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ABSTRACT: Black carbon (BC) aerosol particles contribute
to climate warming of the Arctic, yet both the sources and the
source-related effects are currently poorly constrained.
Bottom-up emission inventory (EI) approaches are challenged
for BC in general and the Arctic in particular. For example,
estimates from three different EI models on the fractional
contribution to BC from biomass burning (north of 60° N)
vary between 11% and 68%, each acknowledging large
uncertainties. Here we present the first dual-carbon isotope-
based (Δ14C and δ13C) source apportionment of elemental
carbon (EC), the mass-based correspondent to optically
defined BC, in the Arctic atmosphere. It targeted 14 high-
loading and high-pollution events during January through
March of 2009 at the Zeppelin Observatory (79° N; Svalbard,
Norway), with these representing one-third of the total sampling period that was yet responsible for three-quarters of the total
EC loading. The top-down source-diagnostic 14C fingerprint constrained that 52 ± 15% (n = 12) of the EC stemmed from
biomass burning. Including also two samples with 95% and 98% biomass contribution yield 57 ± 21% of EC from biomass
burning. Significant variability in the stable carbon isotope signature indicated temporally shifting emissions between different
fossil sources, likely including liquid fossil and gas flaring. Improved source constraints of Arctic BC both aids better
understanding of effects and guides policy actions to mitigate emissions.

■ INTRODUCTION

Light-absorbing black carbon (BC) aerosol particles contribute
to the ongoing warming of the Arctic.1 Recent estimates
suggest that the globally averaged radiative forcing of BC is
second only to CO2, but the uncertainties for BC are much
larger.1−3 In winter and early spring, levels of air pollutants,
including BC, are enhanced in the Arctic troposphere, giving
rise to a phenomenon referred to as “Arctic Haze”.4−6 Long-
term observational records of BC in the Arctic are scarce and
scattered, and current atmospheric chemistry-transport and
climate models both underestimate the loadings of BC and fail
to reproduce much of the observed seasonality of Arctic BC
concentrations.7,8

BC forms through the incomplete combustion of biomass
(e.g., residential wood burning and wildfires) and fossil fuels
(e.g., traffic, coal-fired power plants, and industry). Bottom-up
technology-based emission inventories (EI) for BC are
generally challenged by large uncertainties (100−500%) arising
from both activity estimates and emission factors (i.e., kg of BC
per ton of burnt fuel).9,10 Top-down measurements of BC
climate effects suggests that EI-based modeling studies
underestimate the effects by a factor of 2 to 3.1,2,11 In addition,
comparisons of EI estimates of the fraction biomass versus

fossil atmospheric elemental carbon (EC; the mass-based
correspondent of BC)12 with top-down observations of its
source-diagnostic isotopic composition suggests a systematic
underestimation by EI of the fossil component for the two
largest BC emitters, India and China.13−15 For the Arctic, EI
estimates of the fraction biomass for EC reaching north of 60°
N ranges from 11%16 over 48%9 to 68%17 (see Table S1), each
acknowledging large uncertainties. To improve our under-
standing of EC sources and source-dependent effects, several
studies emphasize the need for observational-based source
apportionment studies.1,18,19

The application of natural abundance radiocarbon (14C)
techniques to carbon-containing aerosols has allowed the
resolution of fossil versus biomass sources with high
precision.13,15,20−23 This technique relies on the fact that fossil
sources are completely depleted in 14C, whereas (modern)
biomass sources have a distinct and well-constrained 14C/12C
signature, allowing a two end-member computation of the

Received: May 29, 2015
Revised: August 30, 2015
Accepted: September 2, 2015
Published: September 2, 2015

Article

pubs.acs.org/est

© 2015 American Chemical Society 11959 DOI: 10.1021/acs.est.5b02644
Environ. Sci. Technol. 2015, 49, 11959−11966

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02644/suppl_file/es5b02644_si_001.pdf
pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.5b02644


fraction biomass burning ( f bb; with fraction fossil f fossil = 1 −
f bb). There are three distinct advantages of radiocarbon-based
source apportionment, the first being the aforementioned well-
defined end-members, which lead to a clear differentiation of
fossil and modern sources. Second, it is possible to characterize
the radiocarbon signature of specific fractions, e.g., EC, organic
carbon (OC), and water-soluble organic carbon
(WSOC).20,23−26 Finally, whereas certain subfractions of
carbonaceous aerosols tend to react during transport,
recalcitrant EC is expected to be more inert and thereby
conserve the source-specific isotope signature.24 Furthermore,
the 14C/12C ratio is reported at −25 per mille relative to a
13C/12C standard and is thus not affected by isotope-
fractionating processes, such as deposition or reactions during
atmospheric transport.20 The two isotopic signatures of
14C/12C (Δ14C) and 13C/12C (δ13C) can subsequently be
combined to a 2D isotope signature with additional source-
diagnostic information. For instance, δ13C-EC adds a specific
distinction between gaseous fossil (e.g., gas flaring) and liquid
fossil (e.g., gasoline and diesel) sources, allowing source
differentiation of these contributions.20

The current study presents the first radiocarbon-based source
apportionment of EC in the Arctic. High-volume PM10 filter
samples (particulate matter with an aerodynamic equivalent
diameter smaller than 10 μm) were collected during 2008 and
2009 at the Zeppelin Observatory on Svalbard (Norway) to
elucidate the relative source contributions of EC during high-
pollution events in the high European Arctic.

■ MATERIALS AND METHODS

Field Sampling. Quartz fiber filter samples were collected
from March 2008 to March 2009 at the Zeppelin Observatory
(Figure 1) (11.9° E, 78.9° N, 478 meters above sea level) near

Ny-Ålesund, Svalbard (Norway), as part of the POLARCAT
(Polar Study using Aircraft, Remote Sensing, Surface Measure-
ments and Models, Climate, Chemistry, Aerosols, and Trans-
port) project.27,28 The present 13C/14C-based EC source
apportionment study focused on 16 samples, collected during
the period of January 6 to March 4 of 2009 (Figure S1), that
generally had higher EC loadings than the rest of the sampling
period.

EC and OC Measurements. The initial selection of the 16
high-loading filter samples were based on thermal−optical
analysis (EUSAAR_2) reported by Yttri and co-workers for a
wider set of samples studied in this period28 (see Table S2).
For the detailed isotope-based part of this study, the elemental
carbon and organic carbon aerosol concentrations of the 16
samples were measured with a thermal−optical transmission
(TOT) analyzer (Sunset Laboratory, Tigard, OR; instrument
#227) using the NIOSH 5040 protocol.29 The filter samples
were acidified prior to analysis to remove potential interference
from carbonates (by fumigation in open glass Petri dishes held
in a desiccator over 12 M hydrochloric acid for 24 h and
subsequently dried at 60 °C for 1 h).13,14,26 None of the two
blanks collected during the herein-studied period showed
detectable values of EC,28 which is in agreement with previous
observations.13,20

Particle Soot Absorption Photometer Black Carbon
Measurements and Equivalent Black Carbon Estimates.
Measurements of optical black carbon (BC) were obtained
using a custom-built particle soot absorption photometer
(PSAP), measuring the absorption coefficient (PSAP-BC) at
a wavelength of 525 nm (Figure 2). Data were corrected for
filter-loading and scattering aerosols following Bond et al.
(1999).30 The corrections utilized, as a first choice,
nephelometer (TSI 3563) data when available, or as a second

Figure 1. Arctic circumpolar map showing the location of the Zeppelin Observatory on Svalbard (red dot with black circle) and the four mean back-
trajectory clusters: Arctic Ocean (blue line), Europe (black line), Northern Siberia (red line), and Northern Greenland and Canada (green line). The
BC emission inventory for the year 2008 (Wang et al., 2014)17 is in gray scale (scale bar).
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choice, a scattering coefficient (525 nm) calculated using the
Mie theory on a measured aerosol number size distribution
between 5 and 800 nm.31 The PSAP-BC signals were converted
to an equivalent black carbon (EBC) metric to allow for a
comparison with literature-reported levels using a mass
absorption cross-section (MAC) of 10 m2/g.7,12,32,33 The
scattering Ångström exponent (SAE) and single-scattering
albedo (SSA) were derived from PSAP and nephelometer (for
the 550−700 nm wavelength pair) observations.
Carbon Isotope Analysis. The selected 16 aerosol high-

loading filter samples were combined into 14 samples or
composites for determination of their isotopic fingerprint
(Table 1). The EC fraction destined for offline isotopic analyses

was isolated and cryogenically trapped after conversion to CO2
using a modified Sunset Laboratory instrument, as previously
described.13 To remove water and halogen-containing gases,
which may interfere with the 14C−CO2 analysis protocol, these
coproduced gases were scrubbed online through magnesium
perchlorate and silver wool (heated to 550 °C), prior to the
cryotrapping in a glass vial suspended in liquid N2. The
collected CO2 was subsequently reduced to graphite, and the
carbon isotopic compositions (14C/12C and 13C/12C) were
measured at the US-NSF National Ocean Science Accelerator
Mass Spectrometry (NOSAMS) facility (Woods Hole,
MA).34,35 The 14C/12C and 13C/12C data were reported on
the Δ14C and δ13C scales, respectively.36

Through the commonly known effect of charring during the
anoxic phase of thermal−optical analysis, there is a possibility
that parts of the pyrolyzed OC fraction end up as pyrogenic
carbon (PC) in the EC fraction. This would lead to an
overestimation of the fraction of biomass burning, given that
OC is typically of mainly contemporary origin. The potential
total available amount of PC can be evaluated by comparing the
light attenuation of PC and EC during the TOT analysis (see
Table S3 and the Supporting Information text). This shows
that, after necessary correction for the relatively higher MAC of
PC compared to that of EC, PC and EC are present in roughly
equal amounts.37

To assess the potential effects of PC transfer into the EC
phase, we conducted an isotopic mass balance based sensitivity
analysis (see Table S4 and text in the Supporting
Information).13,20 From this estimate, we conclude that even
if the PC contribution to EC was as high as 25%, this would
lead to a maximum shift in relative biomass burning
contribution of 7%.

Hybrid Single Particle Lagrangian Integrated Trajec-
tory Back Trajectories. Back trajectories (BT) were
calculated using NOAA’s hybrid single particle Lagrangian
integrated trajectory (HYSLPLIT) model, software version
4.38−40 BT measurements of 5 days at two starting heights (474
and 1000 meters above ground level) were generated for every

Figure 2. (a) Multiyear annual-cycle PSAP absorption coefficient data
(a common metric for BC) for the Zeppelin Observatory based on
data from 2006 to 2012, with the 25th and 75th percentile (gray
shaded area) and median for 2006−2012 (black line) shown. The
figure shows that most of the 16 high-pollution event samples selected
for 13C/14C-EC analysis (red dots) represent PSAP-BC levels above
the long-term median. (b) Close up of the Jan−Mar study period.

Table 1. Concentrations and Isotope Measurements for 2009 Wintertime High-EC Loading Events at the Zeppelin Observatory,
Svalbarda

sampling start date sampling time δ13C Δ14C EC f bb EC OC OC/EC levoglucosan

DD.MM.YY [h] [‰] [‰] [%] [ng C m−3] [ng m−3]

06.01.09 22 −25.2 ± 0.1 159 ± 7 95 ± 2 153 ± 74 651 ± 99 4.2 1.7 ± 0.1
09.01.09 27 n/a −507 ± 5 40 ± 1 329 ± 72 797 ± 95 2.4 6.3 ± 0.3
10.01.09 24 n/a −367 ± 3 52 ± 1 362 ± 81 895 ± 108 2.5 5.1 ± 0.3
11.01.09 20 −27.0 ± 0.1 −27 ± 6 79 ± 1 283 ± 89 794 ± 114 2.8 9.8 ± 0.5
12.01.09 23 −25.8 ± 0.1 −521 ± 2 39 ± 1 309 ± 79 890 ± 108 2.9 3.4 ± 0.2
16.01.09 28 −27.9 ± 0.1 −468 ± 3 43 ± 1 496 ± 78 992 ± 102 2.0 8.9 ± 0.4
17.01.09 25 −27.5 ± 0.1 −426 ± 4 47 ± 1 179 ± 70 784 ± 100 4.4 10.4 ± 0.5
02.02.09 24 −23.9 ± 0.1 −476 ± 2 43 ± 1 174 ± 71 864 ± 105 5.0 7.7 ± 0.4
03.02.09 24 −24.7 ± 0.1 −67 ± 3 76 ± 1 236 ± 74 902 ± 107 3.8 7 ± 0.4
04.02.09 24 −20.1 ± 0.1 −64 ± 4 76 ± 1 196 ± 72 989 ± 111 5.0 7.6 ± 0.4
06.02.09 28 composite
07.02.09 25 −24.4 ± 0.1 201 ± 3 98 ± 1 90 ± 61 578 ± 86 6.5 4.1 ± 0.2
11.02.09 25 composite 2
13.02.09 30 −26.0 ± 0.1 −347 ± 2 53 ± 1 75 ± 58 387 ± 74 5.2 6.2 ± 0.3
20.02.09 66 −26.5 ± 0.1 −471 ± 6 43 ± 1 51 ± 25 253 ± 36 5.0 1.6 ± 0.1
03.03.09 23 −23.2 ± 0.1 −346 ± 4 53 ± 1 87 ± 68 540 ± 90 6.2 1.9 ± 0.1

aThe fraction biomass burning ( f bb) was calculated from the ambient Δ14C data using a biomass burning end-member of +225 ± 25‰.
Levoglucosan data was adapted from Yttri et al. (2014).28
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6 h during January, February, and March of 2009. These BTs
were sorted into four bins using cluster analysis: (I) Europe,
(II) North Siberia, (III) North Greenland and North Canada,
and (IV) the Arctic Ocean (Figure 1 and Figures S2−S6). The
geographical source region for each sample-collection period
was examined by overlaying the results from the BT cluster
analysis with the filter sampling periods (Figure 3). In addition,
16 BTs (8 days at 474 and 1000 meters above ground level)
were computed for every single sample (see Figures S7−S20).

Isotopic Mass Balance Equation. The fractional con-
tributions from biomass ( f bb) versus fossil ( f fossil = 1 − f bb)
sources to these Arctic EC samples were resolved from Δ14C by
an isotopic mass balance equation:14

Δ = Δ · + Δ · −f fC C C (1 )14
sample

14
biomass bb

14
fossil bb (1)

where Δ14Csample represents the radiocarbon signature in the
ambient samples. The Δ14Cfossil is −1000‰ by definition
because fossil carbon is completely depleted in radiocarbon.
The end-members for Δ14Cbiomass are dependent on the type
and age of the studied biomass. The most common wintertime
sources for biomass BC in the Arctic region is wood burning,
for which recent studies suggest using an end-member with a
Δ14C value ranging from +189 to +264‰ for typical Northern
tree species such as pine and birch.13,14,41−45 To account for
this variability in the biomass Δ14C end-member, we ran Monte
Carlo simulations to estimate the resulting uncertainties in the
calculated fraction biomass.46 By representing the biomass
Δ14C end-member as a normal distribution with a mean of
+225‰ and a standard deviation of 25‰, we find that this
variability results in an uncertainty in the calculated fraction
biomass by a maximum of 1% for the different samples.

■ RESULTS AND DISCUSSION
Meteorological Setting and Air Mass Character-

ization. The meteorology of the Zeppelin Observatory is
influenced by the Arctic Oscillation (AO).47,48 A positive AO
facilitates cyclonic conditions and hence is expected to enhance
wind transport from North America and Europe into the
Arctic.48,49 Overall, the year 2009 experienced negative values
in the AO. However, the samples addressed in the current
study were collected in a period when the AO was in a positive
phase or near zero. During the studied months of 2009, the air
masses arriving at the Zeppelin Observatory were binned into
four BT clusters: the Arctic Ocean (44% of the time), Europe
(27%), North Siberia (15%), and Northern Greenland and
Canada (14%) (Figure 1). The air masses for the herein
discussed samples, however, originated, in the nearest
preceding time, mainly from the Arctic Ocean cluster (53%)
(Figure 3), circulating for more than 5 days inside the Arctic
vortex. For these cases, a more in-depth discussion on
geographical origin is only possible by looking at single BTs
of more than 5 days (see single BTs in Figures S7−S20).

Levels of Carbonaceous Aerosols Observed at the
Zeppelin Observatory. Long-term records of EBC concen-
trations at the Zeppelin Observatory and other Arctic stations
reveal a strong seasonal variability, with enhanced levels during
the winter−spring “haze” periods.50,51 In addition to this
seasonality, there is also a strong variability of higher temporal
frequency (hours to days), with occasional “plumes” influencing
the observatory.7,52,53 The levels of the selected high-loading
samples of the present study were above a 6 year average
(2006−2012) of light-absorption-based PSAP-BC levels
(Figure 2). This is also reflected in the observed high EC
concentrations for the selected samples. The temporal trends in
EC (mass-based analyses) and the PSAP-BC observations
(direct optical metric) are in good agreement (R2 = 0.76). The
mean EBC concentration (70 ± 35 ng m−3) for the 16 samples
was higher than the annual mean (39 ng m−3) reported for the
Zeppelin Observatory for the period of 1998−2007,50 yet it is
comparable to the mean concentration reported for February
(80 ng m−3) during the same time period. February is typically
the month with the highest monthly mean BC levels at the
Zeppelin Observatory (Figure 2). Pollution events observed
during the Arctic haze period have frequently been shown to
reach higher concentrations (<300 ng m−3).50 The highest
observed short-term (hourly mean) EBC concentration
reported for the European Arctic winter in recent years is
850 ng m−3,52 whereas even higher values have been reported

Figure 3. Temporal variation in EC concentration and isotopic
composition during high-loading episodes at the Zeppelin Observatory
during the winter of 2009. (A) EC concentrations (crosses) of all 16
samples, where the error bars indicate analytical precision and
horizontal bars indicate sampling duration. The OC/EC ratios are
indicated with dots. The colored line corresponding to each data point
shows the attribution to source cluster in fractions. (B) 14C-based
fraction biomass burning ( f bb) of EC for 14 composites with error bars
(1 = 100% biomass). (C) Stable isotope (δ13C) data from 14
composites.
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for other parts of the Arctic.52 The observed EC concentrations
for the 16 high-pollution-episode samples (for sampling time,
see Table 1) have a mean concentration of 230 ± 120 ng C
m−3, ranging from 50 to 500 ng C m−3 (Figure 3). Organic
carbon (OC) concentrations have a mean value of 710 ± 230
ng C m−3, with a range from 250 to 990 ng C m−3 (OC values
are not blank-corrected).
δ13C and Δ14C Source Fingerprinting of High Arctic

EC. The carbon isotope signatures of EC provide observational-
based insights into the sources of BC. In particular, the Δ14C
signature facilitates a direct quantification of biomass versus
fossil sources (eq 1). The Δ14C values of all 14 composites
(composed of 16 samples) range between −521 and +201‰
(Table 1), corresponding to a fraction biomass burning ranging
from 39% to 98% (57 ± 21%; Figure 3). The two major groups
of samples or composites formed are, (I) slightly dominated by
fossil fuel combustion, with f bb values ranging from 39% to 53%
(46 ± 5%), and (II) strongly dominated by biomass burning,
ranging from 76% to 98% (85 ± 9%). However, there are no
clear temporal or geographical trends in the back trajectories of
these two groups. Both groups are represented in all four BT
source clusters. This highlights the complexity of BC in the
Arctic atmosphere, where the generally low BC levels may be
strongly influenced by point sources or occasional combustion
practices.
High levels of EBC dominated by wild and agricultural fires

have previously been reported for the Zeppelin Observatory.52

However, this is the first time that EC dominated by biomass
burning has been reported in winter, during which emissions
from residential heating are likely the major biomass burning
source. A pair of the samples or composites are enriched in
Δ14C to such an extent that their EC content appear to be
nearly exclusively originating from biomass burning, i.e., a f bb
value of 95% on January 6 and a f bb value of 98% on February 7
(Table 1). The chemical composition of these samples or
composites were very different from the others (for a complete
list of auxiliary chemical tracers, optical measurements, and
their values, see Tables S5 and S6). January 6 has the highest
biomass-indicative potassium/EC ratio of all samples (see
Figure S28) and low fossil-fuel-associated metal concentrations
(cadmium, lead, manganese, and vanadium). In addition, this
sample is characterized by low levoglucosan/EC (see Figure
S21) and SAE/SSA (see Figure S24) ratios. In contrast, the
composite collected on February 6 ( f bb = 98%) exhibited very
high ratios of typical anthropogenic trace metals (cadmium,
manganese, lead, and vanadium) to EC compared to those of
all other samples (see Figures S21−S32), while ratios of typical
biomass indicators such as potassium and levoglucosan were
low.54−56 Thus, the January 6 sample has the typical source
characteristics of a nonwood biomass burning source. A low
SAE/SSA ratio indicates large particles, typically representing a
local emissions source, potentially cigarette smoke. The very
high f bb (February 6) sample is characterized by typical
nonbiomass chemical features. We note that observations of
14C enrichment due to minute emissions of radiogenic
emissions from, e.g., nuclear reactors or the burning of 14C-
labeled medical research waste have been observed in the
North European atmosphere.57−59 Hence, it cannot be
excluded that the fbb value of 98% for this sample is somehow
affected by an admixture of a radiogenic source with artificially
high 14C/12C ratios and should be excluded from a final
(conservative) estimate of fbb. In either case, the inclusion or
exclusion of these two high-fbb samples or composites does not

significantly change the overall 14C-based source apportionment
results for the wintertime Zeppelin Observatory EC high-
pollution events; both fossil fuel and biomass combustion are
contributing substantially. Fraction biomass combustion is 57 ±
21% when the full 14 observations are taken into account, while
if these two 14C-rich plumes are excluded, the fraction biomass
burning becomes 52 ± 15%.
In addition to Δ14C, complementary information regarding

the sources of EC is available from the characterization of the
stable carbon isotopic signature (δ13C). For organic aerosols
the δ13C signature has recently been found to be highly
influenced by effects of atmospheric processing.21,25,26 In
contrast, one of the defining properties of EC (BC) is the
recalcitrance to chemical or physical transformations.60,61 The
δ13C-EC signal is thus changing much less during long-range
transport. As a consequence, the δ13C signature of EC is an
indicator of emissions sources.20 However, in contrast to Δ14C,
the end-member values for δ13C are not as well-constrained
because there are more than two distinct source classes that
have partially overlapping source profiles.
For the present study, the average value for all available δ13C

measurements is −25.2 ± 2.1‰, with a range from −20.1 to
−27.9‰ (Table 1). Considerable temporal variability in the
δ13C-EC signature is observed (Figure 3c), which is in
agreement with what has been reported by others in, e.g.,
Asia13,20,21 and North America.24 The mean δ13C-EC signature
for January (−26.7 ± 1.1‰) appears depleted relative to that
of February (−24.1 ± 2.0‰), pointing to a shift in combustion
sources, which in turn reflects a shift in the source regions. The
January signatures are consistent with a biomass burning
signature (i.e., C3 plant; 13C ≈ −26.7 ± 1.8‰)20 or potential
influences from gas-flaring activities (δ13C values from −36 to
−40‰),62 whereas the more enriched values from February
indicate the influence of coal combustion (δ13C ≈ −23.4 ±
1.3‰).20 Liquid fossil sources (e.g., petroleum, gasoline, and
oil) are characterized by intermediate values (δ13C ≈ −25.5 ±
1.3‰).20 The January samples or composites are mainly
influenced by the two clusters from the Arctic Ocean, and
Northern Greenland and Canada, while February samples are
dominated by the Arctic Ocean and the North Siberian clusters
(Figure 3). The February 4 δ13C signature (−20.1‰) is the
most enriched for all samples or composites. Even though it has
similar source regions as other samples (e.g., February 2, 3, and
6), it does not share their isotopic characteristics. Although
such values are not uncommon,20,24 it is not clear what source
this value would represent in the Arctic context.

δ13C/Δ14C-Based Statistical Source Apportionment of
High Arctic EC. Combining Δ14C and δ13C provides a
powerful tool for the investigation of sources. With the
exception of the highly 13C-enriched February 4 sample, all data
points fall reasonably well within the “source triangle” of the
expected three major sources: C3 plants, coal, and liquid fossil
fuels (Figure 4). There is considerable variability in both
isotope dimensions, yet no samples are observed with Δ14C
below −600‰ (corresponding to f bb = 33%), indicating
significant biomass burning contributions throughout, with an
average f bb value of 52 ± 15% (discounting the samples from
January 6 and February 6).
A recent study, coupling bottom-up BC emission inventory

with a transport model, suggests that gas-flaring activities, from
mainly the Kara Sea region in northern Russia, may account for
up to 42% of the year-round BC in the Arctic.28 Isotopes give
an opportunity to test the feasibility of a large contribution
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from gas flaring. The 2D carbon isotope signature of a sample
heavily influenced by gas flaring would be characterized by
depletion in both 14C and 13C (Δ14C ≈ −1000‰ and δ13C <
−30‰). The sample with the most-depleted δ13C signature
(−27.9‰), from January 16, also has the highest EC loading
(496 ng C m−3) and the lowest OC/EC ratio (2.0) but a 14C-
based fraction biomass of 43%, thus constraining a contribution
from all fossil fuel sources, including gas flaring, to 57% for this
sample. A BT analysis suggests air-mass transport from over the
Kara Sea region during this sampling period. This sample is
therefore consistent with a substantial gas-flaring component
mixed with a substantial wood-burning contribution, which is in
line with the comparably high levoglucosan/EC ratio (0.02;
Table 1).28 However, for the other 13 investigated samples, the
dual-carbon isotope characterization of EC suggests that there
are no major contributions from gas flaring.
The present dual-carbon isotope-based source character-

ization of EC at the Zeppelin Observatory targeted high-
loading periods that stand for a large fraction of the total BC
loadings of the high Arctic. The substantial variability between
individual observations in deduced sources is likely a
consequence of the overall low-loading regime, where single
plumes result in larger effects, as compared to receptor sites
with much higher overall loadings, where concentrations and
source signals are composed of a greater mixture of multiple
sources and, thus, overall much less variable.13,20,21 While these
events only covered 32% of the total sampling time (January
through March of 2009 at Zeppelin Observatory), they
contributed 74% of the total EC loading for the actual period.
Because it is believed that a substantial, if not the largest,
climate effect of BC in the Arctic is through the lowering of the
surface albedo by deposition on snow and ice,6,63,64 which
reflects the total BC loading, it is noteworthy that the
contribution from high-loading events is expected to be large.
This variability complicates modeling efforts based on bottom-
up emission inventories beyond their inherent challenges (e.g.,

of variable emission factors) because the comparably large
impact from events or point sources is difficult to capture
within the framework of existing geographically and temporally
coarse-grained resolved bottom-up emission inventories.
Nevertheless, here the high-loading events represent the
majority of the late-winter EC loading. The quantitative
constraint is that slightly more than half of the EC stems
from biomass combustion. Although year-round studies at pan-
Arctic locations are desirable as a next step, the current results
place improved constraints on the sources of BC to the high
European Arctic, which benefits both the studies of source-
dependent effects of BC on the regional Arctic climate and
provide an underpinning for the analysis of BC mitigation
efforts.
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Distinct oxidative stabilities of char versus soot black carbon:
Implications for quantification and environmental recalcitrance. Global
Biogeochem. Cycles 2006, 20 (2), GB2009.
(61) Hammes, K.; Schmidt, M. W. I.; Smernik, R. J.; Currie, L. A.;
Ball, W. P.; Nguyen, T. H.; Louchouarn, P.; Houel, S.; Gustafsson, Ö.;
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