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ABSTRACT OF THE DISSERTATION 

 

Source apportionment of Arctic and remote marine  

carbonaceous aerosols 

 

 

 

By 

 

Blanca Teresa Rodríguez 

Doctor of Philosophy in Earth System Science 

University of California, Irvine, 2020 

Associate Professor Claudia I. Czimczik, Chair 

Associate Professor, Saewung Kim, co-Chair 

 

Carbonaceous aerosols are critical, short-lived climate forcers (SLCFs) that play complex 

roles in the climate system through their interaction with solar radiation, cloud nucleation, and 

are also a major contributor to air pollution. Globally and within the Arctic, changing aerosol 

burden associated with the decline of sea ice, shifts in the productivity of marine and terrestrial 

ecosystems, wildfire, and anthropogenic activities, remains an important uncertainty for projec-

tions of future climate change. To develop and evaluate effective air quality and climate change 

mitigation policy, we urgently need a better understanding of emissions sources.  
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An important step forward in unraveling the complexity of carbonaceous aerosols lies in 

the analysis of specific aerosol fractions that have different emissions sources, lifetimes, and 

climate- and health impacts. A minor component with significant climate and health implications 

is black carbon (BC), a light absorbing SLFC emitted directly through incomplete combustion 

that leads to increased air column temperatures, accelerated ice and snow melt, shifts in cloud 

formation, cover, and lifetime, and have adverse effects on human health. The vast majority are 

organic carbon (OC) aerosols, that are light-scattering, also emitted through combustion process-

es, and formed secondarily in the atmosphere. In this thesis, I combine OC/BC analysis with sta-

ble (12C, 13C) and radioactive (14C) carbon isotope data to improve our understanding of BC and 

OC sources (fossil vs. modern and terrestrial vs. marine) and their spatiotemporal variations 

within the High Arctic, which are considered primarily marine. I also explore aerosol composi-

tion in currently understudied marine source regions.  

Despite significant history of Arctic aerosol monitoring networks and power of isotopic 

(and specifically 14C data) for source attribution, consistent 14C observations of Arctic aerosol 

remain sparse. This is largely driven by the small sample sizes of aerosol collected in remote en-

vironments. To make such data more readily accessible for current and future monitoring net-

works, I evaluate the efficacy of the ECT9 protocol, a temperature protocol designed to physical-

ly separate and trap OC and BC microsamples (<100 µg C) for accurate δ13C and 14C analysis. 

This is done by measuring the 14C content of individual and mixed OC and BC standards of 

varying sizes to quantify the extraneous carbon incorporated throughout the analytical process 

and the efficacy of OC/BC physical separation. The total modern and fossil extraneous carbon 

incorporated by the set-up was 0.9±0.45 and 0.4±0.2 µg C respectively. The ECT9 technique 

was found effective at physically separating exclusively non-refractory OC and highly refractory 
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BC and can be applied directly to monitoring networks using this protocol to quantify OC/BC 

concentrations. 

I utilize the ECT9 protocol to quantify BC concentrations and fossil fuel contribution to 

BC in total suspended particulates (TSP) and snow collected at the Dr. Neil Trivett Global At-

mosphere Watch Observatory at Alert, Nunavut Canada, a long-term monitoring facility, over 

the course of one year (2014-2015). I determine the seasonal cycle of fossil fuel source contribu-

tions to show that BC is primarily dominated by fossil sources throughout fall- spring (47-70% 

fossil) and have major geographical sources from the Russian Arctic sector, though long-range 

contributions from Asia cannot be excluded. Additionally, summer BC (20-52% fossil) is domi-

nated by biomass burning in the North American Arctic sector as shown by GFED v4.1 Summer 

2014 biomass burning emissions and enriched 14C values. BC in snow was enriched relatively to 

BC in TSP, though this effect was not homogeneous (53-88% biomass). High biomass burning 

contributions in snow BC suggests wet deposition may be a key pathway for long-range transport 

of biomass burning emissions from the upper troposphere.  

Furthermore, I explore the various marine and terrestrial sources to OC aerosol across the 

northern Pacific and the Arctic Ocean. I combine dual isotopes (13C, and 14C) in a multi-source 

model to calculate and quantify the contributions from surface marine refractory dissolved or-

ganic carbon (RDOC), fresh biomass, and liquid fossil to ambient aerosol. The data shows that 

remote marine aerosol is dominated by RDOC in the Pacific (90% RDOC) and to a lesser extent 

in the Bering Sea (47% RDOC). This work suggests marine RDOC and fresh biomass are im-

portant contributors to marine OC and may play an important role in future Arctic climate 

change. 
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Together, my dissertation research established new analytical capabilities, produced criti-

cal benchmark dataset, and advanced our understanding of carbonaceous aerosol in the rapidly 

changing Arctic. 

 

 

 

 

 

 

 

 



 

 

 

1 

Chapter 1: Introduction 

 

1.1 The changing Arctic  

The Arctic is a critical component of the Earth system that is warming twice as fast rela-

tive to global rates, a process known as “Arctic amplification” (Overland et al., 2019). The accel-

erated warming observed in the Arctic has had complex and profound impacts on the region that 

are expected to continue for the next few centuries (Koenigk et al., 2020). The incidence of per-

sistent warm air temperatures since the mid-1990s (Jones et al., 1999, 2012) has led to a con-

sistent decline of sea ice extent and thickness (Kwok, 2018; Ricker et al., 2017), significant pan-

Arctic permafrost warming (Biskaborn et al., 2019; Chadburn et al., 2017; Slater & Lawrence, 

2013), and increased freshwater discharge to the Arctic Ocean from melting terrestrial ice stocks 

and increased river runoff (Ahmed et al., 2020; Durocher et al., 2019; Rood et al., 2017). Dimin-

ishing sea ice has cascading impacts on marine and terrestrial ecosystems, radiative forcing, cloud 

cover, and precipitation patterns (Richter-Menge et al., 2019). Specifically, declining sea ice ex-

tent and thickness has significantly shifted the timing and intensity of phytoplankton blooms. Ear-

lier break up and recession of sea ice has shifted phytoplankton blooms earlier, particularly in 

marginal sea ice regions (Frey et al., 2018), and marine pan-Arctic primary productivity has in-

creased in the past two decades (Comiso, 2015). Additionally, trans-Arctic shipping is expected to 

increase with decreasing sea ice extent and therefore may contribute significantly to the future of 

Arctic climate (Gong et al., 2019; Stephenson et al., 2018). On land, tundra productivity is chang-

ing (Lara et al., 2018; Myers-Smith et al., 2020) and woody plants (shrubs) are becoming more 

abundant (Myers-Smith & Hik, 2018). The changing composition and productivity of marine and 

terrestrial ecosystems is also likely to affect Arctic aerosol concentrations as secondary organic 
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aerosol (SOA) emissions may change (Croft et al., 2019; Faubert et al., 2010; Lindwall et al., 

2016). 

While the Arctic atmosphere is pristine compared to other, more densely-populated re-

gions, pollutants produced within the Arctic region and transported to the Arctic from lower lati-

tudes accumulate under dry, cold conditions of the Arctic dome in winter and early Spring – re-

sulting in a phenomenon known as “Arctic haze” (Law & Stohl, 2007; Quinn et al., 2007; Shaw et 

al., 1993). Arctic haze occurs during the winter and spring months due to long-range transport of 

accumulation mode particles (0.1-2.5 µm diameter) from the midlatitudes and Arctic emissions 

(Freud et al., 2017) (Fig. 1.1), when the polar front expands asymmetrically into Asia and eastern 

North America. Key components of Arctic haze are black carbon (BC) and organic carbon (OC). 

BC is a refractory, light absorbing aerosol emitted directly through combustion (Andreae & 

Gelencsér, 2006; Petzold et al., 2013), that has extensive implications for climate (Bond et al., 

2013), air pollution, and public health (Pöschl, 2005).  

 

Figure 1.1 Summary of BC emissions, transport pathways, and atmospheric processing. From 

AMAP (2015). 
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The cold and dry conditions experienced within the polar dome limit the most effective 

removal mechanism for BC, wet scavenging. Since BC often develops sulfate and/or organic 

coatings after emission, the increased hydrophilicity allows BC to act as cloud condensation nu-

clei (CCN) or become scavenged by existing liquid droplets. However, exceedingly low tempera-

tures within the polar dome in winter and spring, increase the lifetime of BC in the High Arctic 

(>70°N). The accumulation of BC within the polar dome is also exacerbated by the formation of 

strong temperature inversions that inhibit vertical air column movement. Instead, two distinct 

transport pathways are reflected in the vertical distribution of Arctic haze during springtime. 

Low-tropospheric Arctic pollution is attributed to emissions from Europe and north Asia (Siberia 

and Eurasia), and mid- and upper-tropospheric pollution to eastern and southern Asia (Xu et al., 

2017) (Fig. 1.2). 

The accumulation of light-absorbing particles, such as BC, during the spring plays a cru-

cial role during polar sunrise in shifting the Arctic’s radiation balance by trapping more heat and 

causing earlier melting of sea ice and/or snow (Flanner et al., 2009). During polar sunrise, strong 

temperature inversions are still prevalent, which limit vertical transport and exacerbate aerosol-

radiation interactions. The end of the Arctic haze season is typically seen at the end of spring, 

when increased solar heating induces vertical mixing and along with it a sharp transition from ice-

dominant clouds to warmer mixed-phase drizzling clouds (Browse et al., 2012). These interac-

tions have cascading direct and indirect effects throughout the warm season that impact long-term 

climate.  
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Figure 1.2 Spring and annual 

air column vertical distribu-

tion of BC sources from flight 

measurements. Average BC 

concentrations in (a) are 

shown in solid black line with 

number of measurements 

shown to the right. Simulated 

concentration contributions 

are color-coded in (a) and (b). 

Source contributions in per-

centages of 200 hPa pressure 

bins shown in (c) and (d). 

From Xu et al., (2017). 

 

This changing aerosol 

burden contributes to the un-

certainty for understanding 

future climate change in the 

Arctic because direct and in-

direct effects of aerosol on 

climate forcing remains poorly understood (Pierrehumbert, 2014). Direct effects of aerosol on 

climate stem from aerosol interactions with incoming and outgoing radiation. For example, sul-

fate and organic aerosol generally cause cooling through increased scattering of radiation while 

colored aerosol (i.e. black and brown carbon) causes warming by lowering surface albedo and en-

hancing surface snowmelt. The indirect effects of aerosol on climate originate from complex 

cloud-aerosol interactions which can affect cloud cover, the radiative and microphysical proper-

ties of the cloud for example. A key challenge is to understand the sources of these aerosols in the 

rapidly changing Arctic. These data are urgently needed to develop and monitor effective mitiga-

tion policies. 
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1.2 Black carbon aerosol in a changing Arctic 

1.2.1 Arctic black carbon emission sources 

Black carbon (BC) aerosol is directly emitted through high-temperature combustion of 

carbon-based material alongside longer-lived, climate-forcing greenhouse gases. As such, the 

primary source of BC in and to the Arctic is the combustion of fossil and biogenic fuels (e,g, coal, 

peat, and wood; anthropogenic processes) and biomass burning (wildfires). Historically, global 

anthropogenic BC emissions increased linearly from 1850 to 2000 as a result of steadily growing 

fuel demand (Lamarque et al., 2010). With the onset of industrialization, emissions were initially 

dominated by Europe and North America from 1750 to 1960 after which rapid economic growth 

and shifts in manufacturing expanded emissions from China and other Asian countries to (Skeie 

et al., 2011). 70-80% of BC emissions in North America, Europe, and Asia originate from a com-

bination of surface and air transportation (i.e. gasoline, diesel, or kerosene combustion) and resi-

dential/commercial activities (i.e. domestic and commercial heating and cooking with wood, natu-

ral gas, or coal) (AMAP, 2015). Increasingly efficient combustion technology and stricter air pol-

lution regulations have lowered emissions from Europe and North America since 1950. As a re-

sult, Arctic monitoring stations measuring properties of colored aerosols showed a decreasing 

trend in equivalent BC concentrations of 49% and 33% during winter at Alert and Barrow respec-

tively (Hirdman et al., 2010; Sharma et al., 2006). 

The lifetime of BC is highly dependent on the transportation pathway. Siberian and Euro-

pean emissions to the Arctic are transported in the low-troposphere, and is subject to increased 

wet and dry deposition (Bourgeois & Bey, 2011; Wang et al., 2014). As such, the lifetime of BC 

from Siberia and Europe is 7-9 days on average throughout the year but 10-16 during springtime 

(Qi et al., 2017). However, long-range transport of BC from Asia is lifted to the mid and upper 
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troposphere, which severely limits wet and dry deposition (Law & Stohl, 2007) (Fig. 1.1). Conse-

quently, the lifetime of BC arriving from Asian anthropogenic and biomass burning can be as 

long as four months (Qi et al., 2017). 

Within the Arctic, 

BC emissions are associated 

with residential activities 

and commercial gas and oil 

extraction and its infrastruc-

ture. This includes gas flar-

ing, which consists of burn-

ing excess gaseous or liquid 

hydrocarbons at production 

sites. Quantifying gas flar-

ing emissions into invento-

ries in the Arctic is highly 

uncertain due to the lack of 

observations and BC emis-

sion factors associated with 

flaring. Stohl et al. (2013) 

has suggested that flaring is 

highly prevalent in the Rus-

Figure 1.3. Circum-Arctic settlements distinguished by population size. 

From Jungsberg et al. (2019). 
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sian sector of the Arctic (Fig. 1.3). Future shipping related to gas and oil production logging, and 

mining is also expected to increase (Gunnarsson, 2021; Peters et al., 2011) and thus getting a bet-

ter understanding of how BC in the Arctic will impact future climate change is imperative.  

 

1.2.2 Direct Arctic climate impacts 

Black carbon directly impacts regional climate through BC-radiation interactions and their 

respective feedbacks (Table 1.1). The direct radiative forcing (DRF) associated with BC in the 

atmospheric column is another important climate forcing pathway, particularly in the spring when 

Arctic haze is prevalent. This is due to enhanced emission transportation from lower latitudes in 

conjunction with polar sunrise providing shortwave radiation. BC absorbs shortwave radiation in 

the atmospheric column and resulting radiation balance perturbations vertically dependent 

(Samset & Myhre, 2011).  

Accurately modeling the DRF imparted from tropospheric BC requires accurate estimates 

of BC emissions, lifetimes, mass absorption cross section (MAC), and forcing efficiency. Conse-

quently, estimates are highly variable as these four BC properties are represented differently in 

models. For example, estimates within the Arctic of DRF include co-emitted light-absorbing aer-

osols, such as OC aerosol. A multi-model mean from 15 AeroCom models (Samset et al., 2013) 

estimated +0.38±0.3 W m-2 and ranged from +0.07 to +1.19 W m-2. Arctic DRF estimates are sub-

ject to the largest uncertainties due to the uncertainties in emission inventories, particularly in 

Russia and Eurasia. Hao et al. (2016) updated Eurasian emission estimates, reporting 3.2 times 

higher emissions than that reported by the Global Fire Emissions Database version 4 (GFED4). 

Huang et al. (2015) updated Russian anthropogenic emissions and included added gas flaring 

emissions greater than previously reported (Bond et al., 2007). Nonetheless, incorporating these 
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estimates with a GEOS-Chem model, Dong et al. (2019), calculated a DRF ranging from 0.25-

0.35 W m-2 and DRF, which is within the previous range.  

Another direct climate impact is the effect of BC deposition on snow and ice on surface 

albedo. This positive feedback results in radiative forcing ranging +0.03 to +0.28 W m-2 (AMAP, 

2015; Flanner et al., 2009; Koch et al., 2009) and is characterized by significant reduction in sur-

face albedo leading to earlier onset of melting. Furthermore, albedo reduction creates other feed-

back loops that interact. These include feedbacks related to resulting increased surface air temper-

atures which affects sublimation rates, deposition and transport pathways, and snow grain sizes 

(Bond et al., 2013) (Fig. 1.4). This emphasizes that the effect of BC deposition on snow and DRF 

associated with atmospheric BC alone do not account for the rapid climate warming occurring in 

the Arctic. Indirect and semi-direct effects must also be considered. 

 



 

 

 

9 

Figure 1.4 Summary of feedback loops associated with deposition of BC on snow and ice. From 

Bond et al. (2013).  

 

1.2.3 Indirect Arctic climate impacts  

The indirect climate impacts of BC in the Arctic are tied to aerosol-cloud interactions, 

which can affect cloud-cover, emissivity, and brightness. Modelling and accurately quantifying 

the forcing from these effects is challenging due to various cloud-aerosol feedbacks involved, 

which vary by region and meteorological conditions. Nonetheless, BC affects cloud properties 

consequently from shifting air-column temperatures and BC’s role as CCN, which have cascading 

impacts on the cloud’s macro and microphysical properties. 

BC’s light-absorbing properties serve to increase the temperature of the air column. BC, 

when aloft, increases atmospheric stability and leads to increased low-level cloud cover (Johnson 

et al., 2004). BC within or below cloud can increase convection, which may also enhance cloud 

cover. This impact is highly dependent on the amount of absorption. As such, weakly-absorbing 

aerosols, such as dust, decline cloud-cover (Johnson et al., 2004). The radiative impact of BC is 

estimated to range from -0.30 to +0.15 W m-2 (Cherian et al., 2017; Ghan et al., 2012; Hansen et 

al., 2005; Penner et al., 2003) but is subject to large uncertainties dependent on accurate represen-

tation of BC altitude.  

BC readily becomes scavenged by existing liquid droplets within a cloud due to organic or 

sulfate coatings that increase the hydrophilicity. Upon incorporation the absorption effects are 

amplified, though the radiative impact of this effect has yet to be accurately modeled. The indirect 

effect of BC on clouds stems from the effect of BC on CCN number concentrations within a 

cloud. Increased CCN-activated BC aerosol increases the number of cloud droplets and limits 

droplet growth, therefore suppresses precipitation. This effect, however, is amplified in pristine 
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regions, such as summertime Arctic, where the formation and lifetime of low-level clouds are 

highly dependent on CCN concentrations (Burkart et al., 2017; Willis et al., 2016). The radiative 

forcing reported for indirect effect of BC ranges from -0.32 to +0.26 W m-2 and is also subject to 

high uncertainties (Bauer et al., 2010; Bond et al., 2013; Koch et al., 2011). 

Despite significant contributions to the various feedbacks implicated in increasing Arctic 

temperatures, BC is only one component of the climate system contributing. OC aerosol is anoth-

er important component that has massive potential climatic impacts.  

Table 1.1 Overview of BC radiative forcing estimates  

Effect  Radiative Forc-

ing 
References 

  W m-2  

Direct Radiative Forcing +0.07 to +1.19 Samset et al., 2013; Dong et al., 2019 

Deposition on snow and 

ice 
+0.03 to +0.28 Flanner et al., 2009; Koch et al., 2009; AMAP 2015 

Indirect effect -0.3 to +0.15 
Cherian et al., 2017; Ghan et al., 2012; Hansen et al., 2005; 

Penner et al., 2003 

 

1.3 Organic carbonaceous aerosol in the climate system  

1.3.1 Sources to atmospheric OC aerosol  

OC aerosol encompasses diverse sources that are emitted primarily and secondarily creat-

ed in the atmosphere through condensation. OC constitutes a major fraction (20-90%) of aerosol 

burden globally (Jimenez et al., 2009).  

Primary organic aerosol (POA) is emitted directly from anthropogenic and natural sources 

(Després et al., 2012). A significant fraction of fine-mode POA (<2.5µm) is semi-volatile and can 

partition between the gas and particle phase depending on background temperatures and OC con-

centrations (Grieshop et al., 2009; Robinson et al., 2007). These POA are co-emitted through 

combustion processes, much like BC. This includes combustion of fossil and biogenic fuels and 
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wildfires, global fluxes of which are estimated to be 55.4 Tg yr-1 (Pai et al., 2020). These emis-

sions dominate OC in urban regions and are a main component of PM2.5 pollution in urban re-

gions (Donahue et al., 2009; Rivellini et al., 2019; Theodoritsi et al., 2020). In marine environ-

ments, natural sources of POA include mechanically generated sea spray, which may originate 

from the surfactant-rich sea-surface microlayer (SSML), biogenically-derived particulate organic 

matter (POM), and/or dissolved organic carbon (DOC). Current GEOS-CHEM parametrizations 

estimate marine POA emissions 15 Tg yr-1 and have an average lifetime of 3 days (Gantt et al., 

2015; Pai et al., 2020).  

Furthermore, semi-volatile volatile organic compounds (SMVOCs) co-emitted through 

combustion (natural or anthropogenic) or anthropogenic activities undergo further atmospheric 

chemical- (by O3, OH, or NO3) and photooxidation, which lowers the volatility to the point of 

forming secondary organic aerosol (SOA) through condensation. Natural biogenic volatile organ-

ic compounds (BVOCs), such as mono- and sesquiterpenes emitted by plants and trees, also un-

dergo similar atmospheric aging prior to forming fine-mode SOA. The highest concentrations of 

SOA are observed in various peri-urban regions around the world, where BVOCs interact with 

urban SMVOCs and undergo photooxidation (Gentner et al., 2017; Kim et al., 2015; Nault et al., 

2018). SOA formation is estimated to range between 12 and 70 Tg yr-1 (Kanakidou et al., 2005). 

OC are incredibly challenging to model in the climate system due to the dynamic and un-

certain nature of the OC life cycle, particularly in remote regions as observations remain sparse. 

Currently models underestimate OC contribution to total aerosol mass in remote regions (Hodzic 

et al., 2020), which leads to uncertainties in determining radiative forcing attributed to OC. 

1.3.2 Climate impacts  
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Direct OC impacts on global radiative forcing are dependent on OC-shortwave radiation 

interactions that can vary significantly (Table 1.2). Uncolored OC scatters visible radiation, im-

parting a cooling effect. Nonetheless, the degree of scattering is dependent on the OC source (Lin 

et al., 2014). Vice versa, colored OC (i.e. brown carbon or BrC) absorbs a significant fraction of 

visible radiation and much like BC, can have a warming effect. BrC is generated during low-

temperature combustion, such as biogenic fuel burning or wildfires. However, BrC has a limited 

lifespan due to efficient aging mechanisms that lower its absorptivity, such as photobleaching 

(Lee et al., 2014; Zhao et al., 2015). Estimates of the direct forcing of OC range from -0.12 to -

0.43 W m-2 (Lin et al., 2014; Tilmes et al., 2019). 

Characterizing the indirect radiative effect of OC is further challenging since OC can act 

as CCN to alter cloud micro- and macrophysical characteristics, such as rain output, cloud life-

time, and subsequent radiative impacts. For example, incorporating marine OC showed an in-

crease in low-level in-cloud droplet number concentration, particularly in areas such as the South-

ern Ocean where OC is prevalent. This effect was attributed to an increased indirect forcing value 

from -1.38 to -1.29 W m-2 (Gantt et al., 2012). 

Table 1.2 Overview of OC radiative forcing estimates  

Effect 
Radiative Forc-

ing 
References 

 W m-2  

Direct Radiative Effect -0.12 to -0.43 Lin et al., 2014; Tilmes et al., 2019  

Indirect Effect -1.38 to -1.29 Gantt et al., 2012 

 

1.3.3 Implications for future Arctic climate 

The role of OC in future Arctic climate is uncertain with available studies focusing on 

characterizing sources and atmospheric processing of marine emissions, less has been done to as-

sess terrestrial BVOCs and their contribution to SOA formation in the Arctic. Terrestrial BVOC 
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studies (Faubert et al., 2010; Lindwall et al., 2016; Potosnak et al., 2013) are limited to the lower 

Arctic. Shifting productivity and ecosystem paradigms could provide a significant additional 

source of SOA in the high Arctic, which is currently unassessed.  

The Arctic’s OC burden depends on marine POA flux or condensable OC for SOA for-

mation. These fluxes are expected to increase due to sea ice extent decline during the summer 

months (Browse et al., 2014). Still, prevalent summertime ultrafine SOA (5-50 nm) from particle 

forming events are an important component to OC because of their ability to act as CCN (Burkart 

et al., 2017; Collins et al., 2017). Furthermore, new ultrafine particles observed were in pristine 

ice-free boundary layer in productive regions where background particles are 100-150 cm-3, sug-

gesting that ultrafine SOA have a biogenic origin (Croft et al., 2019; Lange et al., 2019; Willis et 

al., 2016, 2017). This suggests that future Arctic marine productivity may play an important role 

in mitigating future Arctic warming since current estimates indicate that the direct and indirect 

effects of SOA are cooling in nature (-0.04 and -0.4 W m-2 respectively) (Croft et al., 2019).  

1.4 Characterization of carbonaceous aerosol 

1.4.1 Brief overview of common methods  

Methods for characterizing carbonaceous aerosol fall into two main categories: in-situ and 

offline methods. In-situ methods offer short temporal resolutions, which is valuable in determin-

ing the evolution of an observed space but can be limited in the level of detail the analysis pro-

vides. Offline methods are limited in temporal resolution but can offer detailed chemical analysis.  

Common in-situ analysis of carbonaceous aerosol characterizes its optical properties. For 

BC, this measures the aerosol’s ability to absorb visible radiation by measuring the extinction of 

incident light due to the absorption. Common techniques include particle soot absorption photom-

eter (PSAP), aethalometer, and the single-particle soot photometer (SP2), all of which differ in 
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sensitivity and type of BC measured (Sharma et al. 2017). For OC, measuring the scattering abil-

ity is not useful as sulfate and liquid droplets, other prevalent components of atmospheric aerosol, 

also scatter radiation. OC concentrations are instead determined via mass spectrometry, which 

provides detailed OC mass concentration and molecular composition information with high tem-

poral resolution. The most popular technique is the time-of-flight aerosol mass spectrometer 

(ToF-AMS), which can size and provide mass spectra of individual particles (Drewnick et al., 

2005). These in-situ techniques are also often coupled with particle counters and sizers, such as 

the Condensation Particle Counter (CPC), Scanning Mobility Particle Sizer (SMPS), and Aerody-

namic Particle Sizer (APS).  

Offline methods of carbonaceous aerosol require collection on an inert filter, such as 

quartz fiber, prior to analysis. Common techniques include thermo-evolution and chromatography 

in conjunction with mass spectrometry. Thermo-optical analysis, such as the OC/BC analyzer, 

utilizes a temperature protocol to induce thermally desorb OC and BC separately (Chan et al., 

2019; Chow et al., 2004; Huang et al., 2006; Mouteva et al., 2015; Zencak et al., 2007; Zhang et 

al., 2012). The carbonaceous material is then oxidized to CO2 and quantified with either a nondis-

persive infrared (NDIR) sensor or reduced methane and quantified with flame ionization detector 

(FID). A red laser focused on the collected filter indicates changes in transmission of the filter 

throughout the temperature protocol, which shows the evolution of light-absorbing colors and any 

pyrolization occurring on the filter. Gas chromatographic techniques (i.e GC) involve either dis-

solving or thermally desorbing aerosol on collected filters prior to chromatographic separation 

(Eglinton et al., 1996). The separated effluent is then chemically characterized with mass spec-

trometry, which can range in their ionization and mass spectrometry technique. The products of-

ten include detailed mass spectra with molecular compositions based on the effluent time and 
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mass to charge ratio measured. This technique is useful for detecting tracers for biomass burning 

and fossil combustion. Bridging compound-specific and thermal-evolution techniques is challeng-

ing due to differing method sensitivities but is necessary to integrate for powerful aerosol charac-

terization. 

1.4.2 Radiocarbon as a source apportionment tool 

Characterizing the radiocarbon (14C) content of bulk aerosol and its fractions offers a 

powerful tool for quantifying emissions sources. 14C is a naturally occurring radioisotope (5,730-

year half-life) produced in the atmosphere. Once oxidized to carbon dioxide (14CO2), 
14C enters 

the food chain through photosynthesis which labels living organisms with the same characteristic 

14C/12C ratio as that of the atmosphere. Materials containing carbon older than about 50,000 years 

are described as “fossil” carbon as 14C/12C ratio approaches zero from beta-decay. Over the past 

centuries, the 14C content of the atmosphere has undergone distinct changes (Graven, 2015; Levin 

et al., 2010). Nuclear weapons testing doubled the 14C content of CO2 in the Northern Hemisphere 

in the mid-20th century, followed by a rapid decline due to mixing of this bomb-derived 14C-

enriched carbon into the ocean and biosphere. Any materials containing this “bomb”-C (including 

all biomass produced since the 1950s) are referred to as “modern”. Concurrently, emissions of 

14C-free carbon emitted through anthropogenic combustion of fossil fuels continue to dilute the 

proportion of 14C relative to 12C.  

Aerosol 14C content can be used to ascertain relative contributions from contemporary bi-

omass and fossil sources (Heal, 2014). This technique utilizes the stark contrasts in 14C content 

(FM) between the two sources and employs a simple 2-source mass balance model to quantify the 

contemporary (fc) and fossil (ff) fractions as described by Eq. 1 and Eq. 2.  

     Eq. 1 
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    Eq. 2 

Where FMm is the measured radiocarbon content, FMc is the 14C content of contemporary 

source, and FMf is the 14C content of the fossil source. This source attribution can be done sepa-

rately for OC and BC. However, contrasting sources to OC and BC require clear separation, 

which, as is discussed in Chapter 2, is operationally defined because carbonaceous aerosol exists 

as a spectrum when characterized by its thermal and optical properties (Zenker et al., 2017; Zhang 

et al., 2012). This, along with sample masses required for precise measurement, pose the main 

challenges to utilizing 14C to quantify fossil and contemporary sources, particularly in the pristine 

Arctic atmosphere.  

1.4.3 Multi-source characterization with multiple isotopes 

Source apportionment of additional sources can be determined by measuring other iso-

topes (i.e. δ13C, δ15N) provided that each source has distinct isotopic profiles for each isotope and 

the source’s variance in isotopic values is limited. For example, 13C/12C and 14C/12C ratios can be 

used in conjunction to quantify three sources with the mass balance approach. This adds a third 

term to Eq. 1 and Eq. 2 and a third linear equation delineating the sources and fractions of the 13C 

isotope. To generate a single solution to the system of linear equations, each additional source 

must include an additional mass-balance equation characterizing another isotope. Characterizing 

the solution’s uncertainty based off variance in the source’s and measured isotopic value (i.e. 

from repeated measurements) is done with simple statistical models such as EPA’s IsoError 

(Phillips & Gregg, 2001). 

In the case that sources outnumber the number of isotopes measured, statistical methods, 

such as the IsoSource model (Phillips et al., 2005; Phillips & Gregg, 2003) can be used. This 

model calculates all feasible solutions within % tolerances provided. The statistics of the results 
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can then be used to interpret the likely ranges of potential contributions. This technique requires 

distinct isotopic profiles for the sources and limited variance of the isotopic values of the source 

to yield meaningful information. Source contributions of multiple sources (3+) can also be used in 

conjunction with chemical tracer measurements to verify multi-isotopic source attribution results. 

1.5 Organization of dissertation 

In my thesis, I combined method development, data collection in the field, and atmospher-

ic modeling to improve our understanding of BC and OC sources in fine airborne particulate mat-

ter of diverse environments. By characterizing the isotopic composition of OC and BC, I was able 

to explore the shifting nature of source contribution in the long- and short-term. A major goal of 

this dissertation is to report a benchmark dataset for use in modelling efforts aiming to accurately 

model carbonaceous aerosol sources and lifecycle. This is urgently needed to mitigate current un-

certainties about the current and future impact of OC and BC on climate, air quality, and the car-

bon cycle.  

In an effort to constrain the differences in techniques that measure 14C of OC and BC and 

make the data more accessible for current and future monitoring and modeling work, Chapter 2 

evaluates the efficacy of the ECT9 protocol to physically separate and trap OC and BC mi-

crosamples (<100 µg C) for accurate 14C analysis. The ECT9 protocol is a new temperature pro-

tocol developed by the carbonaceous aerosol & isotope research (CAIR) lab of Environment and 

Climate Change Canada (ECCC) whereby a modified thermal-optical OC/BC analyzer is attached 

to a vacuum line to cryogenically trap and purify desorbed OC and BC in the form of CO2. 

Trapped CO2 was then graphitized and analyzed via accelerator mass spectrometry (AMS) at the 

UC Irvine KCCAMS facility. The work was done by measuring the 14C content of individual OC 

and BC standards of varying sizes and 14C content to quantify the extraneous carbon incorporated 
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throughout the analytical process. Furthermore, OC and BC pure standards were mixed prior to 

14C analysis to evaluate the efficacy of OC/BC physical separation. Quantified extraneous carbon 

and optical observations were directly compared to the Swiss_4S thermal-optical protocol devel-

oped by University of Bern, Switzerland (Zhang et al., 2012) and evaluated by Mouteva et al. 

(2015). Finally, the results from a mixed particulate matter (SRM 1649a) standard were discussed 

in comparison to other 14C measurements with other protocols to evaluate biases and limitations 

of the protocol. The ECT9 technique was found effective at physically separating exclusively 

non-refractory OC and highly refractory BC compared to the Swiss_4S protocol and can be ap-

plied directly to monitoring networks previously and currently using this protocol to quantify 

OC/BC concentrations. 

Driven by quick Arctic climate warming and limited High Arctic aerosol source data, 

Chapter 3 utilizes the ECT9 protocol to quantify BC concentrations and the fossil fuel contribu-

tion to BC in total suspended particulates (TSP) and snow collected at the Dr. Neil Trivett Global 

Atmosphere Watch Observatory at Alert, Nunavut Canada, an important long-term monitoring 

facility, over the course of one year (2014-2015). I describe the seasonal cycle of BC due to syn-

optic-scale meteorology and air mass source regions as described by back trajectories. Further-

more, we quantified the fossil fuel source contributions and seasonal cycle to show that BC is 

primarily dominated by fossil sources throughout fall, winter, and spring and have major geo-

graphical sources from the Russian Arctic sector. Additionally, summer BC is dominated by bio-

mass burning in the North American Arctic sector as shown by GFED v4.1 Summer 2014 bio-

mass burning emissions and relatively enriched 14C values. BC in snow was enriched relatively to 

BC in TSP, though this effect was not homogeneous. Finally, the chapter discusses the implica-

tions of these results in context of previous measurements and the major global sources of BC 
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within the Arctic currently and in the future. BC in PM at Alert is dominated by fossil fuel emis-

sions year-round except during summer, where biomass burning from North America plays an 

important role. Prevalent air masses throughout Fall-Spring were from the Russian sector, though 

long-range contributions from Asia cannot be excluded. Finally, high biomass burning contribu-

tions in snow BC suggests wet deposition may be a key pathway for transporting long-range 

transport emissions from the upper troposphere.  

Motivated by the uncertainties in sources to marine OC in the context of the carbon cycle 

(Barrett & Sheesley, 2017), Chapter 4 explores the various marine and terrestrial sources to OC 

aerosol across the northern Pacific and into the Arctic. I used dual-isotopes (13C, and 14C) in a 

multi-source model to quantify the contributions from refractory dissolved organic carbon 

(RDOC), fresh biomass, and liquid fossil combustion-related organics. This chapter reports that a 

significant portion of terrestrial air masses significantly contribute to aerosol in coastal regions, as 

was the case in air masses sampled over the East/Japan Sea and Nome, Alaska. Additionally, the 

contribution from surface biology to ambient OC aerosol was discussed using non-sea salt sulfate, 

active surface productivity, and aerosol MSA observations. This chapter found that remote marine 

aerosol was dominated by RDOC in the North Pacific and the Bering Sea. Marine aerosol in high-

ly productive regions, such as the Bering Sea and Bering Strait, are influenced by biogenically-

derived biomass. This work suggests marine RDOC and POC are important contributors to ma-

rine OC and may play an important role in future Arctic climate change. 

Finally, Chapter 5 summarizes the main scientific findings of the dissertation and provides 

future research direction. The implications for each chapter are discussed and their contribution to 

understanding the sources to OC and BC aerosol in both remote and anthropogenically-influenced 

marine environments is highlighted. This chapter details the significance of the conclusions and 
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outlines important remaining questions that, when answered, provide a better understanding of the 

sources and sinks of OC and BC aerosol. My dissertation successfully evaluated a new method 

for 14C observations that can be directly linked with an important long-term monitoring facility 

(Alert) in the High Arctic. With one year’s observations at Alert, I demonstrated strong synoptic 

dependency for fossil contributions at Alert and showed the drastic seasonal shifts in combustion 

and geographical sources to BC. Furthermore, I was first to measure 14C in snow BC and showed 

that snow BC contains higher biomass burning contributions, which may be linked to transport 

from the upper troposphere. Lastly, I explored the role of RDOC in atmospheric aerosol of re-

mote, coastal, and Arctic regions, which offers important insights on the sources and fates of 

RDOC in the atmosphere.   
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Chapter 2 

Application of the ECT9 protocol for radiocarbon-based source appor-

tionment of carbonaceous aerosols  

 

Adapted from:  

Huang, L., Zhang, W., Santos, G.M., Rodríguez B.T., Holden S.R., and Czimczik C.I (2020) Ap-

plication of the ECT9 protocol for radiocarbon-based source apportionment of carbonaceous aer-

osols, Atmospheric Measurement Techniques Discussions, 1-51.  

2.1 Introduction 

Carbonaceous aerosol is a major component (15-90%) of airborne particulate matter (PM) 

(Hand et al., 2013; Jimenez et al., 2009; Putaud et al., 2010; Ridley et al., 2017; Yang et al., 

2011), and a complex mixture composed of light-scattering organic carbon (OC) and highly-

refractory, light-absorbing black carbon (BC, also referred to as black carbon) (Pöschl, 2005). The 

OC and BC fractions play important and often distinct roles in climate (Bond et al., 2013; 

Hallquist et al., 2009; Kanakidou et al., 2005; Laskin et al., 2015), air pollution and human health 

(Cohen et al., 2017; Grahame et al., 2014; Janssen et al., 2012). Moreover, both OC and BC were 

identified as short-lived climate forcers (SLCFs) by the IPCC expert meeting (https://www.ipcc-

nggip.iges.or.jp/public/mtdocs/1805_Geneva.html) in 2018. To develop and monitor the efficien-

cy of mitigation strategies for both climate change and air pollution, it is required to have a better 

understanding of the temporal and spatial dynamics of OC and BC emission sources. 

https://www.ipcc-nggip.iges.or.jp/public/mtdocs/1805_Geneva.html
https://www.ipcc-nggip.iges.or.jp/public/mtdocs/1805_Geneva.html
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The majority (>50%) of carbonaceous aerosol is OC, which has a wide size range. Coarse 

OC (in PM10) consists of plant debris, microorganisms, fungal spores, and pollen. Fine OC (in 

PM2.5) is formed predominantly via the oxidation or nucleation/coagulation of volatile organic 

compounds, such as mono- and sesquiterpenes, from both biogenic and anthropogenic sources 

(Shrivastava et al., 2017), but can also be directly emitted from combustion sources (Fuzzi et al., 

2015; Hallquist et al., 2009). In contrast, BC is found primarily in fine particles, e.g., PM1.0 or 

smaller (Bond et al., 2013; Chan et al., 2013) as it is emitted through incomplete combustion of 

fossil fuels and biomass/biofuels (Bond et al., 2013; Evangeliou et al., 2016; Huang et al., 2010; 

Winiger et al., 2016, 2017, 2019). 

Measuring the isotopic signature and composition, i.e. radiocarbon (14C) content and sta-

ble isotope ratio (13C/12C) of aerosol, offers a powerful tool for quantifying the sources of bulk 

aerosol and its OC and BC fractions. Aerosol 14C content can be used to quantify the relative con-

tributions from contemporary biomass and fossil sources (Heal, 2014). 14C is a naturally occurring 

radioisotope (5,730-year half-life) produced in the atmosphere. After its oxidation to carbon diox-

ide (14CO2), 
14C enters the food chain through photosynthesis so that all living organisms are la-

beled with a characteristic 14C/12C ratio and described as “modern” carbon. Materials containing 

carbon older than about 50,000 years (14C<<12C) are described as “fossil” carbon. Over the past 

centuries, the 14C content of the atmosphere has undergone distinct changes (Graven, 2015; Levin 

et al., 2010): Anthropogenic combustion of fossil fuels emit 14C-depleted carbon into the atmos-

phere (i.e. dilute the proportion of 14C relative to 12C). In contrast, nuclear weapons testing dou-

bled the 14C content of CO2 in the Northern Hemisphere in the mid-20th century, followed by mix-

ing of this bomb-derived 14C-enriched carbon into the ocean and biosphere. Similarly, aerosol 

stable isotope ratios provide insight to different types of anthropogenic sources (e.g. combustion 
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of solid and liquid vs. gasesous fossil fuels). However, 13C data cannot distinguish emissions from 

mixed fossil fuel combustion and live C3 plant biomass (Huang et al., 2006; Winiger et al., 2016). 

Thus, isotope-based source apportionment studies become particularly insightful when both 14C 

and stable carbon isotopes are considered (Andersson et al., 2015; Winiger et al., 2016, 2017) or 

when combined with analyses of specific source tracers, such as levoglucosan or potassium for 

wood burning emissions (Sönke Szidat et al., 2006; Zhang et al., 2008) and/or remote sensing da-

ta and modeling analysis (Barrett et al., 2015; Mouteva, et al., 2015b; Wiggins et al., 2018).  

The objective of this study is to evaluate the effectiveness of separating OC and BC via 

the ECT9 (EnCan-Total-900) protocol (Chan et al., 2010, 2019; Huang et al., 2006) for 14C-based 

source apportionment studies of carbonaceous aerosols. The ECT9 technique was originally de-

veloped to physically separate OC and BC mass fractions for concentration quantification and 

stable carbon isotope analysis. This protocol has been used since 2006 to monitor carbonaceous 

aerosol mass concentrations and stable isotope composition over Canada, including in the Arctic 

at Alert, as part of the Canadian Aerosol Baseline Measurements (CABM) Network by Environ-

ment & Climate Change Canada (Chan et al., 2010, 2019; Eckhardt et al., 2015; Huang, 2018; 

Leaitch et al., 2018; Sharma et al., 2017; Xu et al., 2017). It has also been used to monitor carbo-

naceous aerosol over China (Yang et al., 2011). Furthermore, BC concentration measurements 

made with the ECT9 protocol correlate well with those derived from light absorption by an ae-

thalometer as well as refractory black carbon (rBC) using a Single Particle Soot Photometer (SP2) 

(Chan et al., 2019; Sharma et al., 2017). It was demonstrated that the ECT9 protocol can be used 

to quantify OC/BC concentrations and provide source information at the same time.  

The ECT9 protocol is a thermal evolution analysis (TEA) protocol which is different from 

commonly used thermal optical analysis (TOA) methods for monitoring air quality, such as the 
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Interagency Monitoring of Protected Visual Environments (IMPROVE) protocol (Chow et al., 

2001, 2007), the National Institute for Occupational Safety and Health protocol (NIOSH method 

5040, Birch, 2002), as well as the European Supersites for Atmospheric Aerosol Research (EU-

SAAR) protocol (Cavalli et al., 2010). In those protocols, the OC fraction is thermally desorbed 

from filter samples in an inert helium (He) atmosphere at relatively lower temperatures and the 

BC fraction is combusted at higher temperatures by introducing oxygen (O2) in He stream while 

the filter reflectance or transmittance for a laser signal is continuously monitored. During the 

analysis, a fraction of the OC may char (forming pyrolyzed OC or POC), causing the transmit-

tance or reflectance to decrease. While TOA methods use the changes in laser signal to mathemat-

ically correct for POC within the measured BC fraction, the ECT9 protocol aims to minimize or 

remove POC, together with carbonate carbon (CC), during an intermediate temperature step of 

870°C in pure He via high temperature evaporation (Chan et al., 2019). With much longer reten-

tion times at each temperature step (see Methods) and without either reflectance or transmittance 

used, the ECT9 protocol effectively isolates OC, POC+CC, and BC.    

It should be noted that other methods have been also developed mainly for 14C analysis of 

OC and BC, such as the CTO-375 (Zencak et al., 2007), the Swiss_4S protocol (Mouteva, et al., 

2015a; Zhang et al., 2012), or hydropyrolysis (Meredith et al., 2012; Zhang et al., 2019), which 

use distinct temperature protocols, gas mixture and/or remove water-soluble OC or inorganic car-

bon prior to BC analysis. In contrast to the ECT9 protocol, however, these approaches differ sub-

stantially from the protocols that are widely used for monitoring OC/BC mass concentrations in 

the field, which limits the relevance of this data for improving the representation of carbonaceous 

aerosols in chemical transport models. 



 

 

 

40 

Here we analyzed the 14C content of OC and BC fractions (<100 g C) isolated with the 

ECT9 protocol from four pure fossil and contemporary reference materials. These materials were 

analyzed on their own to quantify the amount and source (modern or fossil) of extraneous carbon 

introduced by the procedure as well as its reproducibility. Mixtures of two reference materials 

were measured to elucidate how efficiently the ECT9 protocol isolates OC from BC. In addition, 

we investigated the laser signals of three reference materials and three aerosol samples (tailpipe 

emissions, ambient aerosol from Alert, and SRM8785) to assess how efficiently the ECT9 proto-

col removes POC. Our evaluation of the ECT9 protocol on its ability to physically separate OC 

from BC for 14C-based source apportionment studies significantly expands the existing opportuni-

ties for characterizing and monitoring sources of carbonaceous aerosol at regional or global scales 

at the same time providing solid base for BC and OC concentration measurements.  

2.2 Methods  

2.2.1 The ECT9 protocol for the physical separation of OC and BC 

The ECT9 protocol was developed at the carbonaceous aerosol & isotope research (CAIR) 

lab of Environment and Climate Change Canada (ECCC) to quantify the amount of OC and BC in 

carbonaceous aerosol and their 13C values (Chan et al., 2010, 2019; Huang et al., 2006). Carbon 

fractions are isolated with an OC/BC analyzer (Sunset Laboratory Inc.) coupled to a custom-made 

gas handling and cryogenic trapping system for CO2 collection from OC and BC fractions (Fig. 

2.1a). The fractions are separated based on their thermal refractory. Specifically, carbon fractions 

are released by the ECT9 protocol in three steps (Fig. 2.1b): (1) OC at 550°C for 600 seconds in 

pure He; (2) POC and CC at 870°C for 600 seconds in pure He; and (3) BC at 900°C for 420 sec-

onds in a mixture of 2% O2 with 98% He (99.9999% purity). All fractions are fully oxidized to 

CO2 by passing through a furnace containing MnO2 maintained at 870°C. For concentration de-
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termination, the CO2 passes through a methanator at 500C, is converted to CH4, and quantified 

with a flame ionization detector. For isotope analysis, the CO2 is cryo-trapped with liquid N2 (-

196C) in a U-shaped glass trap, purified on a vacuum system (to remove He), sealed into a pyrex 

ampoule, and analyzed for its δ13C ratio with an Isotopic Ratio Mass Spectrometer (IRMS), i.e., 

MAT2563 or FM14C with an Accelerated Mass Spectrometer (AMS). 

 

2.1a) 
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Figure 2.1 Overview of the carbonaceous aerosol analysis system at Environment and Climate 

Change Canada. 

(a) Schematic flow chart for 13C & 14C measurements of OC/BC via ECT9, including 1) OC/BC 

isolation/CO2 colletion via cryo-trapping, 2) CO2 purification, and 3) isotope analysis with IRMS 

(13C/12C of CO2) or AMS (13C/12C and 14C/12C of graphite targets).    

(b) Thermogram of the ECT9 protocol on a Sunset OC/BC Analyzer. First, organic carbon (OC) 

is thermally desorbed at 550ºC for 600 seconds in 100% He, then any pyrolyzed OC (POC), re-

fractory OC, and carbonate carbon (CC) is released at 870ºC in 100% He for 600 seconds. Final-

ly, BC is combusted at 900ºC for 420 seconds by introducing 2% O2 in He. All carbon fractions 

are oxidized to CO2 followed by reduction to CH4 and quantification via flame ionization detec-

tion (FID) for carbon content or purified and cryo-trapped in Pyrex ampoules for isotope analysis. 

Example FID signals are shown for a pure OC reference material (sucrose) mixed with a pure BC 

material (regal black) along with the internal standard (CH4).  

 

2.2.2 Reference materials and their composition  

To evaluate the ECT9 method for separating OC and BC for 14C analysis, we isolated and 

measured the 13C and 14C content of the OC or BC fraction or TC from 5-6 modern or fossil refer-

ence materials (Table 2.1), including two pure OC (adipic acid, sucrose), two BC (C1150, regal 

black), and two natural OC/BC-mixtures (rice char and urban dust SRM1649a).  

 

2.1b) 
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Table 2.4 Overview of the bulk reference materials analyzed with the ETC9 method for their total 

carbon (TC), organic carbon (OC), and black carbon (BC) contents. 

Reference material 

BC OC BC + OC mixture 

Regal 

black 
C1150 Sucrose Adipic Acid Rice Char 

SRM-

1649a 

mean (s.d.) mean (s.d.) mean (s.d.) mean (s.d.) mean (s.d.) 
mean 

(s.d.) 

TC (%) 96 (9) 98 (12) 101 (4)a 43 (5)b 52 (1)c 
17.9 

(1.1)d 

OC/TC (%) 3 (1) 1 (2) 99 (2) 100 (0) 14 (1) 
51.5 

(0.8) 

BC/TC (%) 97 (1) 98 (2) 1 (1) 0 (0) 86 (1) 
48.5 

(0.8) 

n 41 24 117 5 6 6 

Bulk material / Load-

ing Method 

fine powder / gravimetric via 

balance (0.1 - 1 µg accuracy) 

solution / 

volumetric 

inection 

fine powder / gravimetric (0.1 - 1 µg ac-

curacy) 

Loading range (µg) 20 - 100 4 - 100 20 - 80 30 - 250 70 - 210 
440 - 

1100 

Analysis period 
2015 – 

2017 

2006, 2013, 

2015 
2013 - 2018 2015, 2019 2018 

2004 - 

2005 

Supplier 

Aerodyne 

Research, 

MA, USA 

McMaster 

Univ., ON, 

Canada 

Sigma-

Aldrich, 

MO, USA 

Fisher-

Scientific, 

NH, USA 

Univ. of Zur-

ich, Switzer-

land 

NIST, 

MD, 

USA 

a101% is obtained from the ratio of TC measured to TC calculated from the injected solution of sucrose; b49% of TC to bulk 

material in adipic acid based on its molecular mass; c58.6% of TC to bulk material in Rice char obtained from Hammes et al. 

(2006); d17% of TC to bulk material in SRM 1649a obtained from a critical evaluation of inter-laboratory data by Currie et al. 

(2002) 

 

Some of the reference materials have previously been utilized to compare different proto-

cols that quantify OC/BC fractions (Hammes et al., 2007; Willis et al., 2016) as well as determine 

the mass of extraneous carbon introduced during OC/BC isolation from carbonaceous aerosol 

(Mouteva, et al., 2015a). Table 2.1 provides an overview of their chemical compositions, i.e., total 

carbon contents and relative fraction of OC and BC, respectively. Primary methods (i.e., gravi-

metric or volumetric) are used for mass loading of the materials, whereas the mass of TC, OC, 

and BC are quantified via the ECT9 thermal protocol. Based on repeat injections of sucrose re-

sults (20-80 g sucrose, n =117), the accuracy of the TC mass is about 5%. The reproducibilities 

of both OC/TC and BC/TC percentages are 2% or better. Although uncertainties of weighing pure 
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BC mass (i.e., regal black and C1150) via microbalances are relatively large (due to static elec-

tricity and variable relative humidity), the BC/TC and OC/TC ratios for all reference materials are 

highly reproducible (1 s.d. <2%). The results show that the two BC materials (i.e., regal black and 

C1150) contain 97% and 98% BC, with only 3% and 2% OC, respectively. The two OC materials 

(i.e., sucrose and adipic acid) are 99% and 100% OC, and less than 1% BC, respectively. Thus, 

the materials are suitable for the purpose of this study.  

Table 2.5 Overview of the isotopic composition of the reference materials used in this study. Ra-

diocarbon (14C/12C, reported as fraction modern (FM14C)) was measured at the KCCAMS facility 

and 13C at the CAIR lab. 

Reference Material 

TC FM 14C δ13CVPDB (‰) 

n mean (s.d.) 
Loading 

Range (µg)  
n mean (s.d.) 

Loading 

Range (µg 

or µg C*) 

BC   
 

  
 

Regal Black 2 -0.0001 (0.0006) 700 – 750 5 -27.61 (0.08) 15 – 70 

C1150 3 0.0027 (0.0008) 60 - 560 5 23.06 (0.08) 20 – 50 

OC  
     

Sucrose 2 1.0586 (0.0016) 730 – 770 9 -12.22 (0.16) 10 – 20 

Adipic Acid 5 0.00000 (0.0002) 740 - 1050 n/a n/a n/a 

BC + OC Mixture  
     

Rice Char 3 1.0675 (0.0007) 900 – 960 1 -26.74 160 

SRM-1649a 1 0.512 (0.001) 760 2 -25.84 130 - 200 

*Sucrose was loaded as a solution (µg C), Regal Black, C1150, Adipic acid, Rice char, and SRM-1649a as a fine 

powder (µg dry mass); n/a = not applicable  

 

We also analyzed the 13C and 14C isotopic composition of each reference material, using 

off-line combustions and ECT9 coupled with cryo-purification to convert them into CO2. The re-

sults are summarized in Table 2.2 (for individual results see Tables A2.1 & A2.2). The 14C analy-

sis of µg C-sized carbonaceous aerosol samples requires the assessment of extraneous carbon 

(Santos et al., 2010). This is achieved by measuring multiple smaller-sized materials with known 

14C content. Consequently, the results in Table 2.2 are critical, as those 14C values provide the ref-

erence for quantifying the extraneous carbon introduced during the isotope analysis procedures.  
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2.2.3 Isolation of OC, BC or TC with the ECT9 protocol and purification of CO2 

The isotopic analysis of carbonaceous aerosol via the ECT9 system involves three steps 

(Fig. 2.1a): 1) OC and BC isolation/CO2 collection and 2) CO2 purification, followed by 3) iso-

tope analysis for either 13C/12C by IRMS or 14C by AMS (coupled measurements of 13C/12C and 

14C/12C of µg C- sized graphite targets), as desired.  

The initial masses of the pure reference materials ranged from 5 to 46 g C (n=3-13; Ta-

ble A2.5), whereas those for the mixed materials ranged from 5-30 g C for OC and 7-59 g C 

for BC (n=5-6; Table A2.6). The loaded mass of each material was determined via a microbalance 

(MX5, Mettler Toledo or CCE6, Sartorius) with the lowest reading to 1 g C or 0.1 g C, respec-

tively. OC materials were dissolved in MQ-water with known volumes and volumetrically loaded 

onto a pre-cleaned quartz filter punch (1.5 cm2, Pall Canada Limited). BC (i.e., Regal black and 

C1150) and mixed materials (rice char or SRM 1649a), which cannot be completely dissolved in 

water, were directly weighed onto pre-cleaned quartz filter punches. These filters were pre-

combusted at 900C in a muffle furnace overnight and wrapped into aluminum foil before cooling 

below 200C. A filter punch with the loaded mass was put into the Sunset analyzer and analyzed 

with the ECT9 protocol. OC and BC were separated and the combusted OC or BC fractions as 

CO2 were cryo-collected in a U-shaped flask submerged in liquid N2 (Fig. 2.1a, step 1). Then, this 

flask containing CO2 and He was connected to a vacuum line with 4 cryo-traps and several open 

ports (Fig. 2.1a, step 2), where the CO2 is purified by sequential distillation when passing cryo-

traps 1 through 3. Finally the pure CO2 is transferred and sealed into a 6 mm glass ampoule for 

13C or 14C analysis. Pressure is read by a Pirani gauge before sealing the ampoule for an estima-

tion of the amount of gas, and consequentely, sample size determination as g C.    
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2.2.4 14C measurements 

At the KCCAMS facility, the OC and BC fractions or TC (in form of CO2) were reduced 

to graphite on iron powder via hydrogen (H2) reduction using equipment and protocols specifical-

ly developed for smaller-sized (≤15 g C) samples (Santos et al., 2007a, 2007b). Briefly, sample-

CO2 was introduced into a vacuum line, cryogenically isolated from any water vapor, manometri-

cally quantified, and then transferred to a heated reaction chamber, where it was mixed with H2 

and reduced to filamentous graphite. To characterize the graphitization, handling and AMS analy-

sis, two relevant standandards (Oxalic Acid II as modern carbon and Adipic acid as fossil carbon), 

with similar size ranges of the samples prepared via ECT9, were also processed into graphite. The 

graphite was then pressed into aluminum holders and loaded into the AMS unit alongside meas-

urement standards (Table A2.5) and blanks for 14C measurement (Beverly et al., 2010). The data 

are reported in fraction modern carbon (FM14C), following the conventions established by Stuiver 

& Polach (1977) and also described elsewhere (Trumbore et al., 2016). 

To establish consensus values (Table 2.2), we also analyzed the 14C content of the bulk 

reference materials ranging in size from 0.06 to 1 mg C, using our standard combustion and 

graphitization methods. Larger aliquots of material were weighed into pre-combusted quartz tube 

with 80 mg CuO, evacuated, and combusted at 900°C for 3 hours. The resulting CO2 was cryo-

genically purified on a vacuum line, reduced to graphite using a closed-tube zinc-reduction meth-

od (Xu et al., 2007), and analyzed as described above. 
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2.2.5 Quantification of extraneous carbon 

Any type of sample processing and analysis introduces extraneous carbon (Cex). There-

fore, the measured mass of any sample will include the mass of this sample and of any Cex incor-

porated throughout the analysis [Eq. 1]: 

    [Eq. 1], 

where mspl_meas, mspl, and mex are the measured and theoretical mass of the sample and of Cex, re-

spectively. For small samples (with a mass of a few g C), the mass of Cex can compete with or 

overwhelm the sample mass and cause the measured FM14C value of a sample to deviate from its 

consensus value.  

Here, we estimated the mass of Cex introduced during the ECT9 protocol and the 14C anal-

ysis following (Santos et al., 2010), where Cex is understood to consist of a modern and of fossil 

component [Eq. 2]: 

     [Eq. 2], 

where mex and mfex is the mass of the modern and fossil Cex, respectively.  

Following an isotope mass balance approach, the measured isotopic ratio (14C/12C) of a 

sample (Rspl_meas) can be expressed as [Eq. 3].  

    [Eq. 3], 

where Rspl is the theoretical isotopic ratio of the sample, and Rm and Rf are the consensus isotopic 

ratios of a modern and fossil standard, respectively. This equation can be further simplified be-

cause Rf is 0. Rm is determined by measuring regular-sized aliquots of this reference material. In 
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addition, all 14C/12C ratios are corrected for isotope fractionation using their 13C measured along-

side 14C on the AMS (Beverly et al., 2010). 

The mass of modern Cex can be quantified by analyzing fossil reference materials, which 

are highly sensitive to modern and insensitive to fossil pollutants. Based on [Eq. 3] the measured 

isotopic ratio of the fossil reference (Rf_meas) can be expressed as [Eq. 4]: 

     [Eq. 4] 

The smaller the mass of the fossil reference material, the greater the effect of the constant mass of 

modern Cex on the isotope ratio of the fossil reference material, i.e. Rf_meas deviates toward Rm. 

Similarly, the mass of fossil Cex can be quantified by analyzing modern reference materi-

als. With decreasing mass, the measured isotopic ratio of the modern reference (Rm_meas) will de-

viate more strongly from Rm (toward Rf). Based on [Eq. 1-3] and assuming mspl ≫ mmex, the Rm_meas 

can be expressed as [Eq. 5]: 

   [Eq. 5] 

Finally, we can calculate the Cex-corrected isotope ratio of an unknown sample (FMspl_corr). This 

value reported as the ratio between the theoretical isotopic ratio of this sample and the accepted 

value of a modern standard (R/Rm) also known as Fraction Modern (FM; with all R corrected for 

stable isotope fractionation). This data is reported as [Eq. 6]: 

  [Eq. 6], 

where FMm* is determined from the direct measurement of the modern primary reference material 

(OX1) used to produce six time-bracketed graphite targets measured in a single batch, after iso-
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topic fractionation correction and normalization (Santos et al., 2007a, 2007b). The individual un-

certainty of FMspl_cor is determined from counting statistics and by propagating the quantified 

blanks using a mass balance approach. Long-term and continuous measurements of various types 

of blanks indicate that the mass of Cex within one analytical method or system can vary as much 

as 50% (see Santos et al., 2010; Fig. 2.1). Therefore, we applied a 50% error in mfex and mmex from 

long-term measurements of variance in mex of small samples (Santos et al., 2007a).  

In this study, we used a multi-step approach to quantify mex introduced by the ECT9 pro-

tocol and 14C analysis. First, we quantified mex introduced during 14C analysis by analyzing differ-

ent masses of our bulk reference materials. Extraneous carbon is introduced during sealed tube 

combustion and graphitization followed by graphite target handling and measurement. Typically, 

14C analysis contributes a small portion to mex (Mouteva et al., 2015a; Santos et al., 2010). Sec-

ond, we quantified the portion of mex added during the isolation of OC and BC with the ECT9 

protocol. This portion of mex allows us to determine the practical minimum sample size limit for 

the entire method, including mex contributions from filter handling before OC/BC analysis, in-

strument separation, and transfer to cryo-collection system and Pyrex ampoules. To isolate this 

portion, we quantified mex of the entire procedure (ECT9 protocol plus 14C analysis) by analysing 

the 14C signature of OC and BC from different masses of a large set of reference materials, and 

then subtracted the portion of mex introduced during 14C analysis. 

2.3 Results and Discussion 

2.3.1 Recovery estimation  

The reference materials used in this study, including the modern and fossil endmembers 

(i.e., the major carbon sources) found in carbonaceous aerosol, and their TC, OC, and BC concen-
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trations are shown in Table 2.1. Reference materials were separated into OC, BC, or TC using the 

ECT9 method at ECCC’s CAIR lab (Fig. 2.1) and analyzed for their 14C content at UC Irvine’s 

KCCAMS facility. 

Fig. 2.2 shows the cross-validation of carbon-mass between the mass determined at 

ECCC’s CAIR lab and the mass quantified at UC Irvine’s KCCAMS lab indicating a very good 

positive correlation (R² = 0.93 for pure materials and R² = 0.95 for two-material-mixtures in Fig. 

2.2a and 2.2b, respectively). This suggests that no major losses or gains of carbon occurred during 

the entire analytical process and the overall recovery was close to 100%, with a 5% uncertainty 

for samples ranging in size from about 5 to 60 µg C.   

2.3.2 Quantification of extraneous carbon and its sources  

All types of samples, regardless of size, show deviations in their measured FM14C value 

from their consensus values to certain degree due to Cex introduced during sample analysis. In µg 

C-sized samples (mass <15 µg C), significant bias from any Cex can be observed, because Cex 

constitutes a large fraction of the total sample. Previous work (using solvent-free analytical proto-

cols) has shown that modern Cex is introduced mostly through instrumentation and sample han-

dling techniques, while fossil Cex originates from iron oxide used as a catalyst for the reduction of 

CO2 to graphite prior to AMS analysis (Santos et al., 2007a, 2007b).  

The FM14C values of the pure modern or fossil reference materials generally agreed with 

their accepted FM14C values for both OC and BC fractions (within approximately 5% uncertainty, 

Fig. 2.3 and Table A2.5) after applying a constant amount Cex correction in FM14C determination. 

This constant Cex is a critical prerequisite for accurately correcting the FM14C value of unknown 

samples. Hence, the data demonstrated that the ECT9 method (and subsequent 14C analysis) in-

troduces a small, reproducible amount of Cex. 
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Figure 2.2 Cross-validation of carbon-mass prepared, isolated by the ECT9 protocol and collect-

ed via cryo-trapping at ECCC and then, retrieved during the purification and graphitization on a 

KCCAMS vacuum line. Carbon fractions (organic carbon (OC), black carbon (BC), or total car-

bon (TC)) were isolated from two reference materials for OC (sucrose, adipic acid), BC (regal 

black, C1150), and one OC & BC mixture (rice char). Most of the points deviating from the 1:1 

line are carbon-rich reference materials, e.g., Regal black and C1150 (>90% TC), which usually 

there are greater uncertainties in initial mass determination via weighing using microbalance, be-

cause their sample sizes aimed were very small.  

 

According to equations [4]-[5] in section 2.5, Cex can be quantified by measuring FM14C 

of pure modern or fossil materias with different sizes. Fig. 2.3 demonstrates that regardless what 
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14C content are in carbon fractions isolated from the reference materials and what sizes they are, 

the corrected FM14C values match with consensus value within propagated uncertainty. 

Table 2.6. Comparison of the OC and BC ECT9 and Swiss_4S isolation protocols. 

Carrier 

gas 

Carbon 

fraction 
Temperature Duration Comments 

  C s   

ETC9a     

He-purge  20 – 50 90 Purging of volatile and semi-volatile OC 

He OC 550 600  

He 
POC + 

CC 
870 600 

Minimizing charred OC contribution to 

BC 

O2/Heb BC 900 420   

Swiss_4Sc     

O2-purge  20 – 50 90 Purging of volatile and semi-volatile OC 

O2 S1_OC 375 240 Fraction captured for 14C analysis 

O2 S2_OC 475 120  

He S3_OC 650 180  

O2 S4_BC 760 160 

Water-soluble OC is removed by water 

extraction 

prior to thermal analysis. 

aPOC + CC =  pyrolysis OC + carbonate carbon; bThe flow of 10% O2 + 90% He mixing with the flow of 100% He resulting 

in 2% O2 + 98%He. in   cThe BC punch is flushed with Milli-Q water prior the analysis to remove the water-soluble OC and 

minimize charring (Zhang et al., 2012; Mouteva et al., 2015a).  

 

To evaluate the suitability of ECT9 for 14C analysis of aerosol samples, a comparison is 

made between the results of a published method (i.e., Swiss_4S) and those of ECT9. The two pro-

tocols are listed in Table 2.3 and their Cex distribution is shown in Table 2.4. The total amount of 

Cex introduced by the complete procedure through ECT9, and determined based on all reference 

materials, was 1.3±0.6 µg C, with 70% originating from contamination with modern carbon (Ta-

ble 2.4). The isolation of OC and BC with the ECT9 protocol introduced 65% of total Cex (0.85 

out of 1.35 µg C ), with 65% derived from modern carbon. Overall, the total amount of Cex intro-

duced during OC/BC isolation with the ECT9 protocol is comparable to that for the Swiss_4S 

protocol established at UC Irvine within uncertainties (Table 2.3, Mouteva et al. (2015a)). This 
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demonstrates that the ECT9 protocol serves as a suitable alternative for the 14C analysis of aerosol 

samples with masses >2 g C. 

Table 2.4 Comparison of the procedural contamination with extraneous carbon for aerosol refer-

ence materials partitioned into organic carbon (OC) and black carbon (BC) with the ECT9 or 

Swiss_4S protocols based on their 14C contents. We assume a measurement uncertainty of 50% 

(see Methods). 

Contamination 

Source 

ECT9 Swiss_4Sa 

µg C 

OC/EC isolation + 

trapping 
  

Modern 0.55 0.37 

Fossil 0.3 0.13 

Total 0.85 0.5 

14C analysisb   

Modern 0.35 0.43 

Fossil 0.1 0.53 

Total 0.45 0.97 

Full set-up   

Modern 0.9 0.8 

Fossil 0.4 0.67 

Total 1.3 1.47 

aFrom Mouteva et al. (2015a), bCarbon introduced during sample combustion, CO2 purification and graphitization, and meas-

urement with 14C-AMS. 

2.3.3 Effectiveness of OC/BC separation 

To investigate the effectiveness of the ECT9 to separate OC from BC in more complex 

mixtures with minimizing OC into the BC fraction via pyrolysis, mixtures of the modern and fos-

sil reference materials (Table 2.2) were used for measuring 13C (Table A2.3 - A2.4) and FM14C 

(Table A2.6).  
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Figure 2.3 Radiocarbon (14C) compositions, expressed as Fraction Modern Carbon, of total car-

bon (TC, circles), organic carbon (OC, triangles) and black carbon (BC, squares) fractions isolat-

ed with the ECT9 protocol from modern or fossil individual reference materials. a) Sucrose and b) 

adipic acid are modern and fossil OC, respectively, c) regal black and d) C1150 are fossil BC, and 

e) rice char is a mixture of modern OC and BC. Open and solid symbols represent 14C data before 

and after correction for extraneous carbon introduced during OC/BC isolation and subsequent 14C 

analysis, respectively. The dashed line indicates the consensus value determined from regular-

sized bulk samples of these materials undergoing off-line combustions (see Table 2.2). 

FM14C values of OC and BC fractions isolated from mixtures of pure sucrose (modern 

OC) and pure regal black (fossil BC) were within the measurement uncertainty of their accepted 

FM14C values, after correction for a constant amount of Cex (Fig. 2.4) for samples with 5 – 34 g 

OC carbon and 10 – 60 g BC carbon, showing a good separation of OC from BC. This amount 

of Cex was identical to that applied to the pure reference materials above, further corroborating the 

constant background introduced by the ECT9 protocol and 14C analysis. 
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Figure 2.4 Radiocarbon (14C) composition, expressed as Fraction Modern Carbon, of a) organic 

(OC, triangles) or b) black (BC, squares) carbon fractions isolated with the ECT9 protocol from 

mixtures of pure modern OC (sucrose) with fossil BC (regal black). Open and solid symbols rep-

resent 14C data before and after correction for extraneous carbon introduced during OC/BC isola-

tion via ECT9 and subsequent 14C analysis via AMS, respectively (see Table A2.6). The dashed 

line indicates the consensus value (see Table 2.2).  

Next, the mixtures of fossil adipic acid (pure OC) and modern rice char (mixture of OC 

and BC) were isolated and analyzed. After correction for Cex, the FM14C values of the OC (from 

the mixture) were systematically greater than the consensus value of the pure adipic acid, i.e., a 

FM14C of zero (Fig. 2.5a), indicating that there was certain level of modern fraction contributed to 

the measured OC from the modern rice char. This was because rice char contains about 14% of 

modern OC (Table 2.1). 

To confirm that ECT9 could remove OC contained in rice char, an additional step was 

taken before mixing modern rice char’s BC with the fossil OC (adipic acid). Specifically, we 

stripped the OC fraction of rice char by running rice char (on a filter) through the ECT9 protocol. 

Adipic acid (fossil OC) was then injected onto the filter with the remaining rice char-BC. The re-

sults show that the FM14C of OC values of this mixture lie well within the expected range of the 
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consensus value (Fig. 2.5b) after a Cex correction as described above, demonstrating an efficient 

removal of rice char OC.  

 
Figure 2.5 Radiocarbon (14C) compositions, expressed in fraction modern carbon, of organic 

(OC, triangles) and black (BC, squares) carbon fractions isolated with the ECT9 protocol from the 

mixtures of reference materials. Fraction of modern carbon a) OC and c) BC isolated from mix-

tures of pure fossil OC (adipic acid) with modern bulk rice char (made of 14% OC and 86 % BC), 

and of b) OC and d) BC isolated from mixtures of pure fossil OC (adipic acid) with modern BC 

from rice char_BC (rice char OC has been removed before mixing). Open and solid symbols rep-

resent data before and after correction for extraneous carbon introduced during OC/BC isolation 

via ECT9 and subsequent 14C analysis via AMS respectively (Table A2.6). The dashed line indi-

cates the consensus value (see Table 2.2). 

In both mixtures (fossil adipic acid with modern bulk rice char or rice char-BC), the cor-

rected FM14C values of the isolated BC fractions were within the expected range for the rice char 

reference material (Fig. 2.5c, d). This provides further evidence that the ECT9 protocol isolates 
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modern BC from fossil OC with no obvious evidence of transferring fossil OC into the BC frac-

tion. Together, the three sets of mixing experiments (Figs. 2.4 & 2.5) provide strong evidence for 

the effectiveness of separating OC from BC via ECT9 protocol.  

In addition to FM14C measurements, 13C measurements in mixtures of OC and BC can 

also provide quantitative information on the effectiveness of OC and BC separation via ECT9. 

Various amounts of sucrose (pure OC, 10 – 30 g C) were first mixed with varying amounts of 

Regal black (pure BC, 20 – 66 g C). The mixtures were then physically separated into OC and 

BC fractions by ECT9 for 13C measurements. The measured 13C values of OC and BC from 

these mixing experiments are listed in Table A2.3. Based on the 13C values of individual pure 

reference materials (Table A2.2) and a two-end-member mixing mass balance, the average frac-

tion contributed into each other in the mixtures (i.e., sucrose fraction into Regal black or vice ver-

sa) were estimated to be less than 3% (Table A2.4).         

2.3.4 Charring evaluation & POC removal using the ECT9 protocol  

Charring of OC (e.g., oxygenated OC or water-soluble OC) is a known phenomenon 

where some OC forms pyrolyzed organic carbon (POC) when heated in an inert He atmosphere, 

darkening the filter (Chow et al., 2004, 2007) and causes decreased laser signals due to light-

absorption of charred OC. In most TOA protocols, this POC would combust and contribute to BC 

when O2 is added. However, POC can also be gasified and released as CO at high temperatures 

(>700C) with limited O2 supply, e.g., oxygenated OC at 870C (Chan et al., 2010, 2019; Huang 

et al., 2006). Most TOA protocols estimate POC by quantifying the mass associated with reflec-

tance/transmittance changes, i.e., the mass released between the time when O2 is introduced and 

the OC/BC split point (where the reflectance/transmittance returns to the initial value). In contrast 

to other TOA protocols, ECT9 defines POC as the mass released at the temperature step of 870C 
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(during a period of 600 seconds). This includes charred OC, calcium carbonate (CaCO3) that de-

composes at 830°C, and any refractory OC not thermally released at 550°C (Chan et al., 2010, 

2019; Huang et al., 2006). 

Although ECT9 do not use laser signals to quantify POC, the changes of laser signals dur-

ing the stage of 870C can provide useful information about POC. Thus, four sets of samples 

were selected, including those of pure reference materials and ambient aerosol samples from dif-

ferent sources with heavy or light mass loading (e.g., Arctic sample filters from different seasons) 

to evaluate the possible charring via ECT9. Their thermograms are shown in Figures 2.6 to 2.9. 

Figure 2.6 shows thermograms of pure or bulk references for Regal black, sucrose, and 

rice char, respectively. It is observed in all three that the laser transmittance signals first decrease 

and then increases again during the 870C step, and that they return to their initial values just be-

fore BC is released at the next step of 900C. This demonstrates that the ECT9 method minimizes 

POC-contributions to the BC fraction.   

The thermograms of aerosol (on filters) collected directly from tailpipe exhaust of a diesel 

engine vehicle and a gasoline engine passage car, respectively are shown in Figure 2.7. These data 

suggest that the amount of POC generated during analysis are sample/matrix dependent. Specifi-

cally, the mass fraction during the 870C temperature is larger for the gasoline than the diesel en-

gine. This finding supports previous work showing that POC is proportional to the amount of ox-

ygenated OC (Chan et al., 2010). It is noticed that the laser signal reaches the initial value before 

the BC step, further demonstrating that the charring contribution to BC is minimized.   

Another set of thermograms of two total suspended particle filter samples collected during 

the summer (August) and winter (December) of 2015 at an Arctic site (i.e., Alert) is shown in 
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Figure 2.8. More details about these samples can be found in Wex et al. (2019). The laser signal 

patterns are similar to those shown in Figures 2.6 & 2.7, yet more pronounced. During the 550C 

step, the laser signals decrease. During the 870C step, the signals further decrease, then increase, 

and finally increase to their initial point before BC is released at 900C. These thermograms fur-

ther demonstrate ECT9 is able to minimize POC by gasification.   

Figure 2.6 Thermo-

grams of pure or bulk 

references. a) Regal 

black and b) Sucrose and 

c) Rice char. Tempera-

ture (blue solid line) and 

FID signals (integrated 

yellow area with green 

line) on the left axes and 

laser (red solid line) on 

the right axis. On the 

three thermograms dur-

ing the temperature stage 

of 870C, the laser 

transmittance signals 

decrease first and in-

creases again before the 

next temperatures stage, 

minimizing POC frac-

tion, i.e., possible 

charred OC contribution 

to BC.  

 

 

 

Finally, the thermographs of NIST urban dust reference material SRM 8785 (the re-

suspended SRM 1649a urban dust with a fine fraction <2.5 m collected on quartz filter) ana-

lyzed with ECT9 and Swiss_4S are shown in Figure 2.9. Both thermograms obtained with the 
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ECT9 method (Fig. 2.9 a, b) show the similar patterns as those in Figs. 2.6-2.8, i.e., the laser sig-

nals reaching the initial value just before the BC release at 900, suggesting that the charring con-

tribution to BC is minimized during the stage of 870C even though some POC might remain.  

In comparison to previous 14C assessments of BC in SRM1649a, the ECT9-separated BC 

fraction contained significantly more 14C. Previous assessments (Table 2.5) either quantified the 

residual C content after extended periods of exposure to 375ºC (4-24 hrs) in air to evolve the OC 

(Currie et al., 2002; NIST, 2007; Reddy et al., 2002; Szidat et al., 2004) or evolved the BC at high 

temperatures (850ºC 4hr) after evolving the OC for a relatively short time (20 min 340ºC) (Heal 

et al., 2011; Szidat et al., 2004). The high oxygen atmosphere and extended period of evolution 

ensures that any pyrolyzable OC is removed prior to analysis and as a result, the BC quantified 

includes the most thermally refractory material, which in an urban environment results from fossil 

combustion. A combination of chemically complex material and a short OC removal step, relative 

to previous assessments of BC in SRM1649a, resulted in higher 14C values in SRM1649a BC 

quantified by the ECT9 protocol. It is important to note that no thermal-evolution protocol is best 

suited for all sample types and thermograms with laser information can be very helpful to indicate 

charring extent.    

In the thermogram obtained with the Swiss_4S protocol (Fig. 2.9c), the laser signal in-

creases from the beginning of the run while the first two stages (375C and 475C) are under the 

conditions of pure O2 stream, inferring that light absorbing carbon is released during the first two 

OC stages. The laser signal continues to increase while the temperature increases up to 650C (the 

third stage) under the pure He gas stream, indicating that no charred OC is formed. However, 

when the temperature starts decreasing from 650C, the laser signal decreases, indicating POC 

formation below that temperature. This signal decrease continues until the beginning of the next 
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pure O2 stage. It is important to note that to obtain BC fraction, the Swiss_4S (Table 2.3) method 

calls for filter sample pre-treatment, i.e., extraction with water before the thermal separation of 

OC/BC to minimize the contribution of charred OC from the 3rd stage to BC at the 4th stage. 

While it is difficult to make direct comparisons between OC and BC from b) and c) in Figure 2.9, 

laser profiles from those thermograms indicate that in both cases charred OC is negligible or min-

imal.  

Table 2.5 Values of fraction modern carbon of total organic carbon (TOC) and black carbon (BC) 

isolated from the urban dust NIST SRM1649a obtained by the EnCan-total-900 protocol coupled 

with the Sunset Analyzer. 

Fraction Modern carbon ± s.d. (n) 
OC Isolation 

Technique 

BC Isolation        

Technique 
Reference 

TC TOC BC    

0.517±0.004 n.m 0.153±0.002 n.a 
375C in air / 24h Re-

sidual 

Currie et al., 

2002 

n.m n.m 
0.065± 0.014 

(3) 
n.a 

375C in air / 24h Re-

sidual 

Reddy et al., 

2002 

0.522±0.018 (5) 
0.70±0.05 

(3) 

0.066±0.020 

(4) 

340ºC in O2 / 

20 min 
375C in air / 4hr Re-

sidual 

Szidat et al., 

2004 

0.505±0.003 (5) n.m 0.099±0.150 (9)* n.a 
375C in air / 4hr 

Residual 

Santos, un-

published 

0.570±0.014 0.66±0.02 0.15±0.08 
340ºC in O2 / 

20 min 
850C in O2 / 4hr 

Heal et al., 

2011 

0.61±0.08 n.m 
0.065± 0.014 

(3)** 
n.a 

375C in air / 24h Re-

sidual 
NIST, 2007 

0.5126 

(1) 
0.6336±0.0004 (3) 

0.35±0.03  

(3) 

550ºC in He / 

600s 

900ºC 2% O2 in He / 

600s 
This Study 

Average ±SD (n); Average±Poisson uncertainty; *Target sizes averaged: 2.5 to 400gC   

**Also reported in Reddy et al. (2002). 

 

Together, the thermograms (Figs. 2.6-2.9) elucidate that the ECT9 protocol can effectively 

remove or minimize charred OC (POC) to achieve good physical separation of OC and BC. An-

other great advantage of using ECT9 to separate OC from BC for isotope analysis (both 13C & 

14C) is its consistency with the protocol used for OC and BC concentration measurements. More-

over, the ECT9 method does not require filter samples to be pre-extracted with water before BC 

analysis (to reduce POC).        
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Figure 2.7 Thermograms of the filters directly collected from tailpipe exhaust of a diesel engine 

vehicle in a) and a gasoline engine passenger car in b).  The legends are the same as Fig 2.6. It is 

noticed that the mass fraction from the temperature stage of 870C in b) is obviously larger than 

that in a). The latter is negligible indicating that the amount of POC is sample-matrix dependent. 

The amount of POC from gasoline vehicle emissions is likely larger than that from diesel vehicle 

emissions. The laser signal reaches the initial value before the 900C stage for BC releasing, 

demonstrating that the charring contribution to BC is minimized.   
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Figure 2.8 Thermograms of fine particles (PM1.0 m) from the filter samples collected at an Arc-

tic site, i.e., Alert, NU, Canada in summer a) and in winter b) of 2015. The legends are the same 

as Fig 2.6. Both thermograms clearly show that during 550C stage, the laser signal starts de-

creasing (implying charred OC formation) and begins increasing during 870C and reaches the 

initial value before the BC stage (indicating the contribution to BC by charred OC is minimized 

or removed). 
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Figure 2.9 Thermograms of the SRM 8785 filters (the fine fraction (PM2.5) of re-suspended urban 

dust particles from SRM 1649a and collected on quartz filters). a) and b) were obtained by ECT9. 

The legends are the same as Fig 2.6.  Both thermograms in a) and b) show the similar patterns as 

in Fig. 2.6, 2.7, 2.8. that the laser signals reaching the initial value are just before the temperature 

stage of BC, suggesting that the charred OC contribution to BC is minimized. The thermogram in 

c) is obtained from the same filter in b) but by Swiss_4S protocol for comparison. The legends are 

similar except for the integrated area with green line, which stands for CO2 in ppm (by NDIR) 

instead of FID signals.   
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2.4 Conclusions 

We demonstrate the effectiveness of the ECT9 protocol to physically isolate OC and BC 

from aerosol samples for 14C and 13C analysis by using OC and BC reference materials on their 

own and as mixtures. The ECT9 protocol successfully separates OC and BC fractions with a low 

(but largely modern) total carbon blank of 1.30.6 g C. The majority (65%) of this extraneous 

carbon originates from the isolation with the ECT9 protocol, with 35% contributed from graphiti-

zation and 14C measurement of the samples at the KCCAMS facility. After mass balance back-

ground corrections, the FM14C results from both bulk pure materials and mixtures (with sample 

size as small as 5 gC) can reach the consensus values (Table 2.2) with an average uncertainty of 

about 5%.   

In addition, we evaluated potential POC formation during ECT9 by investigating thermo-

grams of a variety of reference materials and ambient filter samples and demonstrated that the 

ECT9 provides a good alternative for carbonaceous aerosol source apportionment studies, includ-

ing ultra small sized (5-15 g C) samples obtained from Arctic regions. To increase the applica-

tion of isotope data (14C or 13C) in atmospheric research, future efforts should be focused on the 

comparison on OC/BC separation via different methods/protocols using the same sets of reference 

materials. At the same time, the isolation results should be also compared among those meth-

ods/protocols widely used in long-term national monitoring network for OC/BC contents, ensur-

ing a consistency in measurements between OC/BC concentrations and their corresponding iso-

topic compositions. 
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2.6 Appendix  

Table A2.1 Radiocarbon content of bulk reference materials, expressed as fraction modern car-

bon (FM) with and without background correction. CO2 isolation and 14C/12C analysis were car-

ried out at KCCAMS, UCI (the method is described in Table 2). 

UCI AMS # Size Corrected FM Uncorrected FM 

 µg C  ±  ± 

Sucrose      

150230 735 1.0597 0.0021 1.0597 0.0021 

150231 769 1.0575 0.0017 1.0574 0.0017 

Adipic Acid      

123428 876 0.0002 0.0005 0.002 0.0001 

123430 851 0.0001 0.0005 0.0019 0.0001 

123431 934 -0.0001 0.0005 0.0016 0.0001 

123432 1053 -0.0003 0.0005 0.0015 0.0001 

123433 740 -0.0001 0.0005 0.0016 0.0001 

Regal Black      

150228 717 0.0004 0.0005 0.0019 0.0001 

150229 752 -0.0005 0.0005 0.0011 0 

C1150      

150232 88 0.0026 0.0005 0.0042 0.0001 

150233 64 0.0035 0.0005 0.005 0.0002 

150234 560 0.0019 0.0005 0.0035 0.0001 

Rice Char      

123434 924 1.0683 0.0023 1.0683 0.0023 

123435 913 1.067 0.0018 1.067 0.0018 

123436 961 1.0673 0.0019 1.0672 0.0019 
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Table A2.2 Stable isotopic composition ( 13C/12C) of OC and BC fractions or bulk materials. 

CO2 isolation and 13C/12C analysis were carried out at the CAIR lab, CRD, ASTD/ECCC (the 

method is described in Table 2). 

Reference 

material 
Lab ID Date Fraction 

Loaded 

mass on 

filter 

CVPDB 

    µg or µg Ca ‰ 

Regal 

Black 
16-036-04 5-Feb-16 BC 16 -27.67 

(n = 5) 16-036-05 5-Feb-16 BC 27 -27.49 

 16-036-06 5-Feb-16 BC 22 -27.67 

 16-036-08 5-Feb-16 BC 59 -27.62 

 16-036-09 5-Feb-16 BC 68 -27.57 

    mean -27.61 

    s.d. 0.08 

C1150 13-013-05 13-Jan-13 BC 50 -23.01 

(n = 5) 13-013-07 13-Jan-13 BC 22 -23.16 

 13-013-08 13-Jan-13 BC 48 -22.96 

 16-036-06 5-Feb-16 BC 30 -23.14 

 16-036-07 5-Feb-16 BC 46 -23.05 

    mean -23.06 

    s.d. 0.08 

Sucroseb 15-146-07 26-May-15 OC 20 -12.08 

(n = 9) 15-148-03 27-May-15 OC 20 -12.4 

 15-148-04 27-May-15 OC 20 -12.31 

  5-Oct-17 OC 20 -12.44 

  18-Apr-18 OC 20 -12.04 

  18-Apr-18 OC 20 -12.3 

  26-Feb-19 OC 20 -12.21 

  26-Feb-19 OC 20 -12.16 

  26-Feb-19 OC 20 -12.04 

    mean -12.22 

    s.d. 0.15 

Rice 

Char 
04-328-06 23-Nov-04 OC n/m -24.42 

(n = 1) 04-328-07 23-Nov-04 POC n/m -26.67 

 04-328-05 23-Nov-04 BC n/m -26.94 

  
fraction-

weighted 

composition 

TC 160 -26.74 

SRM-

1649a 
     

(n = 2) 04-330-03 25-Nov-04 OC n/m -26.38 

 04-338-08 3-Dec-04 OC n/m -26.29 



 

80 

 

 04-330-05 25-Nov-04 POC n/m -25.51 

 04-338-07 3-Dec-04 POC n/m -25.66 

 04-330-06 25-Nov-04 BC n/m -25.56 

 04-338-09 3-Dec-04 BC n/m -25.43 

  
fraction-

weighted 

compositionc 

TC ~ 600 -25.84 ± 0.07 

aSucrose was loaded as a solution (µg C), Regal Black, C1150, Rice char, and SRM-1649a as a powder (µg dry 

mass);b13CVPDB of bulk material (sucrose) via off-line method: -12.0 ± 0.2‰ (Satoshi, 2008); cMean fraction (of two meas-

urements) weighted isotopic composition of TC; n/m = not measured.
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Table A2.3 Stable isotopic compositions of 13C/12C in OC and BC fractions from mixtures of 

reference materials. OC and BC fractions were isolated with the ECT9 protocol (Huang et al., 

2006), purified in a vacuum system and analyzed on a MAT253 at the CAIR lab, CRD, 

ASTD/ECCC. 

Reference 

material 
Lab ID Date 

Initial mass 
Measured 

fraction 
CVPDB 

Sucrose 
Regal 

Black 

   µg C µg  (‰) 

Regal 

Black 
15-148-08 28-May-15 10 22 BC -27.49 

n = 9 15-148-05 28-May-15 15 26 BC -27.73 

 15-149-07 29-May-15 20 50.4 BC -27.34 

 15-148-09 28-May-15 30 66 BC -27.32 

 16-224-04 11-Aug-16 20 57 BC -27.31 

 16-224-07 11-Aug-16 20 53 BC -27.27 

 16-224-08 11-Aug-16 20 58 BC -27.37 

 16-225-07 12-Aug-16 10 20 BC -27.57 

 17-248-08 30-Aug-17 20 53 BC -27.47 

     mean -27.43 

     s.d. 0.15 

Sucrose 15-149-04 29-May-15 10 22 OC -12.82 

n = 9 15-148-06 28-May-15 15 26 OC -12.54 

 15-149-05 29-May-15 20 50.4 OC -12.54 

 15-149-06 29-May-15 30 66 OC -12.29 

 16-224-05 11-Aug-16 20 57 OC -13.04 

 16-224-06 11-Aug-16 20 53 OC -12.36 

 16-225-03 12-Aug-16 20 58 OC -12.72 

 16-225-04 12-Aug-16 10 20 OC -12.86 

 17-242-06 30-Aug-17 20 53 OC -12.34 

     mean -12.61 

     s.d. 0.26 
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Table A2.4 Calculated stable isotopic composition (13C/12C) in a two-end-member-mixing sys-

tem with endmember #1 being Sucrose (13CVPDB =-12.22‰) and end member #2 being Regal 

black (13CVPDB=-27.61‰) and where endmember #1 is mixed into endmember #2. 

Sucrose fraction in mixture  

(Sucrose + Regal black) 
Caluclated CVPDB   

% ‰ 

0 -27.61 

1 -27.456 

2 -27.302 

3 -27.148 

4 -26.994 

5 -26.841 

10 -26.071 

20 -24.532 

30 -22.993 

40 -21.454 

50 -19.915 

60 -18.376 

70 -16.837 

80 -15.298 

90 -13.759 

91 -13.605 

92 -13.451 

93 -13.297 

94 -13.143 

95 -12.99 

96 -12.836 

97 -12.682 

98 -12.528 

99 -12.374 

100 -12.22 

 

 

 

 

 



 

83 

 

Table A2.5 Radiocarbon content, expressed as fraction modern carbon (FM), of total (TC), or-

ganic (OC), and black (BC) carbon fractions with and without background correction following 

Santos et al. (2010). OC and BC fractions were isolated with the ECT9 protocol (Huang et al., 

2006) from pure reference materials (into the form of CO2), then purified cryogenically and 

sealed in ampoules at the CAIR lab, ECCC. CO2 is reduced to graphite (Santos et al., 2007a, 

2007b) and analyzed at the KCCAMS facility. 

UCIAMS# Fraction 
ECT9 

Mass 

KCCAMS 

Mass 
Corrected FM Uncorrected FM 

  µgC µgC  ±  ± 

Adipic Acid 

153279 TC 10 14 -0.005 0.0367 0.0593 0.001 

153280 TC 17 16 -0.0116 0.0325 0.0465 0.0009 

153281 TC 23 29 -0.0043 0.0165 0.0268 0.0005 

153282 TC 37 37 -0.0102 0.0125 0.014 0.0006 

mean    -0.0078    

s.d.    0.0037    

Sucrose 

153283 TC 5 7 1.0041 0.0885 0.8766 0.0101 

153284 TC 5 7 1.0031 0.0878 0.8759 0.0051 

153285 TC 5 7 1.0346 0.0938 0.896 0.0064 

153286 TC 10 11 1.0529 0.0516 0.9652 0.0045 

153287 TC 10 11 1.036 0.0511 0.951 0.007 

153288 TC 10 12 1.0571 0.051 0.9702 0.0056 

153289 TC 20 21 1.0477 0.0265 1.0006 0.0069 

153290 TC 20 21 1.0429 0.0257 0.9971 0.0058 

153291 TC 20 21 1.047 0.0262 1 0.0056 

153292 TC 40 41 1.0405 0.0127 1.017 0.0034 

153293 TC 40 38 1.0543 0.0139 1.0282 0.0034 

153294 TC 40 42 1.0509 0.0125 1.0272 0.0026 

153295 OC 20 20 1.0844 0.029 1.0305 0.0041 

mean    1.0427    

s.d.    0.0213    

C1150        

153303 TC 7 10 0.031 0.0535 0.1154 0.002 

153304 TC 16 23 0.0278 0.0205 0.0644 0.0012 

153305 TC 34 36 -0.0012 0.0131 0.0237 0.0006 

153306 TC 45 55 0.0041 0.0083 0.0201 0.0003 

153307 BC 32 33 -0.0072 0.0144 0.0202 0.0004 

mean    0.0109    

s.d.    0.0174    

Regal Black 

153308 TC 16 23 0.0161 0.0209 0.054 0.0008 
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153309 TC 47 53 -0.0008 0.0087 0.016 0.0004 

153310 BC 28 41 -0.0057 0.0112 0.0159 0.0004 

mean    0.0032    

s.d.    0.0114    

Rice Char 

153299 TC 6 7 0.9383 0.083 0.8272 0.0097 

153300 TC 12 15 1.0463 0.039 0.9784 0.0057 

153301 TC 24 22 1.0823 0.0254 1.0348 0.0046 

153302 BC 13 15 1.0621 0.0383 0.994 0.0046 

mean    1.0323    

s.d.    0.0643    

Oxalic Acid-IIa 

153316 TC n/a 7 1.3141 0.0398 1.2411 0.0203 

153315 TC n/a 17 1.3365 0.0137 1.308 0.0063 

153314 TC n/a 45 1.3342 0.0051 1.3235 0.0027 

mean    1.3283    

s.d.    0.0123    

Adipic Acida 

153318 TC n/a 6 -0.002 0.0313 0.0544 0.0031 

153317 TC n/a 16 -0.0016 0.0115 0.0205 0.0011 

153278 TC n/a 56 -0.0014 0.0033 0.0051 0.0003 

mean    -0.0017    

s.d.    0.0003    

aReference standards that underwent combustion and graphitization process only for blank determination at KCCAMS (with-

out ECT9); n/a. = not applicable 
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Table A2.6 Radiocarbon content, expressed as fraction modern carbon (FM), of total (TC), or-

ganic (OC), and black (BC) carbon fractions with and without background correction following 

Santos et al. (2010). OC and BC fractions were isolated with the ECT9 protocol (Huang et al., 

2006) from mixtures of reference materials (into the form of CO2), then purified cryogenically 

and sealed in ampoules at ECCC. CO2 is reduced to graphite (Santos et al., 2007a, 2007b) and 

analyzed at KCCAMS facility. 

UCI 

AMS # 

Fraction 

measured 

Initial loaded 

mass 

ECT9 

Mass 

KCCAMS 

Mass 
Corrected FM Uncorrected FM 

  µg C µg µg C  ±  ± 

Sucrose + Regal 

black 
Sucrose 

Regal 

black 
      

159800 OC 5 10 5 6 1.0568 0.0648 0.9738 0.0107 

159802 OC 10 21 11 10 1.0542 0.0337 1.0057 0.0049 

159804 OC 15 29 16 15 1.0629 0.0216 1.0298 0.0037 

159806 OC 20 39 21 20 1.0436 0.0156 1.0201 0.0034 

159808 OC 30 63 32 29 1.0563 0.0107 1.0395 0.0025 

159801 BC 5 10 10 11 -0.0361 -0.0502 0.0535 0.0014 

159803 BC 10 21 20 19 -0.0189 -0.027 0.0317 0.0007 

159805 BC 15 29 28 36 -0.0091 -0.0136 0.0172 0.0005 

159807 BC 20 39 38 44 0.0014 0.011 0.0226 0.0004 

159809 BC 30 63 61 56 0.0019 0.0085 0.0186 0.0003 

Adipic acid + Bulk 

rice char 

Adipic 

acid 

Bulk 

rice 

chara 

      

159822 OC 5 11 6 6 0.1009 0.0856 0.2279 0.0027 

159824 OC 10 22 12 11 0.0759 0.045 0.1516 0.0021 

159826 OC 15 35 18 17 0.1078 0.0278 0.1558 0.0013 

159828 OC 20 44 23 22 0.1072 0.0204 0.1432 0.0014 

159830 OC 25 51 29 23 0.1552 0.0185 0.1868 0.0011 

159832 OC 30 60 34 32 0.1013 0.0138 0.1263 0.0009 

159823 BC 5 11 5 5 1.1063 0.0887 0.9903 0.0063 

159825 BC 10 22 10 8 1.0981 0.0486 1.0263 0.0052 

159827 BC 15 35 16 14 1.0559 0.0231 1.0211 0.0034 

159829 BC 20 44 20 17 1.0619 0.019 1.0328 0.004 

159831 BC 25 51 23 22 1.0625 0.0143 1.04 0.0027 

159833 BC 30 60 27 24 1.0633 0.0131 1.0426 0.0028 

Adipic acid + Rice 

char BCb 

Adipic 

acid 

Rice 

char BC 
      

159810 OC 5 13 5 6 -0.0605 -0.1166 0.1212 0.0032 

159812 OC 10 19 10 10 -0.0324 -0.0558 0.0655 0.0015 

159814 OC 15 34 15 15 -0.0075 -0.0345 0.0556 0.0008 

159816 OC 20 38 20 20 0.0107 0.0248 0.0568 0.0011 

159818 OC 25 49 25 25 -0.0009 -0.0198 0.0366 0.0005 
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159820 OC 30 60 30 29 0.0103 0.0168 0.0421 0.0006 

159811 BC 5 13 6 5 1.0926 0.0931 0.9755 0.0094 

159813 BC 10 19 8 7 1.0702 0.0506 0.9997 0.0058 

159815 BC 15 34 15 16 1.0709 0.0203 1.0392 0.0037 

159817 BC 20 38 17 20 1.0726 0.0162 1.0471 0.0038 

159819 BC 25 49 22 21 1.0749 0.0152 1.0505 0.0029 

159821 BC 30 60 27 27 1.0723 0.0116 1.0535 0.0024 

aThe bulk rice char contains 52% of TC, on which 14% is OC and 86% BC, respectively; bAdipic acid was injected after the 

OC of rice char is removed through combustion at 870C via ECT9. Thus, adipic acid was mixed only with rice char-BC, and 

the OC of the mixture is only from Adipic acid and BC of the mixture is only from Rice char.  
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Chapter 3 

Seasonal cycle of isotope-based source apportionment of elemental 

carbon in airborne particulate matter and snow at Alert, Canada 

 

Adapted from:  

Rodríguez, B. T., Huang, L., Santos, G. M., Zhang, W., Vetro, V., Xu, X., et al. (2020). Seasonal 

cycle of isotope‐based source apportionment of elemental carbon in airborne particulate matter 

and snow at Alert, Canada. Journal of Geophysical Research: Atmospheres, 125, 

e2020JD033125. https://doi.org/10.1029/2020JD033125 

 

 

3.1 Introduction 

Aerosol influences Arctic climate via aerosol-radiation and -cloud interactions (Willis et 

al., 2018). A major contributor is carbonaceous aerosol that mostly consists of weakly refractory, 

light-scattering organic carbon (OC) and a smaller fraction of strongly refractory, light-absorbing 

black carbon (BC) (Andreae & Gelencsér, 2006; Petzold et al., 2013; Pöschl, 2005). OC can be 

emitted during combustion processes as primary aerosols and also as secondary aerosols from 

the oxidation and condensation of volatile organic compounds (Hallquist et al., 2009), whereas 

most BC is directly emitted during combustion processes. Suspended within the atmosphere and 

deposited on snow- and ice-covered surfaces, BC impacts climate directly and indirectly (Bond 

et al., 2013). 

Arctic aerosols arise from the long-range transport of pollutants into the Arctic from low-

er latitudes and emissions within the Arctic (Willis et al., 2018). Their concentrations, composi-

tion, life-time, sources, and climate impacts vary seasonally due to shifts in available solar radia-

https://doi.org/10.1029/2020JD033125
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tion, temperature, and precipitation (Law & Stohl, 2007). The aerosol burden is greatest in winter 

and spring, known as “Arctic haze” (Law & Stohl, 2007; Shaw et al., 1993). Its vertical distribu-

tion within the atmosphere is bimodal (Hansen & Rosen, 1984) and satellite observations show 

that regionally-emitted pollutants accumulate below strong inversions within the polar dome in 

winter, while pollutants from lower latitudes reach the free troposphere in spring (Qi & Wang, 

2019; Thomas et al., 2019). Surface pollution episodes arise from stagnant conditions caused by 

high-pressure systems and inefficient scavenging of particles within the polar dome (Browse et 

al., 2012; Qi, et al., 2017a; Shen et al., 2017).  

Concentrations of air pollutants such as BC have been decreasing at various Arctic moni-

toring stations due to an overall decrease in emissions (Dutkiewicz et al., 2014; Hirdman et al., 

2010). However, we anticipate changes in the concentration and composition of Arctic aerosol 

(Willis et al., 2018) as a consequence of rapid climate change (Box et al., 2019), diminishing sea 

ice (Comiso, 2012), changes in the productivity and disturbance regimes of marine and terrestrial 

ecosystems (Post et al., 2013; Wang et al., 2020), and increasing anthropogenic activities 

(Stephenson et al., 2018). Thus, major uncertainties remain in our understanding of regional and 

global aerosol sources, their precursors, and their relative importance to depositional efficiency 

(Willis et al., 2018).  

To minimize these uncertainties, aerosol monitoring efforts within the Arctic rely on con-

tinuous observations at long-term monitoring stations (Willis et al., 2018), ship and aircraft cam-

paigns (Ancellet et al., 2014; Fisher et al., 2010; Roiger et al., 2015), and source analyses using 

emission inventories (Giglio et al., 2013; Huang et al., 2015; Randerson et al., 2012; Stohl et al., 

2015). These data suggest that 70% of BC emissions within the Arctic are of anthropogenic 

origin (AMAP, 2015), while globally only about 40% are anthropogenic. In the High Arctic, coal 
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and diesel remain the primary fuels for transportation and heating, respectively. Another poorly 

constrained source of BC is gas flaring in the power sector (Stohl et al., 2013). Emission invento-

ries indicate that gas flaring contributes 3% to global BC, but 60-70% to Arctic BC, yet ground 

observations do not corroborate significant gas flaring emissions (Winiger et al., 2019). In addi-

tion, volcanic activity might contribute to the fossil BC burden (Leaitch et al., 2018). 

Biomass burning, including wildfires, crop residue burning, and biofuel usage, also con-

tributes to the Arctic’s BC burden (Barrett et al., 2015; Mouteva et al., 2015; Warneke et al., 

2010; Winiger et al., 2017; Winiger et al., 2019). Biomass burning can inject significant amounts 

of BC into the free troposphere and stratosphere, which increases the lifetime of BC, particularly 

when the atmosphere is strongly stratified in winter and spring (Fromm et al., 2010; Qi & Wang, 

2019; Stohl et al., 2006). Biomass emissions are greatest between March and October; yet 

transport to and within the Arctic is limited during the summer by increased wet-scavenging effi-

ciency under warmer and more humid conditions (Browse et al., 2012; Garrett et al., 2011).  

During the past three decades, peak concentrations of BC during winter have declined at 

most Arctic monitoring stations, including Alert (-49%), Barrow (-33%), and Zeppelin (-40%) 

due to improvements in combustion technology, the use of low emission fuels, and declines in 

former Soviet Union emissions (AMAP, 2015; Sharma et al., 2013; Sharma et al., 2006). Addi-

tionally, changes in transport and deposition pathways are expected to reduce Arctic BC by 14% 

by the end of the 21st century (Jiao & Flanner, 2016) in response to shifts in climate, large-scale 

weather patterns, increased atmospheric temperatures, and sea-ice regime shifts from thick multi-

year ice to thinner first-year ice (Komatsu et al., 2018; Pozzoli et al., 2017; Woods & Caballero, 

2016). Nonetheless, major uncertainties remain in respect to quantifying current BC emissions, 
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the rise of ship emissions, and modeling future aerosol-cloud interactions (Willis et al., 2018; 

Winiger et al., 2019). 

Estimating geographical and sector contributions to Arctic BC load usually involves 

matching observationally based concentrations of BC to modelled outputs derived from emission 

inventories and meteorology-driven chemical transport models (Qi et al., 2017a; Qi et al., 

2017b). These modeling studies depend on meteorology and a proper description of chemical 

processing with the current state of knowledge on BC aging and deposition rates. For the Alert 

monitoring station, modeling efforts continue to capture the observed seasonal cycle but either 

over- or underestimate BC concentrations year-round (Browse et al., 2012; Qi et al., 2017a; Qi et 

al., 2017b) due to uncertainties in emission inventories (AMAP, 2015) and shifting seasonal 

depositional processes (Browse et al., 2012, 2014).  

Another approach for quantifying the sources of carbonaceous aerosol is to measure their 

stable (δ13C) and radiocarbon (Δ14C) compositions (Heal, 2014; Martinelli et al., 2002). δ13C sig-

natures reflect mass-dependent fractionation of 13C vs. 12C during biogeochemical processes and 

can be used to differentiate fossil fuels (gaseous vs. liquid/solid). Δ14C data is corrected for mass-

dependent isotopic fractionation, represents a measure of age (or source), and can be used to sep-

arate fossil fuel-derived from biomass carbon.  

Specifically, 14C is a radioisotope produced in the upper atmosphere with a half-life of 

5730 years. It is oxidized to carbon dioxide (CO2) and enters the food chain via photosynthesis 

so that living biomass (and any BC emitted during its combustion) is labeled with the 14C content 

of the atmospheric CO2 at growth. When the organism ceases carbon uptake upon death, its Δ14C 

declines due to radioactive decay. Consequently, ancient fossil fuels (and their BC emissions) are 

14C-free (Δ14C = -1000‰). While BC emissions from annual biomass have the same Δ14C as cur-
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rent atmospheric CO2, BC from perennial plants reflect the integrated Δ14C of the atmosphere 

over their lifetime. This atmospheric Δ14C has been changing dramatically since 1950, because 

thermo-nuclear weapon’s testing in the mid-20th century doubled the atmosphere’s 14C content; 

biomass formed after 1950 contains additional 14C (bomb- or modern-14C, Δ14C > 0‰). The 

amount of 14C in the atmosphere (and biomass) has been declining over the past 70 years due to 

mixing of bomb-14C with the ocean and biosphere reservoirs in the global carbon cycle and by 

dilution with fossil fuel-derived CO2 (Graven, 2015; Levin et al., 2010).  

Measurements of Δ14C of BC across the Arctic by Winiger et al. (2015, 2016, 2017, 

2019) generally support the predictions of BC emission inventories and modeling. Yet, low car-

bon concentrations posed a challenge that in the past have forced these studies to integrate sam-

ples for as long as three months, particularly during the summer. Here, we present the first time 

series of Δ14C of µg-sized BC samples (5-20 µg C) at higher time resolution (13 to 41 days) from 

aerosol suspended in surface air and scavenged in snow. Specifically, we quantified the composi-

tion of carbonaceous aerosols in airborne particulate matter (PM) and snow at Alert, Canada be-

tween March 2014 and June 2015. To elucidate the chemical properties of the aerosol composi-

tion, we isolated OC and BC fractions with the ECT9 protocol (Huang et al., 2006, 2020). We 

also combined 13C and ∆14C mass balance analyses of the BC fraction with backward trajectory 

modeling (HYSPLIT) to identify aerosol source sectors and regions. 

3.2 Materials and methods 

3.2.1 Sample collection 

Total suspended particles 

A custom-built high-volume aerosol sampler was used at the Dr. Neil Trivett Global At-

mosphere Watch Observatory at Alert, Canada (83.2°N, 62.5°W, 210 m above sea level, Fig. 
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3.1) to collect weekly or biweekly samples as part of long-term carbonaceous aerosol observa-

tion program. The PM samples used in this study represent total suspended particles and were 

collected between March 5, 2014 and June 3, 2015. The sampler is installed at a walk-up deck, 

about 5 meters above the ground. Flow rate is approximately 1.4 m3 min-1 at STP conditions. 

Quartz filters (QFF, Millipore, 8 x 10 in, USA) were sampled continuously with 7-days sampling 

time from Dec-Apr and 14-days from May-Nov. A total of 8 field blanks were measured. After 

sampling, filters were stored (at room temperature ~ 20°C) in their sampling cartridges (inside 

sealed plastic bags) at the Alert station and shipped in aluminum boxes (containing 5 sampling 

cartridges each) to Toronto, where they were wrapped in pre-combusted Al-foil and stored at -

30°C until analysis. Air temperatures and pressures were recorded and averaged over the inte-

grated sampling time and both are used for final flow rate and total air volume calculation. 

 
Figure 3.1 Image of the Dr. Neil Trivett Global Atmosphere Watch Observatory at Alert, Nu-

navut Canada (83.2°N, 62.5°W, 210 m above sea level).  

 

 

Snow 
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Fresh snow was collected from the ground at a fixed location (GPS coordinate: 82.45N; 

62.51W) about 100 m south of the laboratory throughout a period of eight months (Oct. 2014 – 

May 2015). The sampling strategy was designed to capture fresh snow after snow fall events. Snow 

was collected into a stainless steel (SS) Dewar (750 ml) using a SS scooper. Each collection was 7-

10 days apart. Ideally, three fresh snow samples were collected throughout one month evenly dis-

tributed in time. If there were no events, however, the collection would capture the same snow as 

the previous sample. Therefore, it is likely that dry deposition particles and wind-driven drifted 

snow was also captured. The collected samples in SS dewars were stored in coolers, which were 

placed outside of the lab until transporting them back to Toronto for BC analysis at the Carbona-

ceous Aerosol & Isotope Research (CAIR) laboratory within the Climate Research Division (CRD) 

of Environment and Climate Change Canada (ECCC). 

The snow samples were melted individually in a microwave in a glass beaker. The snow wa-

ter was sonicated and deposited onto quartz filters through filtration. After drying, the filters were 

analyzed for BC mass concentrations via the ECT9 protocol (see Supporting Information for more 

details). 

3.2.2 Carbonaceous aerosol analysis 

To determine the concentration and composition of the carbonaceous aerosol, all filters 

were analyzed with the EnCan-Total-900 (ECT9) protocol on an OC/BC analyzer (Sunset La-

boratory Inc.) at CAIR (Chan et al., 2019; Huang et al., 2006). The ECT9 protocol and its appli-

cation to isotope measurements are discussed in detail in Huang et al. (2020). Briefly: (1) OC is 

released in pure helium (He) at 550°C for 600 seconds, (2) pyrolyzed OC (POC) and carbonate 

carbon (CC) are released in He stream at 870°C for 600 seconds, and (3) BC is combusted at 

900°C in 98% He and 2% oxygen (O2) for 420 seconds. CO2 oxidized from all carbon fractions 
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are then converted to methane, and carbon contents were quantified with a flame ionization de-

tector. Each sample is internally calibrated with a known amount of CH4 gas at the end of 

each analysis. The analytical accuracy, precision, and linearity range of the ECT9 method are 

0.2, 0.1, and 1–17 µg cm−2, respectively (Huang et al., 2006). The reproducibility of BC/TC ratio 

is less than 2% (Huang et al., 2020). The concentration of OC was calculated as the sum of OC 

and POC+CC, while total carbon (TC) was calculated as the sum of the OC, POC+CC, and 

BC fractions. 

In addition, individual BC fractions were analyzed for their δ13C and ∆14C. To quantify 

δ13C, the BC fraction was isolated from an additional aliquot of the individual aerosol filters or 

snow filters with the ECT9 protocol, cryogenically trapped, and measured with the cold-finger 

mode in an IRMS (MAT 253). The uncertainty of this measurement is about 0.3‰ (Huang et al., 

2006, 2020).  

For 14C analysis, BC fractions were isolated from additional filter aliquots with the ECT9 

protocol, cryogenically trapped, and combined to yield biweekly- or monthly-integrated sam-

ples (Table A3.1). Similarly, the BC fractions from individual snow events were pooled into 

monthly-integrated samples. Subsequently, the BC fraction (in the form of CO2) was sent for 14C 

analysis to the W. M. Keck Carbon Cycle Accelerator Mass Spectrometer (KCCAMS) facility at 

the University of California, Irvine, USA. Here, the BC-CO2 samples were purified on a vacuum 

line and converted to graphite using a sealed-tube zinc reduction protocol for ultra-small samples 

(Walker & Xu, 2019) and measured alongside a suite of size-matched (7-34 µg C) and regular-

sized (1 mg C) standards (materials with known 14C content). The corresponding processing 

standards (14C-free and modern carbon) were determined and their 14C contents were corrected 

for contributions of extraneous carbon (Santos et al., 2007). The total extraneous carbon intro-
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duced by BC separation, graphitization, and analysis with accelerator mass spectrometry (AMS) 

in this study was 1.85±0.62 µg C. BC separation through the ECT9 protocol incorporated on av-

erage 0.95±0.47 µg C, while 0.90±0.65 µg C was incorporated through the combustion, graphiti-

zation and AMS analysis (Table A3.3). Sample sizes ranged from 3.2 to 19.5 µg C and corrected 

using a mass balance approach, resulting in larger uncertainties for smaller samples (Figures 3.5, 

3.6; Table A3.1). The details of 14C analysis for ultra-small samples in conjunction with the 

ECT9 protocol can be found in Huang et al. (2020). 

3.2.3 BC source apportionment 

BC is a by-product of incomplete combustion processes. Major BC emission sources in-

clude biomass burning and fossil fuels. Therefore, we used two independent approaches to esti-

mate the relative contribution of potential emission sources to the seasonal BC fraction in PM 

and snow. 

First, we used an isotope-mixing model to estimate the relative contributions (f) of fossil 

(FF) vs. biomass burning (BB) fuel sources to the BC fraction in each sample (SPL) of PM and 

snow [Eq. 1]. We considered BC emission sources with the following ∆14C values (mean±SD): 

Combustion of fossil fuels (Δ14C = -1000‰) and (a) annual biomass, which has the same Δ14C as 

ambient atmospheric CO2 (Δ
14C = 18.2±3.3‰ at Pt. Barrow, AK, USA between February 2014 

and June 2015 (Xu, Pers. Comm. 2019) or (b) boreal forests in North America, which in previous 

years incorporated 14C-enriched CO2 (bomb-C) into their wood (Δ14C = 131±52‰, Mouteva et 

al. (2015). 

fFF = (Δ14CSPL – Δ14CBB) / (Δ14CFF – Δ14CBB)    [1] 

Second, we estimated δ13C of fossil BC emissions [Eq. 2].  

δ13CFF = (δ13CSPL – (1 – fFF)·δ13CBB) / fFF   [2] 
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Third, we apportioned the fossil fuel-derived BC into gaseous (GAS) vs. solid or liquid 

(SOLI) fuel sources [Eq. 3].  

fGAS = (13CFF – 13CSOLI) / (
13CGAS – 13CSOLI)   [3] 

We assume a 13C of -40±5‰ for gaseous sources, based on the combustion of natural 

gas (Deines, 1980) and gas flaring (-36 to -40‰, Winiger et al., 2016). For non-gaseous sources, 

we estimate a 13C of -27±4‰. These include the combustion of coal with a 13C of -23.4±1.3‰ 

and of liquid fuels (gasoline, diesel, and kerosene) with estimated ranges from -23.8 to -31.3‰ 

(Andersson et al., 2015; Mašalaitė et al., 2012; Pugliese et al., 2017).  

3.2.4 HYSPLIT back trajectory modeling 

We estimated the origin of the air masses at Alert using the HYSPLIT backward trajecto-

ry model (Stein et al., 2015) using daily files archived meteorological forecasts containing 3-

hourly data from the Global Data Assimilation System (GDAS) at a 0.5º-resolution grid 

(https://www.ready.noaa.gov/archives.php). While the estimate lifetime of BC in the Arctic 

ranges from 7-23 days (Qi et al., 2017b), we initialized simulations every 12 hours and calculat-

ed air mass geographical position and height back to 240 hours before initialization. Backward 

trajectories were then pooled to match isotope sampling dates (Table A3.1) and segregated by 

meteorological season. Air masses were further distinguished into six geographical source re-

gions (Arctic Ocean, Greenland, North America, Russia, Europe, and Asia; Fig. 3.2, Table A3.2) 

by counting the frequency of trajectory intersections over the geographical grids of 1º×1º-

resolution. These frequencies were then normalized by the total number of trajectories and 

mapped (Fig. 3.3). 

Arctic geographical and height sectors were analyzed by separating HYSPLIT output 

endpoints by major Arctic sector and calculating the percentage of each sector in each sample. 

https://www.ready.noaa.gov/archives.php
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The planetary boundary layer height was obtained for each endpoint location and time from the 

GDAS 0.5º meteorology data. The endpoints were binned by height layer in each sector. The 

height layers include: (1) within boundary layer, (2) below 1 km, and (3) 1 to <2 km.  

 

Figure 3.2 Map of geographical boundaries of six black carbon (BC) source regions (Arctic 

Ocean, Greenland, North America, Russia, Europe, and Asia). 

3.3 Results and discussion 

3.3.1 Air mass origin 

Our 10-day backward trajectories indicate that BC in PM and snow was transported to 

Alert primarily from within the Arctic (>60°N) (Fig. 3.3). This is consistent with previous stud-

ies (Schulz et al., 2019; Sobhani et al., 2018; Thomas et al., 2019) showing that, due to the high-

ly stratified nature of the Arctic atmosphere, most air masses at the surface level are contained 

within the boundary layer and are primarily influenced laterally by air masses with cyclonic flow 

around the pole. 
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Seasonally-integrated trajectories (Fig. 3.3) also show the contraction of the polar dome 

during the summer and its expansion during the winter, when there is a greater incidence of air 

masses within the Arctic and northern mid-latitudes (50-70ºN). The polar dome expands asym-

metrically into the Russian and Eurasian sectors and to a lesser extent into the European sector. 

As a result, the air masses simulated for 10 days may not encapsulate all mid-latitude sources 

where the polar dome extends further south, such as in the Asian section. Winter and spring air 

masses arriving at Alert appear to originate predominantly from the Russian sector as far as 10 

days back, but more southern sources cannot be ruled out (Xu et al., 2017). Summer air masses 

arrive from the North American sector, and predominant wind patterns isolate Alert from direct 

European emissions year-round. 

Monthly composite means of sea level pressure (Fig. A3.1) further indicate that asym-

metric synoptic-scale meteorology isolates Alert from European emissions and enhances air 

mass incidences from Russia during winter, spring, and fall while North America air masses 

were enhanced in summer. Our observations are consistent with previous synoptic-scale patterns 

described for the Arctic (Cassano et al., 2006; Serreze et al., 1993; Serreze & Barry, 1988) and at 

Alert (Leaitch et al., 2018; Sharma et al., 2006).  
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Figure 3.3 Seasonal (a-e) HYSPLIT backward trajectory frequency maps (see section 2.4) nor-

malized by total trajectory endpoints. Frequency normalized for each 1º×1º grid cell and initial-

ized every 12 hours for 240 hours (10 days) during sampling at Alert, Canada (82.499ºN, 

62.342ºW). 
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3.3.2 Concentrations of TC, BC, and OC in PM 

Concentrations of TC, BC, and OC in PM ranged from 35.3 to 697.9, 1.8 to 135.3, and 

22.6 to 590.6 ng C m-3 air, respectively (Table A3.4). As such, BC/TC ratios ranged from 0.02 to 

0.41 and OC/BC ratios ranged from 1.4 to 50.5 (Table A3.4). TC was mostly comprised of OC 

(58.8-98.1% TC), with BC accounting for 1.9-41.2% TC. These data are consistent with previous 

measurements at Alert (Croft et al., 2016; Evangeliou et al., 2016; Qi, et al., 2017b; Sharma et 

al., 2017; Sobhani et al., 2018; Winiger et al., 2019).  

BC and OC concentrations varied seasonally, with maxima in late winter and early spring 

(February-April) and minima in early summer (Table 3.1, Fig. 3.4 & 3.5a). BC concentrations 

for winter 2014/2015 were 1.8-2.2 times greater than in spring, 4.8 times greater than in summer, 

and 2.8 times greater than in fall (Fig. 3.4) (p<0.05). This seasonal cycle is consistent with previ-

ous observations (Gong et al., 2010; Sharma et al., 2006). Greater BC concentrations in winter 

have been shown to arise from increases in emissions within the Arctic as a result of greater an-

thropogenic demand for heating (Huang et al., 2015; Stohl et al., 2013; Yttri et al., 2014), the 

southward expansion of the Arctic front (Bozem et al., 2019), and an increase in BC atmospheric 

lifetime due to inefficient scavenging and cool and stagnant atmospheric conditions (Mouteva et 

al., 2017; Thomas et al., 2019).  

OC concentrations followed similar seasonal trends, but differences were not statistically 

significant (ANOVA, Tukey HSD Post-Hoc Test) because the maxima and minima occurred 

over more than one season. For example, post-arctic haze OC minima occurred mid-summer of 

2014, but late spring the following year (Fig. 3.4). These sudden declines in total carbonaceous 

aerosol concentration have been described as a product of increasing insulation and warmer tem-

peratures that yield increased wet scavenging efficiencies of organics and water-soluble OC and 
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BC resulting from a shift to a warmer mixed-phase and liquid-phase scavenging regime from in-

efficient ice-phase cloud particle scavenging (Browse et al., 2012). 

TC and BC/TC varied greatly throughout the sampling period without statistically signif-

icant seasonal trends. Samples measured in summer had greater OC/BC ratios because BC con-

centrations were lowest in summer on average. The summer average OC/BC ratio was 3.1 times 

greater than the winter average.  

Table 3.1. Seasonal1 averages of measured TC, OC, and BC concentrations and isotopes 

(mean±SD)  

   n OC2 BC TC OC/BC BC/TC n δ13C ∆14C 

  ng C m-3 air %  ‰ 

PM                   

Spring 23 
259.2 

(163.0) 

40.8 

(27.8) 

300.1 

(180.8) 

7.1 

(2.9) 

15.1 

(8.8) 
7 

-27.2 

(0.4) 

-581 

(78.7) 

Summer 9 
172.1 

(100.2) 

14.4 

(13.3) 

169.7 

(103.3) 

13.0 

(9.2) 

8.9 

(6.5) 
3 

-26.2 

(0.8) 

-361.8 

(162.7) 

Fall 6 
156.0 

(78.7) 

29.8 

(30.5) 

185.8 

(102.0) 

6.8 

(3.4) 

15.0 

(6.5) 
5 

-27.9 

(0.5) 

-593.5 

(63.6) 

Winter 10 
324.0 

(110.4) 

82.3 

(29.8) 

406.2 

(135.6) 

4.1 

(1.0) 

20.2 

(3.6) 
5 

-27.2 

(0.3) 

-591.4 

(100.1) 

Snow          

Spring  n.m. 
n.m. n.m. n.m. n.m. n.m. 

3 
-27.4 

(0.8) 

-323.2 

(115.5) 

Summer n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 

Fall 
n.m. n.m. n.m. n.m. n.m. n.m. 

1 -28.3 -106.2 

Winter 
n.m. n.m. n.m. n.m. n.m. n.m. 

3 
-27.1 

(1.1) 

-341.7 

(149.8) 
1Seasons are defined meteorologically, with spring (March-May), summer (June-August), fall (September-November), and winter (Decem-

ber-February); n.m. = not measured (no samples available) 
2OC concentrations are reported as OCtotal, the sum of OC and pyrolized organic carbon (POC) (Huang et al., 2020)  
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Figure 3.4 Weekly-integrated mass of total organic carbon in PM (bars) at Alert, Canada), com-

posed of the sum of organic carbon (OC), pyrolyzed and carbonate carbon (POC+CC), and ele-

mental carbon (BC). The sum of the OC, POC+CC, and BC fractions equals the mass of total 

carbon (TC) in each sample.  

We also observed three periods of elevated EC concentrations throughout the observation 

period (Fig. 3.4, Fig. A3.3), which we defined as BC concentrations ≥2σ from the seasonal aver-

age (Table 3.1). The first occurred in spring 2014 (March 12-19 2014, 2.2σ), the second in sum-

mer 2014 (July 30 to August 13 2014, 2.0σ), and the third in fall 2014 (October 8-22 2014, 

2.0σ).  

We observed the highest overall BC concentrations in winter 2015 (135.8 ng C m-3 and 

114.7 ng m-3 during February 4-11 and 11-18 2015, respectively), but they were only 1.8 and 

1.1σ greater than the seasonal average. Both periods coincided with the development of persis-

tent large high-pressure systems, the center of which oscillated between the east Russian and 

North American regions throughout winter and spring, that enveloped the entirety of east Russia 

and west North America (Fig. A3.1). Additionally, an opposing large low-pressure system cen-
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tered over the Barents and Greenland seas created a sharp pressure gradient at the center of the 

Arctic Ocean and fueled trans-Arctic Ocean winds from east Russia to Alert (Fig. A3.1n). Simi-

lar sea level pressure patterns were observed during periods with elevated BC concentrations 

throughout winter and spring 2014/2015 (Fig. A3.1k-q). These conditions describe typical Arctic 

winter and springtime temperature inversion events, which are characterized by minimized verti-

cal mixing and stable atmospheric conditions near the surface which drives BC accumulation in 

the polar dome at the surface (Qi, et al., 2017a; Shen et al., 2017; Thomas et al., 2019).   

Surface BC concentrations at Alert closely followed expected seasonal variations of air 

mass origin as described by backward trajectory modeling and predominant synoptic-scale mete-

orology in the polar dome. In addition, our sampling approach captured air masses with elevated 

BC concentrations, each affecting Alert for up to 2 weeks, which suggests either anomalous flow 

not captured in the means or sudden increases in emissions from respective air mass sources. 

3.3.3 Isotopes of BC in PM 

Δ14C of BC in PM ranged from -698.3 to -187.7‰, indicating that overall fossil fuel 

combustion was the largest contributor to the BC burden at Alert in winter (Table A3.1, Fig. 

3.5c). BC was more enriched in 14C during the summer (Table 3.1). 

The relative contribution from fossil fuel combustion to BC ranged from 20-70% and was 

significantly lower in summer (Fig. 3.6a) (summer: 20-52% fossil, fall-spring: 47-70% fossil). 

This indicates a greater contribution from biomass burning, which is expected during the boreal 

region wildfire season (May-September) (Warneke et al., 2010). Throughout spring and winter, 

the Russian sector was a significant contributor to the BC load at Alert (Fig. 3.6b), because large 

persistent anti-cyclonic systems (Fig. A3.1) envelop the western Arctic in contrast with large cy-
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clonic systems over the eastern Arctic. These conditions present frigid and dry conditions (Fig. 

A3.2) that limit wet scavenging and drive trans-Arctic ocean winds from Siberia to Alert. 

Our BC source apportionment calculations assume that modern carbon emission originat-

ed primarily from the burning of annual biomass. As a sensitivity test for the calculated fuel-type 

contributions expressed in Fig. 3.6a, we calculated the fuel fractions with boreal forest fire 

endmember (Δ14C=131±52‰) (Mouteva et al., 2015) as the biogenic modern carbon source. We 

found that using a boreal forest fire endmember only reduced our estimate of biogenic contribu-

tions by 4±1% (avg±sd) on average and by up to 8% for samples with more enriched 14C signa-

tures (collected in summer). These differences in biogenic contributions were within the propa-

gated uncertainty (Fig. 3.6a) and did not significantly affect the calculated fuel type.  

Regarding the three elevated BC periods described in section 3.2, Δ14C BC during the 

spring and fall events were consistent with that of BC during the respective season (Fig. 3.5c). In 

spring (March 2014), influent sectors, mean winds, and sea level pressures indicate a steep pres-

sure gradient between a high pressure centered over the Chukchi and Beaufort seas and a low 

pressure settled over the Kara and Barents seas that drove winds to Alert from the Russian sector 

via the Arctic Ocean (Fig. A3.1a). A similar pattern was observed in fall (October 2014), but 

mean sea level pressure gradients were not as steep, the high pressure was contained to the Arc-

tic Ocean, and the low pressure was shifted towards the Norwegian Sea (Fig. A3.1h). Therefore, 

Alert was affected less by the Russian Sector. Backward trajectories also indicate less Russian 

influence and less overall influence from air masses within 2 km (Fig. 3.6). This could be due to 

subsidence occurring at the high-pressure system therefore descending pollution, if any, from 

aloft (Willis et al., 2019).  
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Figure 3.5 Concentration, stable isotope composition (δ13C), and radiocarbon content (Δ14C) of 

black carbon (BC) from PM (black solid lines) or snow (blue dotted lines) collected at Alert, 

Canada and isolated by the ECT9 method. PM concentrations were measured on weekly-

integrated samples (Fig. 3.4), but pooled for isotope analysis (1-4 weeks/sample). (a) Average 

BC concentrations and standard deviations (shading) of the pooled samples. Measured (b) δ13C 

and (c) Δ14C of BC with ±1σ analytical error (shading). Blue dots indicate snow sampling dates.   

In contrast, Δ14C during the elevated BC event in summer (August 2014) was enriched 

relative to the seasonal average (Fig. 3.5c). During the event, a regional and weak low-pressure 

system developed over the Canadian Archipelago (Fig. A3.1f) which drove southwesterly winds 

from the North American boreal zones, resulting in elevated BC concentrations with relatively 

high 14C contents (Fig. 3.5a,c). This was further evident by increased incidences of back trajecto-

ries from North America in in July and August (Fig. 3.6b).  
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Biomass burning contributed 43.8±11.9% (avg±1σ) to BC (n=17) on average for the en-

tire study period. This estimate is within the range of values reported for Alert by Winiger et al. 

(2019), who estimated an average fraction biomass for BC of 39.6±4.0% (12/02/14 to 

18/03/2015, n=9). Winiger et al. (2019) utilizes more enriched 14C values (+225±60‰) for their 

biomass burning endmember to represent the 14C content of northern tree species that are 3-4 

decades old and contain a significant fraction of bomb-14C, while our approach assumes that fire 

consumes only the most recently-formed wood on the outer stems and carbon from the forest 

floor that is more depleted in bomb-14C (Mouteva et al., 2015). However, since most BC emis-

sions originate from fossil fuels, the apportionment is not very sensitive to the choice of biomass 

Δ14C. 

The 13C of BC in PM ranged from -25.6 to -28.3‰ (Table A3.1, Fig. 3.5b). We ob-

served the most depleted values during the fall, but seasonal differences were not significant 

(single-factor ANOVA, Tukey HSD test, p>0.05). Our data was similar to 13C of BC in PM 

previously reported for Alert (-27.9±0.8‰, 05/03/14 to 18/03/2015) (Winiger et al., 2019). Addi-

tionally, this data falls within the range of reported δ13C values of particles produced by fossil 

fuel combustion (-24 to -28‰) (Andersson et al., 2015; Mašalaitė et al., 2012; Pugliese et al., 

2017; Widory, 2006) and overlaps with δ13C values found in biomass burning aerosols (-21 to -

29‰) (Agnihotri et al., 2011; Garbaras et al., 2015; Mouteva et al., 2015; Sang et al., 2012).  

The calculated δ13C of fossil fuel-derived BC in PM showed little variation throughout 

the observation period and was not significantly different from the measured δ13C of bulk BC 

(Fig. 3.5b, Table A3.1). Our stable isotope mass balance analysis indicated that the dominant 

source of fossil BC year-round was the combustion of liquid and solid fuels (82% to 100% of 

fossil BC). Consequently, gas flaring contributed 0 to 18% to fossil BC; with uncertainties in the 
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isotopic composition of sources and error propagation (Table A3.1). Our estimates are lower 

than those by Stohl et al. (2013), who suggested that flaring accounts for as much as 33% to the 

annual mean BC surface concentrations at Alert in January. However, our gas flaring estimate is 

greater than that reported by Winiger et al. (2017, 2019), who estimated only 6% contribution 

from gas flaring in East Siberia to the Tiksi Hydrometeorological Research Observatory and no 

discernable contribution to Alert.  

 
Figure 3.6 (a) Time series of calculated fuel type of BC in PM (non-opaque) and snow (opaque) 

based on 14C measurements; (b) sector and height contributions based off 10-day HYSPLIT back 

trajectory results. Solid colors in (b) represent percentage of back trajectories within the meteoro-

logically defined planetary boundary level height. Less opaque colors indicate back trajectories 

above boundary level height but are lower than 1km. The least opaque colors show back trajecto-

ries between 1-2km in height. From November 2014 to March 2015, two isotopic measurements 

were made in the same month. A and B in sample dates distinguish samples taken in the first half 

from the second half of the month. 

3.3.4 Isotopes of BC in snow 

BC in snow was consistently enriched in 14C relative to that of BC in PM (Fig. 3.5c) 

(ANOVA single factor, p<0.01). This suggests that BC in snow was dominated by biomass burn-
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ing (53-88%), with Δ14C ranging from -106.2 to -460.2‰ with no significant differences be-

tween seasons.  

Excluding samples with a fossil BC mass of less than 0.2 µg C, the calculated δ13C data 

of fossil fuel-derived BC in snow was relatively constant and not significantly different from the 

measured δ13C of bulk BC (Fig. 3.5b, Table A3.1). δ13C values are typical for combustion either 

from solid or liquid fossil fuels, which accounted for 91 to 100% of fossil BC (avg. ± SD).  

The relative enrichment of biomass burning-derived BC in snow compared to that in sur-

face PM likely results from differences in the source region between the BC present aloft and 

near the surface. BC aloft may be derived from air masses that were directly affected by biomass 

burning at lower latitudes and uplifted during their northward transport (Bozem et al. 2019; Stohl 

et al., 2006; 2007), while BC near the surface is dominated by fossil BC emissions within the 

polar dome.  

Biomass burning-derived BC aloft is also likely to be more efficiently scavenged by pre-

cipitation. BC scavenging may occur in ice clouds or in liquid and mixed-phase clouds that per-

sist throughout the year in the Alert region as demonstrated at Eureka, Nunavut (de Boer et al., 

2011; Coopman et al., 2018; Cox et al., 2014; Morrison et al., 2012). 

Current field measurements and laboratory experiments (Bond et al., 2013; Kanji et al., 

2017) have shown that BC aerosols are only moderately effective ice nuclei (IN) and easily out-

competed by other IN (Cziczo et al., 2013; Irish et al., 2019; Lupi et al., 2014). However, the 

lower temperature origin of biomass burning BC and atmospheric aging during transport pro-

mote the development of amorphous organic and/or sulfate coatings that increase the solubility 

of BC in the liquid phase, and its effectiveness as cloud condensation nuclei (CCN) (Henning et 

al., 2012; Pósfai et al., 2004; Sharma et al., 2013; Zhang et al., 2008).  
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In mixed-phase clouds, BC may thus act as CCN or become incorporated into existing 

liquid or super-cooled droplets through direct collisions (Ding et al., 2019). Further, the collision 

of droplets with snow grains (“rimming”) can incorporate BC into snow within and below the 

cloud (Magono et al., 1979). Similarly, aged fossil particles with coatings accumulated through 

atmospheric processing (China et al., 2015; Weingartner et al., 1997; Zhang et al., 2008; Zuberi, 

2005) may be incorporated into snow alongside the biomass burning-derived BC aloft. 

We observed the largest differences between the 14C of BC in PM and snow in October 

2014, January, and March 2015 (Fig. 3.6a), while the 14C of BC in snow in February, April, and 

May of 2015 were within the uncertainty range of 14C of BC in PM. Assuming that the majority 

of snow samples represents fresh snow, the temporal variation in the difference between 14C of 

BC in PM and snow may suggest a greater layer of complexity that is a function of the atmos-

pheric column conditions. Besides difference in IN capacity, it is also possible that the discrep-

ancy in biomass burning BC particles in snow and PM are due to variability in the extent of con-

tact-freezing. Extensive contact-freezing of ambient BC-containing particles into existing ice 

crystals might incorporate more local PM particles, which would yield similar fraction fossil val-

ues to ambient PM as was observed in February, April, and May 2015 (Fig. 3.6a).  

Our results imply that biomass burning BC is preferentially incorporated into snow. 

However, this effect is inconsistent across the study period and is likely a function of the specific 

meteorological and microphysical properties of the precipitating cloud. This study highlights the 

need for in-depth studies of BC in-cloud behavior as CCN and/or subsequent IN in mixed-phase 

clouds and measurements of additional biomass burning tracers (i.e. potassium) in snow to assess 

BC sources. This is particularly important in the Arctic as BC in snow significantly affects the 
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optical properties in snow and yields current uncertainties of the secondary effects of BC in snow 

(AMAP, 2015; Bond et al., 2013; Schwarz et al., 2013).  

3.4 Conclusions 

In this study, we quantified the concentration and sources of BC in PM and snow at Alert, 

Canada from March 2014 to May 2015. We found that BC concentrations in PM followed typi-

cal seasonal patterns. Throughout the winter, BC accumulated within the polar dome and was 

predominantly derived from liquid or solid fossil fuels. As far as 10 days back, BC was trans-

ported to Alert from the Russian Arctic, but more southern sources may also be important. Dur-

ing late spring and summer, BC concentrations were lower, with greater contributions from bio-

mass burning in North America. 

A comparison of BC in PM and snow showed that biomass burning BC was preferential-

ly incorporated into snow. Since BC surface observing networks monitor BC in PM, but not 

snow, our findings also suggest that BC contributions from biomass burning might be underesti-

mated in models and BC mitigation efforts due to complexity in transport patterns. Given the ef-

fect of BC trapped in snow on Arctic climate, future studies are needed to resolve the relative 

significant of BC scavenging by dry vs. wet deposition and the role of BC in cloud and ice nu-

cleation.  
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3.6 Appendix 

Table A3.1 Overview of samples analyzed for their isotopic composition. Please note that the 

Filter Sample ID refers to those listed in Table A3.4. The year of 14C analysis was 2018. 

UCIAMS# 
 Isotope Sample 

ID 

Abbreviated Fil-

ter Sample ID 

Sample 

Size 
Δ14C1 δ13C1 fFF δ13CFF

2 fgas
2 

    µg C ‰  ‰  

PM          

200073 
 AL-lbHV-

Mar.2014-EC 
W-06 to W-09 15.9 

-606.5 

(23.4) 
-27.4 0.61 

-27.7 

(1.6) 

0.05 

(0.15) 

200074 
 AL-IbHV-

April.2014-EC 
W-10 to W-13 13.2 

-593.6 

(28.1) 
-27.0 0.60 

-26.9 

(1.9) 

0 

(0.17) 

200075 
 AL-lbHV-

May.2014-EC 
W-14, W-16 11.9 

-675.3 

(33.2) 
-26.6 0.68 

-26.4 

(1.9) 

0 

(0.17) 

200076 
 AL-lbHV-

Jun.2014-EC 
W-17, W-18 11.2 

-509.9 

(32.9) 
-25.9 0.52 

-24.9 

(2.5) 

0 

(0.22) 

200077 
 AL-lbHV-

Jul.2014-EC 
W-19, W-21 8.5 

-387.7 

(45.8) 
-27.2 0.40 

-27.5 

(4.7) 

0.04 

(0.37) 

200078 
 AL-lbHV-

Aug.2014-EC 
W-22 to W-24 18.9 

-187.7 

(21.0) 
-25.6 0.20 

-20.2 

(5.6) 

0 

(0.46) 

200079 
 AL-lbHV-

Sept.2014-EC 
W-26, W-27 5.0 

-579.7 

(89.7) 
-27.6 0.59 

-28.1 

(5.9) 

0.08 

(0.46) 

200081 
 AL-lbHV-

Oct.2014-EC 
W-28, W-29 17.0 

-698.3 

(22.8) 
-27.0 0.70 

-27.0 

(1.3) 

0 

(0.13) 

200082 
 AL-lbHV-

Nov.2014-EC 
W-31, W-32 18.6 

-574.7 

(19.3) 
-28.3 0.58 

-29.2 

(1.6) 

0.17 

(0.15) 

200083 
 AL-lbHV-

Nov.2014-A-EC 
W-31 14.6 

-589.5 

(25.1) 
-28.3 0.60 

-29.1 

(1.8) 

0.16 

(0.16) 

200084 
 AL-lbHV-

Nov.2014-B-EC 
W-32 12.3 

-525.3 

(29.9) 
-28.3 0.53 

-29.3 

(2.4) 

0.18 

(0.20) 

200085 
 AL-lbHV-

Dec.2014-A-EC 
W-33 10.6 

-673.7 

(37.6) 
-27.1 0.68 

-27.2 

(2.2) 

0.01 

(0.18) 

200086 
 AL-lbHV-

Dec.2014-B-EC 
W-34 12.1 

-662.8 

(32.5) 
-27.1 0.67 

-27.2 

(1.9) 

0.01 

(0.17) 

200088 
 AL-lbHV-

Jan.2015-B-EC 
W-38, W-39 18.6 

-652.7 

(20.1) 
-26.7 0.66 

-26.6 

(1.3) 

0 

(0.13) 

200089 
 AL-lbHV-

Feb.2015-A-EC 
W-41, W-42 15.9 

-509.9 

(22.3) 
-27.4 0.52 

-27.8 

(2.0) 

0.06 

(0.17) 

200090 
 AL-lbHV-

Feb.2015-B-EC 
W-43, W-45 14.1 

-457.9 

(25.7) 
-27.4 0.47 

-27.9 

(2.5) 

0.07 

(0.20) 

200091 
 AL-lbHV-

Mar.2015-A-EC 
W-46, W-47 19.5 

-576.6 

(18.2) 
-27.4 0.58 

-27.6 

(1.5) 

0.05 

(0.14) 

200092 
 AL-lbHV-

Mar.2015-B-EC 
W-48, W-50 15.0 

-659.2 

(25.5) 
-27.4 0.67 

-27.5 

(1.6) 

0.04 

(0.14) 

200093 
 AL-lbHV-

Apr.2015-EC 
W-51 to W-53 9.7 

-470.5 

(38.9) 
-27.8 0.48 

-28.6 

(3.4) 

0.12 

(0.27) 

200100 
 ALT-HV-

May15-EC 
19731-4 to 1973-7 9.0 

-485.3 

(42.0) 
-26.9 0.49 

-26.9 

(3.4) 

0 

(0.27) 

Snow 
         

200101  AlT-Oct-2014-  3.2 -106.2 -28.3 0.12 -37.2 0.78 
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EC (206.2) (28.0) (2.17) 

200102 
 AlT-Dec-2014-

EC 
 6.3 

-460.2 

(64.8) 
-26.5 0.47 

-26.0 

(2.1) 

0 

(0.18) 

200104 
 AlT-Jan-2015-

EC 
 5.4 

-173.3 

(90.1) 
-28.4 0.19 

-34.6 

(8.4) 

0.58 

(0.67) 

200105 
 AlT-Feb-2015-

EC 
 6.7 

-391.7 

(60.9) 
-26.4 0.40 

-25.5 

(2.4) 

0 

(0.21) 

200106 
 AlT-Mar-2015-

EC 
 4.0 

-190.3 

(138.4) 
-28.1 0.20 

-32.3 

(10.2) 

0.41 

(0.80) 

200107 
 AlT-Apr-2015-

EC 
 4.9 

-380.4 

(92.6) 
-27.5 0.39 

-28.2 

(3.4) 

0.09 

(0.27) 

200108 
 AlT-May-2015-

EC 
 4.9 

-398.9 

(92.5) 
-26.5 0.41 

-25.9 

(3.1) 

0 

(0.25) 
1measurement uncertainty (1 sigma for Δ14C, 0.3‰ for δ13C), 2propagated uncertainty (assuming δ13C of biomass 

burning = -26‰, solid fossil fuels = -27‰, gaseous fossil fuels = -40‰) 
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Table A3.2 Geographical boundaries of BC source regions. 
Sector Latitude (°N) Longitude (°E) 

Arctic Ocean 75 – 90 -60 – -20 

Greenland 60 – 75 -179 – 180 

North America 40 – 75 -170 – -60 

Russia 50 – 75 30 – 180, -179 – -170 

Europe 40 – 75 -10 – 30 

Asia 20 – 50 30 –150 
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Table A3.3 Process-specific blank quantification 

Process Modern Carbon Fossil Carbon 

  µg C ± µg C ± 

OC/BC Separation 0.90 0.45 0.05 0.03 

Combustion/Graphitization/AMS anal-

ysis 0.50 0.25 0.40 0.40 

Total Blank 1.40 0.70 0.45 0.43 
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Table A3.4. Overview of samples analyzed for their TC, OC, and BC concentrations  

Filter Sampling ID Date Start Date End  OC BC1 TC OC/BC BC/TC 

      ng C m-3   % 

PM        

AL_lbHV-140305W-06 3/5/2014 3/12/2014 344.6 60.1 404.7 5.7 0.15 

AL_lbHV-140312W-07* 3/12/2014 3/19/2014 166.1 116.4 282.5 1.4 0.41 

AL_lbHV-140319W-08 3/19/2014 3/26/2014 189.0 50.7 239.7 3.7 0.21 

AL_lbHV-140326W-09 3/26/2014 4/2/2014 136.6 14.8 151.5 9.2 0.10 

AL_lbHV-140402W-10 4/2/2014 4/9/2014 180.1 15.1 195.2 11.9 0.08 

AL_lbHV-140409W-11 4/9/2014 4/16/2014 223.9 22.8 246.8 9.8 0.09 

AL_lbHV-140416W-12 4/16/2014 4/23/2014 477.0 65.4 542.4 7.3 0.12 

AL_lbHV-140423W-13 4/23/2014 4/30/2014 223.0 35.6 258.7 6.3 0.14 

AL_lbHV-140507W-14 5/7/2014 5/21/2014 505.1 59.2 564.3 8.5 0.10 

AL_lbHV-140521W-16 5/21/2014 6/4/2014 154.5 17.7 172.2 8.7 0.10 

AL_lbHV-140604W-17 6/4/2014 6/18/2014 324.8 26.7 351.5 12.2 0.08 

AL_lbHV-140618W-18 6/18/2014 7/2/2014 33.7 10.3 44.0 3.3 0.23 

AL_lbHV-140702W-19 7/2/2014 7/16/2014 83.9 6.7 90.6 12.5 0.07 

AL_lbHV-140716W-21 7/16/2014 7/30/2014 185.3 5.8 191.1 31.8 0.03 

AL_lbHV-140730W-22* 7/30/2014 8/13/2014 267.9 44.5 312.4 6.0 0.14 

AL_lbHV-140813W-23 8/13/2014 8/27/2014 156.3 10.3 166.6 15.1 0.06 

AL_lbHV-140827W-24 8/27/2014 9/10/2014 152.8 15.3 168.1 10.0 0.09 

AL_lbHV-140910W-26 9/10/2014 9/24/2014 77.1 13.3 90.4 5.8 0.15 

AL_lbHV-140924W-27 9/24/2014 10/8/2014 83.0 18.0 101.0 4.6 0.18 

AL_lbHV-141008W-28* 10/8/2014 10/22/2014 260.9 91.9 352.8 2.8 0.26 

AL_lbHV-141022W-29 10/22/2014 11/5/2014 124.7 19.1 143.8 6.5 0.13 

AL_lbHV-141105W-31 11/5/2014 11/19/2014 148.8 17.3 166.0 8.6 0.10 

AL_lbHV-141119W-32 11/19/2014 12/3/2014 241.7 19.4 261.0 12.5 0.07 

AL_lbHV-141203W-33 12/3/2014 12/17/2014 304.1 103.8 407.9 2.9 0.25 

AL_lbHV-141217W-34 12/17/2014 12/31/2014 199.0 51.4 250.4 3.9 0.21 

AL_lbHV-141231W-36 12/31/2014 1/14/2015 233.8 38.4 272.2 6.1 0.14 

AL_lbHV-150114W-37 1/14/2015 1/21/2015 216.1 60.9 276.9 3.5 0.22 

AL_lbHV-150121W-38 1/21/2015 1/29/2015 430.7 80.2 510.9 5.4 0.16 

AL_lbHV-150129W-39 1/29/2015 2/4/2015 304.7 66.0 370.7 4.6 0.18 

AL_lbHV-150204W-41 2/4/2015 2/11/2015 562.6 135.3 697.9 4.2 0.19 

AL_lbHV-150211W-42 2/11/2015 2/18/2015 371.2 114.7 485.9 3.2 0.24 

AL_lbHV-150218W-43 2/18/2015 2/25/2015 274.0 83.9 357.9 3.3 0.23 

AL_lbHV-150225W-45 2/25/2015 3/4/2015 343.4 88.1 431.5 3.9 0.20 

AL_lbHV-150304W-46 3/4/2015 3/11/2015 350.8 31.0 381.8 11.3 0.08 

AL_lbHV-150311W-47 3/11/2015 3/18/2015 465.1 63.3 528.4 7.4 0.12 

AL_lbHV-150318W-48 3/18/2015 3/25/2015 249.9 63.2 313.1 4.0 0.20 
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AL_lbHV-150325W-50 3/25/2015 4/1/2015 283.2 68.9 352.1 4.1 0.20 

AL_lbHV-150401W-51 4/1/2015 4/8/2015 325.6 34.7 360.3 9.4 0.10 

AL_lbHV-150408W-52 4/8/2015 4/15/2015 512.7 69.0 581.7 7.4 0.12 

AL_lbHV-150415W-53 4/15/2015 4/22/2015 590.6 62.2 652.8 9.5 0.10 

AL-IbHV-150422-19731-1 4/22/2015 4/29/2015 191.5 26.9 218.4 7.1 0.12 

AL-IbHV-150429-19731-2 4/29/2015 5/7/2015 32.2 11.6 43.8 2.8 0.27 

AL-IbHV-150507-19731-4 5/7/2015 5/13/2015 43.4 5.3 48.7 8.2 0.11 

AL-IbHV-150513-19731-5 5/13/2015 5/20/2015 207.5 24.8 232.3 8.4 0.11 

AL-IbHV-150520-19731-6 5/20/2015 5/27/2015 86.9 8.0 94.9 10.9 0.08 

AL-IbHV-150527-19731-7 5/27/2015 6/3/2015 22.6 12.7 35.3 1.8 0.36 

AL-IbHV-150603-19731-8 6/3/2015 6/10/2015 92.7 1.8 94.5 50.5 0.02 

AL-IbHV-150610-19731-10 6/10/2015 6/24/2015 100.4 7.8 108.3 12.8 0.07 

Snow        

AlT-Oct-2014-EC 

n.m 

8.2 

n.m 

AlT-Dec-2014-EC 11.4 

AlT-Jan-2015-EC 32.9 

AlT-Feb-2015-EC 20.3 

AlT-Mar-2015-EC 8.1 

AlT-Apr-2015-EC 6.2 

AlT-May-2015-EC 13.8 
1BC snow units (µg C kg-1 snow), n.m. = not measured, *period of elevated BC concentration (≥2σ than seasonal 

average) 
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Figure A3.1 Monthly (a-s) mean sea level pressure from NCAR/NCEP reanalysis mean 

composites. Start and stop times follow those outlined in Tables A3.1 and A3.2.  
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Figure A3.2 Monthly (a-s) and biweekly (i-q, with A refering to the first and B to the latter half 

of the month) mean air temperature from NCAR/NCEP reanalysis products. Specific dates 

averaged coincide with sample start and stop dates as noted in Table A3.1. 
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Figure A3.3 Time series showing difference between individual BC concentrations and seasonal 

averages calculated as respective seasonal standard deviations (Table 3.1). Background colors 

distinguish meteorological seasons, such as spring (green), summer (yellow), fall (brown), and 

winter (blue).  
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Figure A3.4 Monthly fire emissions from biomass burning during the fire season, from May (a) 

to September (e) 2014 and monthly back-trajectory frequency. Fire emissions taken from Global 

fire emissions database version 4 (Giglio et al., 2013; Randerson et al., 2012; van der Werf et al., 

2017). 
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Chapter 4 

Source apportionment of summertime organic aerosol in the marine 

boundary layer of the Pacific and Western Arctic Oceans 

 

Adapted from: 

B. T. Rodríguez, S. Kim, X. Xu, G. M. Santos, K. Park, C. E. Moffett, R. J. Sheesley, C. I. 

Czimczik. (In Prep.)  

4.1 Introduction 

Organic carbonaceous (OC) aerosol is a critical, short-lived climate forcer that has com-

plex interactions with other climate-affecting components of the Earth system. OC influences 

climate directly by scattering solar radiation and indirectly due to its role in cloud condensation 

and precipitation (Fuzzi et al., 2015). The climatic impacts of OC aerosol are among the most 

uncertain because relevant emission/formation, aging, and removal mechanisms are highly vari-

able and respective controlling factors are not well understood (Hodzic et al., 2016; Zhu et al., 

2019).  

Marine emissions are a major source of OC, yet their fluxes and radiative forcing remain 

poorly constrained (Gantt et al., 2012; Meskhidze et al., 2011; Myriokefalitakis et al., 2010). Es-

timates of marine OC emissions from global modelling studies range from 7 to 50 Tg year-1 and 

are comparable to OC emissions from fossil fuels (Gantt et al., 2009; Ito & Kawamiya, 2010; 

Spracklen et al., 2008).  
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In marine environments, the OC burden varies with distance to the coast and latitude 

(Jimenez et al., 2009), and its origin from marine and terrestrial sources is poorly constrained by 

available measurements (Barrett & Sheesley, 2017). Coastal air masses contain marine and ter-

restrial OC aerosol, both primary and secondary in origin (i.e. bioaerosol and secondary particu-

late from biogenic volatile organic compounds) (Dall’Osto et al., 2017). In addition, anthropo-

genic emissions of OC aerosol contribute significantly to the aerosol burden of many coastal re-

gions (Yu et al., 2018). Anthropogenic contributions to OC aerosol include co-emitted primary 

and secondary aerosol from fossil fuel combustion by ships, industry, and biofuel combustion by 

agricultural fires and residential cooking/heating. OC sources in heavily polluted and densely 

populated coastal regions are dominated by oxidized secondary OC from industrial and combus-

tion-related volatile emissions (Jimenez et al., 2009; Nault et al., 2018). 

Further offshore, marine emissions dominate. Primary marine OC emissions are modulat-

ed by wind-induced turbulent mechanisms that form sea spray aerosol (SSA), that is enhanced in 

organic matter in the sub-micron size range (Blanchard, 1964; Cavalli et al., 2004; Hoffman & 

Duce, 1974, 1976; O’Dowd & de Leeuw, 2007; O’Dowd et al., 2004a). This colloidal organic 

material is primarily composed of aggregated micro- and nanopolymers of polysaccharide and 

lignin-like molecules and highest in concentration within the sea surface microlayer (SML) 

(Aller et al., 2017; Alpert et al., 2015; Choi et al., 2019). Initial studies linked enhanced OC aer-

osol concentrations to biological activity (Cavalli et al., 2004; O’Dowd et al., 2004), i.e. exuda-

tion by phytoplankton (Ceburnis et al., 2011; Ovadnevaite et al., 2011; Russell et al., 2010). 

More recently, however, OC-rich, sub-micron marine aerosol was observed in remote marine 

regions regardless of biological productivity, suggesting that a larger organic pool is a major 

contributor to OC-enhanced primary marine aerosol (Bates et al., 2020; Quinn et al., 2014). This 
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pool contains surface-active organics that reduce surface tension and produce bubbles that emit 

bursts of primary marine aerosol when popped. This material is enhanced in refractory dissolved 

organic carbon (RDOC) that is decoupled from biological productivity (Kieber et al., 2016), but 

likely also contain exudates of living phytoplankton (Long et al. 2014).  

The Arctic marine boundary layer is characterized by extremely low OC concentrations, 

particularly during summertime because OC is easily removed by wet deposition. For this rea-

son, changes to the OC burden have large implications for the formation and subsequent micro-

physical properties of clouds. For example, elevated concentrations of ultra-fine particles (5-50 

nm) have been measured in the Arctic boundary layer during pristine and stable conditions 

(Burkart et al., 2017a). These particles undergo slow condensational growth of semi-volatile or-

ganics (Burkart et al., 2017; Collins et al., 2017) before becoming a significant source of cloud 

condensation nuclei (CCN) in the High Arctic. CCN concentrations in the High Arctic are im-

perative to understanding the complex cloud-aerosol feedbacks associated with declining sea ice 

(Earle et al., 2011; Struthers et al., 2011; Willis et al., 2018). Studies also show an enhancement 

of CCN concentrations under low-wind conditions and when particle organic-to-sulfate ratio is 

high (Willis et al., 2016, 2017), which is contrary to observations from remote mid-latitude ma-

rine environments where CCN concentrations are greater under high-wind conditions due to en-

hanced SSA and sulfate emission through mechanical action (e.g. wave breaking and bubble 

bursting) (O’Dowd et al., 1997). These regional differences in OC burden and impact highlight 

the importance of factoring the environmental region as another modulator of ambient OC aero-

sol concentrations.  

Analyses of the stable (δ13C) and radiocarbon (Δ14C) isotope ratios of OC aerosol pro-

vides insight to its terrestrial vs. marine and biogenic vs. fossil sources (Mackey et al., 2021; 
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Rodríguez et al., 2020). Stable isotope signatures reflect differences in carbon sources (mixing) 

and isotope fractionation during biogeochemical cycling. Plants of temperate and Arctic regions, 

as well as plants that were converted to fossil carbon reservoirs, use the C3 photosynthetic path-

way; their bulk matter and VOC emissions δ13C average -28±2‰ (Ceburnis et al., 2008; Kohn, 

2010). Marine carbon pools, such as dissolved inorganic (DIC), particulate organic (POC), and 

dissolved organic (DOC) carbon, differ significantly in their δ13C values. The δ13C of DIC at the 

ocean surface globally is about 0-2‰ and is enriched relative to that of atmospheric CO2 (δ
13CO2 

≈ -8.5‰) (White et al., 2015) due to kinetic fractionation favoring the dissolution of the heavier 

isotope. POC at the surface is produced by biological systems and has a δ13C signature similar to 

primary producers and their exudates (-21 to -29‰) (Brown et al., 2014; Kwak et al., 2017). The 

large range in marine POC is due to variation in sea surface temperature, with lower δ13C of 

POC observed at lower sea surface temperatures (Brown et al., 2014; Druffel et al., 1996; 

Griffith et al., 2012; Guo et al., 2004; Kwak et al., 2017; Kim et al., 2017; Lin et al., 2014; Zhang 

et al., 2012). DOC originates primarily from the microbial decomposition of POC and its δ13C 

averages -21 to -22‰ at the surface (Druffel et al., 1992; Druffel et al., 2018; Zigah et al., 2017).  

Radiocarbon measurements infer the “age” of carbon-bearing materials as well as differ-

ences in their carbon sources. Fossil carbon pools are devoid of 14C (e.g., measurement result 

approaches Δ14C = -1000‰, indistinguishable from background samples) due to a half-life of 

5730 years (Δ14C = -1000‰). The Δ14C of terrestrial carbon pools as well as of marine DIC and 

DOC are similar to atmospheric CO2, their ultimate carbon source. In 2020, the Δ14C of pristine 

atmospheric CO2 was about 0‰, following a 70-year decline of bomb 14C in the atmosphere. In 

the late 1950s and early 1960s, thermo-nuclear weapons testing nearly doubled the atmospheric 

14C content (Δ14C ≥ 0‰). Since then, the amount of 14C in the atmosphere has been declining 
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due to mixing of atmospheric CO2 with marine and terrestrial carbon pools, and by dilution with 

fossil fuel-derived CO2 (Graven, 2015; Levin et al., 2010). DOC, in contrast, is significantly de-

pleted in 14C (Δ14C < -150‰) because half of it is comprised of aged microbially-inaccessible 

RDOC and the other half is produced recently by phytoplankton (Bauer et al., 1998; Druffel et 

al., 2017; Griffith et al., 2012; Zigah et al., 2017). Together, these differences in carbon isotope 

ratios (δ13C, Δ14C) of terrestrial and marine sources allow the characterization of sources to bulk 

aerosol.  

In this study, we characterized marine and terrestrial contributions to OC across the 

northern Pacific and the Western Arctic. Specifically, we combined measurements of (1) aerosol 

isotopic composition (δ13C, Δ14C) to apportion sources to marine OC and their variation with dis-

tance to coast, latitude, and air mass origin, and (2) concentrations of major ions and methanesul-

fonic acid (MSA) of ambient OC aerosol with (3) backward trajectory analyses of air masses and 

(4) observations of marine productivity (chlorophyll-induced fluorescence, ΔO2/Ar, and MSA) to 

understand contributions from marine RDOC, fresh biomass (terrestrial or marine), and fossil 

carbon sources. By providing data from a mobile platform, this work complements observations 

of marine air masses on land and advances our understanding of OC sources and climate impacts 

in the remote northern Pacific and western Arctic Ocean.  

4.2 Methods 

4.2.1 Sample collection 

Aerosol total suspended particle (TSP, n=5) and particles with a diameter of 2.5 µm or 

less (PM2.5, n=3) samples were collected onboard the R/V ARAON (Fig. 4.1), operated by the 

Korean Polar Research Institute, during the 2017 Arctic summer campaign from July 22 to Au-

gust 19, 2017 (Table 4.1). Air volumes sampled ranged from 1509 to 5454 m3
, integrating 45-187 
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hours. The campaign began offshore at Busan, South Korea and ended in the Arctic Ocean (Fig. 

4.2).  

Samples were obtained with a volume-calibrated, high-volume aerosol sampler (Tisch 

Environmental, TE-PM10PLUS-BL) at a flow rate of 1,133 L min−1 (40±4 CFM) on pre-

combusted (450ºC, 4 hours) quartz fiber filters (2500 QAT‐UP, Pallflex Tissuquartz, Pall, Port 

Washington, NY, USA). The loaded filter area was 393.75 cm2. Samples were wrapped in pre-

combusted aluminum foil, sealed in anti-static bags, and stored frozen (-20ºC) until analysis.  

To prevent contamination from the boat (e.g., smokestack and cooking), the sampler was 

located on the bow and attached to a wind-sectoring system that automatically turned off the 

sampler during the following conditions: (1) wind speeds less than 5 m s-1, (2) wind speeds 

greater than 18 m s-1, and (3) wind direction between 90º and 270º relative to bow of the ship. 

All but one sample (“Ice Camp”, see below) were captured while the boat was moving. Field 

blanks were obtained throughout the collection period and used to quantify background contami-

nation by mounting 1/4 of pre-combusted filter, loosely wrapped in pre-combusted aluminum 

foil, on the inside of the sampler housing. 
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Figure 4.1 Picture of (left) R/V ARAON during ice camp activities and (right) high-volume 

sampling setup onboard the bridge deck. The white arrow points to the location of the sampler 

shown in (right). 

 

 

 

Table 4.1 Overview of ambient aerosol samples collected onboard R/V ARAON  
# Fraction Start 

time 

Stop time Sample 

volume 

Start 

position 

Stop 

position 

Location Marine 

Air1 

  
YYYYMMDD 

hhmm 

m3 ºN, ºE  % 

1 PM2.5 
20170722

0618 

20170724

0311 
1510 

35.059782500,

129.0581282 

37.27540933,  

133.272136 

East 

Asia 

Coast 

94.1 

2 PM2.5 
20170724

0333 

20170726

0336 
2923 

37.321109167, 

133.3472968 

41.8720895,  

145.0678865 
East Sea 58.4 

3 PM2.5 
20170726

0407 

20170730

2302 
5454 

41.881794833, 

145.1996958 

53.08332567,  

171.6415087 

Pacific 

Ocean 
97.0 

4 TSP 
20170730

2346 

20170803

1624 
2715 

53.083310000, 

171.6415293 

64.31915417,  

-165.7134878 

Bering 

Sea 
98.7 

5 TSP 
20170803

1649 

20170806

2207 
3055 

64.319200833, 

-165.7133215 

64.49334017, 

166.5277122 
Nome 73.5 

6 TSP 
20170806

2239 

20170809

2208 
3484 

64.546774000, 

-166.77199 

72.966017,  

-168.3506193 

Bering 

Strait 
80.8 

7 TSP 
20170809

2234 

20170817

1707 
3148 

73.045185000, 

-168.3045378 

75.41662483,  

176.1900012 

Ice 

Camp 
100.0 

8 TSP 
20170819

2111 

20170824

0345 
4114 

74.412642667, 

173.0076982 

75.50042233,  

-161.1236148 

Chukchi 

Sea 
93.7 

1calculated as endpoints within PBL over ocean divided by total endpoints within the PBL 
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4.2.2 HYSPLIT backward trajectories  

To distinguish marine and land air masses, we first estimated the origin of the air masses 

impacting each sample via the HYSPLIT backward trajectory model using daily files of archived 

3-hr meteorological data from the Global Data Assimilation System (GDAS) with a 0.5º resolu-

tion grid (https://www.ready.noaa.gov/archives.php). Simulations were initialized every 6 hours 

and pre-cast for 240 hours before initialization with a time resolution of one hour.  

Then, we calculated backward trajectory frequencies by counting the endpoints below the 

planetary boundary layer (PBL), as determined in GDAS meteorology data, in a 1×1º grid and 

divided each grid frequency by total number of endpoints within the PBL. Each trajectory end-

point was labeled as land or marine through comparison to the coastlines defined by the Global 

Self-consistent, Hierarchical, High-resolution Geography Database (GSHHG, 

http://www.soest.hawaii.edu/pwessel/gshhg/) in the intermediate resolution. The proportion of 

marine air masses impacting each sample was quantified by calculating the percentage of end-

points within the PBL present over the ocean over the total number of endpoints within the PBL.  

 

https://www.ready.noaa.gov/archives.php
http://www.soest.hawaii.edu/pwessel/gshhg/
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Figure 4.2. Sampling locations onboard R/V ARAON during summer 2017. Samples were col-

lected in the (a, b) East Sea, (c) Pacific Ocean, (d) Bering Sea, (e) offshore Nome, Alaska, (f) 

Bering Strait, (g) ice camp, and (h) Chukchi Sea. The boat trajectory is shown in red with corre-

sponding backward air mass trajectory frequencies (color bar). 

4.2.3 Isolation, quantification, and processing of isotopic fractions 

Quantification of the mass of total carbon (TC), organic carbon (OC) and their respective 

aerosol carbon isotopic composition were attained at UC Irvine.  

To quantify the concentration and stable carbon isotope composition of TC, two 1.5 cm2 

rectangular punches were cut out with a sample punch (SP-15, Sunset Laboratory, Portland, OR, 

USA), weighed into tin capsules (5×9 mm2, 041077, Costech Analytical Technologies, Valencia, 

CA, USA) alongside field blanks and analytical standards, and measured using an elemental ana-

lyzer (Fisons NA-1500NC, Thermo, Waltham, MA, USA) coupled to an isotope-ratio mass spec-

trometer (IRMS, DeltaPlus XL, Thermo Fisher). Since the density of the filter material is varia-

ble, carbon mass is reported per volume air by multiplying TC mass per unit area by the loaded 

area and dividing by total volume collected. Stable carbon isotope results are reported in conven-

tional delta notation relative to V-PDB for δ13C, with a measurement uncertainty of 0.2‰ (1 , 

from long-term measurements of secondary standards).  

For TC-14C analysis, 3-15 1.5 cm2 punches were combusted in pre-combusted double-

tubed quartz tubes with 70-80 mg CuO in a furnace (900ºC, 3 hrs). The evolved CO2 was puri-

fied on a vacuum line and converted to graphite using a sealed-tube zinc reduction protocol for 

ultra-small samples (Walker & Xu, 2019) and measured alongside a suite of size-matched (14-

152 µg C) and regular-sized (1 mg C) standards (i.e. carbonaceousmaterials with known Δ14C). 

Upon graphitization, Δ14C was measured with Accelerator Mass Spectrometry (AMS) at UC Ir-

vine’s KCCAMS facility. The Δ14C results of processing combustible-only standards, such as 
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14C-free (coal) and modern carbon (oxalic acid 1 or OX1) were used in conjunction with field 

filter blanks to correct for contributions of extraneous carbon during sample collection and pro-

cessing (Santos et al., 2007). The total extraneous carbon introduced by subjecting field filter 

blanks to combustion, graphitization, and AMS analysis for TC was 2.1±1.1 µg C. This value 

was used in a mass balance calculation to fix the TC Δ14C results obtained. 

OC concentrations were quantified with the Swiss_4S protocol on an OC/EC analyzer 

(Sunset Laboratory Inc.) as described in Mouteva et al. (2015) with the exception that only the 

“S1 OC peak” was collected as described in Zhang et al. (2012). Briefly, sample carbon was 

thermally evolved from one 1.5 cm2 filter punch (n=2-6/sample) at 375ºC for 150 seconds under 

a pure oxygen flow (60 cc/min) and oxidized to CO2 with MnO2 at 870ºC. The CO2 concentra-

tion was quantified by a non-dispersive infrared detector (NDIR, Sunset Laboratory Inc.). The 

instrument is calibrated with a series of volumetric injections of sucrose before sample analyses, 

and methane internal standard at the end of each run. Akin to TC, ambient concentrations are re-

ported per unit volume of air sampled. 

After CO2 NDIR quantification, the CO2 was purified on a vacuum line (Mouteva et al. 

2015), quantified manometrically, sealed into a pre-combusted graphitization reaction tube, and 

converted to graphite as described for TC above. OC samples (n=3/sample) were analyzed 

alongside size-matched 14C standards (OX1 and adipic acid, rather than coal). Adipic acid is 14C 

free and its crystals are soluble in water, making this an ideal material to be used as fossil OC on 

filter for indirectly evaluation of the carbon introduced during OC isolation and isotopic sample 

processing (Mouteva et al. 2015). The same OC extraction scheme described above was used to 

isolate OC from OX1 and adipic acid aliquots.  The total extraneous carbon introduced from OC 

isolation with Swiss_4S, graphitization, and AMS analysis for OC was 0.85±0.43 µg C. Similar-
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ly, final OC Δ14C values were mass balance corrected by this OC blank. Δ14C data (in ‰) asso-

ciated to TC and OC were corrected for isotopic fraction using online-δ13C values quantified dur-

ing the 14C-AMS analysis. 

 

4.2.4 Inorganic ions and MSA 

Major anions and cations were extracted from filters (n=2/sample) with 20 mL of deion-

ized water, sonicated for 15 min, and centrifuged for 5 min before analysis for cations and anions 

by ion chromatography (Dionex Aquion and ICS-2100, respectively) at Baylor University (Table 

A4. 2-A4.4). Sample concentrations for the water extracts were corrected for both field-blanks 

and water blanks. Ambient air concentrations were then calculated by dividing the mass per unit 

filter area by the volume of air passed through the filter. Non-sea-salt (NSS) sulfate and potassi-

um concentrations were estimated by calculating the difference between the expected sea-salt 

contributions using the SO4
2-/Na+

 and K+/Na+ ratios in seawater, 0.252 and 0.038 respectively, 

and measured concentrations.  

4.2.5 Ancillary data 

We obtained position and meteorological data from R/V ARAON throughout the obser-

vation period. Continuous chlorophyll-induced fluorescence measurements were taken with a 10-

AU (Turner) Fluorimeter at 1-minute intervals. A membrane inlet mass spectrometer (MIMS) 

(Hiden 301) ΔO2/Ar at one minute intervals at the sea surface as described in Park et al. (2019). 

ΔO2/Ar measurements were available for the entire campaign (July 22 to August 25). 

4.2.6 Dual-isotope source apportionment 

Sources to OC aerosol were quantified with a 3-source mass-balance dual-isotope model 

(Phillips & Gregg, 2001). Three isotopically-distinct carbon pools were considered (Table 4.2) 
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and their respective uncertainty was propagated: (1) liquid fossils, a metric for marine shipping 

contributions, (2) fresh biomass, representative of organic carbon originating from newly-

produced terrestrial and marine biomass, and (3) marine DOC (<0.7 µm diameter).  

We chose liquid fossils as the dominant source of fossil OC, because marine traffic (that 

uses liquid fossil fuels) is the main anthropogenic influence within coastal and remote marine 

environments. However, coal combustion may also contribute so solid fossil fuels (δ13C=~-

24.5±1‰, Δ14C=-1000‰) were also considered in Arctic coastal samples.  

We combined contributions from newly produced terrestrial and marine biomass (terres-

trial OC and marine POC) to represent another endmember to aerosol OC, because there is sig-

nificant overlap in their δ13C values. The overlap results from lower δ13C values relative to in-

coming CO2, incurred from isotopic fractionation during metabolic process of fixing CO2 to or-

ganic matter, and temperature. Marine DIC was not considered an important source due to the 

enriched (δ13C=0-2‰) signature distinct from collected samples, though DIC is the source of 

carbon to young POC and DOC in the surface ocean. 

Table 4.2. Observations and estimations of endmember isotopic signatures.  
Sample 

# 
Endmember n FM 14C Δ14C ± n δ13C ± References 

    ‰   ‰   

1-8 Liquid Fossil  10 0 -1000 5 10 -28.0 2.0 Widory, 2006 

1-8 Fresh Biomass 10 1.015 7 2 40 -27.0 4.0 
Kohn, 2010; Xu 

pers. comm 

Marine DOC 

1, 2 East/Japan Sea 19 0.7761 -2301 451 3 -21.3 0.4 Kim et al., 2015 

 
Northeast Pacif-

ic Ocean  
5 0.790 -215 47 5 -21.2 0.6 

Bauer et al., 1998; 

Druffel et al., 1992, 

2018; Druffel et al., 

2019; Zigah et al., 

2017 

3 
Northwest Pacif-

ic 
3 0.714 -291 451 3 -22.6 0.81 Tanaka et al., 2010 

4, 5, 6 
Bering 

Sea/Strait 
19 0.7761 -2301 451 19 -21.71 0.81  
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7, 8 Arctic 12 0.769 -238 29 8 -22.4 0.6 

Benner et al., 2004; 

Druffel et al., 2017; 

Griffith et al., 2012  
1Average±stdev values from (Bauer et al., 1998; Benner et al., 2004; Druffel et al., 2017; Druffel et al., 1992, 2018; Druffel et al., 2019; Griffith 

et al., 2012; Tanaka et al., 2010; Zigah et al., 2017) 

Marine DOC was selected as a third potential source. Generally, DOC is significantly de-

pleted in 14C relative to atmospheric CO2 values due to the existence of RDOC. Due to high-

variability in marine end-member values, an average of previous isotopic (δ13C, Δ14C) measure-

ments within corresponding ocean basins was used (Table 4.2). However, marine DO14C end-

member values and ranges for the East Sea and Bering Sea/Strait regions had to be approximated 

due to a lack of observations in this region.  

4.3 Results and discussion 

4.3.1 Air mass origin 

The backward trajectory frequency analysis indicates the sampling campaign captured a 

range of air masses, from continental outflow to coastal, remote, and within the Arctic polar 

dome (Fig. 4.2, Table 4.1). The air masses sampled at the beginning of the campaign (Fig 4.2a.) 

show strong continental outflow from the South Korean and Chinese coast. Sampling over the 

East Sea (Fig 4.2b) indicates strong local influences within the East Sea, coastal Japan, and in-

land Russia. Sampling over the eastern Pacific Ocean (Fig. 4.2c) captured air masses from the 

entire Northern Pacific. In the Bering Sea (Fig. 4.2d), air mass origin was confined to the Bering 

Sea and Northern Pacific. Offshore Nome (Fig. 4.2e) air masses indicated strong Alaskan coastal 

and north Pacific Ocean influences. In the Bering Strait (Fig. 4.2f), a mixture of air masses with-

in the polar dome, Russian, and Alaskan coastal flow was sampled. The boat was then anchored 

to a sea ice floe (Fig. 4.2g), during which the boat drifted in the Chukchi Sea and air masses orig-

inated strictly within the polar dome. This sample is referred to as “Ice Camp” and used to char-

acterize the signature of local emissions from our mobile sampling platform (including smoke-
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stack and cooking emissions and mixing by helicopter activity). The final sample (Fig. 4.2h) col-

lected over the Chukchi Sea, captured air masses within the polar dome that were also confined 

to the Chukchi and East Siberian Sea.  

4.3.2 Carbonaceous aerosol concentrations and isotopes 

OC concentrations in TSP ranged from 0.137 to 1.47 µg C m-3 (Table 4.3). On average, 

OC was 93±3% (avg±1σ) of TC mass. The highest OC concentrations were observed offshore of 

East Asia (1.5±0.1 µg C m-3), in the East Sea (1.17±0.05 µg C m-3), and offshore Nome 

(0.91±0.03 ng C m-3). Incidentally, these samples also had the smallest contribution of marine air 

masses (Fig. 4.2a,b,e). This pattern also holds true for TC concentrations, wherein the same sam-

ples had the highest concentrations measured.  

Table 4.3 Composition of bulk carbonaceous aerosol and aerosol fractions. Concentration and 

isotope data are average (1σ) for n>1 or average (measurement uncertainty; 2‰ for Δ14C, 0.2‰ 

for δ13C) for n=3, n=3, and n= 3 for TC and OC respectively. 
# Location TC OC OC/

TC 

TC 

δ13C 

TC 

Δ14C1 

OC 

Δ14C1 

TC 

FM 

OC 

FM 
  µg C/m3  ‰  

1 
East Asia 

Coast 

1.7 

(0.1) 

1.5 

(0.1) 
0.88 -25.6 

-710 

(8) 

-556 

(9) 

0.293 

(0.008) 

0.444 

(0.009) 

2 East Sea 
1.26 

(0.06) 

1.17 

(0.05) 
0.93 -25.3 

-124 

(6) 

-99 

(2) 

0.884 

(0.006) 

0.901 

(0.002) 

3 

North 

Pacific 

Ocean 

0.32 

(0.06) 

0.31 

(0.06) 
0.96 -23.0 

-332 

(8) 

-259 

(19) 

0.674 

(0.009) 

0.741 

(0.019) 

4 
Bering 

Sea 

0.4 

(0.1) 

0.4 

(0.1) 
0.93 -24.6 

-324 

(9) 

-283 

(26) 

0.681 

(0.009) 

0.717 

(0.026) 

5 Nome 
0.95 

(0.03) 

0.91 

(0.03) 
0.96 -25.9 

-213 

(9) 

-135 

(0.7) 

0.793 

(0.009) 

0.865 

(0.001) 

6 
Bering 

Strait 

0.329 

(0.005) 

0.309 

(0.005) 
0.94 -24.8 

-245 

(14) 

-197 

(22) 

0.761 

(0.014) 

0.807 

(0.006) 

7 Ice Camp 
0.22 

(0.05) 

0.21 

(0.04) 
0.92 -28.0 

-733 

(37) 

-626 

(5) 

0.269 

(0.037) 

0.374 

(0.005) 



 

157 

 

8 
Chukchi 

Sea 

0.147 

(0.003) 

0.137 

(0.004) 
0.93 -26.4 

-285 

(14) 

-253 

(4) 

0.721 

(0.014) 

0.747 

(0.004) 

1 TC year of measurement: 2018; OC year of measurement: 2019 

 

Since OC accounted for the majority of TC, δ13C values measured for TC were used as an 

estimate for δ13C of OC. TC-δ13C values ranged from -28.0 to -23.0‰ and averaged -25.4±1.4‰ 

(avg±1σ, n=8) (Table 4.3), which are typical values measured for surface POC measured in the 

north and central Pacific Ocean and Beaufort Sea (Druffel et al., 2017; Griffith et al., 2012). 

These values also overlap with typical δ13C values of terrestrial C3-plants and liquid fossil and 

coal fuels (Fig. 4.3). Thus, δ13C values alone cannot distinguish between these three endmem-

bers. However, 14C measurements can identify fossil contributions.  

Δ14C of TC ranged from -733 to -123‰ (average -370±226‰, n=8), while Δ14C of OC 

ranged from -626 to -100‰ (average -301±190‰, n=8) (Table 4.3). On average, Δ14C of TC was 

lower by 70±44‰ (avg±1σ) relative to that of OC (Fig. 4.3). The wide range of observed isotop-

ic values, particularly Δ14C, high variability in air mass sources, and low field blanks suggest that 

the wind sectoring was effective in minimizing contamination from local sources (i.e. vessel 

smokestack and cooking emissions). As expected, the East Asia Coast sample, collected in a 

heavily traveled shipping area, has the lowest Δ14C. 

4.3.3 OC source-apportionment 

Marine DOC contributed from 18 to 90% to ambient OC (Fig. 4.4), with an average of 

35±12%. The highest DOC contribution was estimated for the sample taken over the Pacific 

Ocean. This sample, along with Bering Sea sample had the highest marine air mass contributions 

(Table 4.4). In reality, surface DOC Δ14C is highly variable in the Pacific Ocean, ranging from -

163 to -275‰ (Bauer et al., 1998; Druffel et al., 1992; Zigah et al., 2017) (Table 4.2). The high 
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molecular weight DOC contains the youngest material (-24‰) while the low molecular weight 

DOC is the oldest (-304‰) and is older at depth (Zigah et al., 2017). To counteract this variabil-

ity in Δ14C of DOC, a large range of -230±45‰ was used for the DOC endmember in regions 

where no data exists. As a result, uncertainties ranged from 7 to 16% with an average of 12±4%. 

Nonetheless, overall depleted measured Δ 14C suggests DOC is a significant contributor in all 

samples collected, particularly in remote marine boundary layer. 

Table 4.4 Dual-isotope source apportionment of ambient OC aerosol 

Sample 

# Region 

Fraction 

DOC ± 

Fraction 

Liquid 

Fossil ± 

Fraction 

Fresh 

Biomass ± 

1 East Asia Coast 0.33 0.07 0.48 0.02 0.19 0.06 

2 East Sea 0.30 0.14 0.03 0.03 0.66 0.11 

3 Pacific Ocean 0.90 0.10 0.00 0.04 0.10 0.08 

4 Bering Sea 0.47 0.09 0.17 0.02 0.34 0.07 

5 Nome 0.22 0.16 0.09 0.04 0.69 0.12 

6 Bering Strait 0.44 0.11 0.10 0.03 0.46 0.09 

7 Ice Camp 0.00 0.14 0.65 0.04 0.42 0.11 

8 Chukchi Sea 0.18 0.16 0.21 0.04 0.60 0.12 
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Figure 4.3 Stable (δ13C) and radiocarbon (Δ14C) values measured for TC (circle) and OC (trian-

gle) of samples collected onboard R/V ARAON during the summer 2017 campaign to the Arctic. 

Plotted δ13C values were measured for TC and inferred for OC due to the majority (93±3%) of 

TC being OC.  

Riverine export of DOC is a globally significant source of DOC into the oceans (Fabre et 

al., 2020; Li et al., 2019; Raymond & Spencer, 2015). The samples obtained in the Bering Sea 

and Strait are heavily influenced by the Yukon-Kuskokwim delta in the Bering Strait. Riverine 

DOC export in midlatitude and tropical regions typically bring newly fixed carbon that is similar 

in 14C content to atmospheric 14CO2 (Raymond & Bauer, 2001). In the Arctic, however, thawing 

permafrost and glacier melt can contribute carbon from ancient carbon stores. For the Yukon riv-

er delta, exported DOC flux and age follow a seasonal pattern wherein the fluxes are greatest 

during spring and contain younger OC, largely from snowmelt and terrestrial primary produc-

tion. Over summer and fall, DOC fluxes decline while the age of the carbon increases. This is 

attributed to DOC sources shifting from snowmelt and plant material to glacier melt and perma-
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frost thaw (Aiken et al., 2014; Guo & Macdonald, 2006). DOC estimations in the Bering Sea and 

Bering Strait regions were 49±9% and 44±11% respectively and are possibly from this exported 

14C-depleted riverine DOC. This study, along with Beaupré et al. and Ceburnis et al. (2019; 

2011) highlight the strength of carbon dual-isotopes to source apportion ambient OC aerosol and 

the significant source of refractory marine DOC to ambient boundary layer marine OC. Unfortu-

nately, the greatest limitation to this approach is the lack of studies measuring DOC carbon iso-

topes in the western Pacific and Bering Sea/Strait regions and exploring the temporal variability 

of DO14C in these regions. Future studies should particularly pay attention to the temporal varia-

bility of DO14C and respective fluxes at the Yukon delta and other Arctic rivers near locations of 

declining permafrost (Mann et al., 2015; Wild et al., 2019). This has major implications for the 

carbon cycle and are very likely to increase in the future due to Arctic Amplification. Additional-

ly, fluxes of atmospheric removal of RDOC should also be explored in future studies. RDOC is a 

major ocean carbon pool that has often been ignored as a significant source to atmospheric car-

bon, therefore its climate impact assessment and role in atmospheric processing remains incom-

plete. 
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Figure 4.4 Source contribution to OC aerosol from marine dissolved organic carbon (DOC), 

fresh biomass, and liquid fossil based on dual-isotope (13C, 14C) mass balance.   

Fresh biomass contributed 10-70% to ambient OC aerosol, with an average of 44±22%. It 

is important to note that fresh biomass is sourced from either newly fixed marine or terrestrial 

biomass. Therefore, further distinction between terrestrial and marine biomass must be approxi-

mated from fraction of terrestrial air mass contribution and proxies for biological productivity, 

such as chlorophyll-induced fluorescence, ΔO2/Ar in respective oceans, and methanesulfonic ac-

id concentrations in ambient aerosol (Tables A4.1, A4.4). Due to the large range for the 

endmember δ13C value used to estimate fresh biomass (-31 to -23‰,Table 4.2), the uncertainties 

range from 5 to 12% with an average of 9±3%. The samples with the highest estimated fresh bi-

omass contributions include Nome (70%), East Sea (67%), and the Chukchi Sea (60%). Coinci-

dentally, the Nome and East Sea samples also had the highest terrestrial air mass contributions 

(Table 4.1), suggesting that the fresh biomass collected from these samples are of terrestrial 

origin. Elevated NSS-potassium ambient concentrations in the Nome, East Sea, and East Asia 

Coast sample (Fig. 4.5) further indicate that the fresh biomass particles collected originate from 
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biomass burning. Furthermore, elevated ambient nitrate concentrations in the Nome sample 

could also indicate an added anthropogenic fossil combustion source.  

 
Figure 4.5 Particulate nitrate, potassium, and sulfate atmospheric concentrations. 

Liquid fossil contributed 0 to 65% with an average of 22±23% to all samples. The two 

locations with the highest estimated fossil contributions were collected off the East Asia Coast 

(48%) and Ice Camp (65%). The sample taken off the East Asia Coast was expected to be high in 

fossil fuel contribution due to proximity to coastal marine traffic and terrestrial fossil fuel burn-

ing. The sample taken during the Ice Camp was also expected to be high in fossil fuel contribu-

tion, because the ship was attached to an ice floe during sampling. This meant that the winds of-

ten blew the smokestack towards the sampler. This was mostly mitigated by the wind-sectoring 
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system, as shown by low TC concentrations measured (0.22±0.05 µg C m-3). However, the wind-

sectoring system could not mitigate fossil exhaust from helicopter operations during the ice 

camp, and likely contributed to fossil contribution to the Ice Camp sample.  

4.3.4 Marine biological influence 

To further distinguish the marine from terrestrial biomass in the fresh biomass compo-

nent, a multi-faceted approach, including ancillary in-situ measurements of biological productivi-

ty, was used to discuss the variation in contribution of marine biomass.  

The highest contributions of fresh biomass were estimated for East Sea and Nome sam-

ples, 66±11% and 69±12%, respectively (Fig. 4.4). These samples also had the highest terrestrial 

influence according to back trajectory maps while chlorophyll-induced fluorescence (Fig. 5a) 

and active productivity (Fig. 5b) in these regions were low, which indicates a dominant terrestrial 

biomass source. Active productivity, and fluorescence also indicate high productivity in the Ber-

ing Strait sample, which contained an estimated 46±9% fresh biomass. This suggests that marine 

productivity was the major source to the fresh biomass in this sample. Interestingly, 60±12% of 

ambient aerosol obtained over the Chukchi Sea was estimated to be from fresh biomass. This 

was possibly due to some productivity that was observed in the marginal sea ice zone as shown 

in Fig. 4.6b.  

In addition, MSA, a by-product of atmospheric dimethyl sulfide (DMS) oxidation, was 

highest in concentration in ambient aerosol collected over the Pacific Ocean and Bering Sea (Ta-

ble A4.4), 110.3 and 137.5 ng m-3
, respectively. Fluorescence and productivity indicate active 

regions off the coast of Japan and near the Aleutian Islands. The high productivity in the Bering 

Strait indicates that the 48±9% estimated fresh biomass component originated from marine bio-

mass. However, this was not reflected with elevated MSA concentrations possibly because the 
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sea surface temperatures (SSTs) declined considerably in the Bering Strait (Table A4.1). Lower 

MSA concentrations have been associated with cooler SSTs (Laing et al., 2013; Ye et al., 2015). 

In summary, marine biological productivity likely had the largest contribution to the fresh bio-

mass component in remote and some coastal marine environments, such as the North Pacific, 

Bering Sea, Bering Strait, and Chukchi Sea. However, in coastal regions such as East Sea and 

Nome, a greater contribution from terrestrial combustion is likely.  

  

Figure 4.6. Measured indicators for active marine biological contribution to ambient OC aerosol. 

Surface fluorescence (a) was measured in situ. Net community productivity (b) is indicated by 

the ratio of the difference between photosynthetic and respiration dissolved O2 to Argon 

(ΔO2/Ar). Methanesulfonic acid (MSA) (c) was measured in collected ambient aerosol.   
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4.4 Conclusions 

In this study, ambient aerosols collected onboard the R/V ARAON from various coastal 

and remote marine regions were isotopically characterized (δ13C, Δ14C). Back trajectories along 

the ship route were calculated and the air mass origin within the boundary layer was character-

ized. Back trajectories originating from land varied significantly but averaged 13±15%. The 

highest terrestrial influences were observed at coastal regions, such as the East Sea, Nome, and 

Bering Strait. The lowest OC concentrations were observed over the Chukchi Sea (0.137 µg m-3), 

and the highest over the East Asia Coast (1.47 µg m-3). δ13C of TC ranged from -28 to -23‰, 

while Δ14C of TC ranged from -733 to -124‰. However, Δ14C of OC was significantly higher 

compared to Δ14C of TC (ranged from -626 to -99‰), but in general had lower Δ14C values rela-

tive to atmospheric CO2.  

OC comprised of 88% to 96% of TC, therefore δ13C values of TC were used to source 

apportion OC from three major sources with a dual-isotope, 3-source model: marine DOC, fossil 

carbon, and fresh biomass. Sources varied significantly across the regions of collection. DOC on 

average contributed 36±27% (avg±sd) and contributed most to OC collected over the Pacific 

Ocean (90±10%). This suggests that marine DOC significantly contributes to ambient aerosol in 

remote marine environments. OC collected over the Bering Sea and Strait are estimated to con-

tain 49% and 44% RDOC respectively possibly due to exported riverine DOC from the Yukon 

delta and rivers from the Seward Peninsula. Liquid fossil contributed significantly to OC aerosol 

off the east Asia coast (48±2%), which was attributed to heavy marine traffic encountered. Fresh 

biomass contributed on average 43±22% (avg±sd) to OC and was highest for OC in the East Sea 

and Nome. Back trajectories also indicated that these samples had the highest terrestrial contribu-

tions, so they were likely sourced from terrestrial biomass combustion. Observed high active 
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productivity in the Bering Strait indicate that the 46% of the estimated fresh biomass contribu-

tions were sourced from marine productivity. Fresh biomass over the Pacific Ocean and Bering 

Sea, although not linked to high active productivity or chlorophyll-induced fluorescence, was 

linked to high MSA concentrations in OC (0.31 and 0.1 µg m-3 respectively).  
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4.6 Appendix 

Table A4.1 Average (±1σ) ambient parameters  

Sample Location  

Wind 

Speed 

Air Temper-

ature 

Sea Sur-

face T 

Sea Surface 

Fluorescence ΔO2/Ar 

    m·s-1 ºC   % 
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1 
Korea/East 

Sea 
5.2±3.0 n.m 24.9±2.2 0.15±0.09 3.3±2.6 

2 East Sea 4.2±1.9 23.4±2.5 21.6±4.2 0.12±0.09 1.9±1.9 

3 
Pacific 

Ocean 
8.7±2.0 16.6±4.0 12.7±2.4 0.32±0.25 2.9±2.1 

4 Bering Sea 6.6±3.6 11.2±0.9 11.2±1.2 0.26±0.14 1.8±2.1 

5 Nome 4.6±2.5 16.1±1.9 15.7±0.2 0.28±0.02 n.m 

6 
Bering 

Strait 
7.5±4.4 6.6±3.4 8.7±2.3 0.43±0.34 13.7±13.4 

7 Ice Camp 9.8±3.0 -0.7±0.8 -0.4±2.2 0.29±0.06 4.5±14.3 

8 
Chukchi 

Sea 
3.8±2.0 -0.3±1.2 0.03±0.4 0.15±0.06 1.7±2.0 

 

 

Table A4.2 Major seawater inorganic ions 

Sample # Sample Region Cl- Na+ Mg2+ SO4
2- Ca2+ K+ 

    ng/m3 

1 East Asia Coast 0.8 123.7 10.8 5020.2 8.9 22.3 

2 East Sea 0.4 55.3 4.3 951.8 4.8 12.6 

3 Pacific Ocean 1.5 168.9 14.6 1175.3 18.5 18.1 

4 Bering Sea 22.8 349.8 34.5 781.2 9.7 11.8 

5 Nome 1280.9 809.3 75.6 384.3 81.0 39.1 

6 Bering Strait 2387.5 1440.3 134.9 384.3 34.1 43.4 

7 Ice Camp 1113.6 671.6 66.7 238.6 35.0 20.8 

8 Chukchi Sea 84.5 129.7 11.7 99.4 19.7 3.7 

 

 

Table A4.3 Trace inorganic ions 
Sample 

# Sample Region NO3
- NO2

- NH4
+ F- Br- PO4

3- 

    
ng/m3 

1 East Asia Coast 9.3 11.4 1222.9 BDL 0.1 BDL 

2 East Sea 17.3 4.8 386.6 BDL 0.3 BDL 

3 Pacific Ocean 2.7 BDL 217.7 0.6 0.0 BDL 
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4 Bering Sea 25.4 1.3 30.4 BDL BDL BDL 

5 Nome 48.4 2.9 BDL BDL 0.8 BDL 

6 Bering Strait 16.1 13.0 BDL BDL 3.3 BDL 

7 Ice Camp 21.8 BDL BDL 0.4 0.4 49.3 

8 Chukchi Sea 25.8 45.8 BDL 0.4 BDL 60.8 

 

Table A4.4 Small organic acids 

Sample # Sample Region Acetate Formate Malate Oxalate MSA 

    ng/m3 

1 East Asia Coast 1.6 5.3 49.1 20.2 46.6 

2 East Sea 8.5 6.0 45.8 25.5 24.1 

3 Pacific Ocean BDL BDL 1.2 BDL 110.3 

4 Bering Sea 2.0 2.0 11.3 15.0 137.5 

5 Nome 2.5 BDL 18.3 1.5 21.0 

6 Bering Strait 0.4 1.8 6.5 11.0 26.6 

7 Ice Camp 5.1 BDL 5.0 6.7 20.4 

8 Chukchi Sea 27.5 1.1 5.7 BDL 33.8 
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Appendix 4A. Sunset trapping protocol 

Created by: Gergana Mouteva 

June, 2012 

Updated by: Blanca Rodriguez January, 2019 

 

Materials:  

• 2 1L stainless steel dewar flask 

• Small yellow dewar  

• Medium blue dewar 

• 2 large adjustable stands 

• 1 small adjustable stand  

• ~2 inch tall block 

• Tin mixing stick 

• Liquid nitrogen  

• Torch (gas/oxygen)  

• Small forceps 

• Sodium flare glasses 

• Lighter or spark lighter 

• Small graphitization vials (already loaded w/ reagents and prebaked - see details 

at appendix).  
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• Optional: 6 mm pyrex tube (empty) [at least 6” in length]  

• Kimwipes 

• Duster  

• MilliQ water 

Preparation:  

Before starting clean out oven by clicking Actions → clean oven on the software. Running a 

blank through the trapping procedure is highly recommended before trapping real sam-

ples/standards. Prior to starting a procedure for trapping on the Sunset software make sure of the 

following:  

• 1L dewar is full of liquid nitrogen (at least ½ full) 

• Water trap is ready on other 1L dewar 

• Vacuum line is open up to V2 (V4-V7 should be open), toggle V4-V7 valves be-

fore starting (NEVER TOGGLE V1, V2, OR V3, as they are open to room) AND Pirani 

gauge (8) reads 3e-4 or less 

• Pressure transducer reading is at base level and stable (avoid touching the cable 

covered in aluminum foil as it will cause the reading to shift)  

• V1 is open (it’s an exhaust (1)), V2 and V3 are closed 

• File name, method, analyst, and filter size (1.00 for standards and blanks; 1.5 for 

samples) are filled out on the Sunset software 

• File location is correct (all raw data should be written in 

C:/SunsetOCEC/rawdata/yyyy/mm/yyyymmdd.txt) 

• Sunset is ready (front oven T < 75ºC, back oven T > 860ºC, PSIG ~0.14) 

• Sample is inside the Sunset 

Making a water trap:  

In 1L dewar fill ¼ with fresh ethanol. Slowly add ground dry ice until bubbling stops. Keep add-

ing dry ice until water trap has the consistency of a 7-Eleven slurpee. Mix with tin stick. To 

maintain, add dry ice once the consistency becomes too watery. Avoid putting in too much dry 

ice as it will over-thicken the mixture and put unnecessary strain on the stainless steel trap (2) 

when adding/removing water trap. Dewar should be ½ to ¾ full, if not, add more EtOh/dry ice.  

Zeroing Sunset NDIR:  
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The Sunset NDIR should be zeroed out at the beginning of the day. To do this, start a tempera-

ture protocol. The instrument will first purge offline, then purge online before starting the proto-

col. After purging online, cancel the run. Extend the window with instrument parameters down-

ward and click on “Zero NDIR”. It takes about a minute or so.  

Auto-zeroing flows: 

The flowrates should also be zeroed at the beginning of the day too. Go to Actions → Auto-zero 

flows to do so.  

Cleaning Filters: 

To run blanks or standards, 1.5 cm2 punches should be cleaned (pre-baked) in the Sunset before 

running them with a high-temperature protocol. You may do so by placing up to 6 (1.5 cm2) 

quartz fiber filter punches on a flat quartz spoon and in the Sunset sample inlet. Select the “hero-

clean.par” parameter file and start the temperature protocol. Run the protocol for at least 4 

minutes or until CO2 reading is zero.  

OC Trapping Procedure: 

All OC trapping should use the parameter file called: “OCCAp-

ture_Bern4s_475LONG_He4_650_gai_120s_rightTemps.par” 

Trapping 

Double check that all preparations are done. Start procedure by clicking “Start” on Sunset soft-

ware. Software will first purge offline then online. Once purging online, submerge the trap with 

liquid nitrogen by placing the 1L dewar under it supported by a large adjustable stand. Close V4.  

Once analyzing mode begins close V1. Wait for PSIG to reach at least 1 then open V2. PSIG will 

decrease to ~-8.7 and slowly rise, this is because the liquid nitrogen (LN) under vacuum con-
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denses the output of the sunset and takes about 2 minutes to build positive pressure. Once PSIG 

~1, open V3 to allow the output from the Sunset to go to exhaust. If you do not wait until the 

pressure is at least 1 you run the risk of sucking in atmospheric air-CO2 and -H2O into the trap 

(DO NOT DO THIS). PSIG should decline to ~0.4 afterward. 

If not done already, put in a new small graphitization vial or 6 mm pyrex tube (7) by first closing 

V5 and V6 before removing old 6 mm tube (glass waste is under the bench) and replacing it with 

a new one. Open V6 slowly and evacuate tube. Once evacuated (Pirani gauge should read 3e-4 or 

less) open V5 and toggle both V5 and V6.  

If you had opted to place the 6 mm pyrex tube (7) rather than a small graphitization vial, you can 

pre-bake the vial by using the torch set for sealing pyrex. Open the vial access to pump by open-

ing V6 and V7, then proceed on “baking” the vial by moving the flame up and down a couple of 

times when this volume is being evacuated. Once the reading at the gauge reach baseline again, 

the vial should be ready to receive the CO2 sample for storage.   

Once the 475ºC step ends there is a 60 second step before flows switch to helium. Once either 

CO2 reads 0 or at least 20 seconds before the switch over to helium, close V3. Wait until PSIG 

reaches 1. Close V2 and open V1 immediately.  

Evacuating overpressurized oxygen in the trap (OC and EC) 

The overpressurized oxygen in the trap will then be evacuated. Close V7 and open V4 to expand 

the oxygen up to V7. Mentally note down the transducer pressure max value (~300). Close V4 

and open V7 slowly to evacuate the line from V4 onward. Once Pirani pressure gauge reads 5e-3 

or below, close V7 and open V4 again. Repeat these steps of closing V7, opening V4, closing 

V4, opening V7 until the transducer pressure does not reach maximum value. When opening 
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any valve at this step, make sure the pump does not have direct access to the trap as it may 

break the turbo pump. 

Once transducer does not reach maximum value, close V7 and open V4. You may VERY 

SLOWLY open V7 slightly (quarter turn max) and watch the turbo pump speed decline. Close 

V7 once the speed goes below 1400 Hz. Allow for pump to build speed up to 1500 Hz and open 

V7 slightly again. Repeat this until pump speed stops declining. Then you may open V7 com-

pletely and wait for vacuum to be restored (3e-4 or less). Toggle V4 and V7 valves.  

Thaw CO2 and move to measured volume (OC and EC) 

Once vacuum is established again close V4 and switch out LN trap with water trap and wait 

about 1 minute. Close V5 and open V4. Toggle V4. Place small yellow dewar full of LN under 

the measured volume (5). This dewar should be supported by the second large adjustable stand 

and the block. Make sure the measured volume glass nub bottom tip is submerged in the LN and 

the LN is constantly being refilled to the brim. Wait at least 2 minutes, the pressure transducer 

reading should go down to or close to base value. Close V4 open V5 to pump away non-

condensables. Once vacuum is established, toggle V5 and wait for vacuum again. Write down 

the base value for the pressure transducer. Close V5 and remove yellow dewar to allow frozen 

CO2 to expand. Wait for CO2 to expand, you may dip the bottom tip of the measured volume in 

room-temperature water to speed this process up. Write down the pressure transducer value. 

Look out for vapors inside of the measured volume or constantly decreasing values as this could 

be an indication of H2O in the measured volume and will lead to incorrect carbon mass readings. 

Write it down if it does happen. 

Manipulating the torch and sealing CO2 in pyrex vial (OC and EC): 
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Start torch by opening the gas and using the lighter. Flame should be about 5 inches long before 

slowly adding oxygen. Add oxygen until blue tip is about 1 inch.  

Place yellow dewar full of LN under the 6 mm pyrex tube (7). This should be supported by a 

small adjustable stand and a block. Make sure bottom tip of glass tube is submerged into LN. 

Close V6 and open V5 to allow expanded CO2 to freeze in the 6 mm pyrex tube (7). Wait for 

pressure transducer to reach base value. Keep yellow dewar filled to the brim with LN. Toggle 

V5. Wait at least one minute to allow CO2 to freeze. Close V5.  

After torch is set up, if 6 mm pyrex tube is graphitization vial, mark the sealing height 5 cm from 

the bottom of the tube and label tube with sample name. Put on sodium flare glasses and open 

V6. Toggle V6. Once vacuum is established again flame the sides of the pyrex tube while avoid-

ing touching the blue tip to any part of the glass until sides begin to collapse. Hold the bottom of 

the tube with forceps. Once glass plasticizes pull down with forceps gently. Lean tube to the side 

while focusing the flame (never the blue tip) on the collapsed part. Slowly pull the bottom tube 

away from the flame and place either on the bench (6 mm pyrex tube only) or in a sample holder 

(small graphitization vial). Don’t touch either side of the tube, it’s hot and cold.  
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Open V5 and V4, toggle both. Remove water trap slowly and gently. Avoid putting too much 

stress on the trap. Allow leftover dry ice/EtOH to drip into the dewar. Pressure will build slowly 

as the trap thaws. The line is ready to trap again once vacuum is established again (~30-45 min).  

Place water trap in the fume hood when finished and other dewars with LN upside down in fume 

hood to dry.  

EC Trapping Procedure: 

EC trapping procedure is mostly identical to the OC procedure with 4 main exceptions: (1) the 

protocol used should be the original Swiss_4S protocol 

(Bern4s_475_He4_650_gai_120s_rightTemps (optimized for new software).par), (2) the liquid 

nitrogen should be placed on the trap at the end of S3 once the temperature starts going down, 

(3) the trapping should begin as soon as S4 begins, and (4) EC capture requires a water extrac-

tion step to remove pyrolyzable OC. 

Water Extraction: 

Before capturing EC CO2 on the vacuum line, charrable OC must be minimized. To do this, a 23 

mm diameter circular QFF punch is taken and placed on a clean plastic filter holder between two 

sealing rings. The loaded side should face upwards and be sealed in the holder before attaching a 

luer-lock syringe and passing 20 mL of MQ water. The filter must then be very carefully placed 

on a clean aluminum foil that covers the filter like a “hut”. Dry the filter at 60ºC for up to an 

hour. Once ready, you may carefully punch out 1.5 cm2 for EC analysis. Be very wary of disturb-

ing the loaded area with the tools and make sure to clean the tools with MQ water before and af-

ter use.  

  

S

1 
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EC Capturing:  

As mentioned earlier, the EC capturing method is mostly identical to the OC capture protocol 

except for the water extraction step and differing timing. Specifically, the liquid nitrogen should 

be applied to the trap at the end of S3 when the temperature begins decreasing. Close V1 as soon 

as S4 begins, which is when the instrument switches the carrier gas from helium to oxygen as 

shown below. 

 

Once V1 is closed, wait till PSIG reaches 1 and open V2. This process is much faster, so be vigi-

lant. The pressure will decrease but will rise much more quickly. Once PSIG reaches 1 again, 

open V3.  

Once trapping is done, it is imperative that the Sunset not be in contact with the vacuum line by 

the time the calibration peak appears. As soon as S4 ends and the temperature begins to fall, 

close V3, wait for PSIG to reach 1 then close V2 and open V1 immediately.  

Oxygen removal and CO2 transfer afterward is identical to the OC procedure.  

Small graphitization vial preparation: 

Small graphitization vials are 6” length 6 mm diameter Pyrex tubes loaded with a 3 mm diameter 

inserts and two reagents: Zn and Fe. These are used to seal frozen CO2 prior to graphitization (ei-

ther through reactors or heat blocks in the Czimczik lab).   

Add LN & 

close V4 

Close V1  
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Tubing preparation: 

Tube preparation begins by cutting a long Pyrex 6 mm diameter tube into 12” pieces. Mark the 

tube with a permanent marker at 6” intervals. Score the tube at 12” intervals. With your hands 

pushing away from the face, snap the long tube into 12” tubes. The cleaner the score, the cleaner 

the cut.  

Using the gas/oxygen torch with a 1-2” inch blue tip (avoid touching the blue tip to the glass, and 

wear sodium flare glasses!), melt the glass into 2 6” inch tubes. To do this, hold the tube in front 

of the blue tip and rotate the tube to evenly distribute the heat. As the glass plasticizes, pull the 

two tubes apart slowly. The bottom of the tube should be relatively round, and the glass should 

be thickest at the bottom.  

The sharp end of the tube should then be smoothed out. Place the other end of the tube in front of 

the blue tip and rotate the tube to evenly distribute the heat. Do this for about 4-6 seconds. Be 

wary as overdoing it will cause the end to collapse and not allow the 3 mm insert to fit. Check 

that the 3 mm insert still fits after conditioning the end. If it does not, dispose in glass waste.  

Finally, to avoid the insert from touching the bottom of the tube, a small dimple at the bottom 1 

cm is flamed in. To do this, position the tube sideways with the bottom of the tube in front of the 

blue tip. Move the tube up and down until you see the glass collapse and form a dimple (it will 

appear red). This dimple should be 1-2 cm above the inner tube bottom. If it’s too high, it will 

cause problems when sealing in the vacuum line.  

These tubes should then be pre-baked at 550º C for 3 hours prior to loading reagents.  
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Loading reagents: 

Each graphitization vial contains 10±1 mg of Zn in the outer tube and 5±0.5 of Fe in the 3 mm 

insert. The Zn may attach to the walls, so cover the outer tube with foil prior to adding the Zn. If 

too much Zn is added, the tube must go in hazardous waste.  

Because the 3 mm insert touches the inner walls of the tube, which must be kept as clean as pos-

sible, do not touch the 3 mm insert with any un/gloved hand. Use tweezers to position the insert 

in a ¼” Swagelok nut sitting on a clean piece of foil on the balance and add the Fe to that while 

being very careful to minimize spoon to insert contact. Once done, pick up the insert and insert it 

into the 6 mm diameter at a 45º angle to avoid inserting it too fast and disturbing the Zn in the 

outer tube.  

Pre-baking procedure: 

Tubes must be conditioned before use at 300º C for 60 min. After conditioning, they must either 

be used the day of or stored in a vacuum line to avoid CO2 adsorption to the pyrex walls.  
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Cleaning Filter Holders:  

The following are needed for the cleaning procedure: 

- Clean baked beaker 

- Decon 

- Boric Acid 

Procedure: 

- Disassemble all the filter holders and put them into the beaker, 

- Add Decon (a few mls or read instructions) and fill with H2O MQ  

- Sonicate for 30 min  

- Pour out the solution and rinse thoroughly(!) with H2O MQ.  

- Add some boric acid (H3BO3, probably from the PS store) ca. 0.5 g and fill up 

with H2O MQ.  

- Sonicate again 

- Rinse thoroughly, take holders out and let air dry on clean Al foil.  

- You can make a tent with some foil to protect them from dust. 

Note: When disposing from boric acid solution, use designated chemical waste containers. DO 

NOT POUR DOWN THE SINK. 
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Chapter 5 

 

Conclusions and future research directions 

 

The aim of my dissertation was to improve our understanding of sources to carbonaceous 

aerosol in the rapidly changing Arctic by measuring the carbonaceous content and isotopic com-

position of particulate matter and evaluating key environmental factors that modulate aerosol 

emissions and transport. My work involved evaluating innovative techniques, extensive field 

measurements, and subsequent rigorous laboratory analyses, which allowed me to quantify the 

relative contributions of different organic (OC) and black (BC) aerosol sources in diverse envi-

ronments. These particles play a complex role in the climate system, via their role in light scat-

tering and absorption, cloud nucleation, and the melting of ice- and snow-covered surfaces, and 

in air pollution and human health. The direct isotopic characterization of carbonaceous aerosol 

and subsequent source apportionment provided by this work contributes to an increasing body of 

knowledge that provides critical data for developing, evaluating, and monitoring effective 

measures for mitigating these critical air pollutants and short-lived climate forcers. Therefore, a 

major aim of this work was to provide a benchmark dataset to be used in validating future mod-

elling efforts that improve our understanding of aerosol impacts on climate, air quality, and the 

carbon cycle. The following chapter summarizes the main scientific conclusions of this disserta-

tion and provides a broader discussion of future research directions of carbon isotope-based aer-

osol source apportionment studies.  
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5.1 Summary of results 

5.1.1 Evaluation of the ECT9 protocol for radiocarbon analysis of ultra-small samples 

(Chapter 2) 

In Chapter 2 I evaluate the ECT9 technique for its ability to effectively separate OC from 

BC for subsequent 14C analysis of these important aerosol fractions. The ECT9 method (formerly 

EnCan900) was developed to quantify the concentration and stable carbon isotopic composition 

(δ13C) of carbonaceous bulk aerosol and aerosol fractions across Canada (Chan et al., 2019; 

Huang et al., 2006). It is similar to other thermal-optical techniques used by global monitoring 

networks (NIOSH/IMPROVE) to quantify OC/BC concentrations (Chow et al., 2001) but does 

not use the optical measurements to correct for charring mass.  

To evaluate the efficacy of the ECT9 protocol for 14C analysis, I analyzed several pure 

and mixed ultra-small (<100 µg) 14C standard materials to assess the extraneous carbon intro-

duced through separation, graphitization, and 14C quantification using a mass-balance approach 

(Santos et al., 2007). I show that this protocol incorporates 1.3±0.65 µg extraneous carbon and 

can separate pure standards when mixed, such as OC modern standard (adipic acid) and a BC 

fossil standard (coal, regal black). The analyses of OC/BC mixtures with drastically different 14C 

contents was an important method-validation approach not previously done during the evaluation 

of other protocols (i.e. Swiss_4S, EUSAAR), which focused on the analysis of pure standard ma-

terials, aerosol standard materials, and, or intercomparisons of environmental samples (Mouteva 

et al., 2015; Szidat et al., 2013; Zenker et al., 2017).  

Much like the NIOSH/IMPROVE thermal-optical protocols used in monitoring networks, 

the ECT9 protocol utilizes 100% He gas as carrier gas to evolve the OC and pyrolized organic 

carbon (POC) and carbonate carbon (CC) (i.e. POC+CC) steps and 2% O2 in He, which are 
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prone to charring OC to BC (Zhang et al., 2012). This presents the biggest challenge to effective-

ly separating OC and BC fractions for 14C analysis. In my thesis, I show that the inclusion of an 

extended high-temperature thermal step to remove POC (870ºC for 600 seconds) prior to captur-

ing BC minimizes charring to BC in the circumstances where the sampling material is relatively 

homogenous. With increasing sample complexity, such as a particulate matter standard (i.e. 

SRM1649a), however, the BC fraction contained significantly more 14C compared to previous 

assessments. The increased 14C content in SRM1649a as quantified by the ECT9 protocol and 

the SRM8785 (i.e. the resuspended version of SRM1649a) laser profiles suggests that thermally 

refractory OC can be charred and incorporated into BC, which is abated to a certain extent in the 

Swiss_4S protocol through pre-treatment with water to remove water-soluble organics (Zhang et 

al., 2012). Therefore, when reporting 14C results with these techniques, the physical separation 

protocol and the inherent biases must be strongly considered.  

The inherent differences in temperatures, how long the temperatures are sustained, and 

carrier gases in these 14C-measuring thermal evolution protocols accentuates the importance 

evaluating each new protocol with a variety of simple and complex standards to understand how 

these factors affect method biases. Chapter 2 provides a comprehensive description of ECT9’s 

procedural blank, evaluates the capacity to provide precise 14C values to homogeneous and het-

erogeneous standards, and the inherent biases. The ECT9 protocol is a good alternative to 

Swiss_4S and works effectively in pristine environments such as the Arctic and the Amazon. 

This protocol was used in Chapter 3 of the dissertation and is expected to be used for future 14C 

assessment of Canada’s monitoring networks.  
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5.1.2 Understanding combustion sources and seasonality to BC in the High Arctic at 

Alert, Canada (Chapter 3) 

BC is an important pollutant in the High Arctic through its direct radiative properties and 

indirect effects on clouds and air column temperatures (AMAP, 2015; Bond et al., 2013). While 

current modelling efforts have reasonably replicated the seasonal trends of surface BC and de-

scribed the atmospheric processes involved in creating the seasonal trends, sources to this BC in 

particulate matter (PM) are not well characterized. This study utilizes the novel method for 

measuring 14C in ultra-small (<15 µg C) samples (Walker & Xu, 2019) in conjunction with the 

ECT9 protocol described in Chapter 2 to assess the combustion sources to BC at the Alert, Can-

ada monitoring station year-round.  

I show that fossil fuel combustion is a major source to surface BC mass in particulate 

matter PM from fall to spring. Backward trajectories indicate that throughout this time, air mass-

es were primarily transported from the Russian sector, though this analysis may underestimate 

long-range transport from Asia due to limited length of the trajectories (< 10 days). Backward 

trajectories also showed that North American boreal fires contributed significantly to the BC 

load at Alert during the summer and this was corroborated by 14C data that also showed an in-

crease in biomass burning contribution. In addition, enriched δ13C results indicated the preva-

lence of solid/liquid fuels as a source for fossil BC over gaseous fuels throughout the year.  

In Chapter 3 I also report the first year-round data set of 14C of BC in snow collected near 

the PM sampling site at Alert. Increased 14C content of BC in snow compared to PM measured at 

the same time, suggests snow contains a greater proportion of BC derived from biomass burning. 

Unfortunately, the snow collection protocol was not monthly rather than event based, so that 

some samples included only fresh snow and others consisted of aged snow or mixtures of fresh 
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and aged snow. As a result, the 14C-difference between PM and snow was inconsistent, suggest-

ing that incidences of increased dry deposition caused BC in collected snow to be similar to the 

ambient PM. I hypothesize that during time periods when BC in snow had a greater biomass 

burning component because biomass burning particles were removed from the upper atmosphere. 

The free troposphere is known to contain greater long-range transport sources from mid-latitudes 

(Freud et al., 2017; Xu et al., 2017). This suggests that the Alert monitoring station and other sur-

face-observing stations that routinely measure PM, but not snow, may be underestimating the 

source of long-range transport by not measuring wet-deposited BC.  

5.1.3 Quantifying source contributions to boundary layer OC aerosol at coastal, remote, 

and Arctic regions (Chapter 4) 

BC is important for climate, air quality, and human health, but only constitutes 1-10% of 

carbonaceous aerosol mass. OC on the other hand, is also important for similar reasons, but 

much less is known about their impact on future climate. Source apportionment of OC in PM is 

challenging due to complex sources and atmospheric aging but are nonetheless important for es-

tablishing relevant sources to marine OC in coastal, remote, and Arctic regions. Characterizing 

these sources are incredibly important as significant increases to future shipping activity and 

shifts in marine and terrestrial productivity are expected in the Arctic. In Chapter 4, I quantify 

the contribution of fresh biomass, aged marine refractory dissolved organic carbon (RDOC), and 

fossil in OC with a dual-isotope (δ13C, 14C) 3-source mass balance model. I show that RDOC 

contributes to PM throughout the East Sea, North Pacific, Bering Sea/Strait, and the Chukchi Sea 

(ranging from 18 to 90%) and is significantly higher in remote regions, such as the Pacific 

Ocean. Auxiliary measurements and back trajectories indicate that modern biomass in coastal 

regions, such as the East Sea and Nome, Alaska regions was comprised of terrestrial biomass 
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aerosol. Meanwhile, elevated productivity in the Bering Sea and Strait regions suggest a larger 

marine biomass contribution over terrestrial influence.  

In this chapter, I highlight the need for in-depth isotopic characterization and concentra-

tion of surface marine RDOC and particulate organic matter (POM) to validate their contribution 

to atmospheric PM. In particular, the temporal variability of RDOC age from Arctic river delta 

(such as the Yukon–Kuskokwim) outflow and subsequent marine PM should be explored as a 

possible source of permafrost carbon to the ocean. This work would increase our understanding 

of RDOC origin, the shifting terrestrial carbon fluxes to the ocean and the atmosphere from per-

mafrost thaw, and atmospheric degradation as an RDOC pathway loss. Additionally, the signifi-

cant contribution of fresh biomass to marine PM found in this chapter accentuates the importance 

of exploring how increased marine OC aerosol flux from increased productivity would impact 

cloud properties and either modulate or enhance Arctic amplification.  

5.2 Future research directions 

5.2.1 Comprehensive evaluation of thermal-based isotopic analysis methods 

The work in Chapter 2 highlights an opportunity to re-evaluate all thermal-based proto-

cols that separate OC/BC prior to 14C analysis with common standards. This includes protocols 

such as the NIOSH 5040, Swiss_4S, ECT9, EUSAAR_2, IMPROVE and all future protocols 

that will be used to interpret real samples. Previous evaluations (Currie et al., 2002; Klouda et 

al., 2005; Mouteva et al., 2015; Szidat et al., 2013; Zhang et al., 2012) have repeatedly shown 

that differences in carrier gas, temperature, and the length of temperature sustained will greatly 

impact the fraction of carbon that is isolated and consequently the isotopic composition. The 

chemical diversity of a real PM sample also adds a layer of complexity that cannot always be 

constrained across methodologies. However, by comparing the resulting isotopic composition of 
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complex standards (i.e. SRM1649a, SRM1649b, SRM8785, SRM8785) and real environmental 

samples from each protocol, a comprehensive evaluation of each protocol’s biases can be created 

to bring regional datasets together. Future results of real complex samples should discuss their 

results in the context of this evaluation to gain a better understanding of the type of carbon frac-

tion isolated. 

Realistically, the multiple variables that dictate the fraction of carbon isolated by each 

thermal protocol make it impossible to recommend a single protocol. However, some considera-

tions should be made before reporting any isotopic values utilizing these techniques. The most 

important is the extent of charring. Pyrolysis of OC will become incorporated as BC when isolat-

ed and can drastically alter the 14C composition of the BC. No protocol is immune to this effect 

when analyzing unknowns with refractory organics. Future studies should take care to either in-

tentionally adjust the variables (i.e. temperature, carrier gas etc.) to minimize the effect or pre-

process samples to extract organics prior to capturing BC. Furthermore, transmittance data from 

the laser can be a valuable addition to future 14C reporting as decreases in transmittance can be a 

quick indicator of charring. The usage of pure oxygen as carrier gas has been shown to encour-

age full oxidation of organics, which is why lower temperatures are typically used to evolve OC 

compared to methods using pure He. However, refractory organics can still resist complete oxi-

dation even at lower temperatures. Extraction of these organics through chromatographic separa-

tion, may be used to further minimize this effect. For OC analysis, special attention should be 

placed to these methodology variables when attempting to identify sources to isolated OC in real 

samples as not all organics are necessarily included when isolated with all the protocols and con-

sequent isotopic characterizations may not be representative of TOC.  
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5.2.2 Circum-Arctic isotopic characterization of BC in snow 

BC continues to be an important short-lived climate forcer and air pollutant in the Arctic, 

particularly due to the changes in albedo incurred from its deposition on snow (AMAP, 2015; 

Bond et al., 2013). In Chapter 3 I show that wet-deposited BC can have significantly higher bio-

mass combustion contribution than ambient PM collected at the same time, which indicates that 

networks are under-sampling biomass burning emissions and should be evaluated a greater scale. 

Isotopic composition alone cannot determine how biomass burning particles were preferably in-

corporated to snow over ambient aerosol, so future work investigating BC transport pathways 

should explore the relevant pathways for BC to incorporate into snow and where those air mass-

es originate.  

BC with organic/sulfate coatings, as seen in biomass burning particles or aged fossil 

combustion particles, can activate as cloud condensation nuclei (CCN) or are easily scavenged 

by existing liquid droplets due to their hygroscopic properties. Conversely, they are not effective 

ice-nucleating particles (INP) due to the dissimilarity to the hexagonal crystalline structure of ice 

(Kanji et al., 2017). However, the persistent existence of mixed-phase clouds (-30ºC<T<0ºC) in 

the Arctic throughout the year (de Boer et al., 2011; Coopman et al., 2018; Cox et al., 2014; 

Morrison et al., 2012) suggests that BC can still exist within snowing clouds in supercooled 

droplets. The contact freezing caused by collision between formed snow crystals and super-

cooled droplets, a process also known as riming, within and below the cloud is a likely BC path-

way. However, the extent of this pathway is not known. The stark differences in 14C between BC 

in snow and ambient PM suggests that weather systems transport BC in the free troposphere, 

which are known to include long-range transport, to the surface in the High Arctic. More meas-

urements of are needed at the circum-Arctic scale to determine whether this is a systematic phe-
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nomenon. This is a challenge since BC only accounts for 1-10% of the carbonaceous aerosol 

mass.  

Future measurements should scrupulously quantify fresh snowfall amount to scale up BC 

concentrations in snow. This will be required to scale up these observations. Extensive air col-

umn measurements before, during, and after snowstorm systems of BC concentrations and mete-

orological conditions ought to capture the movement of BC within the air column during a snow-

storm. To capture the process of BC inclusion, future work should focus on isolating snow parti-

cles in fresh snow with BC, an extremely challenging task given the extremely low concentra-

tions of BC in snow, for scanning electron microscopy. This work in conjunction with state-of-

the-art chemical transport models would considerably increase our understanding BC transport 

pathways and the role of meteorology in advancing those pathways. This would further enhance 

the representation of BC deposition and achieve more accurate representation of Arctic amplifi-

cation in climate models. Analysis of their isotopic and elemental composition offers unique in-

sights into their origin – information that is needed to quantify biomass burning and to develop 

and monitor effective air pollution measures. 

5.2.3 Carbon isotopic characterization of marine aerosol in remote and Arctic regions 

The Arctic is quickly changing, baseline data to capture this change with isotopic charac-

terization is urgently needed. The results of Chapter 4 shows that marine emissions are im-

portant, but number of observations were severely limited due to exceedingly low concentrations 

and lack of replicates in the Arctic. Quantifying source apportionment of marine and terrestrial 

sources was extremely limited by lack of or severely limited surface observations of surface 

DOC and POM in the study regions. The work in Chapter 4 requires replication with full integra-

tion of aerosol observations with of marine DOC/POC observations at the same location. Addi-
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tionally, exploring the chemical composition, such as the concentrations and isotopic composi-

tion of polysaccharides, aliphatic and aromatic compounds, of PM and marine POM/DOC could 

yield in-depth information about marine contributions to PM from specific carbon pools. Moreo-

ver, the role of surfactants concentrated at the surface microlayer has yet to be evaluated for its 

importance to contributing to OC, or how they may age and contribute to secondary organic aer-

osol (SOA).  

Secondary marine aerosol is prevalent within the boundary layer and can have much 

longer lifetimes than POA due to their small size (<100 nm diameter). However, the sources to 

marine SOA have yet to be constrained in the Arctic by the corresponding carbon pool. Current-

ly, sources to marine SOA are not well understood. If sample size allows, future work character-

izing the isotopic composition of these SOA could yield powerful insights into the sources and 

formation pathways. Ultimately the results from this would better characterize SOA formation 

removal in chemical transport models that seek to describe the climatic impacts of SOA.  

5.3 Concluding Remarks 

The Arctic is currently experiencing unprecedented warming, which is leading to acceler-

ated thaw of permafrost, loss of sea ice, and glacier retreat. Current climate models struggle to 

characterize future atmospheric short-lived climate forcer, such as BC and OC aerosol, fluxes, 

atmospheric burden, and their consequent climatic impact. This is because the emission path-

ways, atmospheric aging, deposition pathways, and aerosol-cloud interaction are still not well 

understood. This research improves unique methods for detecting sources to BC and OC and our 

understanding of those sources in context of the global C-cycle. Here, I have significantly opti-

mized the technology that measures µg-C amounts of OC and BC to expand the study of carbo-

naceous aerosol fractions into clean air regions (i.e. the Arctic). However, more work is needed 
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to expand these observations to explore spatial and temporal variations in OC and BC fluxes by 

emission source from the ocean and land to and from the atmosphere to enhance future predic-

tions of Arctic climate change.  
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