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1. Abstract 

Aerosols change the Earth's energy balance. Black carbon (BC) aerosols are a 
product of incomplete combustion of fossil fuels and biomass burning and 
cause a net warming through aerosol radiation interactions (ari) and aerosol 
cloud interactions (aci). BC aerosols have potentially strong implications on 
the Arctic climate, yet the net global climate effect of BC is very uncertain. 
Best estimates assume a net warming effect, roughly half to that of CO2. How-
ever, the time scales during which CO2 emissions affect the global climate are 
on the order of hundreds of years, while BC is a short-lived climate pollutant 
(SLCP) with atmospheric life times of days to weeks.  

Climate models or atmospheric transport models struggle to emulate the sea-
sonality and amplitude of BC concentrations in the Arctic, which are low in 
summer and high in winter/spring during the so called Arctic haze season. The 
high uncertainties regarding BC's climate impact are not only related to ari 
and aci, but also due to model parameterizations of BC lifetime and transport, 
and the highly uncertain estimates of global and regional BC emissions. Given 
the high uncertainties in technology-based emission inventories (EI), there is 
a need for an observation-based assessment of sources of BC in the atmos-
phere.  

We study short-term and long-term observations of elemental carbon (EC), 
the mass-based analog of optically-defined BC in the Arctic. EC aerosol con-
centrations and carbon-isotope-based (d13C and ∆14C) sources were con-
strained (top-down) for three Arctic receptor sites in Abisko (northern Swe-
den), Tiksi (East Siberian Russia), and Zeppelin (on Svalbard, Norway). The 
radiocarbon (∆14C) signature allows to draw conclusion on the EC sources 
(fossil fuels vs. biomass burning) with high accuracy (<5% variation). Stable 
carbon isotopic fingerprints (d13C) give qualitative information of the con-
sumed fuel type, i.e. coal, C3-plants (wood), liquid fossil fuels (diesel) or gas 
flaring (methane and non-methane hydrocarbons). These fingerprints can be 
used in conjunction with Bayesian statistics, to estimate quantitative source 
contributions of the sources. Finally, our observations were compared to pre-
dictions from a state of the art atmospheric transport model (coupled to BC 
emissions), conducted by our collaborators at NILU (Norwegian Institute for 
Air Research). 
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Observed BC concentrations showed, similar to the literature, a high season-
ality throughout the year, with elevated concentrations in the winter, at all 
sites. The highest concentrations were measured on Svalbard during a short 
campaign (Jan-Mar 2009) focusing on BC pollution events. Long-term obser-
vations showed that Svalbard (2013) had overall the lowest annual BC con-
centrations, followed by Abisko (2012) and Tiksi (2013). Isotope constraints 
on BC combustion sources exhibited a high seasonality and big amplitude all 
across the Eurasian Arctic. Uniform seasonal trends were observed in all three 
year-round studies, showing fractions of biomass burning of 60-70% in sum-
mer and 10-40% in winter. Europe was the major source region (>80%) for 
BC emissions arriving at Abisko and the main sources were liquid fossil fuels 
and biomass burning (wood). The model agreed very well with the Abisko 
observations, showing good model skill and relatively well constrained 
sources in the European regions of the EI. However, for the Svalbard and East 
Siberian Arctic observatories the model-observation agreement was not as 
good. Here, Russia, Europe and China were the major contributors to the 
mostly liquid fossil and biomass burning BC emissions. This showed that the 
EI still needs to be improved, especially in regions where emissions are high 
but observations are scarce (low ratio of observations to emitted pollutant 
quantity). Strategies for BC mitigation in the (Eurasian) Arctic are probably 
most efficient, if fossil fuel (diesel) emissions are tackled during winter and 
spring periods, all across Eurasia. 
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2. Sammanfattning 

Aerosoler förändrar jordens energibalans. Sotaerosoler (black carbon, BC), 
som är en produkt av ofullständig förbränning av fossila bränslen och bio-
massa, förorsakar en nettouppvärmningen genom så kallade aerosol-strål-
ningsinteraktioner (ari) och aerosol-molninteraktioner (aci). Sotaerosoler har 
en potentiellt stor påverkan på klimatet i Arktis, men kunskapsnivån kring 
dessa effekter är låg. Globalt uppskattas att sot bidrar med en nettovärmande 
effekt motsvarande ungefär hälften av CO2. En skillnad är dock att CO2 på-
verkar klimatet under hundratals år, medan sot har en livstid på dagar till 
veckor; sot är en kortlivad klimatpåverkande luftförorening. 

Sotet har en stark säsongsvariabilitet i Arktis med låga nivåer och högre på 
vintern/våren, under den såkallade Arktiska dissäsongen (’Arctic haze’). Kli-
mat- och atmosfärtransportmodeller har svårigheter i att fånga denna säsongs-
variation. Bidragande orsaker till diskrepansen mellan modeller och observat-
ioner härör ur osäkerheter kring modellparametriseringen av sotets livstid och 
transport samt utsläppsuppskattningar, regional och globalt. Med tanke på de 
höga osäkerheterna i teknikbaserade utsläppsinventarier finns det en stor ef-
terfrågan på observationbaserade uppskattningar av de huvudsakliga källorna 
till sot i atmosfären.  

Inom ramen för den här avhandlingen har vi använt kortsiktiga och långsiktiga 
observationer för att bättre förstå vilka utsläppskällor som påverkar sotet i 
Arktis. Filterprover samlades in vid tre stationer i Arktis: Abisko (norra Sve-
rige), Tiksi (nordöstra Sibirien, Ryssland), och Zeppelin (Svalbard, Norge). 
Mängden sot kvantifierades som mängden elementärt kol (EC), som är en 
massbaserad metod för att mäta sotkoncentrationerna och som även möjliggör 
kolisotopkarakterisering (d13C och Δ14C). Sotets kol-14 signatur gör det möj-
ligt att uppskatta de relativa bidragen från biomassa- och fossila källor. De 
stabila kolisotoperna (d13C) bidrar med ytterligare källinformation, med spe-
cifika signaler från biomassa, fossilt kol, flytande fossila bränslen (t.ex.diesel) 
eller gasfackling (metan och icke-metankolväten). I kombination med Bayesi-
ansk statistisk modell kan dessa ’isotopfingeravtryck’ användas för att kvan-
titativt uppskatta de relativa bidragden från olika källor. De observationsbase-
rad uppskattningarna av de relativa källbidragen har sedan jämförts med re-
sultatenen från en atmosfärisk transportmodel (kopplad till sotutsläppsinven-
tarier), i samarbete med forskare på NILU (norska institutet för luftforskning). 



 iv 

Våra studier visar att sotkoncentrationerna, i likhet med tidgare studier, har en 
stark säsongsvariabilitet, med förhöjda halter på vintern för alla tre station-
erna. De högsta halterna uppmättes på Svalbard under en kort kampanj under 
januari - mars 2009, där vi fokuserade på episoder med förhöjda nivåer av 
luftföroreningar. Långtidsobservationer visar dock att Svalbard (2013) har det 
lägsta årsmedelvärdet, följt av Abisko (2012) och Tiksi (2013). Isotopbase-
rade uppskattningar av källorna till sot uppvisar en stark unison säsongsvari-
abilitet, med 60-70% biomassa under sommaren och 10-40% under vintern, 
för alla tre stationerna. För Abisko är sotutsläpp från Europa den huvudsakliga 
geografiska källan (>80%), och de viktigaste utsläppskällorna är flytande fos-
sila bränslen och biomassa (vedeldning). En god överenstämmelse mellan ob-
servationer och modelluppskattningar av både sotkoncentrationer och relativa 
källbidrag observerades för denna station. För Svalbard och östra Sibiriska 
Arktis var diskrepansen mellan observationer och modelresultat större. För 
dessa stationer ger utsläpp från Ryssland, Europa och Kina den största påver-
kan, med flytande fossila bränslen och förbränning av biomassa som huvud-
sakliga källor. Detta visar att utsläppsinventarierna fortfarande behöver för-
bättras, särskilt i regioner där utsläppen är höga men där observationerna är 
knappa. Vi uppskattar att den mest effektiva åtgärden för att begränsa sots 
påverkan på (det Eurasisiska) Arktis är att minska utsläppen från fossila bräns-
len under vinter- och vårperioden i hela Eurasien. 
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3. Zusammenfassung 

Aerosole verändern die Energiebilanz der Erde. Aerosole von Rußpartikeln 
(BC) entstehen durch unvollständigen Verbrennung von fossilen Brennstoffen 
und Biomasse, und verursachen Erderwärmung durch sogenannte Aerosol-
Strahlen- (ari) und Aerosol-Wolken-Wechselwirkungen (aci). BC Aerosole ha-
ben potenziell eine starke Auswirkungen auf das Klima, aber der Nettoeffekt 
auf das globale Klima ist unklar. Schätzungen gehen von einer Erwärmung 
aus, welche etwa der Hälfte der durch CO2 verursachten Erwärmung ent-
spricht. Emissionen von CO2 beeinflussen das Globale Klima allerdings über 
Zeiträume von Hunderten von Jahren hinweg, während BC ein kurzlebiger 
Klimaschadstoff ist, mit atmosphärischen Lebenszeiten von einigen Tagen bis 
Wochen. 

Klimamodelle und Modelle atmospherischen Transports scheiterten bisher da-
ran Saisonabhängigkeit und Amplitude der gemessenen BC-Konzentrationen 
in der Arktis nachzubilden. Diese sind niedrig im Sommer und Hoch im Win-
ter/Frühjahr. Die hohen Unsicherheiten in Bezug auf die Klimaauswirkungen 
von BC beziehen sich nicht nur auf ari und aci, sondern auch auf die Paramet-
risierungen in Computermodellen, sowie der äußerst unsicheren Schätzungen 
der globalen und regionalen BC-Emissionen in Emissionsinventaren (EI). An-
gesichts der hohen Unsicherheiten in EI, gibt es einen Bedarf an Messungen 
der Quellen von atmosphärischem BC.  

Wir unternahmen Beobachtungen in der Artkis, von elementarem Kohlenstoff 
(EC) - des Masse-basierten Gegenstücks zu optisch-definiertem BC. Konzent-
ration und Zusammensetzung von Kohlenstoff-Isotopen (d13C und ∆14C) von 
EC Aerosolen wurden an drei Arktischen Stationen gemessen: in Abisko 
(Nordschweden), Tiksi (Ostsibirien, Russland) und Zeppelin (auf Svalbard, 
Norwegen). Die Radiokarbonbestimmmung (∆14C) gab Rückschluss auf die 
EC-Quellen (fossile Brennstoffe oder Verbrennung von Biomasse) und die 
stabilen Kohlenstoff-Isotope (d13C) wiederum gaben qualitativen Aufschluss 
über Kraftstofftyp, also ob Kohle, C3-Pflanzen (Holz), flüssige fossile Brenn-
stoffe (Diesel) oder Gas verwendet wurden. In Verbindung mit Bayes'scher 
Statistik können diese Isotopen-Fingerabdrücke verwendet werden, um quan-
titative Beiträge der Kraftstofftypen zu EC abzuschätzen. Schlussendlich wur-
den unsere Messungen mit einem Computermodell verglichen, dessen Be-
rechnungen von unseren Kollegen vom NILU durchgeführt wurden. 
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Gemessene BC Konzentrationen zeigten an allen Standorten eine hohe Sai-
sonabhängigkeit auf, mit erhöhten Konzentrationen im Winter. Die höchsten 
Konzentrationen wurden während der kurzen Kampagne (Jan-März 2009), 
mit Schwerpunkt auf Episoden hoher Schadstoffbelastung, auf Svalbard ge-
messen. Langzeitbeobachtungen zeigten, dass Svalbard (2013) insgesamt die 
niedrigsten jährlichen BC Konzentrationen hatte, gefolgt von Abisko (2012) 
und Tiksi (2013). Die Isotopen-analyse von BC zeigte eine hohe Saisonab-
hängigkeit und große Amplitude in der Verwendung von Kraftstofftypen in 
Bezug auf die ganze eurasische Arktis. Die saisonalen Trends waren synchron 
und wurden in allen drei, ganzjährigen Studien, beobachtet, wobei Holzver-
brennung einen Anteil von 60-70% im Sommer und 10-40% im Winter aus-
machte. Europa war die Hauptquelle (>80%) für BC-Emissionen welche in 
Abisko ankamen und Diesel und Holz waren die Hauptkraftstofftypen. Das 
Modell zeigte gutes Geschick, wenn es darum ging Messungen in Abisko, mit 
hauptsächlich europäischen Emissionen, nachzubilden. Verglichen mit Mes-
sungen in Svalbard und der Ostsibirischen Arktis jedoch, waren die Modell-
berechnungen weniger erfolgreich. Hier waren Russland, Europa und China 
die Hauptverursacher der meist Diesel- und Holz-Emissionen. Der Unter-
schied zwischen Modell und Messung zeigte, dass die EI noch verbessert wer-
den müssen, vor allem in Regionen, in denen Emissionen hoch, aber Beobach-
tungen rar sind. Strategien um BC in der (Eurasischen) Arktis zu mindern sind 
wahrscheinlich am effizientesten, wenn Diesel-Emissionen im Winter und 
Frühjahr in ganz Eurasien verringert werden. 
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4. Zämmefassig 

Aerosol verändered d' Energiebilanz vo de Ärde. Aerosol vo Ruesspartikel 
(BC) entstönd dor onvollständigi Verbrönnig vo fossile Brönnstoff ond Bio-
masse. Si verursached Ärderwärmig dor sogenannti Aerosol-Strahle- (ari) ond 
Aerosol-Wolke-Wächselwörkige (aci). BC Aerosol händ e potenziell starchi 
Uswörkig ufs Klima vo de Arktis, aber de absoluti Effekt ufs Globale Klima 
esch onklar. Schätzige gönd vonere Netto-Erwärmig us, wo öppe de Höufti vo 
de Erwärmig vo CO2 entsprecht. Usstoss vo CO2 beiflossd s Globale Klima 
allerdings öber mehreri honderti vo johre, während BC e chorzläbige Kli-
maschadstoff esch, met lebensziite i de atmosphäre vo es paar Täg bes mehrere 
Woche. 

Klimamodäll schiiteret bes anhe drah d'Saisonalität ond 's Usmass vo g'mäs-
sene BC-Konzentratione no z'belde. Die send nedrig im Sommer und höch im 
Wenter/Frühelig. Di höchi Onsicherheit im Bezog uf d'Klimauswörkige vo 
BC beziend sech aber ned nor uf aci ond ari, sondern au uf d'Parameter wo i 
Komputermodäll verwändet wärded, sowie uf di össerscht onsechere Schät-
zige vo globale ond regionale BC-Emissione i Emissionsinventare (EI). Uf 
Grond vo dene höche Onsecherheite i de EI gets en Bedarf a Mässige vo 
Quöue vo atmosphärischem BC.  

Mer händ Beobachtige vo elementarem Kohlestoff (EC) - s Masse-basierte 
analog zom optisch-definierte BC - onternoh i de Arktis. EC-Aerosol Kon-
zentratione, sowie d'zämmesetzige vo sine Kohlestoffisotope (d13C und ∆14C) 
send a drü verschedene Arktische Statione g'mässe worde, in: Abisko 
(Nordschwede), Tiksi (Ostsibirie, Rossland) und Zeppelin (uf Svalbard, Nor-
wege). Ahand vo de Radiokohlestoffbestemmig (∆14C) chönd Röckschlöss 
uf'd EC-Quöue (fossili Brönnstoff oder Biomasse verbrönnig) zoge wärde. 
D'Signatur vo de stabile Kohlestoffisotope (d13C) wederom get e qualitativi 
Information öber de verwändeti Chraftstofftyp, also ob Kohle, C3-Pflanze 
(Houz), flössigi fossili Brönnstoff (Disu) oder Gas verwändet worde send. I 
Verbendig met Bayes'scher Statestik chönd die Isotopische-Fengerabdröck 
denn brucht wärde, zom di verschedene Kraftstofftype quantitativ ond relativ 
zu de EC Konzentratione zu z'ordne. Schlossändlech händ üsi Kollege vom 
Norwegische Institut för Loftforschig Berächnige met eme Komputermodäll 
dore g'füehrt, wo met üsne Mässige vergleche worde send. 
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Di g'mässene BC Konzentratione zeiged e höchi Saisonalität, met erhöhte 
Konzentratione im Wenter a allne drü Standort. Di höchste Wärt send währent 
ere chorze Kampagne, uf Svalbard g'mässe worde (Jan-März 2009). Langziit-
mässige zeiged aber, dass Svalbard (2013) insgesammt die tüfste jöhrleche 
BC belastige hed, g'folgt vo Abisko (2012) ond Tiksi (2013). Im bezog uf di 
verwändete Chraftstofftype hed d'Isoptopeanalyse vo BC ebefalls e starchi 
saisonalität ond Amplitude ufgwese, i de ganze euarsiche Arktis. Die saisonale 
Trends send synchron i allne drü Ganzjohresstudie beobachtet worde, wobii 
d'Biomasseförbrönnig em Sommer en Ahteil vo 60-70% ond im Wenter en 
Ahteil vo 10-40% usgmacht hed. Europa esch d'Hauptquöue (>80%) för BC 
Emissione gsi, wo in Abisko ahcho send ond hauptsächlech us Disu ond Houz 
bestande händ. 'S Komputermodäll esch relativ guet gsi, wenns drom gange 
esch d'Mässige in Abisko, met hauptsächlich Europäische quöue, z berächne. 
Bim Verglech met de Mässige uf Svalbard ond i de ostsibirische Arktis aber, 
send d'Berächnige weniger erfolgrich gsi. A säbe beide Ort send Rossland, 
Europa ond China d'Hauptverursacher vo de BC verschmotzig gsi, wo 
mehrheitlech us Disu ond Houz verbrönnig bestande händ. De ontersched vo 
de Mässige zo de Modällberechnige hed do zeigt, dass EI no verbessert wärde 
müend, vorallem i Gebiet wo's wenig Mässige get aber d'Emissione höch send. 
Di effiziäntischti Strategie om BC i de eurasische Arktis z reduziere wäri 
demzufolge also, wenn mer de Disu verbruch im Winter und Früehlig in ganz 
Eurasie reduzierti.   
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7. Objectives 

Overarching  

The objective of this thesis is to investigate concentrations and sources (fossil 
fuels vs. bio mass burning) of black carbon (aka elemental carbon) aerosols 
in the Arctic by applying radio- carbon- and stable-carbon-based source ap-
portionment. 

I.  Test the feasibility for radiocarbon and stable carbon isotope based 
source apportionment of elemental carbon aerosols in the high Arctic (Ny-
Ålesund, 79°N). Investigate sources of elemental carbon during high pollution 
events. Compare the radiocarbon derived fraction biomass burning from this 
study, to a study of levoglucosan - a chemical tracer for biomass burning - 
previously published with the same samples used in this work. Explore the 
source regions of elemental carbon by back-trajectory analysis. 

II.  Investigate seasonal variations in black carbon aerosols during one full 
year and two winter seasons (18 months) in the European Arctic (Abisko, 
68°N). Compare top-down observational constrained sources with predictions 
of concentrations and source attributions from a model set up that includes 
both transport and bottom-up emissions. Apply the modelling results to inves-
tigate geographical source contributions to the black carbon emissions. 

III. Observe black carbon aerosols in the vastly understudied Siberian Arctic 
(Tiksi, 71°N), for two consecutive years. Compare observations with model-
ling results for the same site and period, using the previously applied and val-
idated model set up (paper II). Compare observations and modelling results 
of combustion sources and geographical source regions of the Siberian Arctic 
with those of the European Arctic.  

IV. Re-visit the high Arctic study (paper I) site and observe black carbon 
aerosols during a full year study. Compare observations with modelling results 
using the model set up applied in two previous studies (papers II & III). 
Compare concentrations and sources of the modelling results to the observa-
tions and put the observations and simulations in a broader (Eurasian) Arctic 
perspective by comparing all studies (papers I-IV) with each other. 
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8. Abbreviations 

Acronym  Definition 
AAOD Absorption Aerosol Optical Density 

aci aerosol cloud interaction 

AMS Accelerator Mass Spectrometry 

ANS Abisko Research Station 

AO Arctic Oscillation 

AR5 The Fifth Assessment Report 

ari aerosol radiation interaction 

BC Black carbon 

CAM Crassulacean Acid Metabolism 

CO Colorado 

CO2 Carbon dioxide 

CuO Copper oxide 

EBC Equivalent Black Carbon 

EC Elemental Carbon 

ECMWF European Centre for Medium-Range Weather Forecasts 

EF Emission Factors 

EI Emission Inventories 

ENE East Northeast 

EOS Earth Observing System 

ERF Effective Radiative Forcing 

FEG FLEXPART-ECLIPSE-GFED 

FLEXPART FLEXible PARTicle 

FMI Finnish Meteorological Institute 
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GFED Global Fire Emissions Database 

GHGs Greenhouse Gases 

GISS Goddard Institute for Space Studies 

GISTEMP GISS Surface Temperature Analysis 

HCl Hydrochloric acid 

HYSLPLIT Hybrid Single Particle Lagrangian Integrated Trajectory 

IIASA International Institute for Applied Systems Analysis 

IPCC Intergovernmental Panel on Climate Change 

LOD Limit Of Detection 

MCMC Markov chain Monte Carlo 

MODIS Moderate-resolution Imaging Spectroradiometer 

NAO North Atlantic Oscillation 

NASA National Aeronautics and Space Administration 

NILU Norwegian Institute for Air Research 

NIOSH National Institute for Occupational Safety and Health 

NOAA National Oceanic and Atmospheric Administration 

NOSAMS National Ocean Science Accelerator Mass Spectrometry 

NSF National Science Foundation 

OC Organic Carbon 

OR Oregon 

PC pyrogenic carbon 

PES PART are the potential emission sensitivity 

PM10 Particulate Matter smaller than 10 µm 

PM2.5 Particulate Matter smaller than 2.5 µm 

PSAP Particle Soot Absorption Photometer 

QFF Quartz Fiber Filters 

RAS Russian Academy of Sciences 

RF Radiative Forcing 

SLCP Short-Lived Climate Pollutant 

TOT Thermal-Optical Transmission 
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TSP Total Suspended Particle 

US United States of America 

USA United States of America 

VPDB Vienna Pee Dee Belemnite 
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1. Introduction 

1.1 Global Warming Agents and Accelerated 
Warming in the Arctic 

The Arctic is one of the most dynamic and rapidly changing environments on 
this globe. Average temperatures in the Arctic are rising at twice the pace of 
the global temperature change [Screen and Francis, 2016]. As a consequence, 
the sea ice extent and thickness, especially towards the end of summer, is 
gradually decreasing (Figure 1). Global climate warming is mainly the result 
of increased anthropogenic emissions of greenhouse gases (GHGs) and their 
many ensuing effects [Cubasch et al., 2013]. The Swedish chemist, Svante 
Arrhenius, was the first to estimate the global temperature effects of increased 
or decreased atmospheric CO2 concentrations, building on the works of Joseph 
Fourier, Eunice Foote, John Tyndall and many others [Arrhenius, 1896]. He 
predicted the extent of global temperature change very accurate, given the lack 
of support from modern computers we have today. At the same time, Arrhe-
nius predicted an accelerated change of temperature depending on the latitude, 
an effect later to be known as Arctic amplification. However, it was not until 
1938 when Guy Callendar, a British engineer, pronounced that an anthropo-
genic CO2 increase would cause the Earth's temperature to rise [Callendar, 
1938; Anderson et al., 2016]. 

In addition to GHGs, aerosols of natural and anthropogenic origin influence 
the Earth's energy budget [Boucher et al., 2013]. As opposed to GHGs their 
presence can have both a warming and cooling effect. Some aerosols increase 
the atmospheric reflectivity, others absorb or modify the incoming radiation.  

Black carbon (BC) aerosols have a unique role in the climate system. BC di-
rectly absorbs the sun's short wave radiation, warming the atmosphere and 
increasing the melting of snow and ice (aerosol radiation interaction, ari). 
Indirectly, BC affects the Earth's albedo (whiteness or fraction of incident light 
reflected by a surface) by influencing cloud processes (aerosol cloud interac-
tion, aci). These effects are very uncertain and include e.g., changing the num-
ber of droplets and particle number in liquid and ice clouds, respectively, and 
enhancing precipitation in mixed clouds. The light-absorption by BC changes 
the atmospheric temperature structure in, below, and above clouds altering  
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Figure 1 A changing Arctic. A: Arctic sea ice extent (5th September 2016). 
Daily sea ice extent is shown for the previous four years, including the mini-
mum sea ice extent of 2012 (purple). The 1981 to 2012 average (dark grey 
line) is shown, including two standard deviations (grey area). Credit: Na-
tional Snow and Ice Data Center, Boulder CO. B: Winter and C: Summer 
Arctic (sea) ice extent 2016. The 'False-Color Composite' image based on 
MODIS satellite imaging highlights color differences between sea ice and 
clouds. As a result, sea ice and snow appear light blue and clouds appear 
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white (or purple over water). B: Sea ice extent March 22-28, 2016 C: Sea ice 
extent August 30-September 5, 2016. Credit: Environment and Climate 
Change Canada. Dataset accessed 2016-09-14 at www.http://ice-
glaces.ec.gc.ca/. D: Observation based global surface temperature anomalies 
for Jan-Mar (2016) in °C with respect to a 1961-1990 base year. The grey 
spots show where no surface temperature measurements are available. 
Credit: GISTEMP Team, 2016: GISS Surface Temperature Analysis 
(GISTEMP). NASA Goddard Institute for Space Studies. Dataset accessed 
2016-10-05 at http://data.giss.nasa.gov/gistemp/ [Hansen et al., 2010]. 

cloud distribution. A prominent example for this is the shift in monsoon sea-
sons in the tropics [Ramanathan and Carmichael, 2008]). Best estimates show 
that liquid-cloud effects have a negative climate forcing (cooling), while 
mixed-phase cloud changes and light-absorption within liquid clouds cause a 
positive forcing (warming). The sign of the radiative forcing of ice-cloud ef-
fects is currently unknown. Albedo changes by BC on snow and ice cause 
positive climate forcing [Quinn et al., 2008], for both fossil and biomass burn-
ing BC sources. The latter have a potential net-zero effect, when dispersed in 
the atmosphere, due to differences in co-emitting species for biomass burning 
and fossil fuel combustion [Bond et al., 2013].  

The most common metric to measure the imposed change on the Earth's en-
ergy budget by an atmospheric perturbation is the radiative forcing (RF), 
sometimes called climate forcing. The term is de-emphazised by The Fifth 
Assessment Report (AR5) of the United Nations Intergovernmental Panel on 
Climate Change (IPCC), in favor of effective radiative forcing (ERF) 
[Boucher et al., 2013]. For the sake of simplicity and because ERF values are 
not available for BC separately, we will continue using RF in this work. A 
positive RF basically means that the troposphere will experience a net heating, 
due to the presence of a certain agent. For example, the RF of CO2, the strong-
est forcing agent (excluding water vapor), is +1.68 (best estimate, with 90% 
uncertainty ranges of 1.33 to 2.03) W m-2 (for the 1750-2011 period) [Myhre 
et al., 2013]. The best estimates of BC are in-between +0.40 [Myhre et al., 
2013] and +1.1 [Bond et al., 2013] W m-2, with 90% uncertainty estimates 
from 0.05 to 2.1 W m-2. However, BC is a short-lived climate pollutant, with 
an atmospheric lifetime of a couples of days or weeks. If BC emissions were 
to totally stop, the climate effect of BC vanishes within a couple of months. 
Emissions of CO2 on the other hand affect the climate at a time scale of hun-
dreds of years after emission.  

Exact ramifications of the ongoing Arctic amplification are currently hard to 
predict. The RF for BC in the Arctic can be orders of magnitude bigger in the 
spring (Arctic haze and melt season) as compared to other seasons, inducing 
a temperature increase, estimated to be around 0.5-0.8°C [Quinn et al., 2008]. 
The effects are both regional as well as global and include, but are not limited 
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to, disturbances in the Arctic's freshwater system and altered patterns of at-
mospheric circulation and precipitation [Serreze et al., 2007; Shepherd, 2016].  

However, the Arctic does not only consist of floating ice. Typically, all area 
north of the polar circle (66.6 °N) is defined as Arctic. The territory is divided 
among the Arctic states of Canada, Denmark (including the autonomous coun-
tries Greenland and the Faroe Islands), Finland, Iceland, Norway, Russia, 
Sweden and the U.S.A., who together form the Arctic Council. A changing 
Arctic will also affect the communities and ecosystems within these countries 
[ACIA, 2005]. Further, changes are not limited to conditions on the ground. 
They extend below the surface by changing e.g., permafrost behavior or algae 
bloom, subsequently effecting the oceans food web [Macdonald et al., 2005]. 
However connected these effects are, possible causes of the Arctic amplifica-
tion can be disjoined and looked at separately. For example, a diminishing sea 
ice extent and shorter ice and snow cover season will have a direct influence 
on the global surface energy budget [Mortin et al., 2014]. Hence, it is im-
portant to know, what the causes for an earlier and amplified ice and snow 
melt are. Therefore, we explored the concentration and sources of atmospheric 
black carbon, one of the main light absorbing aerosols, both transported to and 
emitted in the Arctic [Quinn et al., 2008; Novakov and Rosen, 2013]. 

1.2 Arctic Haze 
One of the first accounts of air pollution in the Arctic can be attributed to the 
Finland-Swedish Arctic explorer Adolf Nordenskiöld, who observed a "veil 
of [dry] clouds or haze" on the Greenland ice sheet, during the first Interna-
tional Polar Year in 1883 [Nordenskiöld, 1883]. Curiously, Greenland is a 
place where this phenomenon is less common than in the rest of the Arctic 
[Barrie, 1986]. More than sixty years ago, during the early cold war up until 
1967, the U.S. Airforce flew weather reconnaissance missions in the Arctic, 
like other countries [Greenaway, 1950]. Intended to fill observational gaps 
over the northern polar region and to collect debris of Soviet atom bomb tests, 
patches of increased fine particle (< 2µm) accumulations were observed all 
over the Arctic, at all levels below ~9 km. These thick pollution patches were 
later coined as Arctic haze by M. Mitchell and several other weather officers. 
It took more than a decade until the connection between anthropogenic emis-
sions and Arctic haze was finally made in 1972 by Shaw & Wendler [Raatz, 
1984]. These discoveries slowly triggered a suite of scientific campaigns and 
programs, since little was known about the origin and composition of this at-
mospheric turbidity.  

Air pollution transport depends heavily on the season and the biggest differ-
ences are seen between summer and winter (Arctic haze). The transitions dur-
ing spring and fall happen quite rapidly [Rosen et al., 1981; Croft et al., 2016]. 
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This is illustrated best by the polar dome [Stohl, 2006] and Arctic front 
[Greenaway, 1950; Barrie and Hoff, 1984] concepts. The polar dome explains 
these processes in all three dimensions. While Arctic front refers to cold air, 
moving at a certain pressure level and usually surface conditions apply. Strong 
diabatic cooling of air at the surface helps to induce the polar dome, with its 
shells of constant potential temperature. The air mass is highly stable due to 
strong inversions, which limit the exchange between the free troposphere and 
the boundary layer, building a dome. There are three major pathways for pol-
lution to reach the Arctic. I) Fast (10-15 days) low-level, long-distance 
transport (pathway 3, in Figure 2), the polluted air must be cold enough to be 
transported northwards past the Artic front or polar dome barrier. II) Warmer 
air from lower latitudes will be lifted along the slope of constant potential 
temperature (pathway 1, in Figure 2), into the Artic middle or upper tropo-
sphere. This lifting can cause precipitation (wet scavenging). Air in the sum-
mer season is therefore more frequently cleaned from pollutants than during 
winter, which favors Arctic haze formation. Particles that are not scavenged 
will slowly (several weeks) mix or descend into the polar dome (dry deposi-
tion). III) Pollutants or sources emitted within the dome will most likely stay 
there and deposit. Local emissions play a dominant role in summer, when the 
Arctic is most isolated.  

Figure 2 The polar dome. Illustration of processes involved in transport of 
aerosol pollutants into the Arctic (based on Stohl [2006]). Source: AMAP 
2015.  

Meteorological patterns of pollution transport vary on inter-annual time 
scales. They depend for example on the Arctic Oscillation (AO) and the North 
Atlantic Oscillation (NAO), which are sometimes used interchangeably since 
they strongly correlate with each other. Both AO (indicator of polar vortex 
strength) and NAO (indicator of large-scale wind forcing) influence the 
transport pathways, depending on the phase they are in. This means that 
transport from North America and Eurasia is enhanced during positive NAO 
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and AO, which is especially effective for winter Arctic haze buildup. Asian 
emissions seem to be fairly independent of the oscillation phase sign 
[Macdonald et al., 2005]. However, the concentration changes for BC (or 
other major pollutants like sulphate) in the Arctic are more driven by global 
emission changes, than by meteorological patterns [Hirdman et al., 2010]. 

1.3 Black Carbon Aerosols 
Black carbon is a product of incomplete combustion of fossil fuels or biomass. 
Different nomenclature is used depending on the applied technique to measure 
BC [Petzold et al., 2013]. In this work we will mostly use BC unless measure-
ments results of the BC-analog elemental carbon (EC) are referred to. While 
black carbon acts as an umbrella term and should ideally only be used quali-
tatively, it is usually used when speaking of graphite-like, insoluble aggregates 
of refractory and strongly light-absorbing carbon [Bond et al., 2013]. A dif-
ferent denomination should be used for quantitative descriptions of BC, de-
pending on the applied analytical method. The term 'elemental carbon' is used 
for the thermally stable (anoxic conditions <4000 K) carbonaceous fraction of 
particulate matter, insoluble in any solvent. It can only be gasified by oxida-
tion above 340°C [Petzold et al., 2013]. Under atmospheric conditions EC is 
assumed to be inert and nonvolatile [Ogren and Charlson, 1983; Elmquist et 
al., 2006].  

Black carbon is co-emitted with a variety of other aerosols and gases. Soon 
after formation, its graphite-like spherules become mixed in the atmosphere 
[Peng et al., 2016]. At the same time the spherules can coagulate and form 
aggregates at the order of a few hundred nanometers, up to super aggregates 
of a couple of micrometers [Chakrabarty et al., 2014]. Most BC particles are 
found in the Aitken (~ 20-100 nm in diameter) and accumulation mode (~ 100-
500 nm in diameter), based on the combustion conditions and particle age. 
Freshly emitted BC particles often exist externally mixed with organic and 
inorganic components. During ageing (sometimes only a few hours) the par-
ticles become more internally mixed (i.e., different aerosol components within 
a single particle). These coated particles are no longer pure BC, but so called 
BC-containing aerosols. During all of these processes the physical proprieties 
of the BC-containing particles change (solubility, refractive index, dry-depo-
sition velocity, etc.) [Bond et al., 2013]. This complexity is one part of the 
reason for BC's highly uncertain role in the climate system. Another important 
uncertainty is related to BC's sources. 

Sources of BC can also be divided into anthropogenic (fossil fuels and biofu-
els) and natural (wild fires). Biomass burning emissions can thus be of an-
thropogenic or natural origin. Biofuels denotes intentionally burned biomass 
to meet energy needs and includes wood (e.g., for heating) and agricultural 
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waste burning. Fossil fuels consist mainly of diesel, coal, gasoline, and gas 
flaring emissions. The main difference between the sources is their climatic 
impact. Due to the differences during the combustion process (raw material 
properties, combustion temperature, oxygenation, etc.), they have distinct dif-
ferences in particle size and BC/co-emitted-species ratios. Fossil fuels gener-
ally produce smaller particles, and show stronger solar absorption efficiencies 
than biomass burning emissions [Ramana et al., 2010; Bond et al., 2013].  

Apart from climatic impacts, which are most important for the Arctic, BC also 
has adverse effects on health [Baumgartner et al., 2014]. It is unclear how 
much of it can be attributed to BC, but air pollution in general has detrimental 
effects on public health, causing millions of premature deaths each year 
[WHO, 2015; WBG, 2016]. 

1.4 BC Emission Uncertainty 
Global emissions of BC are typically estimated in emission inventories (EI), 
usually by 'bottom-up' approach, where emission factors (EF) are multiplied 
by activity data for a given year. The EF is given by the amount of fuel burnt, 
while the activity data depends on the amount of BC emitted per unit of fuel 
burnt, which is dependent on the underlying combustion technology. The total 
global emission of BC for the year 2000 is estimated to be 7,500 Gg (or ktons), 
with an uncertainty range of 2000 to 29,000 Gg [Bond et al., 2013]. Roughly 
two thirds were estimated to be from anthropogenic (fossil fuels and biofuels) 
emissions, with the remainder being from (natural) biomass burning [Bond et 
al., 2013; Evangeliou et al., 2016]. However, BC emissions, sources and com-
position are changing rapidly due to ever changing global energy demands, 
and the introduction of cleaner technologies [McConnell et al., 2007; Bond et 
al., 2013]. Year by year global open biomass burning emissions, estimated by 
satellite data, can vary by at least a factor of two [Sharma et al., 2013]. Simu-
lated global (fossil) BC aerosol emissions stabilized between the years 1990 
and 2000, following the collapse of the Former Soviet Union. Since then, 
emissions are rising, mainly due to East Asian energy demands [Sharma et al., 
2013]. Future projections predict a steady decrease of global BC emissions 
[Shindell et al., 2013; Smith et al., 2016]. In recent years BC aerosol concen-
trations in the Arctic have been decreasing or stabilizing despite global in-
creasing emissions [Eleftheriadis et al., 2009; Gong et al., 2010; Dutkiewicz 
et al., 2014]. This is probably due to the relative higher importance of (histor-
ically) decreasing Russian emissions, as compared to the currently increasing 
East Asian emissions [Sharma et al., 2013].  

Emissions within the Arctic (wildfires, smelting, gas flaring, waste burning, 
etc.) are generally highly uncertain and can be missing in EI, such as used by 
the Fifth Assessment Report of the Intergovernmental Panel for Climate 
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Change, IPCC AR5 [Mack et al., 2011; Stohl et al., 2013; Mann et al., 2014; 
Wang et al., 2014a]. Future climate change might even increase the Arctic's 
BC burden, by decreasing wet scavenging efficiency [Allen et al., 2015], 
changing wind patterns [Jiao and Flanner, 2016], increasing wildfire emis-
sions [Veira et al., 2016], and increased shipping and extraction of natural 
resources due to facilitated access by reduced sea ice extent [Barnhart et al., 
2015]. Computing BC emissions, composition, atmospheric concentrations, 
and the resulting climatic forcing is therefore not only difficult due to atmos-
pheric transport simulations or BC lifetime, but also because of the high un-
certainties in EI. Therefore, many scientific assessments call for observational 
based source apportionment studies to improve EI [Quinn et al., 2008; Bond 
et al., 2013; Calvo et al., 2013; AMAP, 2015; Fuzzi et al., 2015; Kodros et al., 
2015; Stohl et al., 2015]. 

Estimates of BC forcing are based on the aerosol distributions generated by 
chemistry transport models or chemistry climate models. Spatially distributed 
long-term observations of BC concentrations or other metrics, like the absorp-
tion aerosol optical density (AAOD), are necessary to evaluate the modelling 
results. These models have historically struggled with reproducing BC con-
centrations and seasonality in the Arctic [Koch et al., 2009]. In recent years 
models have improved, especially for the European Arctic [Eckhardt et al., 
2015]. However, overall the models still struggle with the strong seasonality 
and underestimate BC concentrations, at all altitude levels, during the Arctic 
haze season and often over-estimate the summer burden. A complication for 
model improvement is that it is not possible to clearly distinguish the reasons 
for the causes of the model errors. There are many probable reasons for ob-
servation-modelling dichotomies, including: I) for the Arctic exits a very lim-
ited data set of (long-term) observations. Europe and North America have cur-
rently the highest density of long-term observations, followed by Asia. How-
ever, Asia has the highest BC emissions globally, hence the relationship of 
observation coverage and emissions is not in proportion [Bond et al., 2013]. 
II) Model processes such as transport (vertical and horizontal) and removal 
(wet scavenging efficiency) are still uncertain and the same parameters are not 
globally applicable, i.e., the transport processes and removal efficiencies are 
regionally and seasonally dependent. These processes pose currently the big-
gest uncertainties between different models [Bond et al., 2013]. III) Further, 
there is the large uncertainty in the emission inventories that propagate into 
the model uncertainties and changing emission rates can cause significant var-
iations in a single model [Bond et al., 2013]. 
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1.5 Carbon Isotope Based BC Source Diagnostics 
To help improving the quality of emission inventories, the contribution of the 
sources can be evaluated by observations. The atmospheric measurements of 
BC, or a chemical composition, can be used to infer the source type and com-
position of emissions. These receptor-based methods include the examination 
of isotope ratios to deduce the sources of aerosols, first demonstrated by 
[Clayton et al., 1955]. Carbon isotopes are especially good tools, since carbon 
is the main constituent of BC or EC.  

The isotopic ratios are intensive properties of a given sample and therefore 
independent of the respective BC concentration. Radiocarbon (14C) is con-
stantly produced in the earth's outer atmosphere, and has a radioactive half-
life (t1/2) of roughly 5730 years. Natural abundance of 14C is found in atmos-
pheric CO2 and its ratio to 12C is roughly 10-12. All life at earth's surface there-
fore contains atmospheric levels of 14C until it stops incorporating contempo-
rary carbon and the 14C levels start to decay. Geologically aged fossil fuels are 
completely depleted in 14C and can therefore easily be distinguished from bi-
omass sources [Gustafsson et al., 2009]. The exact radiometric age of a sample 
(no older than 50,000 years) is calculated depending on the age and date of 
'death', because atmospheric 14C levels are not time independent. The atmos-
pheric 14C levels depend on the incoming cosmic radiation, and atmospheric 
14C levels have been skewed in the past through atmospheric atom bomb test-
ing (bomb spike), as well as anthropogenic emissions of fossil CO2 (Suess Ef-
fect) [Reddy et al., 2003]. Radiocarbon levels are reported as fraction modern 
or ∆14C, i.e. 14C/12C ratio relative to a stable carbon isotope standard (13C/12C) 
[Coplen, 2011], and are thus not affected by isotope fractionation processes, 
such as deposition or reaction during atmospheric transport [Andersson et al., 
2015]. 

Stable carbon isotopic ratios (d13C) can be used to further refine the source 
apportionment, beyond the discrimination of fossil fuels and biomass burning 
sources. The atmospheric d13C-BC signature depends on the 13C content of the 
source material (the biogeochemical origin of the hydrocarbon) and the sub-
sequent fractionation during combustion [Fuex, 1977]. In principle one should 
be able to distinguish between all kinds of fossil fuels, i.e. diesel, coal, gaso-
line, and gas flaring emissions. However, in practice this is more complicated, 
since certain fossil fuel endmembers (specific isotopic source signatures or 
fingerprints) are, at least partly, overlapping and different geological reser-
voirs of the same fuel type could have different d13C signatures. Although, the 
different origins play a relatively bigger role for low-molecular hydrocarbons 
(i.e. methane or gas flaring emissions) [Fjellanger et al., 2010]. The endmem-
bers for biomass burning sources are mainly based on the photosynthesis path-
way of the original plant. The majority of the earth's plant material (including 
trees) is solely based on the C3 pathway, while C4 and CAM plants mostly 
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grow in warm and arid regions and are not relevant for emissions in the Arctic. 
Unless sophisticated Bayesian statistical analysis is applied, incorporating the 
endmember variability, the d13C signatures of BC is mostly a qualitative indi-
cator. However, we can isolate the EC fraction from the total aerosols and 
analyze its isotopic composition. Combined with atmospheric transport mod-
elling of emissions, this gives a powerful tool to evaluate and improve models, 
and investigate potential short-comings in emission inventories. 
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2. Methods and Materials  

2.1 Receptor Sites and Observation Periods 

2.1.1 Abisko 
Abisko is located in the North of Sweden, 200 km north of the Arctic circle. 
Stordalen mire (68.36°N, 19.05°E, 359 m above sea level (a.s.l.)), the sam-
pling site, is located ~10 km east of the Abisko village (less than 100 inhabit-
ants) and the Abisko research station (ANS), in a nature reserve. The ANS is 
operated by the Swedish Polar Research Secretariat and a more than 100 years 
old hub for climate and ecological research [Callaghan et al., 2010]. Aerosol 
sampling of PM2.5 (particulate matter with an aerodynamic equivalent diame-
ter smaller than 2.5 µm) and TSP (total suspended particles) was continuously 
performed from late September 2011 to March 2013 (paper II). Filter-chang-
ing intervals were in-between 12 and 28 days, depended on the season and 
weather conditions.  

2.1.2 Tiksi 
Tiksi (sometimes Tixie) is a small settlement (~2000 inhabitants) on the Lena 
river delta, located at the northeastern Siberian shore of the Laptev Sea. The 
sampling site, Polar Geocosmophysical Observatory (71.4°N, 128.5°E), is sit-
uated ~10 km southwest of Tiksi, in operation since 1958 and run by perma-
nent technical staff from the Russian Academy of Sciences (RAS). The RAS-
Observatory is close to the Tiksi Hydrometeorological Research Observatory 
(Hydromet), which opened in 2010 and is based on the Polyarka Station, 
founded in 1932 and located 7 km south-east of Tiksi. The Hydromet Obser-
vatory is operated in close collaboration of the Arctic and Antarctic Research 
Institute, Russia, the US National Oceanic and Atmospheric Administration 
(NOAA), and the Finnish Meteorological Institute (FMI) [Uttal, T. et al., 
2013]. Aerosol sampling of TSP was performed continuously for ~24 months 
(April 2012 to March 2014) in a specially constructed new sampling cabin at 
the RAS Observatory (paper III). Filters were changed in 20-21 days’ cycles. 
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Figure 3 Sampling sites. A: Tiksi RAS Observatory in February 2013, during 
heroic tubing replacement by Oleg V. Dudarev at temperatures below -50°C 
(credit: O.V.D.). B: Tiksi in May 2013, with O.V.D on the ladder, inspecting 
the tubes (credit: O.V.D.). C: Abisko samplers behind Stordalen Villa. D: Zep-
pelin Observatory on the back of Mount Zeppelin (credit: Brett Thornton).  

2.1.3 Zeppelin 
The Zeppelin Observatory (11.9° E, 78.9° N, 478 m a.s.l.) is situated near the 
top of Zeppelin mountain close to the Ny-Ålesund research town (permanent 
population 25 [SSB, 2012]) at the west coast of the Svalbard archipelago (Nor-
way) and operated by the Norwegian Polar Institute. The observatory is part 
of the Global Atmospheric Watch network. Our first study (paper I) focused 
on the period from January 6th to March 4th 2009 with daily changing filters. 
The second study (paper IV) focused on aerosol collection from 2012-Jun-16 
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to 2013-Dec-30, with two interruptions (of three days each). Filters were 
changed roughly every other week, depending on weather conditions. 

2.2 High-Volume Sampling 
All samples were obtained by high-volume sampling. The aerosols were col-
lected on precombusted (at 450°C for ~6h) quartz fiber filters, QFF (Milli-
pore). All QFF (blanks and samples) were stored in pre-combusted Al-foil 
envelopes, double bagged in Ziploc bags and kept at -20°C. For PM2.5 samples 
(paper II) a Digitel sampler was employed (model DH77, Digitel AG). The 
TSP sampler (papers II & III) inlet (size cut off ~30 µm) was custom built 
(at Stockholm University). The PM10 sampler (papers I & IV) was from Dig-
itel as well. Single aerosol samples were continuously collected for a sufficient 
amount of time (>7 days) to ensure sufficient EC mass for subsequent mi-
croscale 14C analysis. Frequent field blanks were collected during all cam-
paigns, by placing (and removing) the filters into the filter holders of the high-
volume samplers on site. During the cold Siberian winter of 2013 the tube 
connected to the inlet of the TSP (paper III) had to be re-equipped with a 
low-temperature resistant tube, due to cracks (which made sampling impossi-
ble) in the original tube (Figure 3). 

2.3 Elemental Carbon Analysis 
The elemental carbon (EC) and organic carbon (OC) concentrations were de-
termined by a thermal-optical transmission (TOT) analyzer (Sunset Labora-
tory, Tigard, OR; instrument #227), using the National Institute for Occupa-
tional Safety and Health (NIOSH) 5040 protocol [Birch and Cary, 1996]. 
Method intercomparisons showed that this protocol can potentially underesti-
mate EC concentrations relative to other methods [Cavalli et al., 2010]. Meas-
urements of EC mass concentrations can differ substantially between different 
methods. Therefore, it is important to be aware of the applied method when 
referring to EC data which is operationally defined after all. However, a stand-
ard TOT protocol does not exist, and many different protocols are used in 
parallel, among them NIOSH 5040, which is still heavily in use today. 

A generally known issue during TOT is the potential charring of the OC com-
ponent, through pyrolysis during the anoxic phase of the analysis, which sub-
sequently would be detected as EC [Chow et al., 2004; Zhang et al., 2012]. 
However, the amount of charring is usually small (<10% of water-soluble or-
ganic carbon) for the range of low carbonaceous aerosol concentrations typi-
cally observed in the Arctic [Yu et al., 2002]. Further, the commercial availa-
ble TOT instrument tries to account for charring by online monitoring of the 
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laser transmission. Potential pyrogenic carbon (PC) would reduce the trans-
mission signal. The split between EC and PC is then defined as the point where 
the laser signal returns to the value it had before PC formation started. None 
of the field blanks contained detectable amounts of EC. The limit of detection 
(LOD) was, based on the OC concentration of the field blanks from paper IV, 
~100 ng C cm-2 of filter sample area (this roughly translates to 2 ng C m-3, for 
that study). None of the PM10 samples were analysed in duplicates. The aver-
age relative standard deviations for triplicate analysis of the same sample were 
3 and 4% for PM2.5 and TSP OC, and 8 and 3% for PM2.5 and TSP EC, respec-
tively.  

2.4 Carbon Isotope Analysis 
The carbon isotopic ratios (d13C and ∆14C) were analyzed offline by accelera-
tor mass spectrometry (AMS, not to be confused with Aerosol Mass Spec-
trometry). The filter samples were pre-treated, before carbon isotope analysis. 
Prior to AMS analysis, the filter samples were acid fumigated with 12 M HCl 
(inside a desiccator for 24h and subsequently dried at 60°C for 1h), to remove 
carbonates [Gustafsson et al., 2009; Winiger et al., 2015]. The TOT analyzer 
was modified for online isolation of the CO2 produced during the analysis. 
The isolated gases were passed online through packed columns with magne-
sium perchlorate, and silver wool (heated to 550 °C), to remove water and 
halogen-containing gases, which may interfere with the 14C-CO2 AMS analy-
sis. Subsequently, the CO2 was cryogenically-trapped with liquid N2 (kept 
at -150°C), in a precombusted glass vial (Pyrexâ) containing silver granules 
and activated (heated to 850°C for 4h) CuO [Chen et al., 2013]. The trapped 
CO2 was analyzed at the US-NSF National Ocean Science Accelerator Mass 
Spectrometry (NOSAMS) Facility (Woods Hole, MA, USA) [McNichol et al., 
1992; Pearson et al., 1998; Zencak et al., 2007]. The data is reported in frac-
tion modern (Fm) and ∆14C. They are related as follows [Stuiver and Polach, 
1977]: 

∆"#𝐶 = 𝐹' ∙ 𝑒* "+,-./0 − 1 ∙ 1000          (1) 

Where l is the reciprocal of the true mean life of radiocarbon (8267-1 years) 
and yr is the measurement year of the sample (e.g., 2012). The number 1950 
stands for the absolute international standard base year and is related to the 
definition of modern, which is defined as 95% of the radiocarbon concentra-
tion (in the year 1950) of the standard reference material NBS Oxalic Acid I 
(SRM 4990b, OX-I) normalized to the stable carbon isotope standard d13CVPDB 
of –19‰.  
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The stable carbon isotopic signature is calculated from the 13C/12C ratios of 
the sample S and the international d13C standard VPDB (Vienna Pee Dee Bel-
emnite) as: 

𝛿"5𝐶 =
6	89

6	8: ;
6	89

6	8: <=>?

− 1 ∙ 1000             (2) 

To meet the demands of the radiocarbon microscale analysis, filter areas cor-
responding to at least 40 µg C had to be combined. Some samples were com-
bined into composites. The overall aim was to have relatively higher resolu-
tion of data during winter and spring (Arctic haze season), than during sum-
mer. While charring is only a small issue for the EC concentration analysis it 
could have effects on the fraction biomass (fbb), which is calculated form the 
∆14C signature. If OC, typically of contemporary origin, ends up in the EC 
fraction, then the resulting fbb could be biased towards higher fractions of bi-
omass burning. Therefore, we conducted a sensitivity analysis assuming that 
PC accounts for up to 25% of the EC. We find that this would lead to a maxi-
mum shift in fbb of 7%, in the probably extreme case of 25% PC contribution, 
which is only slightly higher than the standard deviation of the measurement 
(~5%) [Chen et al., 2013; Winiger et al., 2015]. 

2.5 Carbon Isotope-Based Source Apportionment 
The biggest advantage of isotope-based EC source apportionment is its inten-
sive properties. Under regular atmospheric conditions it is not affected by age-
ing in contrast to commonly used chemical tracers. The isotope signature also 
reflects exactly the source properties of the EC isolate, whereas tracers may 
or may not be representative for BC due to their non-conservative behaviour 
(e.g., oxidative and photochemical degradation during transport). The relative 
fractional contribution to atmospheric EC from biomass burning (fbb; includ-
ing biofuel and open burning fires) and fossil combustion (ffossil= 1-fbb) sources 
were calculated with an isotopic mass balance equation, based on the radio-
carbon analysis [Gustafsson et al., 2009]: 

∆"#𝐶@A'BCD = ∆"#𝐶EFG'A@@𝑓EE + ∆"#𝐶JG@@FC(1 − 𝑓EE)     (3) 

Here, ∆14Csample represents the radiocarbon signature in the ambient samples. 
The ∆14Cfossil is −1000‰ by definition, since fossil carbon is completely de-
void in radiocarbon. The endmembers for contemporary carbon ∆14Cbiomass de-
pend on the type and age of studied biomass. In the Arctic the most common 
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sources (in the winter), for biomass burning, are pine and birch trees for which 
an endmember between of +189 and +264‰ is suggested [Voorhees et al., 
1991; Klinedinst and Currie, 1999; Szidat et al., 2006; Zencak et al., 2007; 
Winiger et al., 2015]. This range was narrowed down, by Markov chain Monte 
Carlo (MCMC) simulations [Andersson, 2011], to an endmember of 
+225±60‰ by A. Andersson. 

Seasonal and yearly means of the radiocarbon based fbb EC are calculated as: 

𝑓EE =
JMM F ∙NO F ∙P FQ

RS8
NO F ∙P FQ

RS8
               (4) 

Where fbb is the fraction of biomass EC, EC the elemental carbon concentra-
tion, V the volume collected with the respective sample, and i is the sample 
index.  

Table 1 Stable carbon (δ13C) endmembers for different BC sources. Accord-
ing to [Andersson et al., 2015], [Mašalaitė et al., 2012], and [Widory, 2006]. 

BC 
source: 

Biomass* Coal Gas 
flaring 

Liquid 
fossil 

R-fossil** 

D14C (‰) +225±60 -1000±0 -1000±0 -1000±0 -1000±0 

d13C (‰) -26.7±1.8 -23.4±1.3 -38±3 -31.4±1 −25.5±1.3 
* Biomass (open fires) were used interchanging with GFED, even though  GFED 
captures also other events. 
** Liquid fossil fuels of "regular" origin i.e. consumed in e.g., Western Europe  or 
China. 

2.6 Transport Modelling 

2.6.1 Model Overview 
Atmospheric transport models have been widely used to analyze transport of 
trace substances to receptor sites. Perhaps two of the most broadly used mod-
els are NOAA’s Hybrid Single Particle Lagrangian Integrated Trajectory 
Model (HYSLPLIT) [Draxler and Hess, 1997, 1998; Draxler, 1999] and the 
Lagrangian FLEXible PARTicle (FLEXPART) dispersion model [Stohl et al., 
1998, 2005; Forster et al., 2007]. Both rely on meteorological data and are 
used to analyze the transport and dispersion of particles upwind (forward tra-
jectory) or downwind (backward trajectory) from a source. Originally we used 
HYSPLIT cluster analysis for back trajectories to analyze sources in the Arctic 
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(paper I). However, the Arctic's meteorology and relatively long lifetime of 
the particles, compared to more southern latitudes, make accurate clustering 
relatively difficult. For our consecutive studies we shifted to a different model 
set up. FLEXPART uses 'tracer' particles to calculate trajectories based on 
mean winds, interpolated from meteorological (re)analysis data (usually from 
the European Centre for Medium-Range Weather Forecasts, ECMWF). These 
tracers can be adapted to mimic BC-like aerosols. The differences to 
HYSPLIT are that FLEXPART additionally contains parameterizations of tur-
bulence and convective transport, and that removal processes, in- and below-
cloud scavenging, are included for the simulations of aerosols, under the as-
sumption that the components are inert (no chemical processes involved). This 
makes FLEXPART more complex than HYSPLIT and increases demand on 
computational power. The main outputs from FLEXPART are the potential 
emission sensitivity (PES) function and a source contribution function. The 
latter is obtained when FLEXPART is coupled to emissions, such as from an 
EI. The PES is proportional to a particles residence time (units of seconds per 
area or volume) in a particular model grid cell (usually 1°x1° resolution). 
Close to the surface (0-100m altitude) the PES is also called Footprint Emis-
sion Sensitivity [Stohl et al., 2007]. The source contribution function measures 
the simulated concentration, which a source (with units of mass per second) 
in an EI grid cell would contribute to the total concentration at a receptor site. 
In this way both the geographical sources and the measured concentrations at 
an observational site can be simulated. 

2.6.2 HYSPLIT Model Setting 
Back trajectories were calculated using NOAA’s Hybrid Single Particle La-
grangian Integrated Trajectory Model (HYSLPLIT), software version 4 (pa-
per I) [Draxler and Hess, 1997, 1998; Draxler, 1999]. Five days trajectories 
at three starting heights (474, 500 and 1000 m.a.s.l.) were generated for every 
6 hours during January, February and March 2009. The trajectories with a 474 
m starting height (above ground) were sorted into four bins using cluster anal-
ysis: I) Europe, II) North Siberia, III) North Greenland & North Canada, and 
IV) Arctic Ocean.  

2.6.3 FLEXPART Model Setting 
This work was carried out by Andreas Stohl and Sabine Eckhardt at NILU. 
For the sake of completeness, it will be only briefly discussed here, as the 
results by NILU colleagues were used for active interpretations in this thesis 
(paper II-IV). FLEXPART [Stohl et al., 1998, 2005], version 9.2, was run in 
backward mode (20 d) for the exact same time periods as the measurements. 
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The simulations used meteorological operational analysis data from the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) at a resolution 
of 1º. Data in summer 2013 was missing due to ECMWF’s increase of vertical 
model resolution (on 25 June 2013). The mean particle diameter used was 250 
nm with a logarithmic size distribution and standard deviation of 1.25.  

2.7 Emissions Modelling 

2.7.1 Anthropogenic BC 
This work was carried out by Andreas Stohl and Sabine Eckhardt at NILU, 
and Zbigniew Klimont and Chris Heyes at IIASA. FLEXPART was coupled 
to the ECLIPSE, version 5, emission inventory to estimate fossil fuel and bio-
fuel emissions, using the 2010 emissions scenario (monthly resolution) 
[Amann et al., 2011; Stohl et al., 2015]. Emissions from agricultural waste 
burning were excluded from ECLIPSE, since those were included in the fire 
emissions inventory. 

2.7.2 Open Fire BC 
This work was carried out by Andreas Stohl and Sabine Eckhardt at NILU. 
The Global Fire Emissions Database (GFED), version 4.1s was used to get an 
estimate of the open biomass burning contribution to BC (natural and anthro-
pogenic e.g., wildfires and agricultural waste burning) [van der Werf et al., 
2010; Randerson et al., 2012; Giglio et al., 2013].  

Seasonal and yearly time-weighted means (papers II & III) for modelling 
based fbb were calculated on the basis of: 

𝑓EE =
JMM F ∙T FQ

8
T FQ

8
                 (5.1) 

Where fbb is the model based fraction biomass, and t is the sampling time for 
the respective sample, and n is the number of available samples.  

The yearly time- and concentration-weighted mean (paper IV) fbb for the 
available modelling dates was calculated as: 

𝑓EE =
JMM F ∙T F ∙UO(F)Q

8
T F ∙Q

8 UO(F)
                (5.2) 
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Where fbb is the model based fraction biomass burning, BC is the black carbon 
concentration, and t is the sampling time for the respective sample, and i is the 
sample index. 

2.8 Statistical Modelling 

2.8.1 Bayesian Markov Chain Monte Carlo Analysis 
This work was carried out by August Andersson, and was implemented in 
paper II. A two isotope system (d13C and ∆14C) can be used to differentiate 
the relative contributions of three (BC) sources, assuming isotopic mass bal-
ance. The selection of three BC sources is specific to the receptor site because 
BC can have more than three sources (biomass burning, coal combustion, liq-
uid fossil fuel emissions or gas flaring); one has to be excluded. Each BC 
source has well-defined isotopic signatures (endmembers) for ∆14C. For the 
d13C source marker the variability of the endmembers is larger (Table 1).  

Instead of solving the different BC source contributions of a mixed environ-
mental sample by linear equations (with N + 1 sources and N source markers), 
which quickly (i.e. more than two sources) become complicated multidimen-
sional integrals, MCMC can be used for a numerical approximations of the 
multi-dimensional integrals. The Bayesian MCMC model accounts for the 
variability of the (d13C and ∆14C) isotopic endmember values and the meas-
urement uncertainty. The result of the MCMC analysis is the probability den-
sity function of the so called posterior, the relative fractional contribution of 
the three sources, including mean and median values [Andersson, 2011].  

2.8.2 Bayesian Isotope-Observation-Driven Prediction 
Updating 

This work was carried out by August Andersson, and was implemented in 
paper III. The FLEXPART-ECLIPSE-GFED (FEG) model provides esti-
mates from the relative source contributions of several emission sectors, 
where the major five are: surface transport (liquid fossil fuels), power plants 
(coal), gas flaring, domestic activities and biomass burning (open fires includ-
ing agricultural waste burning). Domestic activities are assumed to be 60% 
biomass burning, 39% coal and 1% liquid fossil fuel combustion. Hence, the 
isotopic signatures of the FEG model output can be inferred by forward mod-
elling, using the endmembers for the four BC sources: biomass burning, coal 
combustion, liquid fossil fuel emissions and gas flaring. 

Both model results and observations can then be compared in the two-dimen-
sional isotope space. To investigate the reason for the offset between model 
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and observation, another Bayesian MCMC model was used, where the FEG 
model output was treated as prior information, assuming a normal distribution 
uncertainty. A best-fit scenario was evaluated by comparing different models, 
where the relative contribution of one or more of the BC source emission sec-
tors were shifted, affecting all data points simultaneously. The result of this 
was a posterior distribution of each combustion source for each sample. How-
ever, this only created a variation around the model mean, ignoring a potential 
systematic bias within the FEG estimate. By using a so called Bayes' factor a 
best-fit scenario was eventually found, identifying in which way the emission 
classes needed to be perturbed to best match the observational data [Winiger 
et al., 2016]. 
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3. Results and Discussion  

3.1 Elemental Carbon Burden 

3.1.1 Observed Concentrations 
Black carbon aerosol concentrations are typically elevated during the winter 
and spring Arctic haze season. In our first study (paper I), the Jan-Mar 2009 
period was investigated, with relatively short sampling times (~24h). In con-
trast, the three other studies were year-round (12-24 months) campaigns (pa-
pers II, III & IV), with long integrated sampling times (7 days to several 
weeks). It is important to note that (integrated) sampling times are not equal 
in-between the stations, making a quantitative comparison of single samples 
during any given period problematic. It is more suitable to compare seasonal 
or annual averages. Further, the cut-off sizes for the sampled aerosol sizes 
differed from station to station (PM2.5 & TSP in Abisko, TSP in Tiksi and 
PM10 in Zeppelin). Simultaneous TSP and PM2.5 observations, during 18 
months (N=30), in Abisko showed that the PM2.5 to TSP ratio of EC was 
76±23%. Comparing the stations EC burden should therefore be done with 
these limitations in mind.  

Year-round observations (papers II, III & IV) show the highest EC concen-
trations (mean plus standard deviation) in Northeast Siberia (53±84 ng C m-3; 
2013), followed by northern Sweden TSP (40±39 ng C m-3; 2012) and PM2.5 

(27±34 ng C m-3; 2012), and Svalbard (13±12 ng C m-3; 2013). The high stand-
ard deviations are a result of the high seasonality of EC concentrations. For a 
relatively long period, from November 2012 to March 2013, simultaneous 
long-term observations of all three stations (Abisko, Tiksi & Zeppelin) are 
available. At the beginning of the winter (November 2012), EC concentrations 
were found to be relatively low (20 ng C m-3), at the three stations. Their con-
centrations peaked consecutively in Abisko (January; 118 ng C m-3), Tiksi 
(February; 302 ng C m-3), and Zeppelin (February-March; 33 ng C m-3). The 
relatively high pollution in Tiksi is from one occasion with high local emis-
sions in combination with low winds and a very strong and stable inversion 
[Asmi et al., 2016], which lead to a three times higher EC burden than for the 
second-highest observation. Naturally, these long-time averaged or integrated 
pollution levels are much lower, than what can be expected from sporadic 
events. Our first campaign (paper I) focused on 'short-time' (~24h) samples 
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collected in the beginning of 2009 at Zeppelin, with focus on high EC loadings 
to meet the mass requirement of the AMS analysis. While non-pollution epi-
sodes were usually well below 50 ng C m-3 and often below the LOD, high 
concentrations were observed in the range of 100 and 650 ng C m-3. All the 
observed events together represented ~75% of the observed BC burden during 
the study period, but covered only 30% of the total sampling time. The highest 
ever observed hourly mean equivalent black carbon (EBC) value for Zeppelin 
was 850 ng m-3 and in other parts of the Arctic even higher values have been 
reported [Stohl et al., 2007].  

3.1.2 Seasonality in EC Concentrations 
The Arctic front is thought to be a barrier of relatively cold air at the surface 
or lower troposphere. During winter the Arctic front can go as far south as 
40°N, especially over Eurasia and polluted air (aerosols and gases) can be 
transported into the Arctic. In summer the barrier is roughly restricted to the 
Arctic Ocean's basin and Greenland (Figure 4). This is one of the reasons why 
Artic air is more polluted during winter. A second reason is the change in wet 
scavenging; the most efficient aerosol deposition mechanism, which is much 
stronger in summer, as compared to the cold, dry winter [Garrett et al., 2011]. 
Additionally, due to higher energy demands in winter, there is a rise in do-
mestic emissions [Stohl et al., 2013]. In summer, the cleanest air of the three 
stations was observed at Zeppelin. In some weeks the air was so pristine that 
EC levels were below LOD. The composite (of combined single samples) 
from July to November 2013 (~130 days integrated sampling) showed an EC 
concentration of ~3 ng C m-3. The Zeppelin Observatory is, unlike the other 
two receptor sites, situated close to a mountain top. This has the effect that the 
station is quite  

frequently outside of the boundary layer i.e. inside the lower free troposphere 
[Tunved et al., 2013], where particle concentrations are much lower [Ferrero 
et al., 2016]. The second lowest summer concentrations were observed during 
August and September 2013 in Tiksi, with 8 ng C m-3 during the course of 84 
days. In Abisko the lowest EC burden was measured during September and 
October 2012 (53 d), with 10 ng C m-3. Hence, all observations, in all seasons, 
span one to two orders of magnitude, showing how strong the seasonality in 
EC levels is. 

3.1.1 Comparison with Historic EC Observations in the 
Arctic 

Observation from ice cores show that, in most recent history, BC concentra-
tions in the Arctic peaked around the year 1910 and have since then slowly  
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Figure 4 Observation vs. modelling of the fraction biomass burning for win-
ter and summer 2013. Top row: Winter (January 2013) and summer (July 
2013) maps for the circum-Arctic. Monthly black carbon emissions are de-
picted for fossil fuels (left colorbar), biofuels (right colorbar), and open bio-
mass burning (bottom colorbars). Arctic stations for which radiocarbon data 
is available are shown as red dots (Abisko, Barrow, Tiksi, and Zeppelin). The 
Arctic front (cyan colored line) is superimposed on the map for January (left) 
and July (right) 2013. The Arctic front is defined here as mean position of the 
-3°C surface level isotherm (adapted from Barrie and Hoff [1984]). Temper-
ature data: Atmospheric Infrared Sounder aboard the second Earth Observ-
ing System (EOS) polar-orbiting platform, EOS Aqua. Bottom row: Winter 
(left) and summer (right) fractions of biomass burning based on observational 
radiocarbon data (black), compared to fraction biomass burning based on 
modelling (red), for the herein discussed stations (Abisko, Tiksi and Zeppelin. 
Standard deviations for observations shown as grey bar. No model data is 
available for the summer at Zeppelin. 

decreased, despite gradually increasing global emissions [McConnell et al., 
2007; Lamarque et al., 2010]. In the last decades the changes in BC aerosol 
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levels in the Arctic almost stalled and predictions for the future are discordant 
[AMAP, 2015]. The longest and oldest record of aerosol EC in the Arctic dates 
from 1965 to 2010 [Dutkiewicz et al., 2014]. Total suspended particles were 
collected at Kevo, in the Finish Arctic (~350 km ENE of Abisko). Weekly 
samples were analyzed with the same TOT protocol used in this thesis, making 
this an ideal dataset for comparison. The records from 1971 to 2010 show a 
constant decrease of EC of ~2% yr-1 and an annual average of 67 ng C m-3 for 
2010 (<30% uncertainty). Our observations of TSP (Abisko and Tiksi) fit well 
into this independent dataset and show a similar range of seasonality. Histor-
ical data from Tiksi and Zeppelin are available from EBC measurements only. 
A period from 1998 to 2007 is reported from Zeppelin, where the EBC meas-
urements were calibrated with EC analysis, resulting in EBC data that can be 
translated into an estimate of EC concentrations [Eleftheriadis et al., 2009]. A 
yearly average of 39 ng m-3 was found for the entire measured period at Zep-
pelin and a decreasing trend of roughly -10 ng m-3 per decade was found. Tiksi 
data (2009-2010) show that the annual mean EBC data (84 ng m-3) was 2.5 
times higher than for four other Arctic stations (Alert, Barrow, Pallas and Zep-
pelin) [Eckhardt et al., 2015]. That study found Arctic winter/spring BC (2008 
and 2009) concentrations of 49 ng m-3 and summer concentrations of 3 ng m-

3, based on an average over the three stations Alert, Barrow and Zeppelin.  

3.2 Carbon-Isotope Based EC Source 
Apportionment 

3.2.1 Source-diagnostic Isotopic Fingerprints 
The radiocarbon signature of EC is used to calculate the relative contributions 
from biomass burning (fbb) and fossil fuel combustion to EC. In comparison 
with chemical tracers, isotopic signatures are independent on the observed 
concentrations. This technique has found broad application in environmental 
atmospheric science over the last 60 years, pioneered by Clayton et al. in 1955 
[Clayton et al., 1955; Currie, 2000]. One limitation of the radiocarbon analy-
sis is currently its relative high demand of carbon mass per analysis (>20 µg 
C for AMS, using graphite [Currie, 2000]). This has inhibited its application 
in very pristine environments such as the Arctic (summer) atmosphere. The 
first use of radiocarbon based source apportionment of EC (apparent EC, to 
be precise) in the Arctic was reported for snow deposits on Greenland, rela-
tively recently [Slater et al., 2002]. Less than 10% of the deposited EC was 
found to be from biomass burning in spring and fall, and less than 50% in 
summer. 
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The first chapter of this thesis (paper I) was one of the first two carbon-iso-
tope studies of particulate atmospheric EC in the Arctic [Barrett et al., 2015; 
Winiger et al., 2015]. Our high-pollution study in early winter 2009 shows a 
broad range of ∆14C values (–521 to 201‰), translating into fractions of bio-
mass EC from 39 to 98%. The longer campaigns (papers II, III & IV) that 
followed, show a similar dynamic ∆14C range (Figure 5). Tiksi (–902 to –
105‰; fbb 12-73%) shows the biggest range and was more influenced by fossil 
fuel combustion, as compared to Abisko (–790 to –169‰; fbb 17-68%) and 
Zeppelin (–587 to –245‰; fbb 34-62%). Annual means show the highest fbb in 
Abisko (42±15%; 2012), followed by Zeppelin (41±9%; 2013) and Tiksi 
(~20-30% depending on the start and stop date).  

Stable carbon isotope ratios (d13C) give further information of the sources 
within the two sub categories of fossil fuels and biomass burning. Relevant 
EC sources for the Arctic are combustion emissions of C3 plants in the bio-
mass burning category, and gas flaring, liquid fossil fuels and coal in the fossil 
category. Liquid fossil fuels are further divided, depending on the source of 
the emissions. Liquid fossil fuel emissions of Russian origin are more depleted 
in 13C, as compared to emissions of Chinese or Western-European liquid fossil 
fuels (herein referred to as regular liquid fossil fuels or R-fossil) [Mašalaitė et 
al., 2012]. The endmember for gas flaring is relatively uncertain [Fjellanger 
et al., 2010] and, to our best knowledge, only one study on the gas flaring d13C 
BC endmember exists [Widory, 2006].  

Sources observed over a relatively short time are expected to be less mixed, 
than time-integrated samples over several days and weeks, reflecting a purer 
source signature. The highest range for d13C was found for the short campaign 
(paper I) at Zeppelin (–20.1 to –27.9‰). For long-time observations at Zep-
pelin (paper IV) there is no d13C data available. Observations from Abisko 
(paper II) show a narrower range (–27.9 to –24.1‰) than d13C signatures 
from Tiksi (–30.7 to –25.8‰). The general shift of the Tiksi d13C signatures, 
as compared to Abisko and Zeppelin, indicated that there was a stronger in-
fluence of liquid fossil fuels of Russian origin and possibly gas flaring. Gas 
flaring is potentially a major source of the Arctic BC burden. Gas flaring BC 
is emitted within or very close to the Arctic circle and emission-inventory 
based models estimate Arctic mean annual surface BC fractions of close to 
50% [Stohl et al., 2013].  

3.2.2 Seasonality in EC sources 
It is a well-known fact that BC concentrations in the Arctic follow a clear 
seasonality with elevated concentrations in the winter and lower concentra-
tions in the summer. Our long-term observations (paper II, III & IV) show a 
strong seasonality in the relative contribution of different combustion sources  
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Figure 5 Multidimensional source-apportionment plot. The δ13C vs. ∆14C iso-
topic signature of all campaigns within this thesis. Samples for which no δ13C 
data was available is placed on the y-axis. The colored squares show the pure 
endmember ranges for the different BC sources of biomass burning (green) 
and the fossil fuels: gas flaring (blue), liquid fossil fuels of Russian origin 
(brown), liquid fossil fuels 'R-fossil' (red) of regular (Chinese and Western 
European emission) origin, and coal (black). Top figure: The circle's shading 
indicated the EC concentration for each sample from the stations Abisko (blue 
circle), Tiksi (green circle) and Zeppelin (short, high-pollution campaign: 
mangenta circles; year-round campaign: cyan circle). The areas of the circles 
indicate the Sampling time in days from 1-120. Bottom figure: Seasonality of 
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the observed samples. The stations Abisko (circles), Tiksi (squares) and Zep-
pelin (short, high-pollution campaign: diamonds; year-round campaign: tri-
angle). The seasons: January to mid-March (blue), mid-March to May 
(green), June and July (red), August to mid-October (yellow), mid-October to 
December (mangenta). Super imposed on the long-time observations are the 
seasonal clusters. The high-pollution samples are excluded from the clusters. 

as well (Figure 5). Fractions of biomass burning were elevated all across the 
Eurasian Arctic in summer and fall (June to July) with contributions of 60-
70%. In the winter (mid-October to mid-March) a broader fbb range was ob-
served, with a major influence of fossil fuel combustion; low fbb values of 10-
40% across all observatories. Spring (mid-March to May) and fall (August to 
mid-October) seemed to be fast transition periods were fbb values of 10-60% 
and 30-60% were observed, respectively. 

Stable d13C isotopic ratios of EC did not show a pronounced seasonality. In 
Abisko, the sources showed most variability during the winter (–27.9 to –
24.1‰), while they were much more uniform, ~1‰ variability, during the re-
maining seasons. A more pronounced seasonality was observed in Tiksi, 
where the d13C signature was more depleted in winter, when fbb was low, and 
vice versa. For Zeppelin no d13C was available for the long-term observation. 
A distinct seasonality for stable isotopic EC fingerprints is not a uniform fea-
ture in the Arctic. Radiocarbon signatures on the other hand exhibited a high 
synchronicity and seasonality during the observed period and across the Eur-
asian Arctic. 

3.3 Comparison of Model and Observation 

3.3.1 Burden and Combustion Sources of BC 
Comparison of model predictions to observations showed mixed results. The 
FLEXPART-ECLIPSE-GFED (FEG) model set up, used to compare observa-
tions from all four papers, was based on ECLIPSE (anthropogenic fossil fuels 
and biofuels EI) and GFED (satellite based fire EI) emission inventories, both 
coupled to FLEXPART. Year-round observations of BC concentrations at 
Abisko (paper II) agree well with the FEG model simulations. The model 
captured both seasonality and amplitude of the observed concentrations, with 
a linear coefficient of determination (R2) of 0.61 (p < 0.05) over all 18 months. 
This fit demonstrates an increased model skill, compared to most previous 
studies of model-observation BC comparisons. The studied period included 
two fall seasons, in which the model revealed to have the biggest offsets, with 
close to a factor of 2 higher predicted values. Only considering the year 2012, 
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the agreement improved (R2= 0.89; p< 0.05). The reasons for the model-ob-
servation dichotomy in fall is unclear. Two possible explanations are uncer-
tainties in the emission inventory, or an inaccurate wet-scavenging coefficient 
[Stohl et al., 2013]. Abisko has typically a relatively dry climate (367 mm in 
2012) and the rainiest season is usually fall. However, combustion sources 
during both fall periods agreed relatively well. The fbb of observation vs. 
model in the fall 2011 were 35 vs. 31% and in the consecutive fall they were 
39 vs. 30%. For the remaining seasons, the mean concentration estimates were 
almost identical to the observations. Predictions of the combustion sources (fbb 

34±6%; time-weighted) were within the uncertainty of the observations 
(40±12%), over the entire study period. The model showed a similar seasonal 
variability (R2= 0.57; p < 0.05), narrowly under predicting the contribution of 
biomass burning during summer. This is likely due to an under prediction of 
wild fires in the fire emissions inventory. Annual (2012) fbb predictions were 
again better (R2= 0.77; p < 0.05) than compared to the whole 18 months. Over-
all, the sources and transport mechanisms seemed to be well represented in 
the FEG model for the Abisko site.  

For the northeastern Siberian Arctic (paper III), where observations are rare 
in general, the FEG model showed mediocre results. The modelled average 
BC concentration (39±24 ng m-3; time-weighted) was close to the observation 
(47±67 ng C m-3), but the seasonality did not match well, giving an unsatis-
factory correlation coefficient. BC concentration was under-predicted in the 
summer 2012, the second half of the winter (early 2013) and in spring 2013. 
Over-predictions occurred in summer 2013 and in winter (early 2014). Well-
predicted seasons were in the fall and following winter of 2012, and in the fall 
of 2013. Concentration over-predictions could this time not be connected to 
wet-scavenging issues, due to missing precipitation data during the summer 
2013. Further, since the model had a much higher fbb than the observation, it 
is likely that GFED emissions were too high for that source region and period. 
Another possibility is that an actual fire has not been collected by the aerosol 
samplers. However, this period is only represented by one long-term observa-
tion. Model-observation dichotomies for BC concentrations were not related 
to seasons, unlike in the European Arctic. FEG performed better for simula-
tions of combustion sources than concentrations. Due to the over and under 
predictions, the time weighted average over the whole campaign (40±32%) 
was only little higher than the observational fbb (30±20%). The models' sea-
sonality of fbb was stronger than the observations, predicting more intense bi-
omass burning in the summer (~90% in July-Aug 2012 and Aug-Sept 2013) 
and strong dominance of fossil fuels in the winter (>5% fbb during most of Jan-
Mar 2012/13 and 2013/14).  

For Zeppelin (paper IV), only winter dates can be compared, since FEG data 
in the summer and fall of 2013 are missing due to ECMWF’s increase of ver-
tical model resolution on the 25th of June 2013. Observations and estimates 



	29 

of mean BC concentrations for the available dates have a similar range (10 to 
40 ng m-3), but are badly correlated and only coincidentally have the same 
value of 20±9 ng m-3. The same reason, why concentrations are generally 
lower in Zeppelin than compared to other sites, can be the reason for the dif-
ficulties of the model to predict observed values. The Zeppelin Observatory is 
close to a mountaintop and frequently reside in the free troposphere. These are 
demanding circumstances for the model. The fbb was under-predicted by a fac-
tor of ~3 by the model, with 11±4% (time- and concentration-weighted). It is 
unclear what the causes are for this dichotomy. Both, the source regions and 
their predicted compositions could be wrong. Further issues could be due to 
the remoteness and wet-scavenging related to the long-distance transport 
(Zeppelin is the northern most station herein), and the previously mentioned 
altitude (or orography). In our second paper, a comparison between FEG 
model and observation for the first study (paper I) is included, looking at 
high-pollution events at Zeppelin in the winter. The results were dismal. The 
model could not capture the high observed concentrations, which were ~5 
times too low in FEG, nor did it predict the fbb correct, which was 5-8 times 
too low. However, the predictions were in a similar range (±50%) compared 
to non-event days, with relatively low BC concentrations (10-60 ng m-3). 

Observations and FEG were overall in good agreement for the European Arc-
tic. However, the same fit could not be obtained for the Russian Arctic and the 
poorest fit was produced for the high Arctic. Combustion sources were highly 
seasonal and uniformly composed across the Eurasian Arctic for model and 
observation (Figure 4), with a dominant influence of fossil fuels in the winter 
and biomass burning in the summer. 

3.3.2 Geographical Sources of BC 
Globally, the main BC emission regions are between the latitudes of 30 and 
60°N. Here, emissions are orders of magnitude bigger than emissions within 
the Arctic circle [Stohl et al., 2013; Wang et al., 2014b]. Many studies identify 
Europe, Russia and the former Soviet states as main source regions for BC at 
lower altitude levels, including ground based stations. At higher altitudes, 
sources from East Asia (mainly China) seem to dominate [Hirdman et al., 
2010; Sharma et al., 2013; Tomasi et al., 2015; Evangeliou et al., 2016]. How-
ever, local BC emissions by the Arctic Council nations possess a higher cli-
matic forcing (warming effect), relative to their emission burden [Sand et al., 
2015]. Less than 10% of the total emissions in the Arctic are emitted within 
the Arctic circle, but they could be up 5 times and in extreme cases up to 40 
times more efficient climate forcers, than emissions from further south [Wang 
et al., 2014a; Sand et al., 2015].  
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For Abisko (paper II), the major source region of anthropogenic BC emis-
sions was clearly Europe. The model allocated 85% of the BC burden to Eu-
rope and ~10% to Asia (mostly Russian territory). North American and North 
African sources contributed only marginally. Three main regions within Eu-
rope could be identified. Eastern Europe appeared responsible for the most 
polluted, fossil rich emissions, especially reoccurring in winter. The other two 
regions were western Europe (England, France and the Benelux states) and 
the Nordic countries. Constant contributors to BC emissions appeared to be 
larger cities (e.g., Paris, Warsaw, St. Petersburg, Moscow, to name a few). 
Vegetation fires made up a maximum of 22% of BC, during June-August 
(2012), and were otherwise below 5% according to FEG. The observations 
showed that this is a lower estimate.  

In the Russian Arctic (paper III), the European BC sources contributed less 
(only 3-40%) to the total BC burden than Asian sources. The majority of BC 
emissions was from Asian territory (mainly Russia, China, and post-Soviet 
states), while other continents played only a minor role. Contributions form 
open fires were estimated to be anywhere between 0 and 90% depending on 
the season, and were only in moderate agreement with observed fbb values. 
The simulated source contributions showed several emission regions. The 
strongest emitters were the major oil and gas production sites within Russia 
(Nenets, Khanty-Mansi, and Yamalo-Nenets autonomous regions). These re-
gions, roughly 1500±500 km from all observatories (Abisko, Tiksi and Zep-
pelin) are the source of virtually all Russian (and Arctic relevant) gas flaring 
emissions [Huang et al., 2015]. Another major source region is the North 
China Plain, with Beijing at the center. The largest connected area of signifi-
cant emissions was a pollution belt between 50 and 60°N, and 10 and 110°E.  

Sources of BC from Zeppelin (paper IV) were predicted to be 50/50 from 
Europe (i.e. Fennoscandia) and Asia (i.e. Russia), for the available FEG dates 
(winter period). One particular region with constant high BC contribution was 
again the Nenets region. The short-term study (paper I) had similar source 
regions as Tiksi, but higher BC contribution values. Source regions would of-
ten extend as far south as 30°N, especially in the North China Plain. Even the 
Nile Delta appeared to contribute to the BC burden on Svalbard, at more than 
a couple of occasions, although not significantly. Asian sources were pre-
dicted to contribute ~70% and Europe the remaining fraction. Overall, in the 
Eurasian Arctic, a vast majority of the BC burden is predicted to be from Rus-
sian, European and northern Chinese sources.  
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3.3.3 Reasons for Dichotomies Between Model Data and 
Observations 

Bottom-up model and top-down observations agreed especially well for the 
European Arctic, where a majority of the BC emissions was of European 
origin. In the case of the long-term observations at Zeppelin, a decrease in 
model skill was found with increasing fraction of Asian (Russian) emissions 
(R2=0.46, p<0.05). This trend was not as clear for the Russian Arctic, where 
also non-Russian Asian emissions were involved, for example from former 
Soviet Union states. The differences between FEG and observations can thus, 
at least partly, be explained by issues within the emission inventory (e.g., mis-
allocation), especially for Russian emissions. FEG's BC source contribution 
maps appear indeed to be blank in the region around Tiksi, despite indications 
of strong local emissions. Regional or local sources are likely to be misallo-
cated. Others report missing sources [Huang et al., 2015]. Some emissions 
can be entirely misrepresented by the emission inventory within FEG. A de-
tailed output of the model was analyzed in depth by Bayesian source analysis 
by A. Andersson (paper III), due to the observation vs. FEG differences in 
both isotopic dimensions (d13C and ∆14C). The FEG results were used as priors 
to compute model-estimated isotope signatures. These priors were then shifted 
to fit the observational data, by changing the fractional source composition. 
The analysis found that the Tiksi FEG estimates for gas flaring were too high 
and that liquid fossil fuels and coal BC emissions were under predicted. A 
best-fit scenario was created, for which emissions had to be reduced by 80% 
for gas flaring and 20% for biomass burning (from the fire emissions inven-
tory), and emissions of liquid fossil and coal had to be increased by ~130% 
each. However, there is an unknown uncertainty to this analysis. There is some 
uncertainty regarding the robustness of the gas flaring endmember, due to the 
lack of observations and uncertainties for EIs are non-existent. 

On the transport model side of FEG (i.e. FLEXPART), the most likely source 
for disagreement with observations is a dichotomy in BC lifetime. For which 
the most important parameter is the previously mentioned wet-scavenging. 
Smaller issues could be due to the pre-selected aerosol tracer size and size 
distribution, or the treatment of BC as entirely hydrophilic in the model. At 
the combustion source, BC is hydrophobic and becomes hydrophilic through 
coating during ageing. The rate of coating or ageing is depending on the type 
of fuel and co-emitting species. However, we can probably assume that for 
long-distance transport this model setting should not be a major issue. 
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4. Conclusions  

The combustion and geographical sources, as well as the seasonalities of the 
black carbon aerosol burden in the Arctic have been successfully investigated. 
High pollution events in the high Arctic contain enough carbon material for 
radiocarbon analysis at a daily resolution, or higher. These events - during the 
Arctic haze season - can represent the major part of the BC burden, despite 
making up a minor part of the studied period. This means that the relative 
contribution of short events during the Arctic haze season can have a major 
contribution to the overall BC ari and aci. The BC source regions can extend 
as far south as 30°N. Further, radiocarbon-based EC measurements can be 
obtained at a relatively high temporal resolution for aerosols in the Arctic, 
given that the BC burden is high enough. The obtained isotopic fingerprints 
showed that more than 50% of that BC burden can be from biomass burning 
emissions. The chemical tracer for biomass burning (levoglucosan) correlated 
poorly with the radiocarbon based fraction of biomass burning.  

Year-round observations in the European Arctic showed that, not only do BC 
concentrations have a strong seasonality, but also BC combustion sources do. 
Liquid fossil fuels dominate in the winter, while biomass burning (wood) 
emissions clearly dominate in the summer, when the BC burden is lower than 
in winter. These findings are supported by year-round observations at two 
other receptor sites, in the Siberian Arctic and the high Arctic, where also BC 
burdens are higher in winter and fossil fuel emissions dominate. No stable 
carbon isotope data is available for the high Arctic, but the data for the Sibe-
rian Arctic suggests that the major BC burden in the winter originates from 
fossil fuel emissions, while summer sources are based on biomass burning. 
These observations suggest that efforts to mitigate the climatic impacts of BC 
would be most effective by tackling fossil fuel emissions in the winter-time. 

Emission inventories are better resolved in regions with a relatively high ratio 
of observations per emission burden, or a high density of observational net-
works, such as Europe. This allows atmospheric transport models to predict 
BC burden, fuel sources, emission sources, and the seasonality of Arctic BC 
on a satisfactory level, when a major part of the observed emissions are from 
European sources. The emission inventory depicted possible misallocations or 
missing sources on the local and regional level in Russia and potentially other 
parts of Asia. These are regions where the density of observations is relatively 
low and BC emissions are among the highest. Based on the current state of the 
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model, Europe and Russia, followed by the North China Plain, appear as major 
contributors to the (Eurasian) Arctic's BC burden and the isotope-based ob-
servations show that BC consists predominantly of liquid fossil fuels and bio-
mass burning emissions. 

A MCMC analysis of the Russian BC emissions pointed to dichotomies be-
tween the isotope-based source apportionment and the model predictions. The 
fire emissions inventory over-predict open biomass burning, while the anthro-
pogenic EI over predicted emissions from gas flaring. Thus, more observa-
tions of gas flaring emissions, their emissions region and their isotopic finger-
prints are clearly needed. Emissions of coal combustion and liquid fossil fuels 
were under predicted by more than 100%, according to the best-fit scenario of 
the MCMC analysis. 

Our observations suggest that emission inventory uncertainties can be con-
strained by isotopic source fingerprinting, which is an important step towards 
improving our understanding of BC's climate impact.  
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5. Outlook  

One major finding of our studies was that BC sources are relatively uniform 
across the receptor sites, sharing the same seasonality. This could have rele-
vance for mitigation scenarios. Another key result was that the usually uncer-
tain emission inventories can be constrained by observations. The next steps 
are to extend the observations, which now only covered the Eurasian sector of 
the Arctic. A collaboration is planed with Baylor University, Texas and Envi-
ronment Canada to combine our data with observations from Barrow (Alaska) 
and Alert (Canada). This would eventually give a pan-Arctic perspective of 
BC emissions.  

Future work should look into the isotopic endmembers of gas flaring. They 
can have quite different compositions, depending on the geochemical origin 
and especially their composition, that is, what fractions of Cn they consist of. 
This is still a big source of uncertainty. Most relevant for the Arctic are the 
two major oil and gas fields in Russia. Pinning down the emission factors of 
the flares there could be another way to at least reduce uncertainties of these 
emissions. Ideally there wouldn't be any flaring and oil companies would store 
the gas for future use, e.g., as starting material for industrial use (not as pri-
mary energy source). Even better would of course be a complete stop of fossil 
fuel exploitation. 

Atmospheric transport models and chemical transport models are constantly 
improving. They are invaluable tools. However, there are some indications 
that it is necessary to improve their parametrization, for example of the wet-
scavenging efficiency. This could mean more observations i.e. measurements 
of precipitation and its BC (e.g., rBC, EC) composition, along with other 
chemical tracers.  

Dynamic emission inventories should be developed. Global energy mixes are 
constantly changing, but emission inventories are annual resolved and basi-
cally already out dated by the time of publication. They could for example be 
coupled to regional temperatures, which could have a big influence on BC 
emissions factors, and constantly update. Similarly, 'eye in the sky' technology 
in combination with machine learning could be applied to observe real-time 
behaviors of emissions from the surface transport sector, giving information 
on vehicle type and use (still source of big EI uncertainties). 
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While predictions for ground based receptor sites begin to become better and 
better, measurements in the altitude become more important. Unmanned ve-
hicles could be great to resolve some of these uncertainties. Lighter and 
smaller instrumentation could be used to investigate stratospheric BC. The 
same trends in instrumentation would make denser observational networks 
more readily available, possibly including citizen scientists.  

If fossil fuels will ever be phased out the relative importance of BC from wild 
fires will become greater, besides their predicted increase due to increasing 
temperature and shifts in hydrological cycles.  

Last but not least, the aci of BC should be studied more. Clouds are responsi-
ble for more than half of Earth's total albedo. Therefore, it is very important 
to know for example the cloud condensation and ice nucleation properties of 
BC particles. This is crucial information for climate models and perhaps one 
of the most important fields of climate related BC research.  
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