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Abstract. The first multi-year contributions from organic
functional groups to the Arctic submicron aerosol are documented using 126 weekly-integrated samples collected
from April 2012 to October 2014 at the Alert Observatory (82.45◦ N, 62.51◦ W). Results from the particle transport model FLEXPART, linear regressions among the organic and inorganic components and positive matrix factorization (PMF) enable associations of organic aerosol components with source types and regions. Lower organic mass
(OM) concentrations but higher ratios of OM to non-sea-salt
sulfate mass concentrations (nss-SO=
4 ) accompany smaller
particles during the summer (JJA). Conversely, higher OM
but lower OM / nss-SO=
4 accompany larger particles during
winter–spring. OM ranges from 7 to 460 ng m−3 , and the
study average is 129 ng m−3 . The monthly maximum in OM
occurs during May, 1 month after the peak in nss-SO=
4 and
2 months after that of elemental carbon (EC). Winter (DJF),
spring (MAM), summer and fall (SON) values of OM / nssSO=
4 are 26, 28, 107 and 39 %, respectively, and overall
about 40 % of the weekly variability in the OM is associated
with nss-SO=
4 . Respective study-averaged concentrations of
alkane, alcohol, acid, amine and carbonyl groups are 57, 24,
23, 15 and 11 ng m−3 , representing 42, 22, 18, 14 and 5 %
of the OM, respectively. Carbonyl groups, detected mostly
during spring, may have a connection with snow chemistry.
The seasonally highest O / C occurs during winter (0.85) and
the lowest O / C is during spring (0.51); increases in O / C
are largely due to increases in alcohol groups. During winter, more than 50 % of the alcohol groups are associated with
primary marine emissions, consistent with Shaw et al. (2010)
and Frossard et al. (2011). A secondary marine connection,

rather than a primary source, is suggested for the highest
and most persistent O / C observed during the coolest and
cleanest summer (2013), when alcohol and acid groups made
up 63 % of the OM. A secondary marine source may be a
general feature of the summer OM, but higher contributions
from alkane groups to OM during the warmer summers of
2012 (53 %) and 2014 (50 %) were likely due to increased
contributions from combustion sources. Evidence for significant contributions from biomass burning (BB) was present
in 4 % of the weeks. During the dark months (NDJF), 29,
28 and 14 % of the nss-SO=
4 , EC and OM were associated
with transport times over the gas flaring region of northern
Russia and other parts of Eurasia. During spring, those percentages dropped to 11 % for each of nss-SO=
4 and EC values, respectively, and there is no association of OM. Large
percentages of the Arctic haze characterized at Alert likely
have origins farther than 10 days of transport time and may
be from outside of the Eurasian region. Possible sources of
unusually high nss-SO=
4 and OM during September–October
2014 are volcanic emissions or the “Smoking Hills”’ area of
the Northwest Territories, Canada.

1

Introduction

The high rate of Arctic warming (e.g., AMAP Assessment,
2015) has led to considerable interest in the role of lightabsorbing components of the atmospheric aerosol (e.g., Sand
et al., 2015). At the same time, the net impact of the aerosol
to Arctic climate has been suggested to be one of cooling
(Najafi et al., 2015). With continued Arctic warming, more
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open water may lead to more precipitation (Kopeca et al.,
2016) and industrialization of the Arctic. Correspondingly,
contributions from anthropogenic and natural emissions to
the Arctic aerosol are expected to change, underscoring the
need to strengthen our knowledge of the Arctic aerosol in
order to offer more constraints to models and enable better
estimates of the impact of aerosol particles on Arctic climate
now and in the future.
Anthropogenic pollution in the Arctic, or Arctic haze, increases during winter and remains elevated until about midspring due to shortened transport times from southern pollution sources and reduced deposition by precipitation (Rahn
et al., 1977; Shaw, 1983; Barrie, 1986; Stohl, 2006; Law
and Stohl, 2007; Quinn et al., 2007). Stohl (2006) showed
that Arctic air near the surface spends about 1 week north
of 80◦ N in the winter and 2 weeks north of 80◦ N in the
summer. Below about 2 km, Europe and northwestern Asia,
or Eurasia, define the dominant source region for pollution
north of 80◦ N during January and February, while contributions from south/central Asian sources become dominant above 5 km (Stohl, 2006). Simulations by Fisher et
al. (2011) suggest sources of sulfate at the world’s northernmost continuous aerosol observatory situated on the shore
of the Arctic Ocean (Alert, Nunavut, Canada) are dominated
by west Asia/Siberia, Europe, oxidation of dimethyl sulfide
(DMS) and volcanism during January and February, and by
DMS oxidation, Europe, east Asia, North America and west
Asia/Siberia during March and April. Simulations of black
carbon (BC) by Stohl et al. (2013), Qi et al. (2017) and Xu
et al. (2017) attribute 25–40 % of the winter BC and about
20 % of the spring BC at Alert to gas flaring in Russia, with
eastern and southern Asia making contributions to the BC of
about 20 % in January and about 40 % in April.
The summertime Arctic aerosol has a stronger association with transport from ocean regions than continental regions (Stohl, 2006), and it was once postulated as a representation of the background aerosol of the Northern Hemisphere (Megaw and Flyger, 1973). Understanding the natural
components of the Arctic aerosol is as important for climate
as understanding the anthropogenic components (Carslaw et
al., 2013). For example, the impact of new particle formation from natural source emissions on summertime Arctic
clouds has been estimated to cool the Arctic atmosphere by
0.5 W m−2 (Croft et al., 2016).
Since aerosol composition measurements began in the
Arctic about four decades ago, when the average composition
of the submicron aerosol during winter–spring was estimated
to be 2 µg m−3 of sulfate, 1 µg m−3 of organic compounds,
0.3–0.5 µg m−3 of BC and a few tenths of a µg m−3 of other
substances (Rahn and Heidam, 1981), sulfate and equivalent BC (BC estimated from particle light absorption) during
winter–spring have declined at three of the four northernmost observatories: Alert, Nunavut; Mount Zeppelin, Svalbard; Station Nord, Greenland (Heidam et al., 1999; Hirdman et al., 2010). There have been no significant trends in
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either sulfate or BC at the observatory in Barrow, Alaska
(Hirdman et al., 2010). Although measurements of methane
sulfonic acid (MSA) from 1980 to 2009 show no net change
in MSA at Alert (Sharma et al., 2012), MSA did increase
from 2000 to 2009 associated with the northward migration
of the marginal ice zone (Quinn et al., 2009; Sharma et al.,
2012; Laing et al., 2013). Of the four northernmost observatories, the highest MSA concentrations are measured at
Mount Zeppelin, likely due to its proximity to the waters between Greenland and northern Europe, that are a significant
source of DMS from May to August (e.g., Lana et al., 2011).
Observations of organic components of the Arctic aerosol,
aside from MSA, are varied in detail, location and continuity. Shaw et al. (2010) found that the total organic mass
(OM) concentrations over 1 year at Barrow ranged from
0.07 µg m−3 in summer to 0.43 µg m−3 in winter. Their organic functional group (OFG) analyses showed the winter–
spring OM consisted primarily of alkane and carboxylic acid
groups from combustion sources and carbohydrate-like substances hypothesized to be from sea spray in spring and
frost flower formation associated with new sea ice formation in winter (Shaw et al., 2010; Russell et al., 2010). Marine sources further contribute to OM in spring and summer
through emissions of biogenic volatile organic compounds
(BVOCs; e.g., isoprene and terpenes) that are oxidized in the
atmosphere (Fu et al., 2009a), oxygenated VOCs (OVOCs;
Mungall et al., 2017) and trimethylamines (Köllner et al.,
2017) as well as from direct emissions of sea spray (Russell et al., 2010; Frossard et al., 2011, 2014). During winter
and early spring, much of the OM may come from Eurasian
fossil fuel sources (e.g., Behrenfeldt et al., 2008; Nguyen
et al., 2013; Barrett et al., 2015), and it is mixed with sulfates and nitrates (Weinbruch et al., 2012). Organic acids
and organosulfates measured in samples from Station Nord
suggest that OM during October to April is from distant anthropogenic sources, whereas the year-round presence of organic sulfates in samples collected at Mount Zeppelin indicates contributions from local sources as well as long-range
transport (Hansen et al., 2014). Tracers of secondary organic
aerosol (SOA) production from BVOC oxidation have been
found in the late spring and summer at Alert (Fu et al., 2009a,
b) and in the Arctic marine boundary layer (Hu et al., 2013).
During May–September, organic acids at Station Nord suggest evidence of a relatively high biogenic influence (Hansen
et al., 2014). Summer observations from ships in the central
Arctic Ocean (Chang et al., 2011) and the southeast Beaufort Sea (Kawamura et al., 2012), as well as spring samples
from Alert (Fu et al., 2015), indicate OM from both marine
and continental sources. Fu et al. (2013) quantified 5 % of
the sampled OC, and found the largest organic compound
class was primary saccharides from marine emissions (Russell et al., 2010) followed by secondary organic groups likely
formed from the oxidation of isoprene and terpenoids. The
snow pack is another potential source of organic precursors
(e.g., Grannas et al., 2002; Kos et al., 2014).
www.atmos-chem-phys.net/18/3269/2018/
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Figure 1. Map showing Alert and identifying regions referenced in FLEXPART analysis: (1) north-central Russia; (2) southeast Asia;
(3) India; (4) western Russia; (5) the Middle East; (6) Europe; (7) northwest Russia; (8) eastern North America; (9) the Canadian Oil Sands;
(10) Iceland and surrounding waters; Canadian Northwest Territories (NWT).

Reported here are the first multi-year measurements of
organic aerosol composition in combination with particle
size distributions above 80◦ N. A total of 126 weeklyaveraged observations of submicron-particle chemistry and
particle microphysics made at the Dr. Neil Trivett Global
Atmospheric Watch Observatory at Alert, Nunavut (82.5◦ N,
62.5◦ W; elevation 210 m a.m.s.l.; Fig. 1) from April 2012 to
October 2014 are used to explore the relative contributions
of OM to the particle size distributions and the seasonal contributions to the aerosol from OFG and offer new observations for model evaluation. The 10-day back-trajectory analyses using FLEXPART, regression analyses and positive matrix factorization (PMF) enable some associations of organic
aerosol components with source types and regions.

2
2.1

Methods
Instrumental methods

Routine outdoor high-volume samples of total suspended
particles have been collected at Alert for inorganic chemistry
since 1980 (e.g., Barrie and Hoff, 1985); those filters are not
used here. In March 2011, two filters in stainless steel holders were introduced inside the observatory, each set behind a
cyclone with a 1 µm cut diameter: a Teflon filter for inorganic
analysis and a quartz filter for organic carbon (OC) and elemental carbon (EC). Those samples are also integrated over a
week to ensure detectable levels. A number of other measurements were also introduced at Alert in March 2011, including
particle number size distributions and hourly averaged nonrefractory particle composition. As a special study, weekly
collections of particles smaller than 1 µm on Teflon filters
were made for OFG analysis by Fourier transform infrared
(FTIR) spectroscopy. The OFG samples began in April 2012
and ended in October 2014, setting the temporal boundaries
for the present work.
The aerosol is drawn into the laboratory through an insulated sampling stack, which is a vertically oriented 10 cm
diameter stainless steel (SS) tube. The intake is about
www.atmos-chem-phys.net/18/3269/2018/

10 m above ground, and the flow rate is approximately
1000 L min−1 . The aerosol is sampled out of that tube nearer
the center of the flow stream using one of six 0.95 cm SS
tubes inserted about 30 cm up from the tube base. From
there, ambient particles are delivered to the sampling devices mostly via stainless steel tubing with some limited use
of other conductive tubing. The residence times of particles
from outside to their measurement point range is less than
3 s, leading to some warming of the aerosol and reduction in
relative humidity (RH).
The Teflon filters for inorganics and quartz filters for OC
are sampled at a flow rate of 27 L min−1 . The Teflon filters
are analyzed for major inorganic ions as well as oxalate and
MSA by ion chromatography (IC). Details of the analytical
methods and quality control remain the same as described
by Li and Barrie (1993). The quartz filters are analyzed for
OC and EC by thermal volatilization using three temperature
steps, as discussed by Huang et al. (2006), Chan et al. (2010)
and Sharma et al. (2017). Here, OC from this thermal method
(hereafter TM-OC) is based on the sum of OC at 550 ◦ C and
pyrolyzed OC (POC) at 870 ◦ C. Rationale for including POC
comes from isotopic analyses indicating little or no carbonate
in the samples. In addition, POC has been found to correlate
with OC and water-soluble OC (Chan et al., 2010).
The Teflon filters for OFG analyses were housed in a
wooden box outside of the observatory at ambient temperature to reduce the potential for volatilization. For better compatibility with the other measurements, the aerosol was still
sampled out of the main tube with a 0.95 cm SS tube leading
from the bottom of the main tube back outside to the wooden
box. Flows through the OFG were approximately 8 L min−1 ,
and it is assumed that the 1–2 s the aerosol resided inside the
tube within the laboratory was insufficient to volatilize organic components. Also, for the relatively low ambient temperatures, the OM may be present in solid form (Zobrist et
al., 2008), reducing volatilization potential. After exposure,
all filters were transferred to storage vessels in a cold area
of the observatory and then stored in a freezer at −19 ◦ C until shipped to ECCC in Toronto where the IC and OC / EC
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analyses were conducted. The OFG filters were shipped to
Scripps Institution of Oceanography for the OFG analysis.
All samples were shipped in insulated coolers with freezer
packs to minimize potential for volatilization and bacterial
influence.
Prior to the OFG analysis by FTIR spectroscopy, the filters
were equilibrated in a temperature- and humidity-controlled
cleanroom environment for 24 h. The filters are stored in
sealed petri dishes held below 0 ◦ C until they are moved
from the freezer into the cleanroom for 24 h prior to measurement in the FTIR spectrometer. The cleanroom is maintained at 20 ◦ C and < 40 % relative humidity. A continuous
N2 purge is used in the spectrometer. There is no evidence
that the composition changes measurably during the freezer
storage or cleanroom equilibration. FTIR sample spectra
were measured with a Tensor 27 spectrometer (Bruker, Billerica, MA). The spectra were baselined and fitted with peaks
to identify OFG using the method described by Maria et
al. (2003), Russell (2003), Russell et al. (2009) and Takahama et al. (2013). Processed in that way, the FTIR spectra provide OFG mass concentrations, including alkane, carboxylic acid, organic hydroxyl, primary amine, carbonyl,
alkene and aromatic groups, through chemical bond-based
measurements in atmospheric particles collected on a substrate (Russell et al., 2009). Alkene, aromatic, organosulfate
and organonitrate groups were below detection limit for all
samples. Ketone and other non-acid carbonyl group contributions are estimated from a comparison of moles of carboxylic C-OH groups and carbonyl groups quantified; nonacid carbonyl groups (which can be present in esters, aldehydes and ketones) are determined by the moles of carbonyl
present in excess of quantified moles of carboxylic C-OH
groups. The moles of carboxylic C-OH and carbonyl groups
for which carbonyl was not determined to be in excess had
a correlation coefficient (r) of 0.84 and a regression slope
of 1.0. The non-acid carbonyl is determined to be ketonic
rather than aldehyde carbonyl, as absorption bands between
2700 and 2860 cm−1 indicative of aldehydic hydrogen were
not observed in the Alert spectra. Further details regarding
the interpretation of spectra for apportioning absorbance to
moles of bond or functional group, with respective detection limits, are provided by Maria et al. (2003) and Russell et
al. (2009). Estimation of mass from these quantities is based
on Russell (2003), where moles of measured bonds are converted to the moles of comprising atoms, and values of OM
are calculated from the sum of moles of atoms multiplied by
their respective molecular weights. The uncertainty in OM
has been calculated to be ±23 % (Russell, 2003).
Particle size distributions from 20 to 500 nm diameters
at Alert are measured with a TSI 3034 scanning mobility
particle system (SMPS). Sizing and concentrations of the
SMPS are verified on site using monodisperse particles of
polystyrene latex and of ammonium sulfate size selected by
differential mobility using a TSI 3081 differential mobility
analyzer (DMA). Particle size distributions from 500 nm to
Atmos. Chem. Phys., 18, 3269–3287, 2018

10 µm are measured with a Grimm model 1.109 optical particle counter (OPC).
Measurements of the half-hour-averaged non-refractory
chemical components of particles smaller than 700 nm vacuum aerodynamic diameter (VAD) were made with an Aerodyne Research Inc. aerosol chemical speciation monitor
(ACSM) (Ng et al., 2011). On-site calibrations of the ACSM
are done with nearly monodisperse particles of ammonium
nitrate size selected using the DMA. The 1 h averaged measurements of sulfate, nitrate and total organics are available
only for February to November 2013. The sulfate estimated
from the ACSM uses an updated relative ionization efficiency
(e.g., Budisulistiorini et al., 2014).
Vehicles normally park about 700 m from the observatory.
For construction at the site, or if a vehicle must drive to it, the
filter sampling is turned off. Microphysical data are excluded
when the wind direction is from 0 to 45◦ true north and for
periods of short events (e.g., garbage burning at Alert station, vehicles in the vicinity) to reduce potential contamination from the Alert station approximately 8 km from the site.
As shown in the Supplement (Fig. S1), the impact of potential station influence on concentrations of particles from 100
to 500 nm is negligible and quite small for all sizes measured
with the SMPS. There is no reason to expect significant contamination of the filter samples.
2.2

Comparison of instrumental methods

In addition to TM-OC, OC is calculated from the OFG analysis following Russell et al. (2009). Time series of both are
shown in Fig. S2a. For 114 weeks across the study with coincident TM and OFG samples, the mean TM-OC and OFGOC are 113 ± 25 and 68 ± 16 ng m−3 , respectively. These
means are slightly outside the uncertainties, suggesting that
TM-OC is significantly higher than OFG-OM. Higher TMOC may occur due to adsorption of VOCs by the quartz filters
used in the TM analysis relative to the Teflon filters used in
the OFG sampling (e.g., Watson and Chow, 2002). Regression of OFG-OC with TM-OC (Fig. S2b) has a slope of 0.54
and a coefficient of determination (hereafter CoD) of 0.30.
OM derived from the ACSM (ACSM-OM) is limited to
23 weeks during 15 February 2013 to 6 November 2013,
and there are 21 weeks with corresponding ACSM and OFG
filter data. The collection efficiency of the ACSM can be
a large source of uncertainty. Unless strongly acidic, particles comprised of OM or SO=
4 may tend to be more solid
at the lower Arctic temperatures, and that will increase the
frequency of bounce off the oven before volatilization (e.g.,
Middlebrook et al., 2012). The ACSM will underestimate
in comparison with filters cut at 1 µm diameter due to reduced particle transmission efficiency above about 500 nm
geometric diameter (Liu et al., 2007), and refractory components (e.g., NaCl) go undetected. Also, whereas the filter
samples are integrated over 1 full week with relatively little interruption, some ACSM data are interrupted over the
www.atmos-chem-phys.net/18/3269/2018/
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course of a week due to instrument problems, inlet zeroes
and other disruptions of the instrument sampling line. Crystalline (NH4 )2 SO4 measured with an ACSM in the laboratory has a CE closer to 0.25. Here, two estimates of the CE
are considered. Following Quinn et al. (2006), the ACSM
sulfate is compared with the filter sulfate to derive a CE for
each weekly average: the mean of 21 CE estimates is 0.21.
The lower CE values may be due in part to the presence of
sulfate in particles larger than 500 nm, which could be significant based on Fig. 3. Also, we consider a constant CE of
0.5, which has been derived or assumed in many previous
studies with AMSs and is typical of organic-dominated particles (Middlebrook et al., 2012). A comparison of time series of OFG-OM, TM-OC and ACSM-OM (sulfate-based CE
and 0.5 constant) for the period of ACSM data is shown in
Fig. S2c. The OFG-OM and the ACSM-OM compare within
viable ACSM collection efficiencies. Linear regressions of
OFG-OM with ACSM-OM for the sulfate-based CE and the
constant CE of 0.5 have slopes of 0.52 (CoD = 0.64) and 1.16
(CoD = 0.46), respectively.
Volume estimates from the filter measurements, the SMPS
(< 500 nm) and the SMPS plus OPC (500–1000 nm) are compared in Fig. S2c. The volume estimates from the filter mass
concentrations are calculated following Eq. (1):
=
Filter volume = (OFG-OM/1.2) + NO−
3 + SO4


+
+NH+
4 /1.8 + (Na /2.16) + (EC/2.0),

(1)

where the denominators are the assumed component densities in g cm−3 . Linear regressions of the SMPS volumes and
the SMPS+OPC volumes versus the filter volumes through
the origin have respective slopes of 0.68 and 0.84, and CoDs
of 0.87 and 0.83 (p < 0.01). The differences in slopes suggest
that, on average, approximately 25 % of the particle volume
is found in the 500–1000 nm particles. Ideally, the slope of
SMPS + OPC versus filter volume should be 1. The lower
value of 0.84 here may result from a number of issues, including relatively more particles larger than 1 µm sampled
through the cyclones ahead of the filters versus the OPC 1 µm
definition, assumption of particle sphericity for the SMPS
volume estimates and the density assumptions in Eq. (1).
Overall, the OFG-OM compares with the other methods
for measuring the organic aerosol. The combined inorganic
and OFG-OM particle volume concentration estimates compare reasonably with the volume estimates from the microphysical measurements. Hereafter, only the OFG-OM is
used, and OM refers to OFG-OM.
2.3
2.3.1

FLEXPART and PMF
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teorological fields were driven with ERA-Interim reanalysis
data (Dee et al., 2011) at a spatial resolution of 1◦ × 1◦ and
60 vertical levels. Parcels were released at noon each day
of the period from the Alert observatory location in a 4 m
layer centered at 10 m above the observatory, the approximate height of the sampling intake. The switches were set so
the response function (the trajectory output) was in units of
seconds and could therefore be summed over geographic regions. This method provides information on how long a parcel of air spent over a region with no consideration for loss
processes or chemical transformation. The residence times
of the trajectories were aggregated by geographic region, as
shown in Fig. 1, for each month of the analysis period.
2.3.2

Positive matrix factorization

PMF has been used with FTIR measurements of atmospheric
aerosols to separate contributions from different sources at
various locations from polar to equatorial regions (Russell
et al., 2009, 2011). PMF of the 126 PM1 mass-weighted
FTIR spectra using scaling factor matrices calculated from
baselining errors with outliers downweighted during fitting
processes (as described in Russell et al., 2009) for “fpeak ”
rotational values of ±1, ±0.8, ±0.6, ±0.4, ±0.2 and 0 resulted in nearly identical factors. The fpeak value of 0 was
used because it had the minimum Q/Qexpected , a mathematical diagnostic that describes the accuracy of the PMF fit
(Paatero et al., 2002). Seed values of 0 to 100 (varied by 10)
showed the consistency of the solutions. For two-factor to
six-factor solutions, Q/Qexpected decreased with increasing
number of factors, indicating that the measured spectra were
a better fit with more factors. However, solutions with 5 or
more factors included factors that had too small a fraction of
the average mass to be well represented by the 126 spectra
data set (≤ 5 % OM), did not correlate to any source markers and had degenerate or unrealistic spectra. The four-factor
solution was identified as the best solution because solutions
with fewer factors had higher Q/Qexpected and did not sum
to reproduce the original spectra as well.
2.4

Calculation of sea-salt and non-sea-salt quantities

The factors 0.037 × Na+ and 0.251 × Na+ are used to re+
move the respective sea-salt components of SO=
4 and K
+
(e.g., Keene et al., 1986), where Na is the total. Subsequently, a factor of 1.15 × (nss-K+ ), based on the average
mass ratio of Na to K in the Earth’s crust, is subtracted from
the Na+ to estimate a sea-salt Na+ (ss-Na+ ). No iteration is
done because the average mass concentration of nss-K+ was
only 11 % of Na+ .

FLEXPART

The Lagrangian particle dispersion model, FLEXPART 8.2
(Stohl, 2006 and references therein), was used to construct
10-day back trajectories from the Alert station during the period of investigation (April 2012 to October 2014). The mewww.atmos-chem-phys.net/18/3269/2018/

Atmos. Chem. Phys., 18, 3269–3287, 2018

W. R. Leaitch et al.: Organic functional groups in the submicron aerosol at 82.5◦ N, 62.5◦ W

3274

Table 1. Seasonal mass concentrations (ng m−3 ); statistics based on 126 weekly concentrations∗ .
Period

OM

Alkane
groups

Alcohol
groups

Acid
groups

Amine
groups

Carbonyl
groups

O/C

MSA

nss-SO=
4

EC

NH+
4

ss-Na+

nss-K+

0.85
0.51
0.70
0.59
0.65

0.9
6.5
5.4
2.2
4.0

510
790
60
260
380

43
36
12
15
25

51
102
17
13
44

74
61
3
28
37

6
7
1
1
3

0.72
0.46
0.49
0.51
0.51

0.8
4.4
5.2
1.7
2.5

540
730
44
88
192

22
34
6
13
16

47
87
12
7
27

65
39
2
5
15

6
7
0
0
2

Averages
Winter (DJF)
Spring (MAM)
Summer (JJA)
Fall (SON)
All

132
220
65
104
129

46
106
31
44
57

35
33
12
20
24

24
40
14
14
23

22
22
6
15
16

6
23
2
12
11
Medians

Winter (DJF)
Spring (MAM)
Summer (JJA)
Fall (SON)
All

120
240
44
74
88

23
107
20
34
37

27
22
9
10
13

10
23
9
9
11

20
19
4
8
9

0
0
0
0
0

∗ Zero is used for samples below detection limit (DL), including the 99 samples with carbonyl below DL. Median values of zero are below DL.

1800

Filter-based chemistry and particle microphysics

Time series of weekly-average temperature, non-sea-salt
+
sulphate (nss-SO=
4 ), sodium (Na ), EC and OM covering
10 April 2012 to 14 October 2014 are shown in Fig. 2,
where increased levels of nss-SO=
4 and OM during winter–
spring coincide with the lower temperatures. Seasonal averages and medians of the mass concentrations of OM, functional groups, major inorganic ions and EC are given in Table 1. OM ranges from 7 to 460 ng m−3 over the entire sampling period, which corresponds closely with observations
over 1 year at Barrow, Alaska (Shaw et al., 2010). Average
OM is 26, 28, 107 and 39 % of the average nss-SO=
4 during
winter (DJF), spring (MAM), summer (JJA) and fall (SON),
respectively. The springtime increase in nss-SO=
4 relative to
winter has been linked to an increase in photochemistry during the light period (Barrie et al., 1994). A decrease in the
mean EC and smaller increase in median EC than OM from
dark to light (i.e., winter to spring), suggests that the roughly
70 % increase in OM results more from secondary processes
following polar sunrise rather than primary emissions.
Seasonally, OM and nss-SO=
4 were lowest during the summer, with the lowest overall during the summer of 2013
(median of 31 and 33 ng m−3 , respectively). Median OM
−3
and nss-SO=
4 during 2012 were 64 and 63 ng m , respec−3
tively, and 50 and 42 ng m , respectively, during 2014. The
summer median and average OM vary according to the average summer temperatures of +3.4 ◦ C for 2012, −0.4 ◦ C
for 2013 and +1.9 ◦ C for 2014. Median EC was also highest for the warmer summer of 2012: 23 ng m−3 for 2012,
4 ng m−3 for 2013 and 5 ng m−3 for 2014. Such variation is
consistent with greater influence from southern latitudes that
offers more temperature-dependent emissions (e.g., vegetaAtmos. Chem. Phys., 18, 3269–3287, 2018
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Figure 2. Time series of temperature and weekly-integrated mass
+
concentrations of OM, EC, nss-SO=
4 and Na for the study period:
10 April 2012 to 14 October 2014.

tive sources or biomass burning). Similarities in MSA and
ss-Na+ among the three summers (respective MSA and ssNa+ median ranges: 5–7 and 2–4 ng m−3 ) suggest a relative
steady marine influence with a lower sea spray component
compared to the higher ss-Na+ during winter.
OM and nss-SO=
4 from 16 September 2014 to 13 October 2014 (220 and 1000 ng m−3 , respectively) were much
higher than typically observed at Alert during that period:
during the same periods in 2012 and 2013, respective OM
was 77 and 55 ng m−3 and respective nss-SO=
4 was 38 and
55 ng m−3 . EC was not higher during September and October of 2014 (10 ng m−3 ) compared with 2012 (15 ng m−3 )
and 2013 (10 ng m−3 ).
Figure 3 shows weekly-averaged particle volume concentrations of sub-500 nm particles (SMPS only) and subwww.atmos-chem-phys.net/18/3269/2018/
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Figure 3. Scatter plot of volume concentrations, ratio of OM to the
+
=
sum of other measured chemical components (NO−
3 , SO4 , NH4 ,
Na+ and EC) and particle sizes (from SMPS) as a function of
=
the “sum” of all major chemical components (OM, NO−
3 , SO4 ,
+
+
NH4 , Na and EC). Volume concentrations are shown for particles
< 500 nm diameter (SMPS only) and particles < 1000 nm diameter
(SMPS + OPC). Values of OM/sum are averaged over successive
10 values of the “sum” to reduce scatter. The error bars represent the
range of values of OM/sum for each 10-point average. The dashed
curve is the volume versus mass concentration for a constant density of 1.35 g cm−3 calculated using Eq. (1) as the average for the
lower mass concentration points (< 0.25 µg m−3 ).

1000 nm particles (SMPS + OPC) versus the sums of the
mass concentrations of the major submicron filter con+
=
+
stituents (OM, NO−
3 , nss-SO4 , NH4 , Na and EC). Also
shown are the weekly-averaged volume-weighted mean diameters (VMDs) for the distributions below 500 nm and
the OM fraction of the total submicron filter mass concentrations. The OM fraction is shown as an average of 10point intervals of successive mass concentrations, due to relatively high scatter among the weekly points as indicated
by the error bars. The volume concentrations approach the
1.35 g cm−3 density curve (dashed line) at lower mass concentrations as the OM fraction increases; 1.35 is the average
of the densities calculated as the average of the submicron filter mass concentrations less than 0.25 mg m−3 using Eq. (1).
At higher mass concentrations, the sub-500 nm volume deviates increasingly from the 1.35 g cm−3 curve due in part to
the presence of increasing amounts of material in particles
larger than 500 nm, confirmed by the sub-1000 nm volume
points, and in part due to an increase in density mostly as
a result of the higher nss-SO=
4 fractions. The OM fraction
increases with lower volume concentrations and for volume
size distributions skewed towards smaller particles: OM is
a higher fraction of smaller particles in cleaner air. As discussed in Sect. 3.4, about 40 % of the weekly variability in
OM is associated with nss-SO=
4.
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Functional groups and oxygenation

Time series of the functional group relative contributions to
OM are shown in the bottom panel of Fig. 4; OM is the sum
of the five functional groups. Alkane, alcohol, acid, amine
and non-acid carbonyl groups account for 42, 22, 18, 14
and 5 % of the overall mean OM (129 ng m−3 ), respectively.
Concentrations of the acid groups (Table 1) are consistent
with Kawamura et al. (2012), who found diacid concentrations generally less than 30 ng m−3 over the Arctic Ocean in
summer. Time series of O / C and OM are shown in the top
panel of Fig. 4. The O / C is calculated from the OFG as described by Russell et al. (2009). Variations in the ACSM ratio
of m/z 44 to m/z 43 (see Fig. S3) are an expression of the
degree of OM oxygenation (e.g., Ng et al., 2010). Over the
limited range of ACSM data, the 44/43 variations are generally consistent with those of the O / C.
Monthly averages of OM, the functional groups, EC and
nss-SO=
4 are shown in Fig. 5a. Seasonal patterns of most pollutants in the Arctic are generally well known (e.g., Quinn et
al., 2007). Here, the most unique observation is the maximum in OM in May, 1 month after that of nss-SO=
4 , which is
1 month after the maximum in EC; the OM offset is present
in each of the three springs sampled and is not a result of
averaging. The peak in OM is largely due to increases in
alkane and acid groups. Figure 5b shows monthly-averaged
+
OM plotted with the ratio of OM to nss-SO=
4 , ss-Na , MSA,
the seasonal pattern of incident solar irradiance (as a percentage of the yearly total) and O / C (multiplied by 10). The OM
peak is coincident with the maximum in MSA and decreasing ss-Na+ , suggesting that the May peak in OM may be
partly influenced by secondary processes associated with marine sources. The maximum in OM / nss-SO=
4 occurs in August, which is also when new particle formation at Alert is a
maximum (Leaitch et al., 2013; Freud et al., 2017). The O / C
August peak is entirely due to the summer of 2013: August
O / C is 0.47 in 2012, 1.67 in 2013 and 0.53 in 2014 (also,
see Sect. 3.4). Seasonally averaged O / C is highest during
winter at 0.85, which is at the upper end of values commonly
observed in the atmosphere (e.g., Aiken et al., 2008). The average spring O / C of 0.51 is seasonally lowest. That would
seem to contrast with the increase in photo-oxidation potential following polar sunrise, but the differences among the
seasons suggests sources may be more important here.
3.3

Potential source regions

Here, air parcel times over specific regions, derived from the
particle trajectory model FLEXPART, are associated with the
chemical components of the particles. Times are defined as
percentages per month within 100 m of the surface over a geographic region during the 10 days prior to reaching Alert.
The identified regions, shown in Fig. 1, were mostly selected
to coincide with higher anthropogenic emissions based on
the NASA Ozone Monitoring Instrument (OMI) SO2 emisAtmos. Chem. Phys., 18, 3269–3287, 2018
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sions map (http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/
OMI; Krotkov et al., 2016) with two exceptions: Region 10
(Iceland and surrounding waters) was isolated because of
emissions from volcanic fissure eruptions on Iceland, specifically the Bárðarbunga volcano during late 2014 (e.g., Gauthier et al., 2016; Schmidt et al., 2015; McCoy and Hartmann, 2015); the Canadian Northwest Territories (NWT) region was included because it is a potential source of biomass
burning (BB) aerosol to Alert during summer and it includes
the Smoking Hills region of continuously burning lignite deposits at approximately 69.5◦ N, 126.3◦ W (e.g., Macdonald
et al., 2017). Percentages of time spent over Regions 1–10
are shown in Fig. 6; relative times over NWT are shown in
Fig. S4.
Regressions of chemical concentrations with time over regions were done for weekly- and monthly-averaged values.
Figure 7a shows time series of weekly-averaged concentrations of the dominant chemical component (nss-SO=
4 ) and
percentage of time spent over the dominant region (Region 1;
see Fig. 6). Region 1 includes emissions from gas flaring that
are believed to be a significant source of BC to the high Arctic (e.g., Stohl et al., 2013; Sand et al., 2013; Qi et al., 2017;
Xu et al., 2017). Figure 7b shows the monthly-averaged time
series of the same two quantities shown in Fig. 7a. More variations and offsets are apparent in the weekly averages leading to lower CoD for linear regressions: CoDs for monthly
and weekly averages are given in Tables 2 and S1, respectively. The number of regressions with significance at the
95 and 90 % levels is slightly higher using monthly averages (29 and 40 %, respectively) compared with weekly averages (26 and 38 %), and the explanation of variance is
higher using monthly averages. Lower CoDs for the weeklyaveraged results are likely due to matching of 1-week samples with transport that may range from a few days to more
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Figure 5. Monthly averages showing the annual variations of
(a) OM, functional group concentrations, EC and nss-SO=
4 , and
+
(b) OM, OM / nss-SO=
4 , ss-Na , O / C (multiplied by 10) and
MSA. Also shown in panel (b) is the annual pattern of solar irradiance as a percentage of the total irradiance across a year.

than 10 days (e.g., Qi et al., 2017). The broader patterns are
better represented by the monthly averages.
Correlations of chemical components at Alert with time
spent over a region are affected by many factors other than
whether or not the region emits those components or their
precursors. For regions with primary emissions enhanced by
wind, correlations with time may be reduced because higher
winds will enhance aerosol but reduce time. For regions
of significant particle precursor emissions that lead to secondary particle formation, higher wind speeds may dilute
emissions potentially improving correlations. Variations in
deposition will alter the association of time over a region
with particle components. Also, in this case, sources with
injection heights above 100 m may be excluded. Still, time
spent over a region offers a broad indication of its potential
importance for the aerosol at Alert.
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Table 2. Coefficients of determination (r 2 ) for particle mass concentration linear regressions with times spent over indicated regions using
monthly averages. Uncertainties in time over region are < 75 %. Dark months are NDJF and spring months are MAM. Values in italic font
indicate p of slope is < 0.10. Values in bold font indicate p of slope is < 0.05. A minus sign in parentheses indicates a negative slope.
Time period

All: 25

All: 27
months

1

1467

1

1467

1

1467

0.14
0.46
0.25
0.13
0.05
0.30

0.14
0.44
0.28
0.11
0.04
0.25

0.54
0.36
0.13
0.02
0.54
0.87

0.61
0.44
0.16
0.00
0.59
0.77

0.60
0.50
0.17
0.04
0.02
0.50

0.59
0.54
0.13
0.02
0.03
0.54

0.16 (–)
0.04
0.00
0.11
0.02
0.15

0.22 (–)
0.02
0.00
0.11
0.00
0.15

0.01
0.42
0.03
0.44
0.19
0.25

0.00
0.39
0.04
0.32
0.20
0.37

0.10 (–)
0.24 (–)
0.14 (–)
0.26 (–)
0.42 (–)
0.00

0.12 (–)
0.27 (–)
0.16 (–)
0.28 (–)
0.45 (–)
0.00

Region
Particle species
nss-SO=
4
EC
+
ss-Na
NO−
3
NH+
4
nss-K+
MSA
OM
Alkane groups
Alcohol groups
Acid groups
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Relative time below 100 m over region (%)
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0

Figure 6. Monthly-averaged percentage of previous 10 days spent
below 100 m over Regions 1–10 identified in Fig. 1. Results are
from the FLEXPART trajectory analyses for daily air parcels arriving at Alert.

Region 1 dominates the times among the identified regions
of anthropogenic emissions (Regions 1–9). Collectively, Regions 1, 4, 6 and 7 (hereafter Regions 1467), mostly covering Eurasia, comprise over 98 % of those times, consistent
with the analysis of Freud et al. (2017). The CoDs and significance levels for linear regressions of the major chemical
components with relative time spent over Region 1 and Regions 1467 are given in Table 2. Total months are reduced
from 31 after constraining the monthly uncertainties in the
FLEXPART results to less than 75 %. Overall, the differences
between whether the species are regressed against Region 1
www.atmos-chem-phys.net/18/3269/2018/

Dark months (8)
months

Spring months (7)

or Regions 1467 are small. For all months, the highest positive correlations are for EC, nss-K+ and ss-Na+ , and there
are no correlations for OM or the functional groups except
the amine groups. When the points are confined to only the
periods of the dark months (NDJF) and sunlit spring months
+
(MAM), relatively high correlations of nss-SO=
4 and nss-K
emerge for both periods. Two potential sources of submicron
nss-K+ are mining activities in Regions 1 and 4, particularly
potash mining (e.g., Orris et al., 2014), and sweetening of gas
flaring emissions by KCO3 . Amine solutions are also used to
reduce acid gas emissions during gas flaring (e.g., Rochelle,
2009; Wu et al., 2004), and that may be a factor in the modest
association of amine groups with Regions 1467. The strength
of the correlations of nss-K+ decreases from winter to spring
as the relative time over these regions decreases (Fig. 6).
Ammonium and nss-SO=
4 are associated with Regions 1 and
1467 during winter but only nss-SO=
4 during spring. Combined with a greater relative increase in spring compared
+
with nss-SO=
4 (Table 1), it suggests that sources of NH4 are
much different from winter to spring. The negative correlations with MSA are not surprising considering Regions 1467
are mostly land surfaces, and subsequent transport to Alert is
mostly over ice; this transport pathway may be a net sink for
MSA.
Regressions with time over Regions 1467 of darkand spring-month nss-SO=
4 and EC and dark-month OM
(Fig. S5) are significant at the 90 % confidence level or
higher. The regression results are used to estimate percentages of those components associated with those regions by
applying the CoD to the average concentrations (Table 1) after subtraction of the regression intercepts. Intercepts for the
dark months are 271, 16 and 86 ng m−3 for nss-SO=
4 , EC and
Atmos. Chem. Phys., 18, 3269–3287, 2018
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Figure 7. (a) Time series of percentage time over Region 1 from
weekly averages of FLEXPART analysis with weekly-averaged nssSO=
4 mass concentrations. (b) Time series of time over Region 1
from monthly averages of FLEXPART analysis with monthlyaveraged nss-SO=
4 and OM concentrations. The bars in panel (b)
delineate the dark months (NDJF) and spring months (MAM).

OM, respectively; for spring, respective nss-SO=
4 and EC intercepts are 641 and 29 ng m−3 . As a result, it is estimated
here that 29 % of the nss-SO=
4 , 28 % of the EC and 14 % of
the OM are associated with Region 1 during the dark months.
During spring, the estimates drop to 11 % for each of nssSO=
4 and EC, with no association for OM. These are minimum estimates since the concentrations represented by the
intercepts may include contributions from Regions 1467. For
comparison, simulations of BC with FLEXPART (Stohl et
al., 2013) and with GEOS-Chem (Xu et al., 2017) attribute
30–40 % of the winter BC and about 20 % of the spring BC
at Alert to gas flaring in Russia. In a separate study using
GEOS-Chem, Qi et al. (2017) estimated that 13 % of the BC
at Alert during March–April 2008 was from gas flaring in
northern Russia. The present results are in line with these
modeled estimates.

Atmos. Chem. Phys., 18, 3269–3287, 2018

The 11 % estimate of spring nss-SO=
4 associated with Regions 1467 indicates that most of nss-SO=
4 likely originated
from other areas, and the same can be said for OM. According to the simulations of Qi et al. (2017) and Xu et al. (2017),
emissions from eastern and southern Asia (Regions 2, 3 and
5 here) contribute significantly to BC at Alert during winter and spring. Times spent over Regions 2, 3 and 5 are indistinguishable in Fig. 6. As suggested by Qi et al. (2017),
the absence of a connection with time spent over eastern
and southern Asia is consistent with emissions from this region taking longer to reach Alert than the 10 days used in
the present FLEXPART analysis. Longer transport times will
tend to buffer variations, and OM and nss-SO=
4 with origins
in eastern and southern Asia are likely represented by the regression intercepts, forming part of the constant Arctic haze
aerosol discussed by Brock et al. (2011).
As mentioned in Sect. 3.1, OM and nss-SO=
4 , but not EC,
were unusually high from 16 September 2014 to 13 October 2014. Time spent over Region 1 stands out for September 2014 (Fig. 6), but it is no different than September 2012
and an increase in EC is expected if Region 1 were the
main source. The low EC and high nss-SO=
4 / OM rules out
BB. One possible source is the Smoking Hills (Sect. 3.3) of
NWT, since time spent over NWT was also anomalously high
during August to October 2014 (Fig. S4). Another possible
source is the fissure eruptions of the Bárðarbunga volcano
in Iceland that began in late August 2014 and continued for
some months. There is no significant time over the Iceland
region (Fig. 6), but the present FLEXPART analysis may not
account for the volcano emissions height of about 2 km and
emissions transport could have been longer than 10 days.
3.4

Chemical component correlations

+
+
Regressions among the OFGs, nss-SO=
4 , EC, ss-Na , NH4
+
and nss-K are used to further connections with possible
sources. Carbonyl groups are excluded due to there being only 17 weekly-averaged samples above detection limit
(DL). The regressions are done for all weeks, dark weeks
(NDJF), spring weeks (MAM) and cleaner weeks, where
the latter are defined as weeks with nss-SO=
4 less than
100 ng m−3 ; all cleaner weeks are during JJAS. CoDs and
significance levels based on linear regressions are given in
Table 3. Figure 8a shows all OM data plotted against nss=
SO=
4 , and Fig. 8b shows OM versus nss-SO4 for the dark and
cleaner weeks; the associations are positive and significant at
better than 95 % confidence. However, there is no association
of OM and nss-SO=
4 for the spring weeks (not shown), consistent with the discussion in Sect. 3.3 as well as the general
pattern in Table 3. Variations in OM during spring are not related to variations in the inorganic components and EC, but
connections may be hidden within relatively large intercepts
of the regressions.
The alkane and acid groups are associated with EC during the dark weeks (Table 3), but not with Regions 1 and
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Table 3. Coefficients of determination for linear regressions based on weekly-averaged samples. Values in italic font indicate p of slope is
< 0.10. Values in bold font indicate p of slope is < 0.05. A minus sign in brackets indicates a negative slope.
Species

OM

Alkane
groups

Alcohol
groups

Acid
groups

Amine
groups

O/C

EC

ss-Na+

NH+
4

nss-K+

MSA

All weeks (125, except for values with EC based on 119)
nss-SO=
4

EC
ss-Na+
NH+
4
nss-K+
MSA

0.30
0.23
0.08
0.25
0.23
0.08

0.22
0.22
0.01
0.26
0.17
0.14

0.04
0.00
0.22
0.02
0.05
0.00

0.03
0.18
0.00
0.10
0.08
0.09

0.32
0.11
0.30
0.09
0.14
0.01

0.03 (–)
0.02 (–)
0.03
0.04
0.01 (–)
0.05 (–)

0.30

0.20
0.01

0.48
0.30
0.10

0.64
0.54
0.17
0.56

0.01
0.00
0.00
0.03
0.00

0.56

0.02
0.03

0.72
0.78
0.00

0.63
0.56
0.00
0.80

0.36
0.28
0.12
0.38
0.23

0.24

0.12
0.08 (–)

0.16
0.05
0.00

0.62
0.53
0.01
0.11

0.03 (–)
0.07 (–)
0.02
0.01 (–)
0.12 (–)

0.43
0.19
0.02 (–)

0.25
0.28
0.00
0.52

0.09
0.00
0.00
0.33
0.20

34 dark weeks (NDJF)
nss-SO=
4
EC
ss-Na+
NH+
4
nss-K+
MSA

0.31
0.41
0.09
0.42
0.38
0.40

0.27
0.62
0.02 (–)
0.41
0.28
0.32

0.01
0.01 (–)
0.57
0.01
0.04
0.11

0.12
0.60
0.03 (–)
0.43
0.21
0.16

0.22
0.11
0.39
0.20
0.21
0.20

0.08 (–)
0.16 (–)
0.18
0.08 (–)
0.01 (–)
0.11 (–)

32 spring weeks (MAM)
nss-SO=
4
EC
ss-Na+
NH+
4
nss-K+
MSA

0.03 (–)
0.02
0.03 (–)
0.00
0.04 (–)
0.07

0.06 (–)
0.01
0.04 (–)
0.00
0.06 (–)
0.12

0.01 (–)
0.01 (–)
0.01 (–)
0.02 (–)
0.03 (–)
0.01 (–)

0.13 (–)
0.01 (–)
0.02 (–)
0.03 (–)
0.05 (–)
0.10

0.01
0.01
0.17
0.01 (–)
0.01 (–)
0.09

0.00
0.00
0.01 (–)
0.02 (–)
0.00
0.03 (–)

−3
47 cleaner weeks (JJASO and nss-SO=
4 < 100 ng m )

nss-SO=
4
EC
ss-Na+
NH+
4
nss-K+
MSA

0.10
0.19
0.02
0.08
0.25
0.02

0.16
0.18
0.00
0.12
0.21
0.02

0.06
0.02
0.45
0.01
0.03
0.01

0.10
0.07
0.00
0.05
0.04
0.01

0.00
0.07
0.02
0.00
0.15
0.00

1467 (Table 2), implying that the variations in the alkane
and acid groups and some EC derive from areas other than
Regions 1467 during the dark period. The modest correlation of alkane groups with EC during the cleaner weeks is
the result of correlations during 2012 (CoD = 0.18) and 2014
(CoD = 0.35). There is no correlation of alkane groups and
EC for the cleaner period of 2013, indicating low contributions from combustion sources. Regressions of the alkane
groups with nss-SO=
4 separated by years (Fig. 9) offer another perspective for the cleaner weeks. The slopes and intercepts for 2012 and 2014 are relatively close, but the average concentration of alkane groups for the summer of 2013
is approximately 3 times lower than the other years, despite similar ranges of nss-SO=
4 (and EC). Higher ratios of
alkane groups to nss-SO=
during
2012 and 2014 suggest
4
combustion sources, including BB, but such sources are quite
episodic and the general covariance in alkane groups and nss-
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0.11 (–)
0.06 (–)
0.01
0.08 (–)
0.05 (–)
0.00

0.11

0.02
0.00

SO=
4 during the cleaner weeks, particularly during 2013, is
not combustion related. Recent observations show SOA of
marine origin and lower O / C to be a significant factor in
particle growth in the summer Arctic (Willis et al., 2017).
Combined alkane groups and nss-SO=
4 from marine precursor emissions might be a factor in their covariance at Alert
during the cleaner months. Acid groups (not shown) exhibit
similar associations with nss-SO=
4 and the lowest concentrations during summer 2013.
Alcohol groups are correlated with ss-Na+ during the dark
and cleaner weeks but not during the spring weeks (Fig. 10).
By considering the variance in alcohol groups associated
with ss-Na+ concentrations above the regression intercept
for the dark weeks, the fraction of alcohol groups associated
with ss-Na+ at Alert during the dark weeks is estimated at
54 %, rising to 69 % when O / C > 1.

Atmos. Chem. Phys., 18, 3269–3287, 2018

W. R. Leaitch et al.: Organic functional groups in the submicron aerosol at 82.5◦ N, 62.5◦ W

3280

100

500

(a)

90

Alkane groups' mass concentration (ng m -3)

OM concentration (ng m-3)

400
R² = 0.30
300

200

R² = 0.43

100

80
70
60
50

2012

y = 0.39x + 19.14
R² = 0.18

2013

y = 0.20x + 2.99
R² = 0.24

2014

y = 0.48x + 10.26
R² = 0.27

40
30
20
10

0

0

200

400

600
800
1000
1200
nss-SO4= mass concentration (ng m-3)

1400

1600

1800

450

(b)

400

Cleaner

350

OM concentration (ng m-3)

0

10

20

30
40
50
60
70
nss-SO4= mass concentration (ng m-3)

80

90

100

Figure 9. Regressions of mass concentrations of alkane functional
groups with nss-SO=
4 for the cleaner weeks during each of the
years 2012, 2013 and 2014 (2012: p < 0.1; 2013: p < 0.04; 2014:
p < 0.07).
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Figure 8. Regressions of OM versus nss-SO=
4 for (a) all weeks
and (b) dark weeks (during NDJF) and cleaner weeks (nss−3
SO=
4 < 100 ng m ). Coefficients of determination are indicated.
Linear and power-law regressions are shown for all points
(p < 0.01), along with linear regressions for the dark period
(p < 0.01) and the cleaner period (p < 0.03).

O / C is above unity for 20 of the 126 weeks (Fig. 4), 10 of
which were during the dark period. A total of 9 of the other
10 weeks were from the summer of 2013. As in Sect. 3.2, the
average O / C for summer 2013 (1.16) is much higher than
for the summers of 2012 and 2014. Relative to OM, alcohol groups were 14, 40 and 14 % for the summers of 2012,
2013 and 2014, respectively. In Fig. 10, the alcohol groups
are correlated with ss-Na+ for the dark weeks with O / C > 1.
Alcohol groups also correlate with MSA during the 10 dark
weeks (CoD = 0.85, slope = 88, p < 0.001) and the 9 summer
weeks (CoD = 0.60, slope = 2.5, p < 0.02). For the summer
of 2013, the association of alcohol groups with lower concentrations of ss-Na+ and higher concentrations of MSA suggests a stronger connection with secondary marine sources.
That result may be consistent with Mungall et al. (2017) who
found evidence for summertime secondary marine precursors
Atmos. Chem. Phys., 18, 3269–3287, 2018

in the form of oxygenated VOCs possibly due to photochemical reactions at the surface of waters in the NARES Strait
that divides Ellesmere Island and Greenland.
Amine groups can have marine sources (Facchini et al.,
2008; Köllner et al., 2017) as well as anthropogenic sources.
Here, the strongest associations of the amine groups are with
ss-Na+ for the dark and spring weeks (Table 3). Marine emissions, either primary or secondary, may contribute a significant fraction of the amine groups. Modest correlations with
EC and nss-K+ during the cleaner weeks suggest contributions to the amine groups from combustion sources, possibly
BB.
The limited presence of carbonyl groups (17 weeks above
DL) is consistent with the observations of Kawamura and
Kasukabe (1996) and Kawamura et al. (2012). A total of 9 of
the 17 weeks were during spring when gas-phase carbonyls
(formaldehyde, acetaldehyde and acetone) can exhibit a diurnal cycle related to snowpack chemistry during periods of
ozone depletion (Grannas et al., 2002). During these 9 weeks,
the acid groups and alcohol groups were much lower fractions of the OM (2 and 11 %, respectively), and 6 of the
weeks were during periods of depleted ozone (Fig. S7): hours
per week with ozone less than 50 % of the mean ranged from
9 to 57 %. Carbonyl compounds moving to and from the
snowpack during periods of low oxidant concentrations may
have contributed to carbonyl groups in particles without increasing more oxidized groups.
Evidence for significant BB influence on the Alert aerosol
was found during 5 of the 126 weeks or 4 % of the time. A
higher fraction of carbonyl groups and higher OM / nss-SO=
4
can be prominent features of BB particles (e.g., Takahama
et al., 2011). There were 4 weeks with detectable carbonyl
groups and with OM / nss-SO=
4 exceeding 0.5: 19 April
www.atmos-chem-phys.net/18/3269/2018/
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expands the cleaner weeks and identifies the 9 weeks during July and August of 2013 with O / C > 1.

2012 (OM / nss-SO=
4 = 0.53), 4 May 2012 (0.57), 3 September 2012 (2.9) and 1 August 2014 (4.3). For those weeks,
the carbonyl groups correlate strongly with EC and nss-K+
(CoD > 0.96 and tstat > 7), and the average functional groups’
composition (45 % alkane groups, 36 % carbonyl groups and
9 % amine groups) corresponds closely with the OFG pattern
of Takahama et al. (2011). The 4 weeks were during periods with significant forest fire activity in the Northern Hemisphere and warmer temperatures at Alert. During April, August and September of 2012, there were a number of forest
fires in Siberia (e.g., Gorchakov et al., 2014). In July 2014,
fires in Siberia (NASA Earth Observatory) and the NWT
were carried north, with the NWT fires reaching at least as
far as Resolute Bay, Nunavut (Köllner et al., 2017). One
other week, centered on 20 July 2012, had relatively high EC

www.atmos-chem-phys.net/18/3269/2018/

(65 ng m−3 ) and OM (340 ng m−3 ; 2.3 times nss-SO=
4 ). The
functional group pattern was different than the above with
acid groups replacing the carbonyl groups, which may have
been a more processed BB aerosol.
3.5

Positive matrix factorization

PMF was applied to the OFG data to offer a further perspective on factors contributing to OM. The OFG measured at
Alert may have evolved during transport, but it is unclear
whether or how that may impact this PMF analysis. The optimal PMF solution was four factors with an average residual
of 20 %. The fractional and absolute contributions by season
and for the dark and cleaner periods are given in Table 4. A
time series of the factor concentrations is shown in Fig. S6.
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Table 4. Mean percentage contributions to OM from PMF factors (126 samples). The difference from 100 % of the sum of factors is residual
(approximately 20 %). Values in parentheses are the factor mass concentrations in ng m−3 .
Seasonal period

% Factor 1 “FFC”
(ng m−3 )

% Factor 2 “sea spray”
(ng m−3 )

% Factor 3 “mixed”
(ng m−3 )

% Factor 4 “secondary”
(ng m−3 )

Winter (DJF)
Spring (MAM)
Summer (JJA)
Fall (SON)
All

23 (39)
37 (68)
47 (24)
35 (28)
37 (40)

17 (22)
3 (8)
6 (3)
7 (11)
8 (10)

18 (29)
25 (63)
13 (14)
18 (19)
18 (31)

18 (22)
18 (31)
12 (9)
18 (22)
17 (20)

Dark months (NDJF)
Cleaner months (JJASO)

24 (38)
42 (21)

17 (25)
5 (3)

18 (31)
17 (9)

18 (21)
16 (10)

Factor 1 is labeled FFC for “fossil fuel combustion”,
as it most strongly correlates with EC (CoD = 0.29), NH+
4
(CoD = 0.27) and nss-SO=
4 (CoD = 0.19). Factor FFC makes
the overall largest contribution to OM (37 %), and it is dominated by alkane and alcohol groups: 44 and 41 %, respectively. Its absolute contribution to OM is largest in spring,
and its relative contribution to OM is largest in summer. As
above, most of the spring OM may originate either from outside of Regions 1467 or beyond 10 days of travel time. The
high relative contribution of Factor 1 to summer OM may
derive from residual spring aerosol and BB, the latter being
most significant during the summer of 2012. Considering the
relatively low CoD connecting this factor with EC, and the
higher fraction of alkane and alcohol groups, summer marine sources may also contribute to this factor, in particular
during 2013. However, there are no correlations of this factor
with Na+ or MSA.
Factor 2 is referred to as “sea spray”, because the
highest correlations are with ss-Na+ (CoD = 0.28), Mg++
(CoD = 0.26) and Cl− (CoD = 0.46), and the slope of the
correlation with MSA is negative. It is dominated by alcohol groups (77 %) with acid groups comprising 12 %. Overall, Factor 2 represents 8 % of the total OM. The largest seasonal contribution from Factor 2 is during winter when wind
speeds are on average higher over the northern oceans and
biological productivity is lower (e.g., Lana et al., 2011). Factor 2 is consistent with earlier discussion showing alcohol
groups closely correlated with ss-Na+ (Fig. 10). The domination of this factor by alcohol groups agrees with the above
estimate that 54 % of the alcohol groups were associated with
primary marine emissions.
The third factor is labeled “mixed”. The highest correlations of Factor 3 are with two of the lowest concentration
components: NO−
3 (CoD = 0.21) and MSA (CoD = 0.19).
Overall, Factor 3 represents 18 % of the OM, with the contribution reaching 25 % during spring and decreasing to 13 %
during summer. It is comprised mostly of alkane (66 %)
and acid groups (24 %). Alkane and acid groups are correlated with EC during the dark period (Table 3), suggesting a significant contribution from combustion sources. Dur-
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ing the cleaner months, the alkane groups exhibit significant
+
+
but weak correlations with nss-SO=
4 , NH4 and nss-K . The
spring increase in alkane groups is not correlated with major
chemical components or with Regions 1 and 1467. As defined, Factor 3 appears to be a mix of combustion emissions
and secondary oceanic sources, transported over longer distances than those connected with Regions 1467.
The fourth factor is labeled “secondary”. It correlates predominantly with nss-SO=
4 (CoD = 0.40) and EC
(CoD = 0.17). The contribution to OM from Factor 4 is
18 %, with lower variability across the seasons. At 61 %, acid
groups are the largest contributor to Factor 4, followed by
alkane groups at 27 %. Factor 4 has the highest fractional
contribution from amine groups (12 %) of all factors. Many
increases in Factor 4 are coincident with increases in Factor 1
(Fig. S6), but there are significant differences: Factor 4 has
a lower CoD with EC, lower contributions from alcohol and
alkane groups, and higher contributions from acid groups and
amine groups. Amine groups show little association with Regions 1 and 1467 (Table 2), and the highest CoD for amine
groups in Table 3 is with ss-Na+ : recent observations suggest
a secondary Arctic marine source of particulate amine coincident with but in smaller sizes than sea-salt particles (Köllner
et al., 2017). Also, Factor 4 is the dominant factor associated
with the anomalously high nss-SO=
4 during the last 2 months
of the study, when EC was relatively low. The stronger associations of Factor 4 with nss-SO=
4 and organic acid groups
and weaker associations with EC and alkane groups as well
as the relatively high contributions from amine groups suggest this factor is linked with secondary processes and longer
transport times.
4

Summary

A total of 2.5 years (April 2012 to October 2014) of weeklyaveraged observations of OFGs were combined with observations of weekly-averaged inorganic components and
aerosol particle microphysics to explore the seasonal contributions from OFGs to the submicron atmospheric aerosol
and potential sources of the OFGs. These are the first multiwww.atmos-chem-phys.net/18/3269/2018/
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year observations of organic aerosol functional groups above
80◦ N.
The study-average OM is 129 ng m−3 with a range of 7
to 460 ng m−3 , similar to OM sampled over 1 year at Barrow, Alaska (Shaw et al., 2010). Seasonally, OM is highest
during spring at 220 ng m−3 and lowest during summer at
65 ng m−3 . Relative to nss-SO=
4 , OM is 26, 28, 107 and 39 %
during winter (DJF), spring (MAM), summer (JJA) and fall
(SON), respectively. Overall, about 40 % of the weekly variability in OM is associated with nss-SO=
4 . However, during
spring (MAM), there is no association between OM and nssSO=
4 , suggesting that the correlations during other seasons
have more to do with connections of sources than photochemistry. That said, the maxima in both OM and nss-SO=
4
occur during spring in part at least due to increased photochemical potential.
Study-averaged concentrations of alkane, alcohol, acid,
amine and carbonyl groups are 57, 24, 23, 15 and 11 ng m−3 ,
respectively. The average percentages of the weekly ratios
of alkane, alcohol, acid, amine and carbonyl groups to OM
are 42, 22, 18, 14 and 5 %, respectively. The average O / C is
0.65 with winter O / C highest (0.85) and spring O / C lowest
(0.51).
A combination of FLEXPART trajectories, linear regressions among the organic and inorganic components and PMF
were used to associate the organic aerosol with potential origins with a focus on three time periods: the dark period,
comprising 34 weeks during November to February, inclusive; the sunlit spring period, comprising 32 weeks during
March to May, inclusive; and the cleaner period, comprising
47 weeks during June to October, inclusive, constrained to
−3
nss-SO=
4 less than 100 ng m . The main findings follow:
1. At Alert, OM is a higher fraction of smaller particles
in cleaner air. Larger particles and a lower OM fraction are associated with higher mass concentrations. On
average, particle densities are close to 1.35 g cm−3 for
smaller particles and lower mass concentrations, with
higher values for larger particles and higher mass concentrations.
2. The annual maximum in OM occurs in May, 1 month
after that of nss-SO=
4 and 2 months after the maximum
in EC. The OM maximum is mostly due to increases
in alkane groups and to a lesser extent acid and alcohol groups. It is coincident with the annual maximum
in MSA and decreasing ss-Na+ . These features suggest
that secondary OM from marine sources overlaps with
other sources contributing OM during the spring.
3. The maximum in OM / nss-SO=
4 is in August, coincident with new particle formation at Alert.
4. Values of O / C exceeded unity for 20 of the 126 study
weeks, 10 of which were during the dark period when
the fraction of alcohol groups was highest. Approximately 54 % of the alcohol groups were associated with
www.atmos-chem-phys.net/18/3269/2018/
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ss-Na+ , leading to the conclusion that higher O / C during the dark period is mainly associated with sea spray,
as at Barrow (Shaw et al., 2010) and over open Arctic
water in April (Frossard et al., 2011).
5. Values of O / C exceeded unity for 9 weeks in July–
August of 2013 and were highest and most persistent
during this time: average of 1.4; median of 1.5. The high
O / C was again due to a relative increase in alcohol
groups that comprised 52 % of the OM, mostly at the
expense of alkane groups, while acid groups remained
a similar fraction overall and relative to the other summers. As the alcohol groups were strongly associated
with MSA, a secondary marine source is suggested.
6. Based on higher temperatures, higher fractions of
alkane groups, higher OM and EC as well as lower
O / C (0.48–0.45), the summers of 2012 and 2014 had
a greater influence from combustion sources than 2013.
While BB was a factor during 2012 and 2014, there is
evidence that alkane groups and nss-SO=
4 from marine
precursor emissions may be generally present during the
cleaner months.
7. During the dark period, 29, 28 and 14 % of nss-SO=
4,
EC and OM, respectively, were associated with transport predominantly over the gas flaring region in northern Russia and Eurasia in general.
8. During the spring period, 11 % each of nss-SO=
4 and EC
were associated with transport over the region of northern Russia and Eurasia, with no association for OM.
The difference between OM and nss-SO=
4 may be due
to differences from volatilization and SOA production
during transport as well as potentially more OM originating from outside of Eurasia and from marine sources.
9. Large percentages of the Arctic haze characterized at
Alert (> 60 %) likely have atmospheric residence times
longer than 10 days from their origin and/or are from
outside of the Eurasian region.
10. In 4 % of the weeks, there was evidence for a significant contribution from BB, coincident with forest fires
in Siberia and the Canadian Northwest Territories.
11. A total of 9 of 17 weeks with detectable carbonyl groups
occurred in spring when snowpack chemistry can be a
significant source of gas-phase carbonyls (Grannas et
al., 2002).
12. Unusually high nss-SO=
4 and OM concentrations and
relatively low EC were observed from 16 September to
14 October 2014. Possible sources may be the Smoking
Hills in the Canadian NWT or volcanic emissions.

Atmos. Chem. Phys., 18, 3269–3287, 2018

3284

W. R. Leaitch et al.: Organic functional groups in the submicron aerosol at 82.5◦ N, 62.5◦ W

Data availability. Weekly-averaged data are included at the end of
the Supplement.

The Supplement related to this article is available online
at https://doi.org/10.5194/acp-18-3269-2018-supplement.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. We are grateful to Andrew Platt, ECCC’s
Arctic coordinator and manager of the Dr. Neil Trivett Global
Atmospheric Watch Observatory at Alert, the observatory operators
and the Department of National Defence for their ongoing support
of the Observatory and its operations. We thank Rosa Bebi for
assistance with the FTIR analyses, Elton Chan for help with
FLEXPART and Betty Croft and Greg Wentworth for helpful
discussion. Functional group analysis was supported by the Grants
and Contributions program of ECCC.
Edited by: Willy Maenhaut
Reviewed by: three anonymous referees

References
Aiken, A. C., DeCarlo, P. F., Kroll, J. H., Worsnop, D. R.,
Huffman, J. A., Docherty, K. S. , Ulbrich, I. M., Mohr,
C., Kimmel, J. R., Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway, M., Ziemann, P. J., Canagaratna, M. R.,
Onasch, T. B., Alfarra, M. R., Prevot, A. H., Dommen, J., Duplissy, J., Metzger, A., Baltensperger, U., and Jimenez, J. L.:
O / C and OM/OC Ratios of primary, secondary, and ambient organic aerosols with high-resolution time-of-flight aerosol
mass spectrometry, Environ. Sci. Technol., 42, 4478–4485,
https://doi.org/10.1021/es703009q, 2008.
AMAP Assessment: Black carbon and ozone as Arctic climate forcers. Arctic Monitoring and Assessment Programme
(AMAP), Oslo, Norway, vii+116 pp., 2015.
Barrett, T. E., Robinson, E. M., Usenko, S., and Sheesley,
R. J.: Source contributions to wintertime elemental and organic carbon in the western Arctic based on radiocarbon and
tracer apportionment, Environ. Sci. Technol., 49, 11631–11639,
https://doi.org/10.1021/acs.est.5b03081, 2015.
Barrie, L. A.: Arctic air pollution: An overview of
current knowledge, Atmos. Environ., 20, 643–663,
https://doi.org/10.1016/0004-6981(86)90180-0, 1986.
Barrie, L. A. and Hoff, R. M.: Five years of air chemistry observations in the Canadian Arctic, Atmos. Environ., 19, 1995–2010,
1985.
Barrie, L. A., Li, S.-M., Toom, D. L., Landsberger, S., and Sturges,
W.: Lower tropospheric measurements of halogens, nitrates, and
sulphur oxides during Polar Sunrise Experiment 1992, J. Geophys. Res., 99D, 25453–25467, 1994.

Atmos. Chem. Phys., 18, 3269–3287, 2018

Behrenfeldt, K., Krejci, R., Ström, J., and Stohl, A.: Chemical properties of Arctic aerosol particles collected at the Zeppelin station
during the aerosol transition period in May and June of 2004,
Tellus, 60B, 405–415, 2008.
Brock, C. A., Cozic, J., Bahreini, R., Froyd, K. D., Middlebrook,
A. M., McComiskey, A., Brioude, J., Cooper, O. R., Stohl, A.,
Aikin, K. C., de Gouw, J. A., Fahey, D. W., Ferrare, R. A.,
Gao, R.-S., Gore, W., Holloway, J. S., Hübler, G., Jefferson,
A., Lack, D. A., Lance, S., Moore, R. H., Murphy, D. M.,
Nenes, A., Novelli, P. C., Nowak, J. B., Ogren, J. A., Peischl, J., Pierce, R. B., Pilewskie, P., Quinn, P. K., Ryerson, T.
B., Schmidt, K. S., Schwarz, J. P., Sodemann, H., Spackman,
J. R., Stark, H., Thomson, D. S., Thornberry, T., Veres, P.,
Watts, L. A., Warneke, C., and Wollny, A. G.: Characteristics,
sources, and transport of aerosols measured in spring 2008 during the aerosol, radiation, and cloud processes affecting Arctic Climate (ARCPAC) Project, Atmos. Chem. Phys., 11, 2423–
2453, https://doi.org/10.5194/acp-11-2423-2011, 2011.
Budisulistiorini, S. H., Canagaratna, M. R., Croteau, P. L., Baumann, K., Edgerton, E. S., Kollman, M. S., Ng, N. L., Verma,
V., Shaw, S. L., Knipping, E. M., Worsnop, D. R., Jayne, J. T.,
Weber, R. J., and Surratt, J. D.: Intercomparison of an Aerosol
Chemical Speciation Monitor (ACSM) with ambient fine aerosol
measurements in downtown Atlanta, Georgia, Atmos. Meas.
Tech., 7, 1929–1941, https://doi.org/10.5194/amt-7-1929-2014,
2014.
Carslaw, K. S., Lee, L. A., Reddington, C. L., Pringle, K. J., Rap,
A., Forster, P. M., Mann, G. W., Spracklen, D. V., Woodhouse,
M. T., Regayre, L. A., and Pierce, J. R.: Large contribution of
natural aerosols to uncertainty in indirect forcing, Nature, 503,
67–71, https://doi.org/10.1038/nature12674, 2013.
Chan, T. W., Huang, L., Leaitch, W. R., Sharma, S., Brook, J. R.,
Slowik, J. G., Abbatt, J. P. D., Brickell, P. C., Liggio, J., Li, S.M., and Moosmüller, H.: Observations of OM / OC and specific
attenuation coefficients (SAC) in ambient fine PM at a rural site
in central Ontario, Canada, Atmos. Chem. Phys., 10, 2393–2411,
https://doi.org/10.5194/acp-10-2393-2010, 2010.
Chang, R. Y.-W., Leck, C., Graus, M., Müller, M., Paatero, J.,
Burkhart, J. F., Stohl, A., Orr, L. H., Hayden, K., Li, S.-M.,
Hansel, A., Tjernström, M., Leaitch, W. R., and Abbatt, J.
P. D.: Aerosol composition and sources in the central Arctic
Ocean during ASCOS, Atmos. Chem. Phys., 11, 10619–10636,
https://doi.org/10.5194/acp-11-10619-2011, 2011.
Croft, B., Wentworth, G. R., Martin, R. V., Leaitch, W. R., Murphy,
J. G., Murphy, B. N., Kodros, J. K., Abbatt, J. P. D., and Pierce,
J. R.: Contribution of Arctic seabird-colony ammonia to atmospheric particles and cloud-albedo radiative effect, Nat. Commun., 7, 13444, https://doi.org/10.1038/ncomms13444, 2016.
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hólm, E. V.,
Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally,
A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,
C., de Rosnay, P., Tavolato, C., Thépauta, J.-N., and Vitart, F.:
The ERA-Interim reanalysis: configuration and performance of
the data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553–
597, https://doi.org/10.1002/qj.828, 2011.

www.atmos-chem-phys.net/18/3269/2018/

W. R. Leaitch et al.: Organic functional groups in the submicron aerosol at 82.5◦ N, 62.5◦ W
Facchini, M. C., Decesari, S., Rinaldi, M., Carbone, C., Finessi, E.,
Mircea, M., Fuzzi, S., Moretti, F., Tagliavini, E., Ceburnis, D.,
and O’ Dowd, C. D.: Important source of marine secondary organic aerosol from biogenic amines, Environ. Sci. Technol., 42,
9116–9121, 2008.
Fisher, J. A., Jacob, D. J., Wang, Q., Bahreini, R., Carouge,
C. C., Cubison, M. J., Dibb, J. E., Diehl, T., Jimenez,
J. L., Leibensperger, E. M., Lu, Z., Meinders, M. B. J.,
Pye, H. O. T., Quinn, P. K., Sharma, S., Streets, D. G.,
van Donkelaar, A., and Yantosca, R. M.: Sources, distribution, and acidity of sulfate-ammonium aerosol in the
Arctic in winter-spring, Atmos. Environ., 45, 7301–7318,
https://doi.org/10.1016/j.atmosenv.2011.08.030, 2011.
Freud, E., Krejci, R., Tunved, P., Leaitch, R., Nguyen, Q. T.,
Massling, A., Skov, H., and Barrie, L.: Pan-Arctic aerosol number size distributions: seasonality and transport patterns, Atmos. Chem. Phys., 17, 8101–8128, https://doi.org/10.5194/acp17-8101-2017, 2017.
Frossard, A. A., Shaw, P. M., Russell, L. M., Kroll, J. H., Canagaratna, M. R., Worsnop, D. R., Quinn, P. K., and Bates, T. S.:
Springtime Arctic haze contributions of submicron organic particles from European and Asian combustion sources, J. Geophys.
Res., 116, D05205, https://doi.org/10.1029/2010JD015178,
2011.
Frossard, A. A., Russell, L. M., Massoli, P., Bates, T. S., and Quinn,
P. K.: Side-by-side comparison of four techniques explains the
apparent differences in the organic composition of generated
and ambient marine aerosol particles, Aerosol Sci. Technol., 48,
879979, https://doi.org/10.1080/02786826.2013.879979, 2014.
Fu, P., Kawamura, K., Chen, J., Qin, M., Ren, L., Sun, Y., Wang,
Z., Barrie, L. A., Tachibana, E., Ding, A., and Yamashita, Y.:
Fluorescent water-soluble organic aerosols in the high Arctic atmosphere, Sci. Rep., 5, 9845, https://doi.org/10.1038/srep09845,
2015.
Fu, P. Q., Kawamura, K., Chen, J., and Barrie, L. A.: Isoprene,
monoterpene, and sesquiterpene oxidation products in the high
Arctic aerosols during late winter to early summer, Environ. Sci.
Technol., 43, 4022–4028, 2009a.
Fu, P. Q., Kawamura, K., and Barrie, L. A.: Photochemical and
other sources of organic compounds in the Canadian high Arctic
aerosol pollution during winter-spring, Environ. Sci. Technol.,
43, 286–292, 2009b.
Fu, P. Q., Kawamura, K., Chen, J., Charrière, B., and Sempéré,
R.: Organic molecular composition of marine aerosols over the
Arctic Ocean in summer: contributions of primary emission
and secondary aerosol formation, Biogeosciences, 10, 653–667,
https://doi.org/10.5194/bg-10-653-2013, 2013.
Gauthier, P.-J., Sigmarsson, O., Gouhier, M., Haddadi, B., and
Moune, S.: Elevated gas flux and trace metal degassing from
the 2014–2015 fissure eruption at the Bárðarbunga volcanic
system, Iceland, J. Geophys. Res.-Sol. Ea., 121, 1610–1630,
https://doi.org/10.1002/2015JB012111, 2016.
Gorchakov, G. I., Sitnov, S. A., Sviridenkov, M. A., Semoutnikova,
E. G., Emilenko, A. S., Isakov, A. A., Kopeikin, V. M., Karpov, A. V., Gorchakova, I. A., Verichev, K. S., Kurbatov, G. A.,
and Ponomareva, T. Y.: Satellite and ground-based monitoring of
smoke in the atmosphere during the summer wildfires in European Russia in 2010 and Siberia in 2012, Int. J. Remote Sens.,
35, 5698–5721, 2014.

www.atmos-chem-phys.net/18/3269/2018/

3285

Grannas, A. M, Shepson, P. B., Guimbauda, C., Sumner, A. L., Albert, M., Simpson, W., Domined, F., Boudries, H., Bottenheim,
J., Beine, H. J., Honrath, R., and Zhou, X.: A study of photochemical and physical processes affecting carbonyl compounds
in the Arctic atmospheric boundary layer, Atmos. Environ., 36,
2733–2742, 2002.
Hansen, A. M. K., Kristensen, K., Nguyen, Q. T., Zare, A., Cozzi,
F., Nøjgaard, J. K., Skov, H., Brandt, J., Christensen, J. H.,
Ström, J., Tunved, P., Krejci, R., and Glasius, M.: Organosulfates
and organic acids in Arctic aerosols: speciation, annual variation
and concentration levels, Atmos. Chem. Phys., 14, 7807–7823,
https://doi.org/10.5194/acp-14-7807-2014, 2014.
Heidam, N. Z., Wåhlin, P., and Christensen, J. H.: Tropospheric
gases and aerosols in northeast Greenland, J. Atmos. Sci., 56,
261–278, 1999.
Hirdman, D., Burkhart, J. F., Sodemann, H., Eckhardt, S., Jefferson,
A., Quinn, P. K., Sharma, S., Ström, J., and Stohl, A.: Long-term
trends of black carbon and sulphate aerosol in the Arctic: changes
in atmospheric transport and source region emissions, Atmos.
Chem. Phys., 10, 9351–9368, https://doi.org/10.5194/acp-109351-2010, 2010.
Hu, Q.-H., Xie, Z.-Q., Wang, X.-M., Kang, H., He, Q.-F., and
Zhang, P.: Secondary organic aerosols over oceans via oxidation of isoprene and monoterpenes from Arctic to Antarctic, Sci.
Rep., 3, 2280, https://doi.org/10.1038/srep02280, 2013.
Huang, L., Brook, J. R., Zhang, W., Li, S.-M., Graham, L., Ernst, D.,
Chivulescu, A., and Lu, G.: Stable isotope measurements of carbon fractions (OC / EC) in airborne particulate: a new dimension
for source characterization and apportionment, Atmos. Environ.,
40, 2690–2705, 2006.
Kawamura, K. and Kasukabe, H.: Source and reaction pathways of
dicarboxylic acids, ketoacids and dicarbonyls in Arctic aerosols:
One year of observations, Atmos. Environ., 30, 1709–1722,
1996.
Kawamura, K., Ono, K., Tachibana, E., Charriére, B., and Sempéré,
R.: Distributions of low molecular weight dicarboxylic acids, ketoacids and a-dicarbonyls in the marine aerosols collected over
the Arctic Ocean during late summer, Biogeosciences, 9, 4725–
4737, https://doi.org/10.5194/bg-9-4725-2012, 2012.
Keene, W. C., Pszenny, A. A. P., Galloway, J. N., and Hawley, M.
E.: Sea-salt corrections and interpretation of constituent ratios in
marine precipitation, J. Geophys. Res., 91, 6647–6658, 1986.
Köllner, F., Schneider, J., Willis, M. D., Klimach, T., Helleis, F.,
Bozem, H., Kunkel, D., Hoor, P., Burkart, J., Leaitch, W. R.,
Aliabadi, A. A., Abbatt, J. P. D., Herber, A. B., and Borrmann,
S.: Particulate trimethylamine in the summertime Canadian high
Arctic lower troposphere, Atmos. Chem. Phys., 17, 13747–
13766, https://doi.org/10.5194/acp-17-13747-2017, 2017.
Kopeca, B. G., Fenga, X., Michelb, F. A., and Posmentiera, E. S.:
Influence of sea ice on Arctic precipitation, P. Natl. Acad. Sci.
USA, 113, 46–51, https://doi.org/10.1073/pnas.1504633113,
2016.
Kos, G., Kanthasami, V., Adechinab, N., and Ariya, P. A.: Volatile
organic compounds in Arctic snow: concentrations and implications for atmospheric processes, Environ. Sci.-Proc. Imp., 16,
2592–2603, https://doi.org/10.1039/C4EM00410H, 2014.
Krotkov, N. A., McLinden, C. A., Li, C., Lamsal, L. N., Celarier,
E. A., Marchenko, S. V., Swartz, W. H., Bucsela, E. J., Joiner,
J., Duncan, B. N., Boersma, K. F., Veefkind, J. P., Levelt, P. F.,

Atmos. Chem. Phys., 18, 3269–3287, 2018

3286

W. R. Leaitch et al.: Organic functional groups in the submicron aerosol at 82.5◦ N, 62.5◦ W

Fioletov, V. E., Dickerson, R. R., He, H., Lu, Z., and Streets,
D. G.: Aura OMI observations of regional SO2 and NO2 pollution changes from 2005 to 2015, Atmos. Chem. Phys., 16, 4605–
4629, https://doi.org/10.5194/acp-16-4605-2016, 2016.
Laing, J. R., Hopke, P. K., Hopke, E. F., Husain, L., Dutkiewicz,
V. A., Paatero, J., and Viisanen, Y.: Longterm trends of biogenic
sulfur aerosol and its relationship with sea surface temperature
in Arctic Finland, J. Geophys. Res.-Atmos., 118, 11770–11776,
https://doi.org/10.1002/2013JD020384, 2013.
Lana, A., Bell, T. G., Simó, R., Vallina, S. M., Ballabrera-Pov,
J., Kettle, A. J., Dachs, J., Bopp, L., Saltzman, E. S., Stefels, J., Johnson, J. E., and Liss, P. S.: An updated climatology
of surface dimethylsulfide concentrations and emission fluxes
in the global ocean, Global Biogeochem. Cy., 25, GB1004,
https://doi.org/10.1029/2010GB003850, 2011.
Law, K. S. and Stohl, A.: Arctic Air Pollution:
Origins
and
Impacts,
Science,
315,
1537–1540,
https://doi.org/10.1126/science.1137695, 2007.
Leaitch, W. R., Sharma, S., Huang, L., Macdonald, A. M.,
Toom-Sauntry, D., Chivulescu, A., von Salzen, K., Pierce, J.
R., Shantz, N. C., Bertram, A., Schroder, J., Norman, A.-L.,
and Chang R. Y.-W.: Dimethyl sulphide control of the clean
summertime Arctic aerosol and cloud, Elementa, 1, 000017,
https://doi.org/10.12952/journal.elementa.000017, 2013.
Li, S.-M. and Barrie, L. A.: Biogenic sulfur aerosol in the Arctic
troposphere: 1. Contributions to total sulfate, J. Geophys. Res.,
98, 20613–20622, https://doi.org/10.1029/93JD02234, 1993.
Liu, P. S. K., Deng, R., Smith, K. A., Williams, L. R.,
Jayne, J. T., Canagaratna, M. R., Moore, K., Onasch, T. B.,
Worsnop, D. R., and Deshler, T.: Transmission efficiency of
an aerodynamic focusing lens system: comparison of model
calculations and laboratory measurements for the Aerodyne
Aerosol Mass Spectrometer, Aerosol Sci. Technol., 41, 721–733,
https://doi.org/10.1080/02786820701422278, 2007.
Macdonald, K. M., Sharma, S., Toom, D., Chivulescu, A., Hanna,
S., Bertram, A. K., Platt, A., Elsasser, M., Huang, L., Tarasick, D., Chellman, N., McConnell, J. R., Bozem, H., Kunkel,
D., Lei, Y. D., Evans, G. J., and Abbatt, J. P. D.: Observations
of atmospheric chemical deposition to high Arctic snow, Atmos. Chem. Phys., 17, 5775–5788, https://doi.org/10.5194/acp17-5775-2017, 2017.
Maria, S. F., Russell L. M., Turpin B. J., Porcja R. J., Campos T. L., Weber R. J., and Huebert B. J.: Source signatures
of carbon monoxide and organic functional groups in Asian
Pacific Regional Aerosol Characterization Experiment (ACEAsia) submicron aerosol types. J. Geophys. Res., 108, 8637,
https://doi.org/10.1029/2003jd003703, 2003.
McCoy, D. T. and D. L. Hartmann: Observations of a substantial
cloud aerosol indirect effect during the 2014–2015 BárðarbungaVeiðivötn fissure eruption in Iceland, Geophys. Res. Lett., 42,
10409–10414, https://doi.org/10.1002/2015GL067070, 2015.
Megaw W. and Flyger, H.: Measurement of the background atmospheric aerosol, J. Aerosol Sci. 4, 179–181, 1973.
Middlebrook, A. M., Bahreini, R., Jimenez, J. L., and Canagaratna, M. R.: Evaluation of composition-dependent collection efficiencies for the aerodyne aerosol mass spectrometer using field data, Aerosol Sci. Technol., 46, 258–271,
https://doi.org/10.1080/02786826.2011.620041, 2012.

Atmos. Chem. Phys., 18, 3269–3287, 2018

Mungall, E. L., Abbatt, J. P. D., Wentzell, J. J. B., Lee, A. K.
Y., Thomas, J. L., Blaise, M., Gosselin, M., Miller, L. M., Papakyriakou, T., Willis, M. D., and Liggio, J.: Source of oxygenated volatile organic compounds in the summertime marine
Arctic boundary layer, P. Natl. Acad. Sci. USA, 24, 6203–6208,
https://doi.org/10.1073/pnas.1620571114, 2017.
Najafi, M. R., Zwiers, F. W., and Gillett N. P.: Attribution of Arctic temperature change to greenhouse-gas
and aerosol influences, Nat. Clim. Change, 5, 246–249,
https://doi.org/10.1038/nclimate2524, 2015.
Ng, N. L., Canagaratna, M. R., Zhang, Q., Jimenez, J. L., Tian,
J., Ulbrich, I. M., Kroll, J. H., Docherty, K. S., Chhabra, P.
S., Bahreini, R., Murphy, S. M., Seinfeld, J. H., Hildebrandt,
L., Donahue, N. M., DeCarlo, P. F., Lanz, V. A., Prévôt, A. S.
H., Dinar, E., Rudich, Y., and Worsnop, D. R.: Organic aerosol
components observed in Northern Hemispheric datasets from
Aerosol Mass Spectrometry, Atmos. Chem. Phys., 10, 4625–
4641, https://doi.org/10.5194/acp-10-4625-2010, 2010.
Ng, N. L., Herndon, S. C., Trimborn, A., Canagaratna, M. R.,
Croteau, P., Onasch, T. B., Sueper, D., Worsnop, D. R., Zhang,
Q., Sun, Y. L., and Jayne, J. T.: An Aerosol Chemical Speciation
Monitor (ACSM) for routine monitoring of the composition and
mass concentrations of ambient aerosol, Aerosol Sci. Technol.,
45, 780–794, 2011.
Nguyen, Q. T., Skov, H., Sørensen, L. L., Jensen, B. J., Grube,
A. G., Massling, A., Glasius, M., and Nøjgaard, J. K.: Source
apportionment of particles at Station Nord, North East Greenland during 2008–2010 using COPREM and PMF analysis, Atmos. Chem. Phys., 13, 35–49, https://doi.org/10.5194/acp-13-352013, 2013.
Orris, G. J., Cocker, M. D., Dunlap, P., Wynn, J., Spanski,
G. T., Briggs, D. A.„ Gass, L., Bliss, J. D., Bolm, K. S.,
Yang, C., Lipin, B. R., Ludington, S., Miller, R. J., and
Slowakiewicz, M.: Potash – A global overview of evaporiterelated potash resources, including spatial databases of deposits,
occurrences, and permissive tracts: U.S. Geological Survey Scientific Investigations Report 2010–5090–S, 76 pp., spatial data,
https://doi.org/10.3133/sir20105090S, 2014.
Paatero, P., Hopke, P. K., Song, X. H., and Ramadan, Z.:
Understanding and controlling rotations in factor analytic models, Chemometr. Intell. Lab., 60, 253–264,
https://doi.org/10.1016/s0169-7439(01)00200-3, 2002.
Qi, L., Li, Q., Henze, D. K., Tseng, H.-L., and He, C.: Sources
of springtime surface black carbon in the Arctic: an adjoint
analysis for April 2008, Atmos. Chem. Phys., 17, 9697–9716,
https://doi.org/10.5194/acp-17-9697-2017, 2017.
Quinn, P. K., Bates, T. S., Coffman, D., Onasch, T. B., Worsnop,
D., Baynard, T., de Gouw, J. A., Goldan, P. D., Kuster, W.
C., Williams, E., Roberts, J. M., Lerner, B., Stohl, A., Pettersson, A.., and Lovejoy, E. R.: Impacts of sources and aging on submicrometer aerosol properties in the marine boundary
layer across the Gulf of Maine, J. Geophys. Res., 111, D23S36,
https://doi.org/10.1029/2006JD007582, 2006.
Quinn, P. K., Shaw, G., Andrew, E., Dutton, E. G., Ruoho-Airola,
T., and Gong, S.: Arctic haze: current trends and knowledge gaps,
Tellus, 59B, 99–114, 2007.
Quinn, P. K., Bates, T. S., Schulz, K., and Shaw, G. E.:
Decadal trends in aerosol chemical composition at Barrow,

www.atmos-chem-phys.net/18/3269/2018/

W. R. Leaitch et al.: Organic functional groups in the submicron aerosol at 82.5◦ N, 62.5◦ W
Alaska: 1976–2008, Atmos. Chem. Phys., 9, 8883–8888,
https://doi.org/10.5194/acp-9-8883-2009, 2009.
Rahn, K. A. and Heidam, N. Z.: Progress in Arctic air chemistry,
1977–1980: a comparison of the first and second symposia, Atmos. Environ., 15, 1345–1348, 1981.
Rahn, K. A., Borys, R. D., and Shaw, G. E.: The Asian
source of Arctic haze bands, Nature, 268, 713–715,
https://doi.org/10.1038/268713a0, 1977.
Rochelle, G. T.: Amine scrubbing for CO2 capture, Science, 325,
1652–1654, https://doi.org/10.1126/science.1176731, 2009.
Russell, L. M.: Aerosol organic-mass-to-organic-carbon ratio measurements, Environ. Sci. Technol., 37, 2982–2987,
https://doi.org/10.1021/es026123w, 2003.
Russell, L. M., Bahadur, R., Hawkins L. N., Allan J., Baumgardner D., Quinn P. K., and Bates T. S.: Organic aerosol
characterization by complementary measurements of chemical
bonds and molecular fragments, Atmos. Environ., 43, 6100–
6105, https://doi.org/10.1016/j.atmosenv.2009.09.036, 2009.
Russell, L. M., Hawkins, L. N., Frossard, A. A., Quinn, P. K.,
and Bates, T. S.: Carbohydrate-like composition of submicron atmospheric particles and their production from ocean
bubble bursting, P. Natl. Acad. Sci. USA, 107, 6652–6657,
doi/10.1073/pnas.0908905107, 2010.
Russell, L. M., Bahadur, R., and Ziemann, P. J.: Identifying organic
aerosol sources by comparing functional group composition in
chamber and atmospheric particles, P. Natl. Acad. Sci. USA, 108,
3516–3521, https://doi.org/10.1073/pnas.1006461108, 2011.
Sand, M., Berntsen, T. K., Kay, J. E., Lamarque, J. F., Seland,
Ø., and Kirkevåg, A.: The Arctic response to remote and local forcing of black carbon, Atmos. Chem. Phys., 13, 211–224,
https://doi.org/10.5194/acp-13-211-2013, 2013.
Sand, M., Berntsen, T. K., von Salzen, K., Flanner, M. G., Langner,
J., and Victor, D. G.: Response of Arctic temperature to changes
in emissions of short-lived climate forcers, Nat. Clim. Change, 6,
286–289, https://doi.org/10.1038/nclimate2880, 2015.
Schmidt, A., Leadbetter, S., Theys, N., Carboni, E., Witham, C.
S., Stevenson, J. A, Birch, C. E, Thordarson, T., Turnock, S.,
Barsotti, S., Delaney, L., Feng, W., Grainger, R. G., Hort, M.
C., Höskuldsson, Á., Ialongo, I., Ilyinskay, E., Jóhannsson, T.,
Kenny, P., Mather, T. A., Richards, N. A. D., and Shepherd, J.:
Satellite detection, long-range transport, and air quality impacts
of volcanic sulfur dioxide from the 2014–2015 flood lava eruption at Bárðarbunga (Iceland), J. Geophys. Res.-Atmos., 120,
9739–9757, https://doi.org/10.1002/2015JD023638, 2015.
Sharma, S., Chan, E., Ishizawa, M., Toom-Sauntry, D., Gong, S. L.,
Li, S.-M., Tarasick, D. W., Leaitch, W. R., Norman, A., Quinn, P.
K., Bates, T. S., Levasseur, M., Barrie, L. A., and Maenhaut, W.:
Influence of transport and ocean ice extent on biogenic aerosol
sulfur in the Arctic atmosphere, J. Geophys. Res., 117, D12209,
https://doi.org/10.1029/2011JD017074, 2012.
Sharma, S., Leaitch, W. R., Huang, L., Veber, D., Kolonjari,
F., Zhang, W., Hanna, S. J., Bertram, A. K., and Ogren, J.
A.: An evaluation of three methods for measuring black carbon in Alert, Canada, Atmos. Chem. Phys., 17, 15225–15243,
https://doi.org/10.5194/acp-17-15225-2017, 2017.

www.atmos-chem-phys.net/18/3269/2018/

3287

Shaw, G. E.: Evidence for a central Eurasian source area of Arctic
haze in Alaska, Nature, 299, 815–818, 1983.
Shaw, P. M., Russell, L. M., Jefferson, A., and Quinn, P. K.: Arctic
organic aerosol measurements show particles from mixed combustion in spring haze and from frost flowers in winter, Geophys.
Res. Lett., 37, L10803, https://doi.org/10.1029/2010GL042831,
2010.
Stohl, A.: Characteristics of atmospheric transport into
the Arctic troposphere, J. Geophys. Res., 111, D11306,
https://doi.org/10.1029/2005JD006888, 2006.
Stohl, A., Klimont, Z., Eckhardt, S., Kupiainen, K., Shevchenko,
V. P., Kopeikin, V. M., and Novigatsky, A. N.: Black carbon in
the Arctic: the underestimated role of gas flaring and residential combustion emissions, Atmos. Chem. Phys., 13, 8833–8855,
https://doi.org/10.5194/acp-13-8833-2013, 2013.
Takahama, S., Schwartz, R. E., Russell, L. M., Macdonald, A.
M., Sharma, S., and Leaitch, W. R.: Organic functional groups
in aerosol particles from burning and non-burning forest emissions at a high-elevation mountain site, Atmos. Chem. Phys., 11,
6367–6386, https://doi.org/10.5194/acp-11-6367-2011, 2011.
Takahama, S., Johnson, A., and Russell, L. M.: Quantification of
carboxylic and carbonyl functional groups in organic aerosol infrared absorbance spectra, Aerosol Sci. Technol., 47, 310–325,
https://doi.org/10.1080/02786826.2012.752065, 2013.
Watson, J. G. and Chow, J. C.: Comparison and evaluation of in situ
and filter carbon measurements at the Fresno Supersite, J. Geophys. Res., 107, 8341, https://doi.org/10.1029/2001JD000573,
2002.
Weinbruch, S., Wiesemann, D., Ebert, M., Schütze, K., Kallenborn, R., and Ström, J.: Chemical composition and sources of
aerosol particles at Zeppelin Mountain (Ny Ålesund, Svalbard):
An electron microscopy study, Atmos. Environ., 49, 142–150,
https://doi.org/10.1016/j.atmosenv.2011.12.008, 2012.
Willis, M. D., Burkart, J., Bozem, H., Thomas, J. L., Aliabadi,
A. A., Hoor, P. M., Schulz, H., Herber, A. B., Leaitch, W. R.,
and Abbatt, J. P. D.: Evidence for marine-biogenic influence on
summertime Arctic aerosol, Geophys. Res. Lett., 44, 6460–6470,
https://doi.org/10.1002/2017GL073359, 2017.
Wu, W., Han, B., Gao, H., Liu, Z., Jiang, T., and Huang,
J.: Desulfurization of Flue Gas: SO2 absorption by an
ionic liquid, Angew. Chem. Int. Ed., 43, 2415–2417,
https://doi.org/10.1002/anie.200353437, 2004.
Xu, J.-W., Martin, R. V., Morrow, A., Sharma, S., Huang, L.,
Leaitch, W. R., Burkart, J., Schulz, H., Zanatta, M., Willis, M.
D., Henze, D. K., Lee, C. J., Herber, A. B., and Abbatt, J. P. D.:
Source attribution of Arctic black carbon constrained by aircraft
and surface measurements, Atmos. Chem. Phys., 17, 11971–
11989, https://doi.org/10.5194/acp-17-11971-2017, 2017.
Zobrist, B., Marcolli, C., Pedernera, D. A., and Koop, T.: Do atmospheric aerosols form glasses?, Atmos. Chem. Phys., 8, 5221–
5244, https://doi.org/10.5194/acp-8-5221-2008, 2008.

Atmos. Chem. Phys., 18, 3269–3287, 2018

