analyzer was used to determine b,,s and MAC as
described by Ram and Sarin (2009) and Cheng et al. (2011). All MAC calculations in this
study have been corrected by an empirical correction factor, C= 3.6, used to correct the
measured absorption for multiple scattering and shadowing effects (Weingartner, et al.

2003; Ram and Sarin 2009) (Appendix A).

Brown carbon absorption. Light absorption of the WSOC extracts was measured
at 200 to 700 nm on an Agilent 8453 UV-Vis spectrometer (Santa Clara, CA), with
deuterium and tungsten halogen light sources. Absorption coefficients were calculated at
365 nm (MAEses) in order to avoid possible interferences from inorganic compounds,
and to remain consistent with previously published BrC absorption parameters (Cheng, et
al. 2011; Hecobian, et al. 2010). Further details on absorption calculations for BC and

BrC are included in Appendix A.

Back Trajectory and Seasonal Analysis

48-hour back trajectories (BTs) were calculated for Riesel every 6 hours for each
sampling day over the entire field campaign in order to determine the geographic source
region of air masses impacting the site. BTs were completed using the NOAA Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model version 4 May 2012
release (R.R. Draxler and G.D. Rolph 2010) and clustered using HYSPLIT. The
HYSPLIT model was run using meteorological data from the Global Data Assimilation

System (GDAS) produced by the National Oceanic and Atmospheric Administration.
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Each back trajectory was set to run with a starting height of 10 meters above ground
level, using vertical velocity fields supplied with the GDAS meteorological data. The
resulting clusters were mapped using ESRI’s ArcGIS 10 software on a map of Texas
counties provided by ESRI (Figure 3.1). There are intrinsic uncertainties characteristic of
the HY SPLIT model concerning modeling of terrain height; however, uncertainties of the
current application are minimized due to the short duration of the back trajectories (48
hours) and the flat terrain of the region.

The field campaign was divided into four seasons (spring, summer, fall, and
winter) based on examination of daily maximum temperatures rather than a traditional
three-month division in order to capture the effect of high photochemistry in the late
summer months in Texas. Each day was assigned to a season based on its maximum
temperature to differentiate between seasons. Winter was defined as daily maximum
temperatures from 0-15° C, spring from 15-30° C, summer from 30-42° C, and fall from
30-15°C (blue, red, green and purple, respectively in Figure 3.1). Fall and spring have the
same temperature range because they are transition seasons between the summer and
winter and are distinguished by the time of year. This temperature range was chosen in

order to capture the extended period of high photochemistry during the summer.

Results and Discussion
Seasonal Analysis
Carbon and PM; s mass measurements were grouped by time of year to assess

effects of season on regional background aerosol concentrations in central Texas.
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Seasonal concentrations for the regional site are compared to values reported by TCEQ

for Dallas, Houston and Waco, TX.
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Figure 3.1: Forty-eight hour back trajectory plots showing the path of air arriving at
Riesel, TX. Spring is shown in red, summer in green, fall in purple, and winter in blue.
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Seasonal PM2.5 and OC Results. There are distinct seasonal trends for concentrations
of PM; s mass and OC in central Texas (Tables 3.1 and 3.2). Mean PM, s concentrations
for Riesel ranged from a springtime average of 6.8 + 2.5 ug m™ to a summertime average
0f 10.9 + 4.7 pg m™. Studies of particulate matter in the southeastern United States have
shown similar seasonal trends with maximum PM, s concentrations occurring in warmer
months and the lowest concentrations for the cooler winter months (Zhang, et al. 2012b;
Y. J. Chen, et al. 2012). This summertime peak is consistent with PM; s monitoring
stations in Waco and Dallas (Table 3.1). Houston peaks in spring, but has the second
highest PM, 5 in the summer months. The Houston Clinton monitoring site historically
has one of the highest annual PM; 5 concentrations in Texas; however, PM; s
concentrations have steadily declined since 2006 (Sullivan, et al. 2013). Riesel differs
from these three urban Texas sites in that springtime has the lowest PM; s values. The
Riesel results indicate important seasonal differences between urban and regional
background PM s.

The OC concentrations at Riesel ranged from 1.9 + 0.7 pg m™ in the spring to 3.0
+ 1.6 pg m™ in the summer; however, the differences among the seasons were not
statistically significant (p-values = 0.19, 0.21, 0.06, and 0.34 for winter, spring, summer
and fall, respectively). OC accounts for 27% of summer PM; s mass (OM is 49%); this
contribution is consistent for springtime and summer at Riesel. OC concentrations in
Dallas were consistent through winter, spring, and summer and decreased in the fall.
Houston displays opposite trends for OC, with the lowest average value in the summer

months and highs in the spring.
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Table 3.1: Comparison of fine particulate matter (PM2.5), organic carbon (OC), elemental carbon (EC), and EC/OC ratios for four
sampling sites across Texas for 2011 and 2012.

Riesel Waco
(2011 (2011

& & Houston Clinton (2011) Dallas Hinton (2011 & 2012)
2012)  2012)
Season PM2,5 PM2.5 PM2.5 OoC EC EC/OC PM2,5 OoC EC EC/OC
(hgm’) (ug/m’)  (ugm’) (ug/m’) (pg/m’) Ratio (ng/m’) (ug/m’) (pg/m’) Ratio
S?g;g 6.77 9.78 14.1 3.73 067  0.19 11.9 2.26 042  0.19
Su(r;;‘)ler 10.9 10.0 13.4 2.88 069 027 12.5 2.27 038  0.18
(Fla; 8.50 7.43 10.4 3.58 078 023 10.6 2.00 0.51 0.25
“Srgfr 7.85 6.79 10.7 3.59 0.81 0.21 115 2.28 049 021
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Back trajectory analysis can help to explain some of these regional differences;
Houston has dominant southerly winds in the summer which have lower documented OC
than northerly air masses due to fewer upwind anthropogenic sources (Bates, et al. 2008).
Absolute OC concentrations are very similar for Dallas and Riesel while Houston is 40%
higher on average (Tables 3.1 and 3.2).

For both Houston and Dallas sites, PM,s concentrations have the highest
correlation to OC and sulfate when compared to correlations with nitrate, ammonium or
EC (Figures A.4-A.6). Regression analysis for Houston-Clinton indicates roughly one-
third of the variability in PM, s concentrations can be explained by either sulfate or OC (1*
= 0.32 and 0.39, respectively when regressed with PM,s). This correlation between
sulfate and PM; s is confirmed by Sullivan et al. (2013) who showed sulfate as one of the
main contributors to PM, 5 mass at Houston-Clinton. For Dallas-Hinton, sulfate and OC
are also highly correlated with PM, s concentrations (r2 = 0.57 and 0.36, respectively
when regressed with PM;5). When summing the bulk inorganic and carbon components,
65% of the PM; s variability can be explained at Texas urban sites (r2 = 0.65 for sum of
sulfate, nitrate, ammonium, OM and EC when regressed with PM; 5 at both Dallas and
Houston sites) (Figures A.4-A.6). The TexAQS campaigns also documented significant
contribution from sulfate to PM; s in the Houston region (Bates, et al. 2008), and related
this to coal-fired electricity generation from upwind/northerly sources (Zhang and Ying
2010).

The OC and PM, 5 concentrations are correlated at Riesel on an annual scale with
a correlation coefficient of 0.48, which is higher than either Dallas or Houston (Figure

A.7). On average, the OC accounts for 31% of the PM, s mass at Riesel (OM accounts for
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56%), with seasonal peaks in both summer and fall. Although sulfate measurements are
not yet available for Riesel, it would be expected that regional sulfate would also be
important to PM, 5 concentrations at Riesel. Based on these differences in seasonal OC
and PM,s between Riesel and urban areas in Texas (Houston, Dallas, Waco), it is
hypothesized that central Texas OC is impacted by a combination of transported urban

and regional rural emissions.

Seasonal EC Results. EC concentrations at Riesel are much lower than Dallas
and Houston (factor of 2.4 and 4 respectively) (Tables 3.1 and 3.2). Despite this
difference, EC at Riesel displays similar seasonal trends to Houston and Dallas, with
fall/winter maximums and spring/summer minimums (Table 3.2). This is very different
than the PM, s and OC trends discussed in the Seasonal PM>s & OC results section,
where OC at Riesel had different trends than urban centers but similar absolute
concentrations. Dallas and Houston EC concentrations are typical of large urban areas
throughout the United States (i.e. Pasadena and Atlanta) while the Riesel concentrations
are much lower (Zhang, et al. 2011). Houston EC concentrations are generally higher
than Dallas and Riesel for all seasons, potentially due to the large amount of diesel
combustion sources in the Houston shipping channel in addition to urban traffic sources
(W, et al. 2009; Kuwayama, et al. 2013). The Riesel EC/OC ratio was highest in the
winter (0.10) and lowest in the summer (0.05). This difference could be driven by
increased EC emissions during the winter months, possibly from residential wood
burning or motor vehicle exhaust in the colder winter months. In addition to emission
source changes, the back trajectory analysis indicates a shift to dominant northerly air

masses in the winter. These northerly air masses consistently pass over the Dallas-Fort

33



Worth metroplex before arriving in Riesel. Based on this seasonal analysis, EC
concentrations at Riesel are likely dominated by transport and dilution from urban areas
which may include areas with industrial as well as gas and oil production emissions such
as the Houston shipping channel. If EC is considered a tracer for urban impacts on Riesel,
it further supports the notion that urban OC is supplemented by regional rural sources in

central Texas.

Table 3.2: Seasonal organic carbon (OC), elemental carbon (EC), organic mass (OM),
EC/OC ratio, water soluble organic carbon (WSOC) and WSOC/OC ratio concentrations
for Riesel, TX for the 15 month sampling campaign from May 2011 to August 2012. The

number of sampling days for each season is shown in parentheses next to each season.

oC EC OM " poioc wsoc:  wsoc/oc
Season  (ug/m’)+ (ug/m)+ (ug/m)+ o . s.d Ratio
s.d. s.d. s.d. -

S?g;g 1.9+0.73 0.17+0.04 3.4+074 009 13+0.55 0.66
Su(r;;‘)ler 30+1.6 0.14+007 53+16 005 20+1.3 0.66
Fall (15) 29424 022+0.14 52+24 008 19+16 0.64
“(“I%t)er 23+£13 022£009 42+13 010 13+076 055

Seasonal WSOC Results. To better understand the bulk carbon in central Texas,
the water-soluble fraction was quantified. Mean WSOC concentrations ranged from 1.3
+ 0.55 pg m> in the spring to 2.0 + 1.30 pg m™ in the summer and showed similar
seasonal trends as OC with maximum concentrations in the summer and fall (Table 3.2,
Figure 3.2). However, the differences among seasons were not statistically significant (p-
values = 0.10, 0.17, 0.31, and 0.08 for winter, spring, summer and fall, respectively).
Summer WSOC values for Riesel are higher than summer WSOC concentrations in

Pasadena, CA (1.0 £ 0.72), and similar to summer WSOC concentrations in Atlanta, GA
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(2.0 £ 1.0), which has known high biogenic contributions (Zhang, et al. 2011). The small
increase in WSOC concentrations in the summer and fall are potentially due to an
enhancement of secondary chemical processes due to increased solar radiation and
biogenic VOC emissions (Zhang, et al. 2012b; Chow, et al. 2009; Zhang and Ying 2011).
Photo-oxidation of non-methane hydrocarbons (NMHC) from oil and gas production in
the source regions could also contribute to the higher concentrations (Carlton, et al. 2010;
Berkowitz, Spicer, and Doskey 2005). However, at a rural site like Riesel, it is also likely
that high WSOC is related to aging of OC during transport from source areas (Kirillova,
et al. 2013). WSOC/OC ratios were lowest in the winter months, at 0.55, and increased to
0.66 during the spring and summer (Table 3.2). Regression of WSOC with OC gives a
correlation coefficient of r* = 0.90 with a slope of 0.70. Given the small difference among
seasons and the consistent relationship to OC, WSOC is likely a mixture of aged urban

and aged regional rural aerosol.
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Figure 3.2: Contributions of water-insoluble organic carbon (WIOC), water-soluble
organic carbon (WSOC) and elemental carbon (EC) by season at Riesel, TX. Average
MAC and MAE365*10 values are also presented. The WSOC MAE;¢5*10 is not available
for spring.
Back Trajectory Cluster Analysis

48-hour BT’s showed that air masses impacting the sampling site could be
divided into 4 distinct clusters: the Long Range Central Plains cluster, the Regional Mix
North cluster, the Texas Coast cluster and the Regional Mix South cluster (Figure 3.1).
This annual BT analysis indicates that the Central Plains and Central Texas can be
considered to be connected airsheds. Geographic source analysis of contributions of OC,
EC, and WSOC showed no significant difference by BT cluster with the exception of
lower EC concentrations from air masses originating in the Regional Mix South Cluster

(p-value = 0.002) (Appendix A, Table A.1). It has previously been shown that Houston,

TX, a coastal city, exhibits a pronounced dependence on BT’s for OC concentration
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(Bates, et al. 2008);however, there is a higher dependence on season rather than source

region in explaining the variability in carbon components in central Texas.

Absorption

Seasonal Absorption. EC light attenuation is consistent throughout the year,
ranging from 0.21 + 0.13 in the summer to 0.32 + 0.15 in the winter, indicative of a
steady source of dilute urban EC (Table 3.3). ATN and EC filter loadings exhibit a strong
correlation for all seasons other than spring (r*= 0.9 for summer, fall and winter, = 0.42
for spring, Figure 3.3), indicating that EC is the principal absorbing component for most
of the year. The weak correlation in spring (r*=0.42) indicates contribution of absorption
from other species (possibly BrC or mineral dust). There is no significant difference in
the slopes for summer, winter, and fall at the 95% confidence interval according to the
Student’s T test (n=3). The MAC calculated at 678 nm ranged from 8.5 to 14.6 with a
mean standard deviation of + 1.0 m” g in the summer. In the winter the MAC ranged
from 8.3 to 12.1 with a mean standard deviation of + 2.3 m* g”'. It has been shown that
MAC is influenced by mixing state and when EC is internally mixed with components
such as sulfate and OC, these coatings can focus light into the EC core increasing the
MAC (Cheng, et al. 2011). Maximum MAC values coincide with maximum OC and
WSOC concentrations during the summer (Figure 3.2), potentially indicating the

intensification of MAC by organic aerosol coating, including SOA.
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Figure 3.3: Light attenuation vs. filter elemental carbon (EC) loading by season; b(0) is
equal to the y-intercept and b(1) is equal to the slope of the regression.

Seasonal BrC Absorption. Light absorption of the WSOC aqueous solutions was
explored in order to determine the presence and potential regional climate effects of BrC
(Table 3). WSOC ATN is much higher in the summer, 0.013 + 0.05, than fall and winter,
0.002 + 0.002 and 0.004 + 0.003 respectively and is likely connected to summer
photochemical events. The WSOC MAEs4s averaged 0.15 + 0.32 m? g'1 for summer and
0.13 + 0.09 m* g for winter (Figure 3.2). BrC has been shown to rapidly form in high
NOy (urban) environments and nitrogen containing aromatic compounds are effective
light absorbers at 365 nm, with urban WSOC MAEs¢s values generally higher than those
of biogenic SOA (Zhang, et al. 2013). Average WSOC MAEj;¢5 in Riesel is much lower

than the reported average value of 0.71 m” g" for summer 2010 in Los Angeles, CA, a
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high NOy environment (Zhang, et al. 2013). Average WSOC b values were 0.17 + 0.14
and 0.35 + 0.14 Mm'' for the winter and summer respectively. The summer maximum
seen in Riesel is lower than summer values reported for the Atlanta, GA (0.61 + 0.38
Mm™) and Pasadena, CA (0.88 + 0.71 Mm™) urban areas (Zhang, et al. 2011). This
difference may be due to a lower number of anthropogenic mobile sources and higher
biogenic or NMHC sources of BrC at Riesel. WSOC and WSOC by, were positively
correlated during the winter (= 0.62). The correlation was low during summer, but this
may be due to variable WSOC:WSOC by ratios during this time (Figure 3.4). The
absorption spectrum of the WSOC extracts for both the summer and winter are typical of
BrC, with absorption decreasing sharply as wavelength increases (Figure 3.5) (Andreae

and Gelencser 2006; Hoffer, et al. 2006; Cheng, et al. 2011).
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Figure 3.4: scatter plots showing the correlation of WSOC babs (365nm) and WSOC
concentrations for summer and winter at Riesel, TX; b(0) is equal to the y-intercept and
b(1) is equal to the slope of the regression.
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Figure 3.5: Example of water-soluble absorption spectra for one summer (08/13/2012)
and one winter (02/15/2015) sample from Riesel, TX. The Angrstrom absorption
exponent for the summer sample is 5.8, and 4.8 for the winter sample.

Conclusion

Absolute OC concentrations are in the same annual range for Riesel, Dallas, and
Houston throughout the study period. Strong correlation of OC and PM; s at Riesel and
differing seasonal trends between Riesel and Texas urban areas supports the notion that
dispersed rural OC sources contribute significantly to regional PM; 5 concentrations in the
Central USA. Based on the BT analysis, these rural sources of OC could impact baseline
PM,s concentrations for urban areas including Houston and Dallas-Fort Worth.
WSOC:OC ratios remain consistent at Riesel regardless of season or source region. A
consistent annual relationship of WSOC to OC points to the importance of aged
atmospheric aerosols arriving at Riesel. OC reaching Riesel is likely a mixture of aged
urban and aged regional rural aerosol.

Absolute EC concentrations in Dallas and Houston are 4-7 times higher than
Riesel for the study period. The EC:OC ratio decreases from the urban sites (Dallas and

Houston) relative to Riesel by a factor of 2. Low EC concentrations at Riesel are likely
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due to a dilution of urban EC during transport with minimal EC contributions from
regional rural/agricultural sources as compared to OC.

Absorption due to both EC and BrC was explored in this study in order to provide
a regional perspective on potential climate forcing by atmospheric aerosols. Biogenic
SOA predominance, in addition to SOA from NMHC sources, may contribute to the
lower WSOC MAEs36s values as compared to urban sites (Zhang, et al. 2013). These
WSOC MAE3:gs results also support the notion of rural OC impacting Riesel. BrC ATN
peaked during the summer. The combined optical results indicate the dominance of
aerosol absorption by EC in central Texas. BrC does contribute to absorption in the
summer at Riesel; however, the lower WSOC MAE;¢s indicates less absorption by unit
mass for the WSOC in Riesel compared to the southeast US and California. Continued
monitoring of this site will improve understanding of regional aerosol absorption in the

Central USA.
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CHAPTER FOUR

Source Contributions to Wintertime Elemental and Organic Carbon in the Western Arctic
Based on Radiocarbon and Tracer Apportionment

This chapter published as: T.E. Barrett, E.M. Robinson, S. Usenko, and R.J. Sheesley
(2015). "Source Contributions to Wintertime Elemental and Organic Carbon in the
Western Arctic Based on Radiocarbon and Tracer Apportionment." Environmental

Science & Technology 49(19): 11631-11639.
Abstract

Rapid warming and sea ice reduction has enabled intensified petroleum and
natural gas exploration and commercial shipping in certain areas of the Arctic, potentially
increasing elemental and organic carbon concentrations across the region. To quantify the
contributions of fossil and biomass sources, radiocarbon source apportionment is reported
for elemental (EC) and organic carbon (OC) fractions of six PM;, samples collected
during a wintertime (2012-2013) campaign in Barrow, AK. Radiocarbon apportionment
of EC indicates that fossil sources contribute an average of 68.4 + 9,2% (0.01 — 0.07 ng
m™) in mid-winter decreasing to 49.1  5.6% (0.02 pg m™) in late winter. The mean
contribution of fossil sources to OC for the campaign was a stable contribution at 38.3 +
8.0% (0.04 — 0.32 ug m™). Samples also underwent pressurized liquid extraction and
GC/MS analysis to identify polycyclic aromatic hydrocarbons, hopanes, and
levoglucosan concentrations for use in a chemical mass balance (CMB) source
apportionment model. The CMB model was able to apportion 24-53% and 99% of the

OC and EC burdens during the campaign, with fossil OC contributions ranging from 25-

74% (0.016-0.089 pg m™) and fossil EC contributions ranging from 73-94% (0.03-0.07
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pg m>). HYSPLIT back trajectory analysis identified two major source regions to
Barrow during the campaign: the Russian and North American Arctic regions. Novel
quantification of atmospheric lifetimes of levoglucosan, ranging from 20 to 230 h,
revealed variability in wintertime atmospheric processing of this biomass burning tracer.
This study is the first application of radiocarbon source apportionment of EC in the North
American Arctic, and allows for unambiguous apportionment of EC to fossil fuel and

biomass combustion sources and validation of CMB modeling.

Introduction

Black carbon (BC) and organic carbon (OC) emissions within the Arctic (north of
66° N latitude) are expected to increase with intensifying petroleum and natural gas
exploration and extraction combined with increased Arctic shipping (Odemark, et al.
2012; Browse, et al. 2013; Peters, et al. 2011; Fuglestvedt, et al. 2014). The recent
acceleration of biomass burning in the Alaska Arctic could also lead to increased BC and
OC burdens in the region (Turetsky, et al. 2011). These region-specific BC emissions
could potentially create areas of enhanced near-surface solar heating downwind of the
new emission sources (Sand, et al. 2013b). An increase in point source OC emissions
within the Arctic (i.e. new drilling and shipping locations), in conjunction with inorganic
ion composition, is relevant for understanding potential spatial heterogeneities in aerosol-
cloud interactions across the Arctic (Sand, et al. 2013b; Hoffmann, et al. 2010).
Carbonaceous aerosols, particularly OC, increase in hygroscopicity via atmospheric
processing during transport; hygroscopicity of aerosols plays an important role in
aerosol-cloud interactions (Hoffmann, et al. 2010; Fu, Kawamura, and Barrie 2009). It

has been estimated that carbonaceous aerosols have contributed 1.09 + 0.81 °C to the
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observed Arctic temperature increase of 1.48 £ 0.28 °C from 1976-2007 (Shindell and
Faluvegi 2009). Seasonal BC burdens are of particular interest in the Arctic due to its
radiative impacts both in the atmosphere and at the surface. BC absorbs shortwave
radiation in the atmosphere with estimated global direct radiative forcing values of +0.4
W m™ as reported by the Intergovernmental Panel on Climate Change,(IPCC 2013)
similarly, Bond et al. reported global direct radiative forcing of +0.71 W m™ (with 90%
uncertainty bounds of +0.08 to +1.27) (Bond, et al. 2013). Wintertime deposition of BC
reduces snow albedo for a positive radiative forcing value of +0.13 W m™ (with 90%
uncertainty bounds of +0.04 to +0.33) (Bond, et al. 2013; Hegg, et al. 2009). Surface
albedo feedback is the additional absorption of incoming shortwave radiation as ice and
snow melts and the surface becomes less reflective (Winton 2006). A recent study from
Tibet points to the need for also investigating the impact of OC on surface albedo in snow
covered regions (Wang, et al. 2015). Finally, differences in source contributions can also
affect the forcing values, as it has also been shown that BC plumes dominated by fossil
fuel combustion sources are approximately 100% more efficient warming agents than
those dominated by biomass burning sources (Ramana, et al. 2010). Therefore, for
mitigation and modeling, it is necessary that fossil fuel and biomass combustion
contributions to BC and OC emissions from in-Arctic source regions be defined (i.e.
Russian, Scandinavian, and North American Arctic contributions) (Sand, et al. 2013b;
Browse, et al. 2013; Peters, et al. 2011; Octaviani, et al. 2015).

Despite emitting less mass than mid-latitude sources, in-Arctic sources have
higher relative impact than distant sources due to high transport efficiency and near 100%

direct input within the Arctic dome (Bond, et al. 2013; Stohl, et al. 2013; Koch and
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Hansen 2005). The phenomenon known as the Arctic Dome forms when surfaces of
constant potential temperature form a dome over the colder Arctic lower troposphere,
causing warmer air traveling northward to ascend (Law and Stohl 2007; Stohl 2006). The
formation of the dome during the winter and spring isolates the Arctic lower troposphere
from the rest of the atmosphere which makes understanding in-Arctic sources very
important in the winter. This dome extends to the mid-latitudes in the central Eurasian
continent; emission sources will not be evenly distributed across the Arctic (Bond, et al.
2013; Stohl, et al. 2013). Therefore, assumptions that concentrations of OC and EC are
evenly mixed within the Arctic atmosphere could lead to inaccuracies in assessing
potential climate forcing. Northern Russia has significant flaring emissions, estimated at
nearly one-third of all flaring globally, associated with the petroleum and natural gas
industry, which have been suggested as major sources of surface BC in the Arctic (Stohl,
et al. 2013).

Despite the fact that flaring accounts for only 3% of global BC emissions, it has
been modeled to contribute up to 42% of the mean annual Arctic surface concentrations
(Stohl, et al. 2013). A recent emission inventory from Stohl et al. (2013) modeled BC
concentrations in Barrow from flaring and other fossil sources (including transport,
industry and energy sectors) to be 0.03 pg m™ in January, decreasing to 0.02 pg m™ in
March 2008-10. This was equally split between flaring and all other fossil sources for the
mid- to late winter period. In addition, Stohl et al. (2013) predicted biomass burning BC
concentrations for Barrow of 0.02 ug m™ for January decreasing to 0.01 pg m™ in March
for 2008-10. For the mid- to late winter period, the dominant predicted biomass BC

source was domestic combustion, with a potential for increased wildfires by late winter
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according to modeled results (Stohl, et al. 2013; Warneke, et al. 2010; Q. Wang, et al.
2011). While BC emissions and their sources have been modeled extensively in the
Arctic, their results have not been validated by observation of fossil and biomass burning
contribution and detailed OC modeling is still needed. To improve regional models of
Arctic BC and climate impacts, measurements of atmospheric concentrations and
processing are needed based on geographic region, season and emission source.

Previous receptor-based source apportionment of BC in the Arctic has relied on a
combination of elemental and organic tracers (von Schneidemesser, et al. 2009). The
accuracy of receptor-based source apportionment modeling is limited by the
appropriateness and completeness of the input emission source profiles for the study
location and by the atmospheric lifetime of the organic tracers; the latter has been
documented as increasing uncertainty in source apportionment of OC at remote sites in
the Arctic (Yttri, et al. 2014) and in the Indian Ocean (Sheesley, Andersson, and
Gustafsson 2011). In this study, '*C abundance and organic tracer measurements were
applied to apportion and characterize both the OC and elemental carbon (EC) fractions of
six, week-long winter Arctic aerosol samples from the North Slope of Alaska (NSA) in
Barrow, Alaska (AK). In order to perform isotope analysis on the EC fraction of the
sample, it must be isolated from the OC fraction. During the isolation process, OC can be
charred to form pyrolyzed carbon (PyrC), which could be inadvertently included in the
isolated EC. Different methods have been widely published to address this potential bias.
Some EC isolation protocols add a water extraction pretreatment prior to thermal
volatilization in a helium-oxygen atmosphere, which has documented 20% EC loss prior

to EC isolation (Dusek, et al. 2014). Other protocols utilize post-analysis sensitivity tests
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to report potential bias of pyrolyzed OC included in the ¢ of isolated EC using isolation
based on truncation of the thermal optical transmission protocol (Chen, et al. 2013;
Budhavant, et al. 2015; August Andersson, et al. 2015). For the current study we have
utilized the latter method to enable better comparison with published emission source
profiles and ambient EC studies which have utilized thermal optical transmission OCEC
analysis.

The large difference in end members between fossil and contemporary carbon
allows precise quantification of fossil fuel combustion and biomass burning contribution
(Gustafsson, et al. 2009; R. J. Sheesley, et al. 2012; Lewis, Klouda, and Ellenson 2004).
Contemporary carbon is used to define all carbon (elemental and organic) that is derived
from biomass combustion (wildfires, biofuels, agricultural fuel and residential firewood
combustion) and biogenic emission (primary biogenic emissions and secondary organic
aerosols produced from biogenic volatile organic carbon). The precision in the
radiocarbon apportionment can be used to validate the accuracy of source apportionment
utilizing organic tracers. This study applied '*C source apportionment to evaluate
atmospheric processing of organic tracers in the Arctic; '*C source apportionment of EC
was combined with biomass burning emission profiles to calculate wintertime half-lives
(t12) for the biomass burning tracer levoglucosan (Zangrando, et al. 2013). Levoglucosan
is a commonly measured organic tracer which is used to track contributions of biomass
burning. In the current study, levoglucosan half-lives are used to understand 1)
differences between the two receptor-based source apportionment models: radiocarbon
and CMB, and 2) relative differences in atmospheric processing for the filter samples.

This combination of '*C, organic tracer, and ten-day Hybrid Single Particle Lagrangian
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Integrated Trajectory Model (HYSPLIT) back trajectory analysis is applied here to
understand wintertime source contributions and transport processing of fossil and

contemporary carbonaceous aerosols in the North American Arctic.

Experimental

Field Collection

Wintertime particulate matter (aerodynamic diameter of <10 um; PM;o) samples
were collected from December 28, 2012 to March 11, 2013 at the NSA Atmospheric
Radiation Measurement (ARM) Climate Research Facility, 7.4 km northeast of Barrow,
AK (71°19°23.73” N, 156°36°56.70” W); see Figure 4.1. Samples from Dec 28-Feb 15
were labeled mid-winter, while Feb 25-Mar 11 were labeled late winter. For mid-winter,
93% of the total sampling time had local wind direction from the clean sector of 0-130°
(Shaw, et al. 2010), and 91% of the total sampling time during the late winter was from
the clean sector. A comparison of co-located BC (acthalometer, Magee Scientific,
Berkeley, CA) and wind direction revealed no significant differences between clean and
dirty sector BC concentrations during this campaign.

PM,, samples were collected on quartz fiber filters (QFF; Tissuquartz'™ Filters
2500 QAT-UP; 20 x 25 cm.) using a Tisch high volume PM;y sampler (TE-6070; Tisch
Environmental, Cleves, Ohio). QFFs were baked at 500 °C for 12 hours (h) prior to
sampling. All samples and blanks were stored in aluminum foil packets and storage bags
in a freezer. Sampling duration was approximately one week at a flow rate of
approximately 1.2 m® min™'. The total volume per filter was normalized using two co-
located measurements: a PM;s sampler, which had weekly flow rate checks, and an

aethalometer. EC from the PM, s correlated well with the aethalometer BC (r2 = 0.91)
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which was located at the adjacent National Oceanic and Atmospheric Administration

(NOAA) site in Barrow.
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Figure 4.1: Ten-day HYSPLIT back trajectories of air masses arriving in Barrow, AK: a)
mid-winter and b) late winter. Early winter trajectories are dominated by Arctic Ocean

and Russian sources.

Late winter trajectories were dominated by North American

sources and the Arctic Ocean. Inlays: bar graphs represent the mean organic carbon (OC)
and elemental carbon (EC) concentrations: green represents the contemporary carbon
contribution while gray represents the fossil carbon contribution to particulate carbon.
Transparent back trajectories indicate that the back trajectory is above the surface
boundary layer, diamonds and then opaque lines represent the point where the back
trajectories remain below the boundary layer.
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Carbon and Isotope Analysis

Six samples were chosen for measurement of the ambient '*C signal of the total
organic carbon (Zaveri, et al.) and EC fractions based on available mass (Table B.1 &
Figure 4.1). Prior to '*C analysis, OC and EC filter concentrations were determined
using a thermo-optical transmittance carbon analyzer (Sunset Laboratories, Tigard, OR)
using the NIOSH 5040 method (Birch and Cary 1996). Instrument blanks and a sucrose
standard were run with each batch of ten samples. Samples were blank subtracted using a
value of 0.18 pg cm™ of OC. EC was isolated on the filters for '“C analysis on the carbon
analyzer to remove OC and preserve 90-95% of EC on the filter (Andersson, et al. 2011).
The NIOSH 5040 method was truncated at the split time between OC and EC for each
sample. It is known that a fraction of OC is pyrolyzed during the He phase of the NIOSH
5040 method, potentially leading to a fraction of the OC being included in the isolated
EC fraction. The inclusion of this PyrC with the EC fraction could affect the isotopic
signature of the EC. Sensitivity analysis for the current study shows a maximum
underestimation of fossil contribution to EC by 14-22% in the mid-winter and 10-11% in
the late winter, maintaining the difference in EC fossil contribution between the two
processing regimes (Table B.7). The average percent difference of the sensitivity tests has
been included as the radiocarbon apportionment uncertainty as it far exceeds uncertainty
associated with the accelerator mass spectrometry measurement and blank subtraction
(Gustafsson, et al. 2009; Chen, et al. 2013; A. Andersson, et al. 2015; Budhavant, et al.
2015).

For the '*C of TOC, the QFFs were cut to give ~100 pg of TOC for the

accelerator mass spectrometry measurement of the '*C signal. The TOC and isolated EC
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filter sections were acidified in a desiccator over hydrochloric acid for 12 h and then
dried in a drying oven and stored in pre-baked glass petri-dishes (Gustafsson, et al. 2009).
Radiocarbon analysis was performed at the National Oceanic Sciences Accelerator Mass

Spectrometry facility.

Organic Tracer Analysis

Organic tracers were measured using pressurized liquid extraction (Hung, et al.
2005; Nallathamby, et al. 2014) of filter sections with dichloromethane (DCM) and
methanol (MeOH) followed by analysis with a gas chromatograph 7890 coupled to a
5975C mass spectrometer in electron ionization mode (GC/MS) (Hung, et al. 2005).
GC/MS methods are based on Usenko et al.(Usenko, et al. 2005) with slight
modifications to final hold time and injection pulse pressure outlined below; PLE
methods were adapted from a previous study (Nallathamby, et al. 2014) and extractions
were performed using an accelerated solvent extractor (ASE 350; Dionex, Sunnyvale,
CA, USA). Extraction cells were pre-cleaned using 1:1 (v/v) DCM:MeOH under the
following PLE conditions: 100 °C, 1500 psi, 3 cycles (5 min each), and 120% rinse
volume. Filter areas corresponding to ~300 pg organic carbon were placed in the cleaned
cells and spiked with isotopically labeled surrogate standards (standard source:
Wisconsin State Laboratory of Hygiene, see Supplemental Information-Target Analyte
list). Filters were extracted twice using 1) DCM and 2) MeOH using the same conditions
described above. Combined filter extracts were concentrated to ~65 uL at 40 °C and
spiked with an isotopically-labeled polycyclic aromatic hydrocarbon (PAH) internal
standard (for quantification of PAH surrogate standards) prior to analysis using GC/MS.

The final hold time was 19 min and the injection pulse pressure was 20 psi until 0.75
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min. For levoglucosan, silylation derivatization, using N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA, with 1% trimethylchlorosilane as a catalyst; Sigma-Aldrich,
St. Louis, MO) was required prior to GC/MS analysis. The target analyte list consisted of

28 PAHSs, eight steranes and hopanes, 25 alkanes and levoglucosan.

Source Apportionment Modeling

Two different types of source apportionment modeling were used: radiocarbon
source apportionment and CMB modeling using organic tracers. The A'*C end member
for contemporary carbon (carbon resulting from biomass combustion and biogenic
emissions) used was +107.5%o, based on wood burning from a 2010 reference for
temperate regions.(Zotter, et al. 2014) The '*C end member for fossil fuels used here was
-1000%o0 (Q. Wang, et al. 2011; Gustafsson, et al. 2009; R. J. Sheesley, et al. 2012). End
members were applied in the following equation:

A™C-EC = (A"*Criomass)(Fbiomass) + (A" *Crossin)(1-Foiomass)
The contribution from fossil carbon (Frossil) 1S (1- Fpiomass). The A¥C for OC was
calculated from A'C for EC and A"*C for TOC, using TOC = OC + EC.

The EPA CMB model version 8.2 was used for apportionment of OC from wood
smoke, motor vehicle exhaust (spark and compression ignition) and lubricating oil-
impacted exhaust (von Schneidemesser, et al. 2009; Sheesley, et al. 2009; linuma, et al.
2007). Source emission profiles along with ambient concentrations from the receptor site
were used as input into the model; all model inputs used compatible techniques for
OCEC analysis (thermal optical transmittance) and organic tracer analysis. As in von
Schneidemesser et al. (2009), the fossil fuel combustion source profiles were nominally

for North American motor vehicle exhaust, but also functioned to apportion high PAH-
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(spark ignition), high EC- (compression ignition) and high heavy oil- (lubricating oil-
impacted exhaust) emitting sources. These were combined to give “CMB fossil.” Fitting
statistics (1*, %%, and a calculated to measured ratio for modeled species) of the model
results with respect to input matrix (ambient concentrations and ratios or organic tracers
to organic carbon for the emission sources) were used to determine if model results were
acceptable (Watson, et al. 2002). Results were not accepted with an r* less than 0.8 and
chi-square greater than 3.5. CMB OC results were converted to EC by using the EC to
OC ratios from the emission source profiles in the CMB model, allowing a modeled
assessment of contributions of fossil and contemporary carbon to Arctic EC (Table B.2)

(Sheesley, et al. 2009).

Back Trajectories and Boundary Layer Height

Ten-day back trajectories were calculated for Barrow every six hours for each
sampling day over the entire sampling campaign. Back trajectories were completed using
the NOAA HYSPLIT model, version 4, May 2012 release (R.R Draxler and G.D. Rolph
2010). The model was run using meteorological data from the Global Data Assimilation
System (GDAS) produced by NOAA (http://www.emc.ncep.noaa.gov/gmb/gdas/). Each
back trajectory was set to run with a starting height of 10 m above ground level using
vertical velocity fields provided in the GDAS data. Resulting trajectories were clustered
using the clustering function in the HYSPLIT model and mapped using ESRI’s ArcGIS
10 software. Back trajectories are imprecise in the Arctic due to a limited number of
meteorological monitoring stations in the region, but are used here to provide a broad
description of the source region of the air masses and are used to track large shifts. In

order to evaluate this potential uncertainty, a sensitivity analysis was conducted by
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completing back trajectories for two additional, nearby locations with three different
starting heights (50, 100 and 500 m). The sensitivity analysis results showed that the
HYSPLIT model is robust and the shift in potential source region detected by the model
is reproducible (Supplemental Information figures B.2-B.10). Boundary layer height was
determined by analysis of skew-t charts for Barrow, AK

(http://weather.uwyo.edu/upperair/sounding.html). To determine the height of the

boundary layer, two skew-t charts for each day of sampling, from 00z and 12z, were
analyzed. The boundary layer was 623 m to 967 m during this study. Areas where the
temperature and dew point readings deviate indicate dry areas, with the height of the dry

area indicating the strength of the cap.

Levoglucosan Half-life Calculations and Wood smoke Profile Sensitivity Analysis

Under the assumption that EC is conserved through atmospheric transport and
that the '*C signal of contemporary carbon in EC is also conserved, initial levoglucosan
concentration at the source can be calculated. This is achieved by multiplying the
contemporary EC concentrations by known levoglucosan/EC ratios from different wood
smoke types (Levoglucosansyyyrce/ECsource). Published levoglucosan/EC ratios from
seven different wood smoke profiles (Table B.3) were used for calculating initial
levoglucosan concentration (eq. 2) for samples from the mid- and late winter. The
different wood smoke profiles cover a range of wood types and composites of multiple
wood types, but all utilize the same thermal optical transmittance method for EC analysis.
Equation 2 below was used to determine the initial levoglucosan concentration
(Levoglucosanipisia;; 1g m'3) at the source:

Levoglucosaninitiul = ECcontemporary X Levog lucosansource/ECsource
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The half-life (t;,) of levoglucosan was then determined from the calculated initial
levoglucosan  concentration and the measured levoglucosan concentration
(Levoglucosan,pqsyreq; 1€ M) at the sampling site (Table B.4). Transit time, t, of the
wood smoke aerosol will systematically affect the calculated reaction rate coefficient of
levoglucosan. With wind direction consistently from the clean sector, transit times of 2
and 5 days are reported for the 1), calculations. The decay of levoglucosan follows first-
order kinetics (Hoffmann, et al. 2010); therefore the half-life (1,,) was determined using
the integrated rate law (eq. 3) and the half-life equation for first order reactions (eq. 4);

In[A]=-kt+In[A,]
where £ is the reaction rate coefficient and is determined graphically by plotting the /n of
Levoglucosan i and In of Levoglucosan,qqsurea [A] vs. t (Figure B.1), the slope of
the line is expressed in terms of &, and is then used in equation 4 to determine the 7,/ of

levoglucosan;

In2
2=

The calculated levoglucosan half-lives were then used to determine an appropriate
wood smoke profile for use in the CMB apportionment (Table B.2 and B.4). The
identification of an appropriate wood smoke profile for use in CMB is key for accurate
apportionment of fossil and contemporary source (Sheesley, et al. 2007). Multiple wood
smoke profiles were examined for use in the CMB; 1) Pine, 2) Pine w/greens, 3) Spruce,
4) Average of Pine w/greens and Spruce, 5) California (pine and fir), 6) Maine (spruce
and birch), and 7) Washington (fir and hemlock). The Pine w/greens profile is the same
wood smoke profile as used by von Schneidemesser et al. (2009) in CMB analysis of

summertime aerosols from Summit, Greenland, originally from linuma et al. (2007). The
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Pine profile is also from linuma et al. (2007). The Spruce wood smoke profile was taken
from Schmidl et al. (2008) and the Average of Pine w/greens and Spruce is an average of
the Pine w/greens and the Spruce profiles (Schmidl, et al. 2008). The California, Maine,
and Washington wood smoke profiles are from emission inventories from Fine et al.
(2004; 2002) and are based on tree stand inventories from the U.S. Forestry Service. The
Pine w/greens, Spruce, and Pine w/greens and Spruce Avg. profiles all had negative T,
values and were excluded from CMB analysis. The Maine wood smoke profile was
identified as an appropriate wood smoke profile based on 1/, calculations and tree stand
makeup. The atmospheric lifetime test of levoglucosan in the Arctic enabled the
identification of an appropriate wood smoke profile for use in the CMB, improving the

overall accuracy of the CMB apportionment.

Results and Discussion

Carbonaceous Aerosols and Source Apportionment

In this study, the mean EC burden (fossil plus contemporary) for the mid-winter
period was 0.07 + 0.02 pg m™, ranging from 0.04 to 0.1 + 0.01 pg m™ (Dec 28-Feb 15,
Figure 4.1a Inlay, Table B.1). During this time, back trajectories indicate air masses
arriving at Barrow generally originate in northern Russia and the Arctic Ocean with
limited time over the North American Arctic. Back trajectory analysis also showed that
air masses arriving at Barrow were predominantly within the atmospheric surface layer
(Figure 4.la; boundary height 780 meters above ground level). "C fossil EC
concentrations range from 0.03 to 0.07 + 0.016 ug m™ in January and early February
(Figure 4.2a), which accounted for 66.4 to 71.1% % 1.9% of total EC during mid-winter.

When comparing to 2010 emissions inventories, we find Stohl et al. (2013) is within 5%

61



of "C fossil EC for early January and underestimates fossil BC by up to 62% throughout
mid- and late winter, which is possibly due to a combination of an underestimation of BC
emissions by fossil sources within the model and/or increased fossil fuel combustion in
2013. Year to year variability in meteorological conditions such as atmospheric transport
patterns and wet and dry deposition could also be responsible for the reported differences.
However, the contemporary signal is more stable (0.023 + 0.014 pg m™~ of EC from
contemporary sources from January to early March), which closely matches previously

described early winter models (Stohl, et al. 2013) (Figure 4.2a).
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Figure 4.2: Contemporary and fossil a) elemental carbon (EC) and b) organic carbon
(OC) concentrations measured during the study period. Also shown are the chemical
mass balance (CMB) modeled concentrations of EC and OC. The fossil EC line ( )
and contemporary EC line (— ) in (a) are from emissions inventories used in Stohl et
al.(Stohl, et al. 2013) * indicate that CMB results are not available.
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In the late winter (Feb 25-Mar 11) there were shifts in the carbonaceous aerosol
concentration, '*C source apportionment of EC, and back trajectory source regions
(Figure 4.1b). Mean fossil contribution to the Arctic EC burden drops from 68.4 + 9.2%
(mid-winter) to 49.1 £ 5.6% (late winter). This drop in fossil contribution coincides with
a shift in back trajectories; all late winter ten-day back trajectories pass over the North
American Arctic and do not penetrate into northern Russia (Figure 4.1b; boundary height
900 meters above ground level). During late winter, mean fossil EC concentration drops
from 0.048 + 0.016 to 0.019 + 0.001 pg m™, while mean contemporary EC concentration
remains relatively stable at 0.019 + 0.002 pg m™ (Figure 4.1b Inlay). We attribute this
late winter decrease in fossil EC to regional differences in fossil fuel combustion
emissions; this shift in fossil EC concentration was predicted for Barrow by Stohl et al
(2013). Previously discussed uncertainties associated with EC isolation for isotope
analysis only widens the difference between the two winter regimes, with the reported
fraction fossil of EC representing the lowest possible fossil contributions to EC during
the study (Table B.7). Previous long-term monitoring studies have documented
equivalent BC (aethalometer) concentrations decreasing significantly from winter into
spring and summer, but did not distinguish between fossil and contemporary BC
contributions (Sharma, et al. 2006).

The mean OC burden (fossil plus contemporary) for the study period was 0.33 +
0.07 pg m™, ranging from 0.11 + 0.01 to 0.74 + 0.04 pg m™ (Figure 4.1a and 4.1b Inlay).
Fossil contribution to OC is much lower and relatively stable throughout the winter
despite back trajectory shifts, with a mean contribution of 38.3 + 8.0% (Figure 4.1). The

remaining 61.7% of OC was contemporary, potentially representing a combination of
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biomass burning and biogenic source contributions. Oxidation products for biogenic
volatile organic carbon, specifically monoterpene and sesquiterpene, have been reported
to contribute up to 12% of late winter/early spring secondary organic carbon at Alert,
Canada (Fu, et al. 2009). Fossil OC concentrations ranged from 0.04 + 0.01 pg m™ to
0.32 + 0.02 pg m™ with contemporary OC concentrations ranging from 0.08 + 0.01 ug m’
0 0.42 + 0.02 pg m™ for the winter (Figure 4.2b). Previous OC apportionment could
only estimate source contributions for 4% of the mass (1.5% fossil, 1% biomass, and
1.5% vegetative detritus) with 96% of the OC remaining unapportioned (von
Schneidemesser, et al. 2009). Our radiocarbon apportionment allows for a precise split
between fossil and contemporary sources, effectively apportioning 100% of the mass to
give ambient concentrations of fossil OC and contemporary OC.

'C results were also compared to the modeled EC concentration values from an
organic tracer CMB (Table B.2). Mid-winter EC concentrations from the CMB model
were inconsistent with the '“C EC apportionment results (Figure 4.2a). Percent
differences for fossil and contemporary sources show best agreement between '*C and
CMB apportionment during the Feb 8 and 15 samples (Figure 4.3). The effectiveness of
the organic tracer CMB model can also be evaluated based on the fraction of the ambient
mass that was able to be apportioned and by how closely that apportionment matches the
"C source apportionment for OC. The CMB apportioned mass ranged from 24% in late
winter to 53% in mid-winter for OC, which is 6-13 times higher mass apportioned than
previous studies (von Schneidemesser, et al. 2009). For OC apportionment, the
contemporary '*C and CMB also show the best agreement for Feb 8 and 15, but the fossil

'“C and CMB have the best agreement for the Jan 25 sample (Figure 4.3). This
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variability in agreement between the CMB model and "*C apportionment could be due to
previously unrecognized differential degradation of organic tracers by photochemistry

and cloud processing during atmospheric transport to Barrow, a remote receptor site.
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Figure 4.3: Percent differences between “C apportioned elemental carbon (EC) and

organic carbon (OC) for fossil and contemporary source contributions are compared to
atmospheric lifetimes (7,2, 5-day transit time) for levoglucosan, a biomass burning tracer.

Atmospheric Lifetime of Levoglucosan

Organic tracers can undergo significant degradation during transport in the Arctic,
but field-based estimations of 1/, have been elusive. Laboratory and modeling studies by
Hoffman et al. (2010) estimated 1, values for levoglucosan, a biomass burning tracer,
ranging from 12.7 to 83.2 h for a polluted continental plume model. The range in 1,2
values was due to variations in OH radical concentrations, temperature, cloudiness, and
season; shorter atmospheric half-lives were dominated by cloud processing (Hoffmann, et

al. 2010). Yttri et al. (2014) tested Hoffman et al.’s (2010) atmospheric half-lives for
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levoglucosan using ambient data and emissions inventories and generally concluded that
to achieve reasonable comparison with emissions inventories, the 11, of levoglucosan
would need to be at least 96 h. In the current study, the '*C apportioned EC was
combined with reported ratios for levoglucosan/EC to calculate t;/, for levoglucosan at 2
and 5 day transit times (Figure 4.3 and Tables B.4 and B.5). This enabled examination of
relative atmospheric processing over the Arctic winter; processing will likely increase
aerosol hygroscopicity. The atmospheric half-lives of levoglucosan increased for a period
during mid-winter, which reveals short-term variability in atmospheric processing during
the winter season. For the four weeks of ambient levoglucosan measurement, two weeks
were identified as relatively high degradation and two weeks as low degradation. These
differences in atmospheric lifetime did not coincide with changes in source contribution
or back trajectory source region. HYSPLIT back trajectory estimates of residence time
above the atmospheric surface layer and residence time with over 90% relative humidity
were also not conclusive in determining meteorological impacts on atmospheric lifetimes
of levoglucosan in this study. More detailed atmospheric characterization and shorter
sampling times are needed to determine which factor drives the atmospheric lifetime of
levoglucosan in the Arctic winter.

During periods of high degradation (Jan 25 and Mar 1), 1/, values were 20 h and
50 h, for 2-day and 5-day transit times respectively. However, during periods of apparent
low degradation (Feb 8 and Feb 15) the 1,,, averaged 114 + 19 h and 286 + 48 h, for 2-
day and 5-day transit times respectively (Figure 4.3 and Tables B.4 and B.5). The high
degradation periods fall within previously reported estimates of atmospheric lifetimes

(13-83 h) for levoglucosan (Hoffmann, et al. 2010), while the low degradation periods are
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significantly longer. The difference in atmospheric half-lives of levoglucosan throughout
the campaign matches the percent differences seen between '*C and CMB for
contemporary EC and OC (Figure 4.3), which indicates that lifetime of levoglucosan is
the limiting factor in the ability of the CMB to apportion biomass burning. However, the
ability of organic tracer CMB to model fossil OC does not follow the same 7, trends for
levoglucosan, which may indicate that improvements in fossil emission profiles for the
Arctic are also needed. Although not all aerosol components will age at the same rate as
levoglucosan, these results demonstrate that organic tracer half-lives show potential for
use in tracking atmospheric processing (i.e. aging) of Arctic aerosols. Further
investigation is needed to understand which factors drive changes in the observed half-
life of levoglucosan before these half-lives can be effectively applied to systematically
characterize atmospheric processing of Arctic aerosols.

C source apportionment of wintertime PM;o samples confirms high fossil
contribution to EC in mid-winter (68.4 + 9.2%) and lower contribution in the later winter
(49.1 £ 5.6%) from in-Arctic sources impacting the North American Arctic. Back
trajectory analysis revealed potential spatial differences in fossil fuel combustion
activities within the Russian and North American Arctic which could be driving
differences in fossil contribution to the winter EC burden in Barrow. Over the course of
the sampling campaign, shifts in atmospheric processing of levoglucosan were identified.
Variations in atmospheric processing provide an opportunity to identify temporal
differences in aerosol-cloud interaction during the winter. Results from this study
represent a six week wintertime campaign in the North American Arctic; therefore,

additional analysis on a larger spatial and temporal scale is needed to accurately quantify
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source contributions and processing across the Arctic. Unambiguous apportionment of
fossil and contemporary sources of EC coupled with atmospheric lifetime measurements

of aerosols can be used to improve global climate models in this region.
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CHAPTER FIVE
Year-round Characterization of Sources and Optical Properties of Arctic Organic

Aerosols in the North Slope of Alaska

Abstract

Long term data on organic aerosol concentration and optical properties is needed
in the Arctic to improve characterization of radiative forcing by atmospheric aerosols.
This study presents the annual trends of organic carbon (OC), water-soluble organic
carbon (WSOC) and their optical properties from a year-long sampling campaign in
Barrow, AK. Results show that ambient OC concentrations are highly variable with peaks
in the summer (0.14 pg m>) and the winter (0.15 pg m™). Annual trends in WSOC
concentrations follows the same trends (0.8 ug m™ and 0.9 ug m™ for the summer and
winter, respectively). In order to understand the radiative impacts of light absorbing OC,
or brown carbon (BrC), the light absorption properties of WSOC were determined.
Seasonal averaging revealed that the highest average mass absorption efficiency value of
1.54 + 0.75 m* g was in the fall, with an annual range of 0.70 £ 0.44 to 1.54 + 0.75 m’
g"'. To quantify the contributions of fossil and contemporary carbon sources to OC and
total organic carbon (TOC), radiocarbon abundance measurements were performed. For
both OC and TOC, fossil contributions were the greatest in the fall at 61.4 + 9.8% and
67.4 + 3.8%, respectively, with contemporary contributions to dominating OC in the
spring and summer (68.9 + 9.8% and 64.8 £ 9.8%, respectively). Back trajectories
identified five major source regions to Barrow throughout the year, with a marine

influence from the Arctic Ocean in all seasons. For 2012-2013, OC concentrations do not
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follow the typical trends of black carbon in the Arctic, indicating impact from different,

likely non-combustion sources.

Introduction

While the annual concentration and radiative impacts of some aerosols, such as
sulfate and black carbon (BC) have been studied extensively in the Arctic, organic carbon
(OC) is not as well monitored or modeled. There are several established monitoring sites
across the Arctic which have produced long term BC trends: Svalbard, Norway; Alert,
Canada; Barrow, Alaska, USA; and Summit, Greenland (Sharma, et al. 2006; Sharma, et
al. 2004; Sharma, et al. 2013); however there is limited information on seasonal OC
characterization at those same sites. In the Arctic, OC will be co-emitted from the same
combustion sources as BC, but will also be emitted from marine and terrestrial biogenic
sources and be produced from secondary reactions of anthropogenic and biogenic volatile
organic carbon precursors. A previous study which focused on the wintertime OC and BC
apportionment at Barrow, AK during the 2012-2013 campaign, found that the OC was
significantly less fossil than BC (Barrett, et al. 2015). The current study will focus on OC
concentration, sources and optical properties from an annual campaign at Barrow, AK for
2012-2013, which enables comparison with the long term BC trends available for that
site.

Arctic OC could impact the radiative balance via direct and indirect effects, but
there is still uncertainty associated with quantifying these effects. Light absorbing organic
carbon, or brown carbon (BrC) has been shown to be responsible for up to 28% of total
light absorption in California, and for up to 50% of the total light absorption for biomass

burning aerosols (Bahadur, et al. 2012; Kirchstetter, Novakov, and Hobbs 2004; Chen
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and Bond 2010). Recent modeling suggests that BrC contributes up to +0.25 W m™
globally to the earth’s radiative budget (19% of the total absorption due to anthropogenic
aerosols) and that the global atmospheric burden of BrC is more than three times the
burden of BC (Feng, Ramanathan, and Kotamarthi 2013). Emissions of BrC have been
attributed to both primary sources (biomass burning, residential heating by wood and
coal, and biogenic emission) and secondary sources (high-molecular weight light-
absorbing compounds produced in atmospheric reactions) (Laskin, Laskin, and
Nizkorodov 2015). While BC strongly absorbs light in the visible spectrum, BrC strongly
absorbs light in the ultra-violet range (Srinivas and Sarin 2014). Light absorption in the
ultraviolet range is also of significance because it may affect photolysis rates of gaseous
compounds in the atmosphere by decreasing the amount of total incoming solar radiation,
leading to reduced tropospheric concentrations of atmospheric oxidants such as ozone
(Chen and Bond 2010; Laskin, Laskin, and Nizkorodov 2015). In terms of the indirect
effect, the water soluble fraction of organic carbon (WSOC) may be important due to its
ability to increase the hygroscopicity of particles and enable them to act as cloud
condensation nuclei (CCN); WSOC can account for 20-70% of total organic aerosol
(Kirillova, et al. 2014). While multiple techniques have been used to determine the
presence and absorption properties of atmospheric BrC, the measurement of light
absorption of liquid extracts of aerosol samples is a common method to determine the
absorption properties of atmospheric BrC (Chen and Bond 2010; Kirillova, et al. 2014;
Cheng, et al. 2011), and is utilized in this study.

As mentioned previously, long-term trends in OC, WSOC and BrC have not been

as well characterized across the Arctic. Prior to this study, the only long-term collection
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of organic carbon samples was in northern Finland from September 1997 to June 1999
(Ricard, et al. 2002). Studies of seasonal trends in ambient concentration, absorption
properties and sources are needed to understand potential climate impacts of these
aerosols (Kawamura, Kasukabe, and Barrie 2010; Anderson, et al. 2008; Hu, et al. 2013).

The goal of this manuscript is to report the results of an annual study of non-BC
carbonaceous aerosols (OC, WSOC and BrC) including seasonal trends in optical
properties, ambient concentrations, and sources for Barrow, Alaska. This is accomplished
using multiple offline analytical chemistry techniques, including OC by thermal-optical
transmission, WSOC measurements, absorption measurements of water extractable OC,

and radiocarbon abundance measurements.

Materials and Methods

Sample Collection and Bulk Carbon Analysis

All samples were collected at the Department of Energy Atmospheric Radiation
Measurement (ARM) Climate research facility (71°19°23.73” N, 156°36°56.70 W) on the
North Slope of Alaska (NSA). The NSA-ARM facility, in operation since 1997, is
located 7.4 km northeast of the village of Barrow, AK, 515 km north of the Arctic Circle.

PM,, samples were collected on quartz fiber filters (QFF, Tissuquartz'™ Filters
2500 QAT-UP, 20 x 25 cm) using a Tisch high-volume PM;, sampler (Tisch
Environmental, Cleves, OH, USA). Prior to sampling, QFFs were baked at 500 °C for 12
hours and stored in baked aluminum foil packets and storage bags. Sampling duration
was approximately one week. All blanks were treated in the same manner as samples.

Samplers were located on a sampling platform approximately 10 m above ground level.
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OC and elemental carbon (EC) concentrations were determined using a thermal-
optical transmission (TOT) carbon analyzer (Sunset Laboratories, Tigard, OR) utilizing
the NIOSH 5040 protocol (Birch and Cary 1996). Instrument blanks and sucrose
standards were run with every batch of ten samples and all samples were blank subtracted
using an average blank value of 0.18 pg OC cm™. Total organic carbon (TOC) is the sum
of the OC and EC fractions for each sample. Following the nomenclature suggested by
Petzold, et al. (2013), BC will be used to refer to non-OC light absorbing carbon with no
reference to a specific measurement method, while EC will be used to refer to the
concentration of non-OC light absorbing carbon evolved from the thermal optical method

mentioned above.

Water-Soluble Organic Carbon & Absorption Measurements

Water soluble organic carbon (WSOC) analysis was performed using a previously
described method (Barrett and Sheesley 2014). Briefly, filter areas corresponding to ~75
pug of OC, based on filter loading, were placed in 50 mL centrifuge tubes (Bio-Link
Scientific, Wimberly, TX) and sonicated in 30 mL of deionized (DI) water for 15
minutes. All tubes were pre-cleaned by triple rinsing with DI water prior to extractions.
The extracts were then centrifuged for 10 minutes and decanted. The sample is then split
with 20 mL of the extracts filtered into glass vials using pre-cleaned disposable Millex” -
GV syringe-driven filters (33 mm, pore size 0.22 um, Merck Millipore, Ltd., Ireland). 40
puL of 6N HCI was added to remove any CO; trapped in solution. WSOC concentrations
were measured as dissolved organic carbon in the solution using a Shimadzu total organic
carbon (Zaveri, et al. 2012) analyzer (TOC-5000A, Shimadzu, Kyoto, Japan). Samples

were run with calibration standards (Potassium Hydrogen Phthalate, KHP, CsHsKOy,
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Ultra Scientific, North Kingstown, RI) at 0, 0.5, 1, 2, 3, 4, and 5 mg L', measured prior
to analysis and periodically throughout each group. Each sample was analyzed three
times (100 pL injection volume) and the reported value is the average of the three
injections. All samples were blank subtracted using an average laboratory and field blank
value of 0.26 mg L™ prior to conversion to atmospheric concentrations. The remaining 10
mL of extract was filtered into a separate glass vial and reserved for absorption analysis.

Light absorption of the filtered aqueous extracts was measured from 200 to 700
nm on an Agilent 8453 ultraviolet-visible (UV-Vis) spectrometer (Santa Clara, CA), with
tungsten and deuterium light sources. Acidification was not applied to sample extracts
used in light absorption measurements. Absorption spectrums were determined relative to
a reference cuvette containing the same solvent (Chen and Bond 2010). The mass
absorption efficiency (MAE) of water extracts was calculated for each WSOC sample
using equation 1:

4
b (ATNA—ATNmO)xViv;lxln(1o)
A

MAE, = = “
* [wsoc] [wsoC]

where Abs; represents the light absorption coefficient (Mm™); [WSOC] represents the
ambient WSOC concentration of the sample (ug m™); ATN; is the light attenuation at the
given wavelength measured by the spectrophotometer; V,, is the volume of the water
extract (mL); ¥, is the air volume (m®), and / is the optical path length (0.01 m) (Yan, et
al. 2015). MAE was calculated at 365 nm in order to avoid possible interference from
inorganic compounds as done with previous WSOC absorption studies. The wavelength
(L) dependence of WSOC absorption, the absorption Angstrém exponent (AAE), was

investigated by the following relationship:
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AAE
A(4) _ [ A J
A(%) (4
AAE was determined with a linear regression of In (4bs;) against In (A) through the range

of 330-400 nm, where the slope = AAE (1* = 0.99) (Kirillova, et al. 2014; Chen and Bond

2010; Yan, et al. 2015).

Carbon Isotope Analysis and Radiocarbon Source Apportionment

In addition to characterizing the optical properties of OC, it is also of importance
to determine the source contributions of OC to the Arctic. For this determination,
radiocarbon (**C) abundance was used as a source apportionment tool. Typically, source
apportionment of OC in the Arctic has relied on a combination of elemental and organic
tracers; however, due to uncertainty of the atmospheric lifetime of certain organic tracers
at remote sites, the accuracy of this method is uncertain (Yttri, et al. 2014; Barrett, et al.
2015; Sheesley, Andersson, and Gustafsson 2011). Due to the large difference in '*C end
members for biomass burning and fossil fuel combustion sources, accurate apportionment
between the contributions of fossil and contemporary carbon to OC is possible
(Gustafsson, et al. 2009; Lewis, Klouda, and Ellenson 2004; R. J. Sheesley, et al. 2012;
Budhavant, et al. 2015). Here, contemporary carbon is defined as all OC derived from
biogenic emissions and biomass combustion, including OC derived secondary aerosol.

Ambient PM; samples were composited to give ~60 ug of total organic carbon
(TOC) (Zaveri, et al.) for accelerator mass spectrometry measurement of the '*C signal.
Samples were composited by 10-day back trajectory analysis (Table C.1) with samples
having similar air mass source region, and of the same season, composited together. For

radiocarbon composites, each included sample was represented by equal mass of TOC.
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Therefore, the radiocarbon source apportionment is a true average of the included
samples and not one individual sample is biasing the apportionment. TOC filter samples
were acidified in a desiccator over hydrochloric acid for 12 hours to remove and
carbonate and dried in a drying oven at 60 °C for one hour. Samples were then placed in
prebaked glass petri dishes. '*C abundance measurements were performed at the National
Oceanic Sciences Accelerator Mass Spectrometry facility at Woods Hole Oceanographic
Institute (Woods Hole, MA).

In order to accurately apportion TOC based on *C abundance, A'*C end members

must be defined and used in the following equation:

14 _ 14 14
A CTOC - (A Ccontemporary )(F'contemporary ) + (A Cfussi/ )(1 - F'contemporary )

The A™C end member for contemporary carbon (OC derived from biogenic emissions
and biomass combustion) used was +107.5%o0, based on wood burning from a 2010
reference from temperate regions (Zotter, et al. 2014; Barrett, et al. 2015). The A'C end
member for fossil fuels was -1000%o0 (Gustafsson, et al. 2009). The contribution from
fossil carbon is equal to 1-Fontemporary and A'™C of OC was calculated from AMCTOC and
AYCge using TOC=0C + EC (Barrett, et al. 2015). TOC uncertainty calculations include
instrumental standard error, blank correction uncertainty and end member uncertainty.
OC uncertainty calculations are based on a sensitivity analysis performed in order to
account for the inadvertent inclusion of pyrolysis carbon with the EC fraction when
isolating the EC fraction from OC. For the current study, sensitivity analysis indicates an

average uncertainty of 9.8%.

81



Normalization for Seasonal Analysis

Sample times ranged from seven to ten days throughout the year-round sampling
campaign. In order to calculate seasonal averages despite the difference in sample
duration, a normalization was applied based on sample duration (R. J. Sheesley, et al.
2012). The following equation was used to calculate averages based on sample volume,
which is a means of tracking sample duration:

C,=(Z.Cv,)/(Zv,)

where C; is the OC concentration for sample i, and v; is the sampled air volume for
sample i, and C; equals the normalized average concentration. The normalized
concentrations are reported throughout the manuscript, and also used as input for source
apportionment based on '*C analysis. Seasonal and annual radiocarbon averages were
normalized based on composite sample duration and concentration using the following
equation:

F,=(Z,CFt,)/(ZCpt,)

1 11

where F; is the F,, for composite i, C; is the normalized OC concentration for composite i,
t; is the sampling duration, and C; is the normalized average concentration (R. J.
Sheesley, et al. 2012). Seasonal averages were calculated based on the following seasonal
definitions: summer (> 15 hrs. daylight), winter (<12 hrs. daylight) and the transitional

seasons of spring and fall with 12-15 hrs. of daylight.

Back Trajectory Analysis
Back trajectory analysis was completed using the National Oceanic and

Atmospheric Administration Hybrid Single Particle Lagrangian Integrated Trajectory
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Model (HYSPLIT) model, version 4 (R.R Draxler and G.D. Rolph 2010) in order to
broadly identify potential source regions of OC to the North American Arctic. Briefly, 10
day back trajectories starting every six hours were run for each sampling day during the
study period. Further description of the model parameters is available in Barrett, et al.
(2015). The resulting back trajectories were clustered for the time representing each filter
sample using the clustering function available in the model. The results of this cluster
analysis were used to group the filter samples for radiocarbon analysis into composites
based on geographic source region by season. The cluster means were then mapped using
ESRI ArcGIS 10 software. Due to the limited number of meteorological monitoring
stations in the region, back trajectory models can be imprecise for this study area. A
sensitivity analysis of back trajectories was conducted and results show the model to be
robust (Barrett, et al. 2015). Here, back trajectories are used only to provide a broad

description of source regions to the sampling site.

Results

Back Trajectory Analysis Results

Cluster means representing 10 day back trajectories for each filter sample
revealed 5 major source regions to Barrow, AK throughout the study period: the Russian
Arctic, Canadian Arctic, Alaskan Arctic, the Arctic Ocean and western Alaska (Figure
5.1a-d; back trajectories are colored by radiocarbon composite and depicted by season).
There is a fraction of back trajectories originating over the Arctic Ocean in all sampled
weeks, pointing to a potential marine/sea ice influence in OC in all seasons. Discussion

will focus on the differences among seasonal back trajectory analysis.

83



Summer back trajectories mainly consisted of air masses originating along the
Russian Arctic and western Alaska, with minor impact from the Canadian Arctic.
Influence from interior and western Alaska increased into August 2012, while air masses
from the Russian Arctic decreased. For the late summer, August 12 through August 31,
back trajectories were dominated by interior Alaskan influence.

For the fall, back trajectories shifted from western Alaska/Canadian Arctic to
mainly the Russian Arctic as the major source region: 41% of back trajectories for the
first week of fall, September 21-28, passed over western Alaska; however, the influence
of western Alaska decreases throughout the remainder of the season, with northern
Alaska and the Russian Arctic as the major source regions to Barrow.

Winter back trajectories have been previously described by Barrett, et al. (2015).
In the previous manuscript, back trajectories originating in both the Alaskan Arctic and
the Canadian Arctic were combined and referred to as the North American Arctic;
however, in this manuscript, we make the distinction between the two regions. Briefly,
the winter is characterized by two major source regimes: the midwinter period with heavy
influence from the Arctic Ocean and the Russian Arctic, and a shift in the late winter to
air masses spending time over the Canadian Arctic. This back trajectory analysis
represents the current annual campaign, but may not represent the long term annual

trends in source regions for the NSA.
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Figure 5.1: 10-day back trajectory cluster means for a) Spring b) Summer c) Fall and d)
Winter for Barrow, AK. Back trajectories are colored according to composite for
radiocarbon analysis with each line representing a cluster mean for each sample included
in the composite. Wildfires for summer 2012 are shown in Figure b. Dashed lines
indicate that <10% of the clusters are represented by that cluster mean. Date ranges for
each composite are as follows: Mar.-Apr.: 3/20-4/12/2012; August 1: 7/16-7/23/2012 and
8/3-8/12/2012; August 2- 7/23-8/3/2012 and 8/12-8/31/2012; Sep.-Oct.: 9/7-10/26/2012;
Nov.: 11/3-11/26/2012; Nov.-Dec.: 11/26-12/21/2012; Dec.-Jan.: 12/28/2012-1/5/2013;
Jan.: 1/18-1/25/2013; Feb.1: 2/1-2/8/2013; Feb. 2: 2/8-2/15/2013; Feb.-Mar.: 2/25-
3/1/2013; Mar.: 3/1-3/11/2013; April: 4/12-4/26/2013; May 1: 5/10-5/24/2013; May 2:
5/27-6/4/2013.

During the sampling campaign, the meteorology of Barrow was influenced by
both positive and negative phases of the Arctic Oscillation (AO) (NOAA 2015). The
positive phase of the AO is expected to increase wind transport from North America and
Europe into the Arctic (L'Heureux, et al. 2010; Eckhardt, et al. 2003; Wu, et al. 2006).

The positive phase of the AO occurred from May through September 2012, with the
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exception of a negative phase during June 2012. A transition to the negative phase
occurred in October 2012 persisting through March 2013. The strongest negative phase
occurred in March 2013, prior to a return to the positive phase in April and May 2013. A
negative phase of the AO during the winter would help isolate the region from emissions

in the lower latitudes during this season, limiting the region to in-Arctic emissions.

Annual and Seasonal OC trends

It is well known that aerosol pollution in the Arctic, specifically BC, peaks in the
late winter and early spring periods when the polar dome traps pollutants over the Arctic,
in a phenomenon known as Arctic Haze (Q. Wang, et al. 2011; McNaughton, et al. 2011;
Law and Stohl 2007; von Schneidemesser, et al. 2009). EC concentrations at Barrow, AK
(an operational definition of BC as measured by thermal optical techniques) during the
sampling campaign follow established BC trends for the Arctic with elevated
concentrations in the winter and spring and very low concentrations during the summer
(Figure 5.2). Further discussion of the optical and source characteristics of EC will be
presented in a future manuscript. Our annual campaign results indicate that OC doesn’t
always follow the same trend as BC, with peaks in late summer and early fall in addition
to the late winter. Ambient OC concentrations for the year range from 0.008 + 0.002 pg
m” to 0.95 + 0.06 ug m” (Figure 5.2) with peaks in late summer, early fall and late
winter. A prior study from 1997-1999 in northern Finland found that organic carbon
concentrations peaked between July and September, with concentrations decreasing to a
background level two to three times lower than the summer maximum (Ricard, et al.
2002). OC concentrations during our campaign did have maximum concentrations

occurring between July and September, but had a second maximum in early February
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(Figure 5.2). WSOC and water-insoluble carbon (WIOC) also had a wide range with
WSOC values ranging from 0.005 + 0.004 pg m™ to 0.49 + 0.05 ug m™ (Figure 5.2).
WSOC had similar trends to OC, with maximum concentrations occurring July through
September, and a second high period in winter. However, average summer WSOC is
lower than previously reported WSOC values Alert, Canada (0.19 pg m™, February to
June, 1991) (Kawamura et al. 2010) and aerosol phase WSOC for the summer 2006 at
Summit, Greenland (0.19 + 0.17 ug m™) (Anderson et al. 2008), as well as lower than the
average WSOC summer concentration reported for 2009 in the Beaufort Sea (0.373 ug
m™) (Hu et al. 2013). On average, WSOC accounted for 56 + 11% of the total OC burden
throughout the sampling campaign, which is consistent with previous WSOC values.
Average % WSOC values for our campaign are equivalent to average % WSOC in Alert,
Canada from February to June, 1991 (56%) and similar to urban and rural values from the
southeastern United States (51.9% and 55.8% annually) (Zhang, et al. 2012a); however,
% WSOC values in our study were much greater than values for the Maldives, a long
range transport site in the Indian Ocean, from 2008-2009 (15-29%) (Kirillova, et al.
2013). The spring transitional period accounted for the highest average WSOC/OC,
70.0% WSOC, pointing to the presence of aged aerosols at the site. The increased
WSOC/OC ratio in the spring corresponds with a switch to the positive phase of the
Arctic Oscillation which may transport more aged aerosols to Barrow via long-range
transport.

Prior to this campaign, there were no year-round studies of Arctic OC and WSOC
in the North American Arctic; it was not known whether OC would be dominated by

transported combustion aerosol, like BC, or have large contributions from biogenic and
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secondary organic aerosol sources. Regression analysis of EC vs. OC, EC vs. WSOC and
EC vs. WIOC show no correlation (Figure C.2, C.3, and C.4), indicating different sources
of EC compared to OC, WSOC, and WIOC. The lack of correlation between EC and OC
indicates that OC is likely impacted by atmospheric processing and non-combustion
sources including secondary organic aerosol and biogenic emissions; this is further
supported by a strong correlation between OC and WSOC (r* = 0.82, Figure C.6). These
results indicate greater complexity with regards to OC sources in the Arctic and the need
for continued long term sample collection and modeling in the region.

Seasonal PM,, average OC burdens ranged from 0.04 = 0.27 ug m™ in the fall to
0.15 + 0.19 pg m” in the winter (Table 5.1). Maximum weekly OC concentrations
occurred in the summer (0.95 + 0.06 pg m™) possibly due to increased contribution from
lower latitudes and interior Alaskan sources, including wildfires (Figure 5.1) combined
with potential contribution from marine biogenic sources. BTs for that period show
consistent contribution from the Western interior of Alaska with periodic influence from
the Arctic Ocean. In addition, the stable carbon signature for the summer samples (Figure
C.1) has an enriched signal which may indicate contribution from marine sources or may
indicate atmospheric processing (Kirillova, et al. 2013). In particular, the biogenic and
secondary organic aerosol would both be non-combustion sources that would not affect

BC concentrations.
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Figure 5.2: Year-round water-soluble organic carbon (WSOC), water-insoluble organic carbon (WIOC), and mass absorption
efficiency at 365nm (MAEs3es) values during the sampling campaign for Barrow, AK from 2012-201
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Radiocarbon Source Apportionment

Fossil carbon contributions to TOC (OC plus EC) averaged 51.6 + 15.3% for the
year. Fossil carbon accounted for as much as 67.4 + 3.8% of TOC in the fall and for as
little as 37.6 + 3.8% of TOC in the summer (Figure 5.3, Table 5.1). For the entire
sampling campaign (June 2012- May 2013), the average fossil contribution to OC was
44.3 £+ 9.8%; in other words, the OC is more contemporary than the EC, which
potentially points to higher biogenic contribution. Fossil carbon contributions to OC
averaged 44.4 + 13.8% for the year. Fossil carbon accounted for as much as 61.4 + 9.8%
in the fall to as little as 31.1 & 9.8% in the spring (Table 5.1). Fossil contribution to
summer OC was similarly low as the spring (37.6+ 9.8%) while winter experienced
relatively equal contributions between contemporary and fossil carbon (49.7+ 9.8%

fossil).
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Figure 5.3: Seasonal PM; organic carbon contemporary and fossil concentrations and
mass absorption efficiency at 365 nm; % fossil contributions are shown in white.
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Table 5.1: Seasonal concentrations of organic carbon (OC), water-soluble organic carbon (WSOC), % WSOC, mass absorption
efficiency at 365nm (MAE345), absorption Angstrom exponent (AAE), and % contemporary and fossil contributions to PM, aerosols.

PMio
PM;, OC PMio OC % OC % TOC % TOC %
WSOC =+ % PM,o AAE
Season | Conc. £ s.d. MAE;z45 + Cont. £ Fossil Cont. £+ Fossil +
s.d. WSOC/OC +s.d.
(ng m>) s.d. (m’ g'3) unc. + unc. unc. unc.
(ng m™)

Summer | 0.14 £0.26 0.08 £0.13 58% 0.70+0.44 3.21+1.78 64.8+98 352498 624+38 37.6+3.8
Fall 0.04 +£0.27 0.02+0.14 46% 1.54+0.75 3.39+142 386+98 61.4+98 32.6+3.8 674438
Winter | 0.15£0.19 0.09+0.11 59% 0.82+0.19 4.76 228 503+9.8 49.7+9.8 50.6+3.8 494438
Spring | 0.07 £0.03  0.05 £0.02 70% 0.74+0.25 291+1.02 689+98 31.1+9.8 48.0+3.8 52.0+3.8
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Optical Properties

PM;y MAEs6s seasonal values ranged from 0.70 m? g'1 to 1.54 m? g'1 in the
summer and fall, respectively, and average AAE values ranging from 2.91 + 1.02 to 4.76
+ 2.28 in the spring and winter respectively (Table 5.1, Figure 5.3). PM;) MAE34s values
are in good agreement with previously reported Arctic MAE values of 0.83 = 0.15 m* g
and 0.27 + 0.08 m> g, at 470 and 530 nm wavelengths, respectively (McNaughton, et al.
2011). Despite exhibiting the lowest OC and WSOC average concentrations, the average
MAE3;¢s during the fall is significantly greater than all other seasons (p-value < 0.001).
Previous studies have indicated that WSOC emitted from biomass burning leads to higher
MAEj36s values (Cheng, et al. 2011), but recently, it has been shown that solid fossil fuels,
including lignite and high volatility bituminous coals can exhibit similar absorption in the
near-UV range as woodsmoke (Olson, et al. 2015). Fossil carbon contribution to OC was
the highest in the fall (61.7 + 9.8%) when the highest MAE;¢5 values were observed, but
the stable carbon signature is not enriched as would be expected with solid fuels (Figure
C.1). The seasons with the largest percent contributions from contemporary carbon,
spring and summer, exhibited the lowest average MAEsqs values (Table 5.1). This is
consistent with biogenic rather than biomass combustion sources dominating in spring
and summer, which could possibly be masked in year with greater wildfire contributions.
Fall was also the most variable season, with a 50% standard deviation, while MAE;3¢s
values in the winter and spring were more consistent. MAE;3¢s measurements show that
BrC is present in Barrow in all seasons and will contribute to the overall radiative balance
of the region; any underestimation of this contribution will lead to inaccurate warming in

climate models for the region. There is little data to compare these results with, therefore
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further sampling is needed to determine if theses annual results are typical for this region

or an anomaly.

Conclusions

This study provides the first year-round data set for organic carbon, WSOC, and
MAE;es for the North American Arctic region. OC concentrations did not follow the
well-established seasonal trends for Arctic BC. Highest seasonal concentrations for OC
were seen in the summer and winter months, which is similar to a study from the late
1990s in Finland (Ricard, et al. 2002). WSOC also peaked in the summer and winter;
however the spring had the highest percent WSOC (70%) potentially pointing to aged
aerosols influencing Barrow during this time. The fall had the lowest average OC
concentrations but the highest MAE;¢s values, coinciding with the highest contribution of
fossil sources to OC at 61.4 + 9.8%. Radiocarbon analysis results showed greater
contributions of fossil carbon than contemporary carbon to TOC (both the OC and EC
fractions) for the summer, and fall, while contributions of fossil and contemporary carbon
were approximately even during the winter and spring. This is possibly due to the
influence of secondary and biogenic sources of OC, which would not be seen in the EC
fraction. Future studies are needed with higher time resolution and additional chemical
characterization in order to further understand these contemporary biogenic and biomass

combustion OC sources.
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CHAPTER SIX
Annual Contributions of Fossil Fuel Combustion and Biomass Burning Sources to
Atmospheric Elemental Carbon in the North American Arctic Using Radiocarbon
Abundance Measurements
Introduction
It is well documented that the Arctic has undergone warming at an alarming rate
over the past century, warming nearly 2 °C since 1970 (Odemark, et al. 2012; Sand, et al.
2013a; Pistone, Eisenman, and Ramanathan 2014). At the same time, anthropogenic
activity is expected to increase in this region, leading to an increase in aerosols emissions
including short-lived climate forcers such as black carbon (BC), organic carbon (OC),
along with precursors such as SO,, NOy, and non-methane volatile organic compounds
(NMVOCs) (Peters, et al. 2011).

Increased emission sources of BC within the Arctic could potentially have
significant effects on the region’s climate. BC has both direct and indirect effects on the
earth’s radiative budget and is the most efficient light absorber in the visible spectrum
among atmospheric aerosols (Massabo, et al. 2015). In order for climate models to assess
the direct radiative forcing of BC, optical properties such as the absorption coefficient
(bapsy and mass absorption cross-section (MAC) are of utmost importance (Arctic
Monitoring and Assessment Programme 2015). MAC values reported in the literature
vary widely from 2-25 m® g'; therefore, site-specific MAC values are needed when
determining the direct radiative impacts of BC (Bond and Bergstrom 2006; Ram and

Sarin 2009; Wang, et al. 2013). An average MAC value of 7.4 + 0.7 m* g’ has previously
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been reported for the western Arctic during the spring of 2008 (McNaughton, et al.
2011). The mixing state of the BC particle has been shown to affect MAC. For example,
when BC is internally mixed with sulfate and OC, light can be focused into the core of
the BC particle, resulting in absorption that is 2-2.5 times higher than when externally
mixed (Bond and Bergstrom 2006; Cheng, et al. 2011; Hara, et al. 2003). It has also been
shown that BC source, along with increased BC to sulfate emissions ratio, can impact the
warming potential of BC, with BC resulting from fossil fuel sources with large BC to
sulfate ratios are approximately 100% more efficient at absorbing sunlight than plumes
dominated by biomass burning sources (Ramana, et al. 2010). Annual trends in MAC and
BC to sulfate ratios will be presented here for Barrow, a long-term Arctic monitoring site,
to improve understanding of the variability of this parameter in the Arctic.

The mode by which BC impacts Arctic climate varies by season. While the direct
absorption of incoming solar radiation is important in the spring and summer months,
wintertime BC is of interest due to deposition on snow and ice, potentially contributing to
accelerated spring melt. Winter and spring typically have the highest concentrations of
BC, while wildfire events can impact summer BC. Model predictions show a mean
decrease in Arctic snow albedo from BC deposition of 0.4% in the winter and 0.6% in the
spring (Q. Wang, et al. 2011) Atmospheric BC concentrations in the Arctic are influenced
by a variety of factors, including changes in source regions driven by the Arctic
Oscillation, seasonal changes in meteorology and seasonal changes in regional emissions.

Global climate models mostly underestimate the atmospheric BC burden in the
Arctic when compared to measurement data, partly due to missing emission sources and

incorrect spatial and temporal distributions of emissions in emission inventories used in
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the models (Sharma, et al. 2013; Eckhardt, et al. 2015). For example, a recent study of
current modeling capabilities for simulating BC in the Arctic revealed that the mean
underestimate of equivalent BC at Barrow is a factor of 2 (Eckhardt, et al. 2015); the goal
of the current observational study is to incorporate source apportionment, aerosol
characterization and atmospheric transport modeling to inform models by identifying the
driving factors in ambient concentrations at a long-term Arctic monitoring site. Previous
wintertime comparisons between models and observations have identified larger
discrepancies for the modeled fossil combustion contributions to BC (up to 62% in late
winter), and a good agreement for biomass/biofuel combustion contribution to BC
(Barrett, et al. 2015).

The current study will apply the natural abundance of radiocarbon (‘*C) as a
source apportionment tool to determine the annual contributions of fossil fuel sources and
contemporary sources of BC in Barrow, AK. Here, contemporary carbon is defined as all
elemental carbon (EC) derived from both anthropogenic and natural biomass combustion
processes (residential biomass combustion, agricultural fires, biofuel, and wildfires)
while EC refers to light-absorbing carbon evolved from thermal-optical methods
(Petzold, et al. 2013; Birch and Cary 1996). In addition to 14C, the stable carbon isotopic
signature ('°C) can be used as a dual isotope model to further define sources of EC, such
as C3 vs. C4 plants, gaseous fossil sources (flaring), and liquid fossil sources (petroleum,
oil, and gasoline) (Huang, et al. 2006; A. Andersson, et al. 2015; Winiger, et al. 2015).
Radiocarbon analysis and apportionment is increasingly being used to apportion EC and
is of high interest to understand sources of EC at long-term Arctic monitoring sites.

Winiger, et al. (2015) reported an average biomass contribution of 57 + 21% to EC at the

100



Zeppelin Observatory (Svalbard, Norway), including two days (6/1/2009 and 7/2/2009)
with 95% and 98% biomass contribution for January through March of 2009. Barrett, et
al. (2015) reported an average biomass contribution of 38 + 9% for midwinter (Dec. 28,
2012 through Feb. 15, 2013) increasing to 51 + 6% for the late winter (Feb. 25 through
Mar. 11, 2013) at Barrow, AK. These winter studies confirm predicted differences in
source regions for European and North American Arctic sites, however, it is important to
understand the annual differences across these Arctic sites as well. Previous source
apportionment studies in the Arctic have relied on models and emissions databases for
year-round EC source characterization (Stohl, et al. 2013; Q. Wang, et al. 2011). This
study provides dual isotope analysis of the EC fraction of atmospheric particulate matter
(PM}y, aerodynamic diameter of 10 um or less) samples from a year-long study (2012-
2013) in Barrow, AK to determine the contributions of fossil fuel and contemporary
sources to atmospheric EC. Seasonal trends in BC to sulfate ratios and MAC values will
be determined and combined with source and back trajectory analysis. The combination
of "C, 8"°C, sulfate, MAC, and back trajectory analysis is applied to understand the
impact of emission sources and source regions on the ambient concentrations and optical

properties of EC in the North American Arctic on an annual basis.

Methods
Sample Collection
A yearlong sampling campaign was conducted at the Department of Energy
Atmospheric Radiation Measurement (ARM) Climate Research Facility, 7.4 km

northeast of the village of Barrow, AK, (71°19°23.73” N, 156°36°56.70” W) on the North
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Slope of Alaska (NSA) from July 16, 2012 to June 4, 2013. Samples were collected
continuously with no exclusion based on local wind direction. The campaign was
designed to monitor local and regional influences on ambient concentration and physical
properties.

Aerosol samples were collected on pre-combusted quartz fiber filters (QFF,
Tissuquartz™ Filters 2500 QAT-UP, 20 x 25 cm.) using a Tisch high volume PM;
sampler (TE-6070, Tisch Environmental, Cleves, Ohio). All samples were stored in
aluminum foil packets and storage bags in a freezer prior to and post sampling. Filter
blanks were collected at least once a month or when sampler maintenance was conducted.

All blanks were handled in the same manner as samples.

EC Measurement and Isolation

For each sample, a 1.5 cm? aliquot of filter was cut and analyzed on a thermal
optical transmittance (TOT) carbon analyzer (Sunset Laboratory, Tigard, OR) using the
National Institute of Occupational Safety and Health (NIOSH) 5040 method (Birch and
Cary 1996) to determine the organic carbon (OC) and elemental carbon (EC) loading of
each filter. Briefly, OC is converted to CO, during sample heating in a 100% He
atmosphere, while EC is converted to CO, under an oxidizing mixture of 10% O, and
90% He v/v. The CO, is then reduced to methane and measured using a flame ionization
detector (FID). The initial transmittance of the laser through the filter is used to
determine the split between OC and EC, and to correct for pyrolyzed carbon (PyrC)
formed during the charring of organic carbon in the 100% He atmosphere. For EC

concentration measurements, triplicate analysis was done every tenth filter. EC
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concentration uncertainty is reported as the relative standard deviation of triplicate

analysis, which was 17%.

EC isolation for radiocarbon analysis. Multiple PM10 samples were composited
for radiocarbon analysis. This compositing was accomplished considering season and
source region (based on back trajectory analysis). Samples were composited to achieve
60 ng of EC, with equal mass from each sample. To perform isotope analysis on EC, it
must be separated from the OC fraction of the aerosol sample. This separation was
achieved by trapping the evolved CO2 gas produced during EC combustion (Chen, et al.
2013). In order to remove water and other potential contaminants (halogen- and sulfur-
containing gases) from the resulting CO2, the gas was passed through two traps,
magnesium perchlorate, and silver wool heated to 600 °C. The CO2 was then cryo-
trapped using liquid nitrogen at a temperature of -150 °C and sealed in glass ampules
(Chen, et al. 2013). Sealed ampules were shipped to the National Oceanic Sciences
Accelerator Mass Spectrometry facility (Woods Hole, MA, USA) where reduction of
CO2 to graphite and carbon isotope measurements ('*C/'*C and "*C/"*C) were performed.
The inadvertent inclusion of a fraction of the PyrC with the EC isolate is possible during
the EC isolation step, which could affect the isotopic signature of the EC fraction (Chen,
et al. 2013; A. Andersson, et al. 2015; Budhavant, et al. 2015; Gustafsson, et al. 2009;
Barrett, et al. 2015); therefore it is necessary that a sensitivity study be performed when
using the TOT method. For the current study, sensitivity analysis shows a maximum
underestimation of fossil contribution to EC by 10-25% (Appendix B). The TOT
isolation method used in the current study uses the same operational definition of EC that

is currently used in EC emissions inventories (Bond, et al. 2013; Stohl, et al. 2015),
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allowing for direct comparisons between currently used EC emission inventories and this

and other studies using the TOT method (Budhavant, et al. 2015).

Radiocarbon Source Apportionment

Radiocarbon results are reported as fraction modern (Fm). Radiocarbon source
apportionment uses the large difference in end members between fossil (no radiocarbon)
and contemporary (radiocarbon present) sources of EC to determine the percent
contributions of each source to the total EC burden. The A*C end member used to
determine contemporary carbon contributions was +107.5%o, based on wood burning for
temperate regions in 2010 (Zotter, et al. 2014). In a recent study, Mouteva, et al. (2015)
suggested an end member value of +131 £ 52%o (with A'*C values for BC ranging from
81 to 168%o) for contemporary contributions to BC and +103 + 23%o for contemporary
contributions to total carbon, based on wood burning events in interior Alaska during the
summer of 2013. However, when applied to our samples end member of +131%o revealed
little difference from the +107.5%o (~2%); therefore, reported contemporary contributions
in this paper are from the +107.5%0 end member in order to remain consistent with
previously reported radiocarbon results in Barrett, et al. (2015). An end member of -
1000%o0 was used for fossil contributions (R. J. Sheesley, et al. 2012; Budhavant, et al.
2015). End members were applied using the following mass balance:

AMC-EC = (A" Cpiomass) Fbiomass) + (A" *Crossit)(1-Fpiomass)

The fossil carbon contribution (Frossi) 1S (1-Fbiomass)-
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Normalization of Annual and Seasonal Averages

The methods used in Chapter Five for the normalization of annual and seasonal
averages were also used in this chapter. Briefly, in order to account for different sampling
duration ranging from seven to ten days, a normalization was applied based on sample
duration. Seasonal radiocarbon measurements are also normalized by composite based on
sample duration. The normalized values are used in the seasonal analysis and radiocarbon
source apportionment throughout this chapter. Seasonal averages were calculated based
on the following seasonal definitions: summer (> 15 hrs. daylight), winter (<12 hrs.

daylight) and the transitional seasons of spring and fall with 12-15 hrs. of daylight.

lon Chromatography

Ion chromatography was performed on aqueous extracts of the particulate matter
samples in order to quantify sulfate concentrations. Water extractions followed
previously established methods from Barrett and Sheesley (2014) for water soluble
organic carbon with a slight modification decreasing the extraction volume to 25 mL.
After extraction, the aqueous extracts were analyzed using ion chromatography on a
Dionex ICS-2100 IC system equipped with an IonPac AS18 Hydroxide-Selective Anion-
Exchange column (ThermoScientific, USA) under the following parameters: 25 pul
sample injection volume, isocratic gradient with 23mM potassium hydroxide eluent at 30

°C and a suppressor current of 57mA. Total run time was 34 minutes.

Mass Absorption Coelfficient of EC
Previous studies have shown the equivalence of light attenuation, ATN, from the

carbon analyzer and the Aethalometer when measurement wavelength is the same,
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therefore, ATN from the carbon analyzer can be used in the determination of the
absorption coefficient, b, by the same approach as used with the Aethalometer (Ram
and Sarin 2009; Cheng, et al. 2011). When utilizing the NIOSH 5040 method, ATN is
equivalent to the initial absorbance of the 678 nm laser through the sampled filter. ATN
is used in the following equations to determine b5, and MAC:

baps Mm™) = ATN x A/V
Where A represents the sampled filter area used in the carbon analyzer (mm?®) and V is
the volume of air sampled (m®). The absorption coefficient is then used to determine
MAC:

MAC (m*g") = bapy/EC

Where EC; is the filter loading of the sample (ug C cm™). Multiple scattering effects and
shadowing effects have been shown to be associated with filter-based measurements of
absorption and are typically corrected with two empirical correction factors, C and

R(ATN), where:

[In(A7N)-1In(10) ]

[In(50)~1n(10)] +

A value of 1.103 has been used for f'to correct for MAC by Bikkinna, et al. (2016) and

R(ATN)=(1/f =1)x

Ram and Sarin (2009) and the same approach has been used in this study. A value of C =
2.14 has been applied to this study due to contribution from both biomass and fossil fuel
combustion sources (Bikkinna, et al. 2016). Corrected MAC values were calculated using

the following equation:

MAC, 0 (M’ )= MAC /[ Cx R(ATN)) ]
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Back Trajectory Analysis

Back trajectory analysis performed in Chapter Five is also used to determine
source regions of EC for this study. Briefly, ten-day back trajectories originating in
Barrow, AK every 6 hours were performed using the HY SPLIT back trajectory software
for each day of the sampling campaign. Resulting back trajectories were clustered by

radiocarbon composite for source region identification.

Results

Back Trajectory Results

Back trajectory results from Chapter Five are also presented here. Cluster means
of sample dates matching the composite strategy for radiocarbon are presented as 10 day
back trajectories revealing five major source regions to Barrow, AK: the Russian Arctic,
Canadian Arctic, Alaskan Arctic, the Arctic Ocean, and western Alaska (Figure 5.1). All
seasons had significant contribution from air masses traveling over the Arctic Ocean.
Summer back trajectories consisted of air originating along the Russian Arctic with a
heavy influence from western and interior Alaska, especially from August 12 through
August 31, 2012. Air masses from the western Alaska source region decreased into the
fall, and the Russian Arctic became the dominant source region throughout the remainder
of the season. Winter source regions were previously discussed in detail in Chapter Four
with two major source regions influencing EC concentrations, the Russian Arctic in mid-
winter and the Canadian Arctic in late winter. Spring back trajectories consisted mainly

of air masses originating over the Arctic Ocean.
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EC Concentrations and Comparison with Model Prediction

For this study, the mean EC burden for 2012-2013 was 0.018 + 0.003 pg m™.
Previous long-term studies in Barrow have shown a distinct seasonal trend with
maximum BC concentrations occurring during the winter and minimum concentrations
during the summer with the spring and fall as transitional periods (Sharma, et al. 2006).
Seasonal EC concentrations in this study are consistent with this seasonal pattern with the
highest average EC concentrations of 0.042 + 0.007 ug m> occurring during the winter.
EC concentration decreased to 0.034 + 0.006 pug m™ in the spring, decreasing to 0.020 +
0.003 pg m™ in the summer and reached a minimum of 0.006 + 0.001 pg m™ during the
fall. As discussed previously, there are still uncertainties associated with predicting
surface EC concentrations, especially in the Arctic (Sharma, et al. 2013). When
comparing to the current study to the 2010 emissions inventory of Stohl, et al. (2013), the
model under-predicts average EC concentrations compared to measured surface EC
concentrations by 110% for the spring and over-predicts fall EC concentrations by 60%.
These large discrepancies from the 2010 model and the presented results may be due to a
combination of an underestimation of fossil EC emission sources within the model or an
increase in fossil fuel combustion between the two time periods. Variability in
meteorological conditions, such as deposition and atmospheric transport patterns, could
also be responsible for the differences. The model accurately predicts summer EC
concentrations within 20% and winter EC within 2%. Based off of this comparison,
further investigation is needed to determine which modeled parameters differed from the
observed conditions. This will also improve the extrapolation of detailed observations

from intensive field campaigns to long-term conditions at monitoring sites.
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Isotope-Based Characterization and Source Apportionment

Radiocarbon source apportionment of EC revealed that fossil fuel combustion
sources are the main contributor to EC throughout the year with an average contribution
of 86.2 + 9.7% (Figure 6.1). During the spring and fall transitional seasons, there is a
strong, consistent fossil fuel combustion signal to EC concentrations at Barrow, AK.
Fossil EC concentrations of 0.030 + 0.006 pg m™ and 0.005 + 0.005 pg m™ (Table 6.1)
account for 89.6 + 9.7% and 91.9 + 9.7% of the total EC burden for spring and fall
respectively (Figure 6.1); despite similarity in fossil contribution, the large differences in
ambient concentration of fossil EC indicates very different atmospheric conditions
between the two seasons. The domination of fossil fuel sources in the fall is consistent
with modeled trends in Stohl, et al. (2013) which predicts decreasing contemporary
contributions and increasing fossil contributions throughout the fall and into the winter.
The strong fossil signal of EC in the spring, however, is not consistent with previous
apportionment models, which show increasing contemporary carbon contributions in the
spring (Stohl, et al. 2013). This difference between observed conditions for Spring 213
and modeled conditions may also indicate an anomalous spring season; further model
inter-comparison is needed to determine why the observed concentrations had
significantly higher EC concentration and fossil contribution than predicated. It is
particularly relevant to understand and predict spring EC concentrations as radiative
forcing can potentially include both atmospheric and deposition/surface albedo

components in the Arctic spring.
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Table 6.1: Average seasonal elemental carbon concentrations, average fossil EC
concentrations, % fossil EC, mass absorption cross-section (MAC), and elemental carbon
to sulfate ratios for Barrow, AK.

Avg. EC Fossil EC o . Avg.
Season  Conc. + unc. conc. * unc. EC i/:nljé)SSﬂ MAC =+ s.d. EC:Sulfate
(ug m™) (ug m™) ! Ratio + s.d.

Spring  0.034+0.006 0.030+0.006 89.6+9.7 6.73£0.18 0.05+0.01
Summer 0.020+0.003 0.017+0.003  83.7+9.7 7.83 +£3.57 0.06 = 0.03
Fall 0.006 £0.001  0.005 +0.001 919+9.7 18.49+1222 0.02+0.02
Winter  0.042+0.007  0.034+0.007  80.1+9.7 1236 +£4.11  0.11+£0.17

Mean fossil contribution to EC was 83.7 £ 9.7% for the summer months during
the study period (Figure 6.1). However, during the summer months, two different source
regimes impacting EC concentrations: fossil dominated sources in early summer (mid-
July to mid-August, Summer 1 Composite), transitioning to more even contributions
from fossil and contemporary sources in mid-summer (mid-August to the end of the
month, Summer 2 Composite) (Table D.1). For the early summer regime, fossil sources
continued to be the major driver of EC, contributing 87.3 + 9.7% of the total EC burden.
For the mid-summer, fossil contribution to EC drops to 52.7 + 9.7%, which corresponds
to back trajectories originating in the interior of Alaska which were influenced by
wildfires (Figure 5.1). This decrease to <50% fossil contribution to EC, along with the
late winter (Feb. 25 — March 11) contribution of 49.1 + 5.6% fossil as reported by Barrett,
et al. (2015) are the only instances of greater contemporary than fossil contributions to

surface level EC.
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Figure 6.1: Average seasonal and annual contemporary and fossil EC concentrations in
Barrow, AK from 2012-2013.

As a complement to the A'*C apportionment of EC, characterization of the 8"°C
signature was performed. Measurement of 3"°C has previously been used in Arctic EC
source apportionment by applying end members for the following combustion sources:
C3 plants, coal combustion, and liquid fossil sources (Winiger, et al. 2015). Seasonal
8'°C averages for spring (-26.6 = 0.8%o), summer (-26.3 + 0.1%o) and fall (-26.9 = 0.3%o)
are more depleted than the winter (-24.5 + 2.1%o). Regression of the A'*C and §"°C values
reveals a general trend of enrichment in the 8'"°C signature as the contribution of
contemporary EC increases (Figure 6.2, r* = 0.44). Figure 6.2 also indicates more
enriched 8"°C values for the late winter period (-22.3 + 0.7%o) indicating a shift in fossil
fuel combustion sources, possibly from flaring and liquid petroleum to coal combustion.
This switch coincides with a shift in major source region, from the Russian Arctic to the

Canadian Arctic (Figure 4.1).
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Figure 6.2: A'*C and 8'"°C signatures of samples from Barrow, AK during the study
period. Green, black, and gray bars along the x-axes represent the 8'°C for C3 plants,
liquid fossil, and coal sources.

EC Optical Properties and Sulfate Concentrations

The average annual MAC value of EC in the NSA was 10.69 = 5.95 m” g,
however the high standard deviation indicates that an annual average may not be a good
representation of the Arctic MAC. Average MAC values in the NSA were highest in the
fall and winter with values of 18.49 + 12.22 and 12.36 + 4.11 m” g respectively. The
summer has an average MAC value of 7.83 £ 3.57 m” g, while spring exhibited the
lowest average MAC value of 6.73 + 0.18 m* g (Figure 6.1). Average springtime MAC
values are in good agreement with previously reported MAC values of 7.4 + 0.7 m* g’
MAC (at 660 nm) for the western Arctic in the Spring of 2008 (McNaughton, et al.
2011). Analysis of mixing state of Arctic aerosols in Svalbard, Norway revealed that

under the Arctic haze conditions, soot particles were externally mixed with sulfate
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particles while internal mixing was observed during non-haze background conditions
(Hara, et al. 2003). A more recent analysis of BC over the Arctic Ocean in September of
2014 showed that greater than 50% of BC detected by an SP2 were internally mixed
(Taketani, et al. 2016). Based on the fact that internal mixing of aerosols can enhance
absorption by 2-2.5x, it is reasonable to assume that spring time EC aerosols at Barrow
are externally mixed with sulfate, while the majority of EC during the fall and winter is
internally mixed with sulfate and other aerosol components. High MAC values in the fall
and winter could support the notion that EC derived from fossil fuel combustion is more
efficient at absorbing solar radiation (Ramana, et al. 2010), however, MAC values from
the spring, which had an 89.6% fossil contribution to EC, do not follow this trend. This
indicates that merely ascribing MAC by source is too simplistic to predict MAC in the
Arctic. EC:Sulfate ratios peaked in the winter (0.11) and were the lowest in the fall (0.02)
and showed no correlation with MAC values (Table 6.1, Figure D.3). A recent study has
shown that absorption parameter values may be better predicted by photochemical age,
which could help explain the high fossil/low MAC observations during the spring (Garg,
et al. 2016). MAC values ranging from 6 to 15 m* g have been used to determine BC
concentrations in the Arctic; our results indicate that the seasonal MAC values should be
used rather than the application of a single MAC value for BC determination and its
effect on snow (Hegg, et al. 2009; Hadley and Kirchstetter 2012)

Sulfate concentrations were highly variable throughout the year ranging from 0.07
to 1.44 pg m™. The spring exhibited the highest seasonal average concentration of 0.74 +
0.38 pg m™ and the lowest seasonal concentration, 0.20 + 0.33 pg m™ in the fall. Despite

having the highest average sulfate concentration, the spring exhibited the lowest MAC
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(5.62 = 1.08 m* g). Increased sulfate concentrations in the spring coincide with the
Arctic Haze as expected. During the spring, EC and sulfate were highly correlated (r* =
0.81), with very weak correlations during winter, summer and fall (Figure D.1). The
strong correlation between EC and sulfate in the spring along with the 8"°C signature
points to a strong influence from coal combustion during this time. Sulfate and MAE
were highly correlated during the fall and winter (r*= 0.69 and r’= 0.89, respectively)
indicating possible absorption enhancement from internally mixed EC and sulfate

aerosols (Figure D.2).

Conclusions

This study provides the first year-round assessment of fossil fuel combustion and
biomass burning sources to EC in the North American Arctic. Fossil contributions
consistently dominated the EC burden, contributing as much as 92% of total EC, with an
annual contribution of 86.2 + 5.3% (average + standard deviation). The contribution of
biomass combustion was much more sporadic and event driven, as evidenced by two
short periods in late summer (August 12-31, 2012) and the late winter (February 25-
March 11, 2013) which had > 50% contribution from biomass combustion. Light
absorption of EC is the most efficient during the fall and winter, which is important due
to deposition on snow and ice, and could potentially contribute to faster spring melts.
However, the MAC was 63% lower in spring than the winter; indicating that intensive
spring campaigns on optical properties of Arctic aerosols may not be applicable for year
round predictions of aerosols radiative forcing in the region. Absorption by EC is
possibly enhanced by internal mixing with sulfate during the fall and winter as seen in the

high MAC values during these seasons, while EC is assumed to be externally mixed
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during the spring haze event due to low MAC values. These results provide a tightly
constrained source apportionment that can be used to improve emissions data currently
used in global climate models. Continued long-term sampling and radiocarbon analysis at
Barrow is desirable in order to determine if the fossil contributions seen during this study

are consistent, or if there is significant variation from year to year.
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CHAPTER SEVEN

Conclusions

Source apportionment utilizing ¢ abundance was applied to the elemental
carbon (Chapters Four and Six) and organic carbon (Chapter Five) fractions of
atmospheric particulate matter samples collected at Barrow, AK during a year-round
sampling campaign from 2012 to 2013. '*C apportionment of EC revealed that fossil fuel
combustion is responsible for the majority of the EC burden throughout the year in the
North American Arctic, contributing as much as 92% of the total EC during the early
winter. Contemporary sources of elemental carbon (biomass burning sources) were
responsible for greater than 50% of the burden for only three periods throughout the year,
the late summer (August 2012) with air masses arriving from the interior of Alaska, and
during the late winter which coincided with a source region shift from the Russian to the
Canadian Arctic.

"C apportionment of OC revealed that contemporary, not fossil, carbon sources
contributed the majority of the OC burden in Barrow, AK. Contemporary contributions
were below 50% of the OC burden only during the fall, 38.6%, and peaked at 78.8%
during the late summer, coinciding with the increased contribution of contemporary
carbon to Arctic EC.

In addition to radiocarbon source apportionment, light absorption measurements
were performed to give insight on the radiative properties of carbonaceous aerosols in the

Arctic. Light absorption measurements of aqueous extracts of organic carbon revealed
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that organic carbon light absorption is strongest in the fall and the lowest in the summer.
Light absorption of EC peaked in the winter and was the lowest during the spring.

A novel method for calculating the atmospheric lifetime of levoglucosan, a
biomass burning organic tracer, was also performed, identifying two different
atmospheric processing regimes: high degradation and low degradation (Chapter Four).
This method of atmospheric lifetime calculation can be used for tracking the atmospheric

processing, or aging, of aerosols in the Arctic.

Contributions to the Scientific Community

This work represents a robust data set that is available to climate modelers to be
used as input into global and regional climate models. Global climate models rely on
emission inventories to run simulations of atmospheric BC in the Arctic, and most
underestimate this burden due to missing emission sources and incorrect spatial and
temporal distributions of emission sources. The data presented in Chapters Four through
Six provide a more tightly constrained source apportionment that can be used to close the
gap between modeled and observed concentrations of Arctic BC. Also, organic carbon is
typically treated as light scattering in these models; therefore any underestimation of the
light absorption due to BrC will lead to an underestimation of the total light absorption by
aerosols. The MAE34s values of water-soluble brown carbon can help to address this
underestimation of total aerosol light absorption in the Arctic.

The combination of highly accurate source apportionment via radiocarbon
abundance of organic and elemental carbon in the Arctic, optical properties of aerosols,
and a method for determining the half-life of organic tracers helps to fill many voids in

the Arctic scientific community. In a report from the United States Environmental
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Protection Agency (EPA) to Congress, the EPA identified high priority research needs
for aerosols including research on the impacts of aerosols in snow and ice covered
regions such as the Arctic and the Intergovernmental Panel on Climate Change (IPCC)
identified spatial and temporal variability of climate change and its impacts in regions of
the Arctic as one of the key uncertainties on climate change in the Polar regions. The
work of this dissertation directly meets the high priority research needs by providing
precise information on spatial and temporal variability of organic and elemental carbon

sources and atmospheric processing within the Arctic.

Future Work

While light absorption measurements of WSOC are used as a proxy for BrC
absorption, not all BrC is water soluble. Therefore, it would be beneficial to measure the
light absorption of solvent extracts of the aerosol samples in order to further our
knowledge of light-absorption properties of BrC. Currently, solvent extractions of the
samples used in this work are available and the determination of the optical properties of
these extracts is ongoing.

The year-round characterization of OC at Barrow, AK reveals that OC
concentrations did not follow the well-known seasonal trends of BC for 2012-2013.
However, it is not known if this represents an atypical year in the Arctic; therefore more
long-term campaigns are needed to address this gap. Additionally, the Arctic Ocean
source region influences Barrow during all seasons, introducing a marine/sea ice source
of organic aerosols. Further investigation into the marine biogenic emissions in this

region is needed.
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Further long-term investigation into the source contributions of light-absorbing
carbonaceous aerosols using '*C abundance at all five Arctic monitoring stations
(Barrow, AK, Tiksi, Russia, Summit, Greenland, Svalbard, Norway, and Alert, Canada)
is needed in order to understand the overall contributions of fossil and contemporary
carbon across the Arctic. In addition to source characterization, light absorption
measurements of BrC and EC are needed. '*C apportionment and the optical properties of
aerosols would allow for better constrained climate models in the Arctic, which currently
cannot accurately model the observed Arctic warming, improving their ability to model

future scenarios of increased/decreased emissions in the region.
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APPENDIX A
Supplemental Material for Urban Impacts on Regional Carbonaceous Aerosols: Case
Study in Central Texas
WSOC Analysis
Sample aliquots were placed in 50 ml centrifuge tubes (Bio-Link Scientific,
Wimberly, TX) and sonicated in 30 mL of de-ionized water for 15 minutes. All tubes
were pre-cleaned by triple rinsing with DI water. The extracts were then centrifuged for
10 minutes and decanted to separate out large filter pieces from the solutions. The
extracts were filtered using disposable Iso-Disc PTFE-25-2 Filters with a pore size of 0.2
um (Supelco Analytical, Bellefonte, PA), the filters and syringe were both triple rinsed
with DI water prior to filtration. 60 pl of 6N HCI was then added to remove any CO,
trapped in the solution. Samples were run in three groups with calibration standards
(Potassium Hydrogen Phthalate (KHP, CSH5KO4, 1000 mg C/L) from Ultra Scientific,
North Kingstown, RI) (concentrations of: 0, 0.5, 1, 2, 3, 4, and 5 mg L'l) measured prior
to analysis of each group (r’= 0.9992, 0.9996, and 0.9998) and periodically throughout
each group. The reporting limit was 0.5 mg L™'. Each sample was analyzed three times
using 100 pl injections each time. The reported values are the average of the
concentrations of the three injections. All samples were blank subtracted using an

average blank value of 0.16 mg L™ prior to conversion to pg m™.

123



Absorption Parameters
Filter-Based Samples

The optical attenuation (ATN) of a 678 nm laser source in the TOT analyzer was used in
the determination of b,y and MAC for the filter based samples. ATN is defined by the

Beer-Lambert law as:
Iy
ATN = —ln (T)

where Iy and I are the transmittance signals before and after thermal optical analysis.

ATN from the carbon analyzer is then used to determine byps:

A
baps(Mm™) = ATN X

where 4 is the filter area with particle loading (mm?) and ¥ is the volume of air sampled
(m’). MAC is then calculated as:

ATN x A 1
ECXV 3.6

MAC (m?/g) =
where EC; is the filter loading of EC. All MAC calculations in this study have been
corrected by an empirical correction factor, C= 3.6 (Weingartner, et al. 2003). Previous
studies have shown equivalence in ATN as determined by the Aethalometer and the
carbon analyzer when the wavelength is kept constant (Cheng, et al. 2011; Ram and Sarin

2009).

WSOC Absorption

Light absorption of the aqueous extracts was measured for 200 to 700 nm on an Agilent
8453 UV-Vis spectrometer (Santa Clara, CA), with deuterium and tungsten halogen light
sources. Light absorption of the extracts is defined by Beer-Lambert as:

ATN; = —logy, (é) =L X Z_(Ci X &)

i

where Iy and I are the intensity of the incident and transmitted light, L is the absorbing
path length, C;is the concentration of light absorbing substances in solution, and ; is the
wavelength dependent mass absorption efficiency. The absorption coefficient (baps) 1s

then calculated from ATN using the following equation:
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|14
(baps)a = (ATN; — ATN;q0) X v ::L X In(10)

where Vy, is the volume of water used for the extraction (30 ml), V is the volume of air

sampled (m’) and L is the path length (0.01 m). Since there is no absorption for ambient
aerosol extracts at 700 nm, ATN7¢o accounts for baseline drift during analysis (Hecobian,
et al. 2010; Cheng, et al. 2011). Mass absorption efficiency at a particular wavelength
(MAE,) is then calculated as:

b
MAE, =

Geographic Source Assessment

By combining ambient concentrations with BT clusters, it can be determined
whether PM components (OC, EC, WSOC and PM;s) follow any geographical source
region patterns. The geographic source assessment (GSA) technique used by Sheesley et
al., was used to determine contribution of PM components from each cluster (Rebecca J.
Sheesley, et al. 2012). The GSA is calculated as the mean PM components weighted by
the fraction of air coming from a certain cluster and the duration of the sampling.
Unpaired one-sided t-tests were made to test whether the mean concentrations calculated
for each source region were significantly different than the total mean values for PM

components (Table A.1).
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Table A.1: Results from Geographic Source Assessment (GSA) calculations for organic
carbon (OC), elemental carbon (EC), particulate matter 2.5 (PM,s), and water soluble
organic carbon (WSOC) for each cluster. P-values (to test the hypothesis that the cluster

means are different from the overall means) are shown in ().

Cluster GSA OC GSAEC GSAPM,s GSA WSOC
(ug/m’) (ng/m’) (ng/m’) (ng/m’)
(p-value) (p-value) (p-value) (p-value)
Long Range
2.15(0.14) 0.16 (0.38)  5.90(0.04) 1.30 (0.11)
Central Plains
Regional North 2.45(0.26) 0.18 (0.31) 6.87(0.10) 1.61 (0.32)
Texas Coast 2.04 (0.11) 0.15(0.21) 9.77 (0.35) 1.34 (0.15)
Regional South 2.33(0.12)  0.13(0.002) 8.53(0.21) 1.52 (0.17)
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Figure A.1: Average organic carbon (OC) and elemental carbon (EC) concentrations
using thermal optical transmittance (TOT) and thermal optical reflectance (TOR)
methods for the Houston Clinton monitoring site.
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Figure A.2: Average organic carbon (OC) and elemental carbon (EC) concentrations
using thermal optical transmittance (TOT) and thermal optical reflectance (TOR)
methods for the Dallas Hinton monitoring site.
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Figure A.3: Comparison of fine particulate matter (PM, s) mass concentrations at the
Waco (Mazanec) monitoring station and the Riesel, TX sampling location.
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Figure A.4: Regression analysis of sulfate vs. fine particulate matter (PM; 5) and organic
carbon (OC) vs. PM, s for Houston Clinton.
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Figure A.5: Regression analysis for sulfate vs. fine particulate matter (PM, s5) and organic
carbon (OC) vs. PM; s for Dallas Hinton.
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Figure A.6: Regression analysis of sum of sulfate, nitrate, ammonium, organic matter
(OM), and elemental carbon (EC) vs. fine particulate matter (PM; s) for Dallas Hinton
and Houston Clinton sites.
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Figure A.7: Regression analysis of OC vs. PM; s for Riesel, TX.
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Figure A.8: Regression analysis of WSOC vs. OC for Riesel, TX.
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APPENDIX B

Supplemental Material for Source Contributions to Wintertime Elemental and Organic
Carbon in the Western Arctic Based on Radiocarbon and Tracer Apportionment

February 8, 2013
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Time (Days)
Figure B.1: Graph of /n of levoglucosan concentrations at the source (T=0) and the
receptor site in Barrow, AK (T=10) for one of the mid-winter samples from the sampling
campaign. The slope of the line is equal to -k.

y =-0.0269x - 4.0032

In [A]

Air volume Normalization
Air volumes were normalized using two co-located instruments (PM2.5 sampler
and aethalometer) using the following equation based on the correlation between the two
instruments (r*=0.91):

y =0.77x-0.002
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Table B.1: OC and EC Concentrations, Fraction Contemporary, Fraction Fossil, and Fossil and Contemporary Concentrations from
Barrow, AK during the study period.

OC (ug m’) OC % OC % Fossil  OC Fossil (ugm?®)+  O¢ Contemporary (ug
Date + uncertainty Contemporary + s.e. uncertainty m”) .

+s.e. + uncertainty

12/28/2012-
1/5/2013 0.11 £0.01 67.5+8.0 32.5+8.0 0.037 £0.005 0.076 £ 0.010
1/18-1/25/2013 0.42+0.03 59.9+8.0 40.1 +£8.0 0.168 £0.012 0.252+0.018
2/1-2/8/2013 0.29 £ 0.04 61.3£8.0 38.7+£8.0 0.112+£0.017 0.177 +£0.027
2/8-2/15/2013 0.74 +0.04 56.3+8.0 43.7+8.0 0.323+£0.018 0.417 +£0.023
2/25-3/1/2013 0.16 £ 0.03 62.6 £8.0 37.4+£8.0 0.060 + 0.009 0.100+0.016
3/1-3/11/2013 0.24 +0.02 62.6+8.0 37.4+8.0 0.089 + 0.006 0.149+£0.010

EC (ugm™) + EC % EC % Fossil EC Fossil  (pgm™) EC Conterr_lgorary (hg
Date . Contemporary ) m”)
uncertainty +s.e. + uncertainty .

ts.e. + uncertainty
121//252;;2001132_ 0.04 £ 0.008 33.6+9.2 66.4+9.2 0.013 +£0.004 0.027 + 0.002
1/18-1/25/2013 0.077+0.011 32.5+9.2 67.5+£9.2 0.052 £ 0.009 0.025 + 0.004
2/1-2/8/2013 0.067 £0.013 289+9.2 71.1+£9.2 0.048 £ 0.007 0.019 £0.003
2/8-2/15/2013 0.097 +£0.011 31.5+£9.2 68.5+9.2 0.067 £0.011 0.030 = 0.005
2/25-3/1/2013 0.036 £0.014 50.5+£5.6 49.5+5.6 0.018 £0.006 0.018 £0.006
3/1-3/11/2013 0.041 + 0.006 51.3+£5.6 48.7+5.6 0.021 +0.005 0.020 + 0.005
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Target Analyte List

The target analyte list consisted of 28 PAHs: Napthalene*, Acenaphthylene*,
Acenapthene*, Fluorene*, Phenanthrene*, Anthracene*, Fluoranthene*, Pyrene*,
Benzo[a]anthracene*, Chrysene*, Benzo[b]fluoranthene®, Benzo[k]fluoranthene*,
Benzo[a]pyrene*, Benzo[ghi]perylene*, Indeno[1,2,3-cd]pyrene*,
Dibenzo[a,h]anthracene®, Benzo[ghi]fluoranthene*, Benzo[e]pyrene*, Perylene*,
Retene*, Dibenz[a,e]pyrene*, Coronene*, Picene*, Cyclopenta'pyrene *, 1-
Methylnaphthalene*, 2-Methylnaphthalene*, 2,6-Dimethylnaphthalene*®, 9-
Methylanthracene*; 8 steranes and hopanes: ABB-20R-C27-Cholestane*, AAA-20S-
C27-Cholestane*, ABB-20R-C28-Methylcholestane*, ABB-20R-C29-Ethylcholestane*,
17A(H)-22,29,30-Trisnorhopane*, 17A(H)-21B(H)-30-Norhopane*, 17A(H)-21B(H)-
Hopane*, 17A(H)-21B(H)-22S-Homohopane*; and 25 alkanes: Heptadecane*, Pristane*,
Octadecane*, Phytane*, Nonadecane*, Eicosane®, Heneicosane*, Docosane®,
Tricosane*, Tetracosane*, Pentacosane®, Hexacosane®, Heptacosane*, Octacosane*,
Nonacosane*, Triacontane®, Hentriacontane*, Dotriacontane®, Triatriacontane*,
Tetratriacontane®, Pentatriacontane®, Hexatriacontane*, Heptatriacontane®,
Octatriacontane®, Nonatriacontane*; as well as levoglucosan.

The isotopically labeled standards were d;o-Acenaphthene, d;o-Pyrene, d;,-
Benz[a]anthracene, d;o-Phenanthrene, d;o-Fluoranthene, d;,-Chrysene, d;;-Benzo[b]
fluoranthene, d;;-Benzo[k]fluoranthene, d,;-Benzo[a]pyrene, d,,-Indeno[1,2,3-cd]pyrene,
d;4-Dibenz(a,h)anthracene, d;,-Coronene, d;>-Benzo[e]pyrene, ds-Cholestane, da,-

Eicosane, dso-Tetracosane, dsg-Triacontane, dgg-Dotriacontane,and d;4-Hexatriacontane.
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Table B.2: Concentrations of fossil and contemporary EC and OC from the CMB source

apportionment.

CMB fossil CMB CMB fossil CMB

Contemporary Contemporary
Date EC oC

+ uncertainty EC + uncertainty OC .
+ uncertainty + uncertainty
1/18-1/25-2013 0.072+0.012  0.005 £ 0.002 0.089+0.011 0.036 £0.017
2/1-2/8/2013  0.053+0.012  0.016 £0.006  0.046 +0.008 0.11 +0.052
2/8-2/15/2013  0.072+0.017  0.027+0.010  0.060 +0.010 0.19 +0.070
2/25-3/1/2013  0.034+0.006  0.003+ 0.001  0.016 +0.003  0.021 +0.008
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Table B.3: Levoglucosan/EC ratios for different wood smoke emission profiles

Pine Pine Spruce  Average of California Maine Washington

w/greens Pine
w/greens &
Spruce
Levoglucosan/EC  0.92 0.47 0.51 0.49 0.96 0.94 1.80

Table B.4: Calculated half-lives (t;,,) for 2-day transit times of levoglucosan in the Arctic for different wood smoke emission profiles.

Average of Pine

Pine Pine Spruce w/greens & California Maine Washington
w/greens
Spruce
EC 112 (h) 112 (h) 112 (h) 712 (h) 112 (h) 112 (h) 12 (h)
1/18-1/25-2013 20.2 343 314 32.6 19.6 19.9 14.3
2/1-2/8/2013 133.6 -79.2 -97.9 -87.6 114.7 128.0 36.2
2/8-2/15/2013 106.6 -92.5 -118.8 -104.6 95.1 100.8 34.0
2/25-3/1/2013 20.1 33.8 31.2 32.5 19.6 19.9 14.3
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Table B.5: Calculated half-lives (t;/2) for 5-day transit times of levoglucosan in the Arctic for different wood smoke emission profiles.

Average of Pine

Pine Pine Spruce w/greens & California Maine Washington
w/greens
Spruce
EC 112 (h) 1112 (h) 1112 (h) 1112 (h) 1112 (h) 112 (h) 112 (h)
1/18-1/25-2013  50.4 85.8 78.5 81.5 49.1 49.8 35.9
2/1-2/8/2013 334.0 -198.0 -244.6 -218.9 286.8 319.9 90.4
2/8-2/15/2013  266.6 -231.2 -297.1 -261.6 237.7 252.1 84.9
2/25-3/1/2013 50.3 84.6 78.1 81.1 49.0 49.7 35.8

Table B.6: Calculated half-lives (t;/,) for 10-day transit times of levoglucosan in the Arctic for different wood smoke emission

profiles.
Pine Average of Pine
Pine Spruce w/greens & California Maine Washington
w/greens
Spruce

EC 1112 (h) 112 (h) 112 (h) 1112 (h) 112 (h) 112 (h) 112 (h)
1/1286}/325_ 100.8 171.5 156.9 163.1 98.2 99.6 71.7
2/1-2/8/2013  668.1 -396.1 -489.3 -437.8 573.6 639.8 180.8
2/8-2/15/2013  533.2 -462.5 -594.1 -523.1 4753 504.1 169.8
2/25-3/1/2013  100.5 169.1 156.2 162.3 98.0 99.3 71.5
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Table B.7: Sensitivity analysis of inadvertent pryolyzed carbon (PyrC) inclusion from 0-25% in EC isolation for isotope analysis.

"True" EC Fossit  "True" EC Frogsii "True" EC Frossit  "True" EC Frogsiit "True" EC Frogsit  "True" EC Frogsil

Date (%) 0% PyrC (%) 5% PyrC (%) 10% PyrC (%) 15% PyrC (%) 20% PyrC (%) 25% PyrC
12/28/2012-1/5/2013 66.4 68.3 70.6 73.3 76.7 80.7
1/18-1/25/2013 67.5 69.0 70.8 72.9 75.4 78.3
2/1-2/8/2013 71.1 72.9 75.0 77.5 80.5 84.1
2/8-2/15/2013 68.5 69.8 71.4 73.3 75.5 78.0
2/25-3/1/2013 49.5 50.2 51.1 52.1 53.5 55.1
3/1-3/11/2013 48.7 49.3 50.1 51.1 52.3 53.7

Table B.8: Total Organic Carbon (TOC) and Elemental Carbon (EC) sample mass (ug C/cm2 to AMS) and TOC and EC fraction
modern for samples included in this study. Sample mass and fraction modern for field blanks are also included. At least 100 pg C was
submitted for radiocarbon analysis for each sample.

TOC Samplc; TOC Fraction EC Sample 2Mass
Date Mass (ug C/cm” to Modern (ug C/em” to EC Fraction Modern
AMS) AMS)
Field Blank 1 0.53 0.2255 +0.0024
Field Blank 2 0.81 0.3856 + 0.0050
12/28/2012-1/5/2013 11.84 0.6344 + 0.0020 5.01 0.3586 +0.0014
1/18-1/25/2013 20.59 0.6113 +0.0023 4.38 0.3464 +0.0014
2/1-2/8/2013 18.32 0.6045 + 0.0020 4.08 0.3100 £ 0.0013
2/8-2/15/2013 18.92 0.5862 + 0.0020 3.38 0.3314+£0.0013
2/25-3/1/2013 8.39 0.6459 + 0.0040 2.82 0.5129 £+ 0.0048
3/1-3/11/2013 15.43 0.6642 + 0.0024 3.85 0.5333 +0.0023
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Figure B.2: Back trajectory sensitivity test results for the sampling location with a

starting height of 50 meters above ground level.
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Figure B.3: Back trajectory sensitivity test results from 3 km north of the sampling
location with a starting height of 50 meters above ground level.
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Figure B.4: Back trajectory sensitivity test results from 3 km south of the sampling
location with a starting height of 50 meters above ground level.
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Figure B.5: Back trajectory sensitivity test results for the sampling location with a
starting height of 100 meters above ground level.
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Figure B.6: Back trajectory sensitivity test results from 3 km north of the sampling
location with a starting height of 100 meters above ground level.
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Figure B.7: Back trajectory sensitivity test results from 3 km south of the sampling
location with a starting height of 100 meters above ground level.
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Figure B.8: Back trajectory sensitivity test results for the sampling location with a
starting height of 500 meters above ground level.
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Figure B.9: Back trajectory sensitivity test results from 3 km north of the sampling

location with a starting height of 500 meters above ground level.
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Figure B.10: Back trajectory sensitivity test results from 3 km south of the sampling
location with a starting height of 50 meters above ground level.
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APPENDIX C

Supplemental Material for Year-round Characterization of Sources and Optical Properties

of Arctic Organic Carbon Aerosols in the North Slope Alaska

Table C.1: Composites, samples included, date ranges, back trajectory source regions and

contemporary and fossil contributions to OC for each composite.

. Samples Back Trajectory % Cont. % Fossil
Composite Included Date Range Source Regions OC OC
7/16- ) )
Summer 1 Eﬁ}gzggg 7/23/12, \I;,‘fsileﬁ l:;tsll:é 66.7+9.8% 333+9.8%
8/3-8/12/12
PM10-006 ) )
PM10-007  7/23-8/3/12, \5222?2 i{:ﬁ;
Summer2 PM10-009 8/12- Arctic Ocean > 78.8+98% 21.2+9.8%
PM10-010 83112 5. e
PM10-011 anadian Arctic
1())1;/2202_ 9/21- Russian Arctic,
Falll  PMI0-015s 10312, Western Alaska, 50 o\ g 000 6144 0.8%
10/12- Arctic Ocean,
PMIO-O17-1606/12 Canadian Arcti
PM10-018 anadian Arete
PM10-020 11/3- Russian Arctic,
Winter 1 PM10-021 11/26/12 Alaskan Arctic, 59.5+9.8% 40.5+9.8%
PM10-022 Arctic Ocean
PM10-023 Russian Arctic,
. PM10-024 11/26- Alaskan Arctic, o o
Winter2  pai10-025 122112 Arctic Ocean, 0% 9:8% 44.4:9.8%
PM10-026 Canadian Arctic
3/20- Russian Arctic,
Spring 1 gﬁ}g:gig 3/29/13, Canadian Arctic, 68.9+9.8% 31.1+9.8%
4/4-4/12/13 Arctic Ocean
Russian Arctic
PM10-041 4/12/- ’ o o
Summer 3 PM10-042 426/13 Westem Alaska, 60.1 £9.8% 39.9+9.8%
Arctic Ocean
Russian Arctic,
PM10-045 5/10- Western Alaska, o o
Summer 4 PM-046 524/13 Arctic Ocean, 783 +9.8% 21.7+9.8%
Canadian Arctic
PM10-048 Western Alaska, o o
Summer 5 PM10-049 5/27-6/4/13 Alaskan Arctic 60.4+98% 39.6+9.8%
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Table C.2: Organic carbon, water-soluble organic carbon concentrations, mass absorption efficiency (MAEs¢s), and absorbing Angstrom
exponents (AAE) for samples from the sampling campaign. * indicates not available.

Sample ID Start Date End Date ocC 3 OC WSO? Wws0C MzAEl AAE Season
(ug/m’) unc. (pug/m’) unc. (m”g")
BRW-PM10-003 6/29/2012 7/6/2012 0.29 0.027 0.22 0.022 * * Summer
BRW-PM10-005 7/16/2012  7/23/2012 0.091 0.037 0.04 0.004 0.76 2.67 Summer
BRW-PM10-006 7/23/2012  7/30/2012 0.392  0.021 0.23 0.023 0.31 6.16 Summer
BRW-PM10-007 7/30/2012 8/3/2012 0.081 0.014 0.05 0.005 1.76 3.14 Summer
BRW-PM10-008 8/3/2012 8/12/2012 0.081 0.024 0.05 0.005 0.37 2.73  Summer
BRW-PM10-009 8/12/2012  8/18/2012 0.949  0.056 0.49 0.049 0.22 6.37 Summer
BRW-PM10-010 8/18/2012  8/24/2012 0.453  0.050 0.17 0.017 0.43 4.17 Summer
BRW-PM10-011 8/24/2013  8/31/2012 0.089  0.026 0.04 0.004 0.97 5.18 Summer
BRW-PM10-013 9/7/2012 9/14/2012 0.275 0.012 0.16 0.016 2.20 2.97 Fall
BRW-PM10-014 9/14/2012  9/21/2012 0.703  0.020 0.35 0.035 2.05 2.39 Fall
BRW-PM10-014#2 | 9/21/2012  9/28/2012 0.018  0.008 0.01 0.001 2.25 3.26 Fall
BRW-PM10-015 9/28/2012  10/5/2012 0.008 0.010 0.01 0.001 1.32 4.73 Fall
BRW-PM10-016 10/5/2012  10/12/2012  0.527  0.017 0.29 0.029 0.23 3.74 Fall
BRW-PM10-017 10/12/2012 10/19/2012  0.109  0.018 0.04 0.004 1.61 2.61 Fall
BRW-PM10-018 10/19/2012 10/26/2012  0.066  0.010 0.03 0.003 1.97 1.43 Fall
BRW-PM10-020 11/3/2012  11/9/2012 0.161 0.016 0.11 0.011 0.50 3.6  Winter
BRW-PM10-021 11/9/2012  11/16/2012  0.207  0.020 0.13 0.013 0.83 9.59  Winter
BRW-PM10-022 11/16/2012 11/26/2012  0.125  0.024 0.07 0.007 0.74 2.7  Winter
BRW-PM10-023 11/26/2012 11/30/2012  0.036  0.004 0.02 0.002 0.96 6.2  Winter
BRW-PM10-024 11/30/2012  12/7/2012 0.022  0.002 0.01 0.001 1.03 6.63  Winter
BRW-PM10-025 12/7/2012  12/14/2012  0.075  0.006 0.04 0.004 0.73 6.06  Winter
BRW-PM10-026 12/14/2012 12/21/2012  0.058  0.005 0.03 0.003 1.17 3.62  Winter
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Sample ID Start Date End Date ocC 3 oC WSO? WSs0C MzAEl AAE Season
(ug/m’)  unc. (ng/m) unc. (m”g")

BRW-PM10-027 12/21/2012 12/28/2012  0.253  0.021 0.14 0.014 0.56 3.46  Winter
BRW-PM10-028 12/28/2012  1/5/2013 0.115  0.008 0.06 0.006 0.75 2.6  Winter
BRW-PM10-029 1/5/2013 1/18/2013 0.158 0.016 0.09 0.009 0.96 9.22  Winter
BRW-PM10-030 1/18/2013  1/25/2013 0.426  0.027 0.23 0.023 1.06 5.01 Winter
BRW-PM10-032 2/1/2013 2/8/2013 0.293  0.018 0.18 0.018 0.69 3.87 Winter
BRW-PM10-033 2/8/2013 2/15/2013 0.748  0.045 0.40 0.040 0.63 5.21  Winter
BRW-PM10-034 2/15/2013  2/25/2013 0.499  0.038 0.30 0.030 0.87 3.3 Winter
BRW-PM10-035 2/25/2013 3/1/2013 0.166  0.015 0.13 0.013 0.99 1.83  Winter
BRW-PM10-036 3/1/2013 3/11/2013 0.244  0.018 0.20 0.020 0.69 33 Winter
BRW-PM10-038 3/20/2013  3/29/2013 0.052  0.005 0.04 0.004 1.03 3.96  Spring
BRW-PM10-039 3/29/2013 4/4/2013 0.108  0.011 0.08 0.008 0.63 2.84  Spring
BRW-PM10-040 4/4/2013 4/12/2013 0.079  0.018 0.05 0.005 0.55 1.92  Spring
BRW-PM10-041 4/12/2013  4/22/2013 0.097  0.006 0.06 0.006 0.37 3.54 Summer
BRW-PM10-042 4/22/2013  4/26/2013 0.125 0.011 0.08 0.008 0.46 1.62  Summer
BRW-PM10-045 5/10/2013  5/17/2013 0.030 0.012 0.02 0.002 0.80 1.35 Summer
BRW-PM10-046 5/17/2013  5/24/2013 0.022  0.011 0.02 0.002 1.29 1.94 Summer
BRW-PM10-049 5/31/2013 6/4/2013 0.079  0.032 0.05 0.005 0.46 1.39 Summer
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Figure C.1: Scatter plot of A'*C and §">C for total organic carbon (TOC).
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Figure C.2: Regression of organic carbon (OC) and elemental carbon (EC) for Barrow,
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Figure C.3: Regression of water-soluble organic carbon (WSOC) and elemental carbon
(EC) for Barrow, AK.
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(WSOC) for Barrow, AK
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APPENDIX D

Supporting Information for Annual Contributions of Fossil Fuel Combustion and
Biomass Burning Sources to Atmospheric Elemental Carbon in the North American
Arctic Using Radiocarbon Abundance Measurements

Table D.1: Composites, samples included, date ranges, back trajectory source regions and

contemporary and fossil contributions to OC for each composite.

. Samples Back Trajectory % Cont. % Fossil
Composite Included Date Range Source Regions OC OC
7/16- . .
Summer 1 gﬁig:ggg 7/23/12, &,‘fsiﬁ ﬁ?s‘lf; 1544+9.8% 84.6+9.8%
8/3-8/12/12
PM10-006 . .
PMI0-007  7/23-8/3/12, (G usan Areto
Summer 2  PM10-009 8/12- Arctic Ocean > 52.7+98% 473+9.8%
PM10-010 8/31/12 Canadian A t?
PM10-011 anadian Arctic
%1;/2#02- 9/21- Russian Arctic,
Falll  pmioo1s 1012 Western Alaska, =gy g g0 9194989
10/12- Arctic Ocean,
PMIO-O171696/12  Canadian Arcti
PM10-018 anadia Arcte
PM10-020 11/3- Russian Arctic,
Winter 1 PM10-021 11/26/12 Alaskan Arctic, 14.4+9.8% 85.6+9.8%
PM10-022 Arctic Ocean
PM10-023 Russian Arctic,
. PM10-024 11/26- Alaskan Arctic, 0 o
Winter2  paii0-025 122112 Arctic Ocean, S0 =0 8% 92.0£9.8%
PM10-026 Canadian Arctic
3/20- Russian Arctic,
Spring 1 gﬁ}g:gig 3/29/13, Canadian Arctic, 10.4+9.8% 89.6+9.8%
4/4-4/12/13 Arctic Ocean
Russian Arctic
PM10-041 4/12/- ’ o o
Summer 3 PM10-042 496/13 Westem Alaska, 10.5+9.8% 89.5+9.8%
Arctic Ocean
Russian Arctic,
PM10-045 5/10- Western Alaska, o o
Summer 4 PM-046 504/13 Arctic Ocean, 104+9.8% 89.6+9.8%
Canadian Arctic
PM10-048 Western Alaska, o o
Summer 5 PM10-049 5/27-6/4/13 Alaskan Arctic 202+9.8% 79.8+9.8%
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Table D.2: Elemental carbon concentrations and mass absorption efficiencies for samples collected during the sampling campaign.

Sample ID Start Date  End Date EC C"%"' EC MzACl Season
(ugm™) unc. (m”g)
BRW-PM10-003 6/29/2012  7/6/2012 0.014 0.002 6.47 Summer
BRW-PM10-005 7/16/2012  7/23/2012 0.012 0.002 7.57 Summer
BRW-PM10-006 7/23/2012  7/30/2012 0.016 0.003 10.99 Summer
BRW-PM10-007 7/30/2012  8/3/2012 0.013 0.002 6.53 Summer
BRW-PM10-008 8/3/2012  8/12/2012 0.013 0.002 8.39 Summer
BRW-PM10-009 8/12/2012  8/18/2012 0.021 0.004 13.54 Summer
BRW-PM10-010 8/18/2012  8/24/2012 0.014 0.002 16.48 Summer
BRW-PM10-011 8/24/2013  8/31/2012 0.008 0.001 8.09 Summer
BRW-PM10-014#2  9/21/2012  9/28/2012 0.003 0.001 13.09 Fall
BRW-PM10-015 9/28/2012  10/5/2012 0.004 0.001 7.31 Fall
BRW-PM10-017  10/12/2012 10/19/2012 0.011 0.002 35.06 Fall
BRW-PM10-018  10/19/2012 10/26/2012 0.021 0.004 13.44 Fall
BRW-PM10-020 11/3/2012  11/9/2012 0.043 0.007 11.31 Winter
BRW-PM10-021 11/9/2012  11/16/2012 0.043 0.007 17.62 Winter
BRW-PM10-022  11/16/2012 11/26/2012 0.033 0.006 14.04 Winter
BRW-PM10-023  11/26/2012 11/30/2012 0.040 0.007 7.71 Winter
BRW-PM10-024  11/30/2012 12/7/2012 0.024 0.004 7.33 Winter
BRW-PM10-025 12/7/2012  12/14/2012 0.051 0.009 9.29 Winter
BRW-PM10-026  12/14/2012 12/21/2012 0.031 0.005 9.04 Winter
BRW-PM10-028  12/28/2012  1/5/2013 0.040 0.007 11.67 Winter
BRW-PM10-030 1/18/2013  1/25/2013 0.077 0.013 14.53 Winter
BRW-PM10-032 2/1/2013 2/8/2013 0.067 0.011 13.30 Winter
BRW-PM10-033 2/8/2013  2/15/2013 0.097 0.017 21.39 Winter
BRW-PM10-035 2/25/2013  3/1/2013 0.036 0.006 8.94 Winter
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Sample ID Start Date  End Date EC C"%"' EC MzACl Season
(ugm™) unc. (m”g")

BRW-PM10-036 3/1/2013  3/11/2013 0.041 0.007 14.54 Winter
BRW-PM10-038 3/20/2013  3/29/2013 0.039 0.007 6.61 Spring
BRW-PM10-040 4/4/2013  4/12/2013 0.035 0.006 6.86 Spring
BRW-PM10-041 4/12/2013  4/22/2013 0.049 0.008 5.03 Summer
BRW-PM10-042  4/22/2013  4/26/2013 0.057 0.010 6.21 Summer
BRW-PM10-045 5/10/2013  5/17/2013 0.024 0.004 6.52 Summer
BRW-PM10-046 5/17/2013  5/24/2013 0.021 0.004 4.65 Summer
BRW-PM10-048 5/27/2013  5/31/2013 0.001 0.000 5.21 Summer
BRW-PM10-049 5/31/2013  6/4/2013 0.012 0.002 3.88 Summer
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Figure D.1: Sulfate vs. EC concentrations for each season.
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Figure D.2: Sulfate vs. MAC for each season.
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