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ABSTRACT: Temporal variations and correlation statistics of
major inorganic and organic species and carbonaceous compo-
nents of the total suspended particulate matter (TSPM) at Alert
were concurrently studied. Organic carbon (OC) and water-
soluble organic carbon (WSOC) declined from February to mid-
March together with elemental carbon (EC), but OC and WSOC
increased in April while EC stayed low, suggesting photochemical
production of organic aerosols. WSOC/OC ratios peaked in mid-
April (89%). The ammonium availability index (AAI) increases
from 31% (before sunrise) to 58% (after sunrise). Strong
correlations of NH4

+ with WSOC and dicarboxylic acids
(DCAs) were found, implying the formation of organic salts at
polar sunrise. K+ is substantially correlated (R2 = 0.96; p = 0.03)
with levoglucosan before sunrise; however, the correlation decreases after. Significant correlations were found for 5 cations (NH4

+,
Na+, K+, Mg2+, and Ca2+), 2-alkaline earth metals (Ca and Mg), and 3 transition metals (Fe, Cu, and Mn) with DCAs and WSOC
during both periods. Fe and Cu are strongly correlated (up to R2 = 0.80; p < 0.05) with DCAs before and after polar sunrise,
implying the Fenton reaction both in dark and light periods. On the basis of the significant correlation, we found the plausibility of
Fenton chemistry of Fe and Cu with oxalic acid. In the multiple linear regression model, Mn is the most significant predictor of
WSOC followed by Cu and Fe after sunrise. This study demonstrates the importance of the photochemical processing of Arctic
aerosols that are carried by long-range transport to the Arctic at Alert, and bridges and answers the research gap and some questions
raised in our previous study (regarding, for example, the impacts of inorganic species, primarily NH4

+ and transition metals on
organic aerosols).

KEYWORDS: Arctic aerosols, Polar sunrise, WSOC, NH4
+, Dicarboxylic acids, Transition metals, Fenton chemistry

■ INTRODUCTION

The Arctic is characterized by sensitive connections and
feedback to the atmosphere, ocean, cryosphere, and biosphere.1

Substantial changes have been observed in the Arctic in recent
decades, including a rise in air temperature,2 reductions in sea
ice extent and thickness,3 and terrestrial vegetation,4 and a shift
in precipitation patterns.5 The processes behind these changes
are affected in a complex way by anthropogenic global climate
change.6 In the future, anthropogenic emissions within the
Arctic atmosphere are expected to increase because reductions
in sea ice make the region more available for natural resource
extraction and shipping activities.7 To better understand the
atmospheric processes of the Arctic as what is changing, why it is
changing, and how it might change in the future, more research
is required on atmospheric composition and processes6 in which
aerosols play a major role.

Short-lived climate forcers, for instance, aerosols (i.e.,
suspended particulate matter), are important contributors to
the discerned warming and environmental changes within the
Arctic.8 They affect the atmospheric energy budget directly by
absorbing and scattering solar radiation in the atmosphere and
by changing the surface albedo of snow and indirectly through
cloud-aerosol interactions that affect radiation and precipita-
tion.9 Aerosol forcing acts both within the Arctic and outside the
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Arctic and can alter atmospheric general circulation that leads to
changing weather patterns that, in turn, results in a changing
Arctic climate.10 Aerosol plays a critical role in the earth’s
climate system; climate change impinges on the Arctic more
than other areas of the planet. There has been an increase in
Arctic surface air temperature in recent decades that is about
twice the global average.11 This effect is known as Arctic
amplification. Climate models that include aerosols have to be
used to show that aerosol radiative forcing plays a key role in
atmospheric dynamics that result in Arctic amplification.10

The many trace constituents observed in atmospheric
aerosols can be used to understand the primary anthropogenic,
natural, and gas-to-particle conversion sources of Arctic
aerosols.12,13 The period of polar sunrise in the high Arctic is
particularly useful as it occurs at the maximum of atmospheric
pollution in the Arctic and at a time of rapid transition from
complete darkness to 24-h sunlight with relatively little change
in other meteorological conditions. In a previous study by Fu et
al.,14 water-soluble organic compounds were measured in the
Arctic aerosols, accounting for 4.3−50.3% (average 31.2%) of
total quantified organics. On the basis of organic tracers, the
sources (primary and secondary) of the selected organics, such
as levoglucosan as a signature water-soluble organic compound,
were found in the aerosol samples signifying a substantial impact
of biomass burning to the Arctic climate.14 After polar sunrise
secondary oxidation products became dominant reaching a peak
in mid-April. Before polar sunrise, primary fossil fuel
combustion products (30−51%) were more abundant than
the secondary oxidation products, higher plant waxes, marine/
microbial sources, and emissions from biomass burning.14

Kawamura and Sakaguchi15 suggested that phthalic acid can
be generated in early summer by the oxidation of phenolic
compounds that are augmented in sea surface slicks16 and may
be emitted to the atmosphere. Phthalic acids have been
suggested as a surrogate14 for the contributions of secondary
oxidation to organic aerosols, While the contributions of diacids,
oxoacids, and α-dicarbonyls to TC andWSOC are substantial in
atmospheric aerosols, a major portion of WSOC is composed of
unidentified organic species, which may contain carbohydrates,
amino acids, monocarboxylic acids, and humic-like polymers.14

Fu et al.14 noticed numerous organic compounds in the Arctic
aerosols, which are formed from various sources comprising
biomass burning products, fossil fuel combustion, higher plant
waxes, marine/microbial sources, soil resuspension, plastics, and
secondary oxidation products.
On the basis of FTIR spectroscopy of organic aerosols, Russell

et al.17 concluded that the majority of organics in Arctic marine
regions are commonly carbohydrate-like substances emitted as
primary particles through wave breaking. Intriguingly, Quinn et
al.18 reported a decadal rise of methanesulfonic acid (MSA) and
nonsea-salt (nss) sulfate at Barrow, Alaska in summer and
attributed it to the changing Arctic climate (e.g., warmer sea
surface temperature and abridged sea ice extent).
Kawamura et al.19 observed the variations of water-soluble

dicarboxylic acids (C2−C12), oxocarboxylic acids (C2−C6, C9),
and α-dicarbonyls (glyoxal and methylglyoxal) as well as aerosol
total carbon (TC) and WSOC). They reported the concen-
trations of TC and WSOC gradually decreased from late
February to early June with a peak in spring, signifying a
photochemical formation of water-soluble organic aerosols at
polar sunrise. They reported that the contribution of total
diacids to WSOC was on average 7.1% that gradually increased
from February (5%) to a maximum in April (12.7%) with a

second peak in mid-May (10.4%).19 They observed that
although oxalic acid (C2) is the dominant diacid until April, its
predominance was substituted by succinic acid (C4) after polar
sunrise. This may indicate that photochemical production of C2
was overwhelmed by its degradation when solar radiation was
intensified and the atmospheric transport of its precursors from
midlatitudes to the Arctic was ended in May.19 Interestingly,
they narrated that the contributions of azelaic (C9) and ω-
oxobutanoic acids to WSOC augmented in early summer
probably due to an increased emission of biogenic unsaturated
fatty acids from the ocean followed by photochemical oxidation
in the atmosphere. An augmented contribution of diacids to TC
and WSOC at polar sunrise may radically alter the hygroscopic
properties of organic aerosols in the Arctic.19

However, there are still research gaps that were noticed in
their studies, such as the role of transition metals and plausibility
of Fenton chemistry and impact of major inorganic ions
(ammonium and potassium ion) on organic species, therefore, it
is crucial to bridge the research gaps, and we endeavored to
answer the questions raised in their study, for instance, the
plausible role and impact of major inorganic species before and
after polar sunrise based on correlational statistics and new
interpretation and reanalyses of the significant data set.
This study presents the chemical species of major inorganic,

organic, and carbonaceous components of the total suspended
particulate matter (TSPM) concurrently at Alert aerosols to
answer some of the questions raised in Kawamura et al.19 and
Singh et al. 201720 and to bridge the research gaps based on the
reanalysis of the data from Arctic aerosol samples and
correlational statistics before and after polar sunrise. Although
the data set derived from the Canadian high Arctic is almost 30
years old, it is still applicable to the current Arctic atmospheric
scientific questions as these useful measurements and exercises
provide insight into relationships and processes which may still
be at work today, even if the relative importance of some of the
constituents has changed. The current study would make a
bridge for research gaps and a comparative study with climate
change perspectives. Previously published (Kawamura et al.19)
outcomes and new findings in the present study of the data set
are highlighted in a separate table (Table S1 of the Supporting
Information, SI); e.g., a significant depletion of oxalic acid in late
April to early May right after polar sunrise is explained by
photochemical degradation of oxalic acid via Fenton chemistry
of Fe and Cu on organic ligands and acids before and after polar
sunrise together with correlation statistics.

■ MATERIALS AND METHODS
Site Description and Aerosol Sampling. Alert is situated

in Nunavut, Canada, and is operated by Environment and
Climate Change Canada (ECCC). Every week from 19
February to 10 June in 1991 employing a precombusted (450
°C, 3 h) quartz fiber filter and high-volume sampler, total
suspended particulate matter (TSP) was collected at Alert
(82.5° N, 62.3° W) in the Canadian high Arctic. Weekly
averaged samples were collected because the sampling period (a
week) is long, a positive artifact by the adsorption of gaseous
organic acids on the quartz fiber filter would be negligible and
not affect their concentrations. Polar sunrise starts March 5 and
the sun completely comes on the horizon for 24 h by April 1. The
surface air temperature (mean) throughout sample gathering
ranged from−33.5 °C in February to−1.9 °C in June. Details of
the sampling site, sampling method, sampling duration, and type
of filters, about artifacts are described elsewhere.20
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Analytical Procedures. Filter samples were analyzed by the
method of Kawarnura et al.21 Briefly, aliquots of 25 cm2

filters
were extracted with pure water, which was prepared in a glass
apparatus by distillation of Milli-Q water after oxidizing organic
impurities with potassium permanganate. The water extracts
having dicarboxylic acids were concentrated to 1 mL by rotary
evaporation under vacuum, and then passed through a Pasteur
pipet column packed with quartz wool to remove particles. The
water-soluble fraction was concentrated to near dryness and
esterified with 0.25 mL 14% BF3/n-butanol at 100 °C for 30
min. The dicarboxylic acid dibutyl esters were extracted with n-
hexane after adding pure water and 0.2 mL of acetonitrile and
then dissolved in 50 pl n-hexane. The derivatives were separated
in the same fraction of diacid esters by extraction with n-
hexane,21,22 and they were determined with a Hewlett-Packard
5890 gas chromatograph (GC) equipped with a split/splitless
injector, fused silica capillary column (HP-5, 0.3 mm ID × 25 m
long × 0.52/tm film thickness) and an FID detector. The GC
peak areas were computed with Shimadzu C-R7A integrator.
Identification of the compounds was functioned by comparing
GC retention times with those of authentic standards. The
compounds were further analyzed by a Finnigan-MAT ITS 40
GC-mass spectrometer for mass spectral identification using
authentic standards. Mass spectra (m/z 45−500) were obtained
every second and processed with the ITS 40 systems with
INCOS mass spectral data library.
Concentrations of diacids and related compounds were

rectified for the blanks. Authentic DCAs spiked to the quartz
fiber filter displayed recoveries of 73% for oxalic acid, 88% for
malonic and maleic acids, and 100% for succinic and adipic

acids. Glyoxylic acid, pyruvic acid, and methylglyoxal showed
recoveries of 88%, 72%, and 47%, respectively.23 Higher
recoveries for oxalic (86%), malonic (94%), and succinic
(100%) acids were noticed when spiked with diacid standards to
a real filter sample.23 The detection limits were usually <0.005
pgm−3. Another aliquot of the filter sample was extracted with
organic-free pure water for the analysis of water-soluble organic
carbon (WSOC) using Shimadzu TOC analyzer. The analytical
precision of repeated analysis of WSOC was 2%.24

Aerosol total carbon (TC) and total nitrogen (TN) were
determined using an elemental analyzer (Carlo Erba, NA 1500).
Reproducibility of TC and TN measurements was within 2%.25

To remove carbonate carbon from the aerosol TC, other filter
cuts were treated with HCl vapor as follows. Each filter cut was
placed in a 50 mL glass vial and was bared to HCl vapor
overnight in a glass (10 L) desiccator. Excess HCl was
eliminated from the sample with NaOH and P2O5 in a
desiccator. The HCl-treated filters were analyzed for TC and
TN. The data presented here are all corrected for the field
blanks. The chemical analyses of filter samples for the molecular
compositions of diacids and WSOC were performed at Tokyo
Metropolitan University. Inorganic ions were measured by ion
chromatography.26

Aluminum (Al) and manganese (Mn) were ascertained using
instrumental neutron activation analysis (INAA) whereas other
trace metals (Zn, Mg, Pb, Fe, Ni, Cu, and Ca) were assessed by
inductively coupled plasma emission (ICP) spectroscopy.
Analysis with INAA was executed at the University of Toronto
Slowpoke Reactor using short irradiation of 1/8 filter in plastic
vials followed by counting of the samples in separate

Figure 1. (a) Temporal variations and relative abundances of major saturated diacids, (b) minor saturated diacids, (c) unsaturated diacids, and (d)
total diacids, total oxoacids, and total α-dicarbonyls.
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nonirradiated vials. Calibration is checked by analysis of

National Institute of Standards and Technology (NIST) fly

ash standards. ICP analysis was conducted on the residue of 1/8

of a filter. Filters were ashed at 475 °C, and the mixture of

ultrapure hydrochloric and nitric acid was used for extraction.

Final extracts were prepared in 1 mL of concentrated HNO3 and

30 mL distilled deionized water. All the metal analyses were

completed by 1992.20 Organic carbon (OC) and elemental

Figure 2. (a) Relative contribution of major inorganic species, (b) weekly temporal variations and ratios of WSOC/OC, and (c) box plot of
carbonaceous components and WSOC/OC ratios.
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carbon (EC) were determined employing a Sunset Lab carbon
analyzer, following the Interagency Monitoring of Protected
Visual Environments (IMPROVE) thermal evolution procedure
in which carbonate carbon in the sample was negligible.27 The
data presented here are corrected for the field blanks. All the
chemical analyses were completed by 1995.
Quality Control and Quality Assurance. Field blank

filters (n = 4) were analyzed for the organic species. The data
shown here are rectified for the field blanks. The detection limits
were typically <0.005 pgm−3. Recoveries for authentic standards
using the analytical procedure presented >80%. Analytical errors
of major species by duplicate analyses of samples were <10%.On
the basis of composite solutions of metals or standard reference
materials such as NBS1648 urban particulate matter, NBS1633a
trace elements in coal fly ash, and NRCC MESS-1 marine
sediment reference material was executed through the ashing
digestion and analysis technique on a routine basis for numerous
quality control samples. Loss of elements ascribable to
volatilization during the ashing of the sample was less than
10%. The extraction efficiency of metals from the ash residue in
the acid digestion step was better than 98%.19,20

■ RESULTS AND DISCUSSION
We use 19 inorganic species (10 traces/transition metals and 9
inorganic ions), 3 carbonaceous components, total dicarboxylic
acids, 10 saturated dicarboxylic acids, 3 unsaturated aliphatic
diacids, 1 aromatic diacid (phthalic acid), 6 ω-oxocarboxylic
acids, 1 ketoacid (pyruvic acid), and 2 α-dicarbonyls to interpret
the relative abundances and correlations among these diversified
chemical species in the Arctic aerosols. The average mass
concentrations, abbreviations, and chemical formulas are given
in Tables S2 and S3.
Relative Abundances and Variations of Major DCAs

and Related Compounds in The Arctic Aerosols.
Kawamura et al.19 identified a homologous series of DCAs
(C2−C11) and ω-oxoacids (C2−C9), ketoacid (pyruvic acid),
and α-dicarbonyls (C2−C3) in the Arctic aerosol samples. On
the basis of the mass concentrations, saturated dicarboxylic acids
are divided into major (C2−C6) and minor (C7−C11) DCAs.
Table S3 summarizes the average mass concentrations of major
and minor diacids. In major saturated DCAs (C2−C6), oxalic
acid showed the highest contribution (55%) followed by
succinic (18%) and malonic (16%) acids. In minor saturated
DCAs (C7−C11), pimelic acid contributed 28% followed by
azelaic (26%) and suberic (25%) acids (Figure 1a, b). Phthalic
acid dominated (76%) the total unsaturated diacid content
(Figure 1c). Total DCAs account for 89% of total identified
organic species, followed by total oxoacids (9%) and α-
dicarbonyls (2%) (Figure 1d).
Comparisons of average mass concentrations of diacids and

related compounds measured in the Arctic region with the
different sites of Asia are given in Table S4. The mass
concentrations of oxalic acid and total diacids in Alert aerosols
are ∼8 to 30 times and ∼7 to 26 times lower, respectively,
compared with other sampling sites. The prevalence of oxalic
acid has been noticed in the aerosol samples gathered from
different regions in the low to high latitudes including urban
Tokyo,22 Chinese megacities,28 Hong Kong,29 southern India,30

the North and Central Pacific,15 New Zealand,31 South African
savannas,32 Amazonia with biomass burning influence,33

Europe,34 and the Arctic.35

Temporal Variations of Major Inorganic Species and
Carbonaceous Components. In the relative abundances of

major inorganic species, ions prevailed 92% and trace metals
contributed 8%. Sulfate alone comprised 65% of the total
inorganic mass measured, followed by Na+ (7%), NH4

+ (6%),
and Cl− (5%). Each of the metals Al, Mg, and Ca comprised 3%
of the total inorganic mass, being similar to Fe, Mg2+, and Ca2+

(2% each) as shown in Figure 2a.
Emissions of sulfur dioxide (SO2), the precursor of sulfate

particles, have decreased substantially in developed countries in
the past few decades.36,37 Sulfate at the Alert site is under-
estimated by chemical transport models by a large amount in
spring and winter.38,39

Figure 2 (b, c) displays temporal variations in the mass
concentrations of carbonaceous components and WSOC/OC
ratios on a weekly basis together with box plots. The temporal
variations show the highest mass concentration (0.38 μgm−3) of
OC followed by WSOC (0.30 μgm−3) and EC (0.16 μgm−3).
The highest concentrations of these carbonaceous components
were recorded immediately after polar sunrise with a reduction
in late April to May, suggesting photochemical production at
sunlit and declined transport from the polluted areas. EC did not
show an increase at polar sunrise. The temporal variability of
OC/EC ratios furnish significant data on the sort of combustion
sources and their potency; for instance, fossil-fuel emission vis-a-
vis biomass burning.40−42 The average mass concentration of
OC is ∼4 times and ∼1.4 times higher than EC and WSOC,
respectively.
The mass concentrations of WSOC in the Arctic aerosols

varied from 40.7 to 300 ng m−3 (average 186 ng m−3). These
concentrations are 2 orders of magnitude lower than those
reported in urban aerosols from the Indo Gangetic Plain of India
(e.g., 5420−53440 ng m−3),43−45 Hachioji, Tokyo (3200−
23 200 ng m−3)24 and in the tropical aerosols from Amazonia
(18 400−51 000 ng m−3).33 Nevertheless, relative abundances
of WSOC in TC in the Arctic aerosols are very high (39−69%,
mean 56%) (Table S2). These values are greater than those
measured in urban aerosols from Tokyo (28−55%, average
37%)24 and in themarine aerosols from the western Pacific (29−
53%, average 40%),46 however, equal to or less than those
reported for tropical aerosols (average 77% in the daytime and
57% in night-time).33 These comparisons demonstrate that
carbonaceous aerosols in the Arctic are substantially more water-
soluble than elsewhere probably because they are largely
produced secondarily in the atmosphere via photochemical
processes during long-range transport.
WSOC to aerosol mass ratios were 1.2−5.5% (mean 3.4%) in

the Arctic samples, which are within the range (1.8−10.7%,
average 5.0%) measured for the urban aerosols from Tokyo.24

Concentrations ofWSOC reduced from February to mid-March
and then augmented in late March and mid-April. WSOC
substantially decreased toward early summer. A significant
reduction of WSOC from late April to May can be explained by
more frequent particle scavenging and probably declined long-
range atmospheric transport of pollutants (precursor organic
compounds due to atmospheric processes and meteorological
variability) from lower latitudes. Such a reduction of pollutants
is steady with the reduced concentrations of anthropogenic
vanadium(V) and sulfate in the Arctic aerosols. The highest
(89%) percentage ratios of WSOC/OC (70% on average) were
observed in mid-March and mid-April (Figure 2b), which may
be caused by enhanced transport of primary WSOC and
secondary formation of WSOC, respectively. Higher WSOC/
OC ratios were also reported over central Africa (85% on
average)47 and Summit, Greenland (81% on average).48
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Ammonium Availability Index and Correlations of
NH4

+ with nss SO4
2− and WSOC. It is interesting to examine

the degree to which sulfate and nitrate (major anionic species)
are associated with ammonium ions in Arctic aerosols. Here we
define the ammonium availability index (AAI, see Figure 3a for
equation) as the ratio of equivalents of ammonium ion to
equivalents of sulfate and nitrate ions. Figure 3a shows the
temporal variation of percentage AAI before and after polar
sunrise on weekly basis. AAI was 31% in early March before
polar sunrise and rapidly increased after polar sunrise from April
to June with a peak of 58% in late May. Higher availability of
ammonium ions in spring to early summer means that there is a
less acidic aerosol condition of the Arctic atmosphere in late

spring than in dark winter. This is consistent with long-term
multidecadal observations at Alert.13

Figure 3(b, c) displays good correlations of ammonium ion
with sulfate (R2 = 0.78; p = 0.05) and WSOC (R2 = 0.93; p <
0.01) although the data before polar sunrise are highly skewed
leading to a spuriously high correlation. Figure 3c) shows the
weak correlation (R2 = 0.53; p > 0.05) of WSOC with NH4

+

before polar sunrise, but much stronger correlation (R2 = 0.94; p
< 0.05) after the sunrise. This strong correlation of WSOC with
NH4

+ is the possible reason for the gaseous formation of organic
salts between organic acids that are produced by the oxidation of
gaseous organic precursors and NH3 (RCOOH + NH3 →
RCOONH4). Those salts might be attached to aerosol particles.

Figure 3. (a) Weekly variation of ammonium availability index in the Arctic aerosol samples from February to June, (b) correlation of ammonium ion
with nonsea salt sulfate before and after polar sunrise, and (c) correlation of ammonium with WSOC before and after polar sunrise.
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In a study45 of the Indo-Gangetic plain of India, it was reported
that after the neutralization of major inorganic ions (sulfate and
nitrate) by ammonia, ammonium salts may be formed with
organic acids.45

Hakkinen et al.49 observed that organic acids (acetic, oxalic,
succinic, or citric) and inorganic salts (monovalent) such as
(NH4)2SO4 can react and change the chemical properties of
aerosols within the particulate phase via a series of aqueous
reactions. Their experimental data show substantial particle-
phase processing yielding low-volatility compounds, for
instance, organic salts such as ammonium acetate, ammonium
oxalate, ammonium succinate, etc. These organic salts are the
main constituents of WSOC. Deshmukh et al.50 corroborated
the outcomes of Hakkinen et al.49 Ling and Chan51 noticed
metastable forms of organic acid in the mixtures of ammonium
sulfate and organic acid on crystallization.
Noziere et al.52 suggested a mechanism based on analysis of

the derived products by liquid chromatography high-resolution
mass spectrometry and UV absorption. They found that the
formation of an iminium intermediate takes place from
ammonium salts and produces covalent oxygen and nitrogen
bonds containing organic species. De Haan et al.53 detected the
formation of nitrogen-containing oligomers and methyl
imidazole salts in the aerosol produced from drying water
droplets and suggested that chemical reactions will occur in
drying cloud droplets in the atmosphere. Drozd and McNeill54

described the effect of organic matrices on the reaction of
carbonyl compounds (e.g., α-dicarbonyls) with (NH4)2SO4 and
that the formation rate of light-absorbing products was reduced.
Drozd and McNeill54 detected the production of acetal between
carbohydrate-like WSOC and carbonyl-containing compounds
which enhances the secondary organic aerosol (SOA) formation
in the aqueous phase. Augmenting organic content (alcohol
mixing ratio) in aqueous mixtures has been specified by the
increased concentrations of ammonia by 20−40%, owing to

shifts in the NH3/NH4
+ equilibrium.55 This would intensify the

production of N-containing products, which entail the
nucleophilic attack on a carbonyl by NH3.

54

Temporal Weekly Variations of Total Nitrogen and
Correlation with Total Carbon before and after Polar
Sunrise: Contribution of Ammonium and Nitrate Nitro-
gen to TN. Total nitrogen (TN) contents in the Arctic aerosols
from Alert are encompassing 0.23−2.08% (av. 1.4 ± 0.49%) of
aerosol mass. The mass concentration of TN varies from the
lowest (11 ng m−3) in summer to the highest (157 ng m−3) in
the winter with an average (79 ± 44.4 ng m−3), the weekly
temporal variations of the concentrations TN shown in Figure
S4(a). It is noteworthy to explicate the contribution of
ammonium-nitrogen (NH4

+̵−N) and nitrate-nitrogen
(NO3

−−N) to TN [NH4
+−N + NO3

−−N/TN (x*14/
18+y*14/62)/TN; whereas x and y are the mass concentrations
of NH4

+ and NO3
−], the mean percentage contributions of

NH4
+−N andNO3

−−N to TNwere found to be 125± 38%, and
8 ± 7.5% respectively, in this way, the total inorganic nitrogen
(NH4

+ and NO3
−) percentage contribution to TN was

calculated 133 ± 45.5%.
The weekly variations in mass concentrations are shown in

Figure S4(b). The relative percentage contribution of (NH4
+−

N) and (NO3
−−N) to TN was found to be 94% and 6%,

respectively, Figure S4(c). Correlation of total carbon (TC)
with TN was ensured before and after polar sunrise, a strong
correlation (R2 = 0.94; p < 0.05) was observed after polar sunrise
which suggests the similar strong correlations (R2 = 0.94; p >
0.01) between WSOC and NH4

+ after polar sunrise implies the
same source of origin of both species and supports the
plausibility of organic salt formation after sunlit.

Correlations of Cations and Alkaline EarthMetals with
DCAs and WSOC. Correlations of 5 cations (Ca2+, Mg2+, Na+,
K+, and NH4

+) and 2 alkaline earth metals (Mg and Ca) with 5
major (C2−C6) and 5 minor (C7−C11) DCAs and WSOC were

Figure 4. Correlations of potassium ion with WSOC and levoglucosan.
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noticed before and after polar sunrise, in the Arctic aerosols as
shown in Figure S2 and Table S6. After polar sunrise,
monovalent (Na+ and K+), divalent (Mg2+) cations, and Mg
metal are highly correlated with oxalic acid (C2) (R

2 = 0.87, 0,73,
and 0.77 respectively; p < 0.05) whereas before polar sunrise the
correlations were much weaker (R2 = 0.19, 0.20, and 0.20
respectively; p > 0.05). The Ca2+ and Ca metals are highly
correlated (up to R2 = 0.99; p < 0.01) before the sunrise than
after the sunrise (up to R2 = 0.29; p > 0.05) as shown in Figure
S1. Drozd et al.56 reported the effects of mono- and divalent
cations on the hygroscopicity of aerosols and suggested that
oxalic acid may react with both mono- and divalent cations to
produce low volatility complexes, however, the metal valency
will mainly determine the oxalic acid/metal effects on the
hygroscopicity. Monovalent ions (Na+, NH4

+, etc.) react with
DCAs to develop moderately hygroscopic/soluble organic salts
whereas divalent cations (Ca2+, Mg2+, etc.) react with DCAs to
produce very low solubility, low-volatility compounds (such as
calcium oxalate) that exhibit low hygroscopicity.56

Table S5 displays the correlations of dicarboxylic acids with
NH4

+. Higher correlation coefficients (up to R2 = 0.80; p < 0.05)
of diacids with NH4

+ are found after polar sunrise, however, C4,
C8, and C11 are strongly correlated with NH4

+ (up to R2 = 0.62; p
< 0.05) before polar sunrise, suggesting a possible formation of
complexes of C4, C8, and C11 with NH4

+ in the dark winter
(Table S5). The strong correlations of C2, C3, C5, C6, C7, and
C10 with NH4

+ after polar sunrise support the similar outcomes
of WSOC with NH4

+, which may entail that C4, C8, and C11
could not have participated in the salt formation at polar sunrise.
Potassium ion (K+) is highly correlated (R2 = 0.96; p = 0.03)
with levoglucosan before polar sunrise, however, the correlation
weakens after polar sunrise. K+ and levoglucosan are the
signature species of biomass burning aerosols, K+ also shows a
good correlation with WSOC after polar sunrise (R2 = 0.72; p =
0.001). These results suggest that before polar sunrise
levoglucosan originated from the same biological source as K+

(Figure 4). Levoglucosan may be decomposed by the photo-
chemical reaction after polar sunrise.19,57

Correlations of Metals with DCAs and WSOC.
Transitionmetals (Fe, Cu, andMn)were significantly correlated
with DCAs and WSOC in Alert aerosols. However, these
correlations differed for Fe versus Cu and Mn. Figure S2 depicts
the correlation of transition metals with oxalic acid. Fe is
strongly correlated (R2 = 0.73; p < 0.05) with oxalic acid before
polar sunrise, but weakly correlated (R2 = 0.26; p > 0.05) after
polar sunrise. The opposite holds for the other two transition
metals (Cu and Mn), which are strongly correlated with oxalic
acid (for Cu R2 = 0.65; p < 0.03, for Mn R2 = 0.65; p < 0.05) after
polar sunrise but weakly correlated before polar sunrise (for Cu
R2 = 0.25; p > 0.05, for Mn R2 = 0.052; p > 0.05).
An explanation for this may lie in the chemistry of transition

metals. The strong and weak correlations indicate the
plausibility of the Fenton chemistry of Fe with oxalic acid in
darkness (before polar sunrise) and photochemical processing
of oxalic acid with Cu and Mn after polar sunrise. Formations of
hydroxyl radical (OH•) and hydroxyl anion (OH−) take place
when Fe and Cu (Redox-active metals) catalyze the Fenton
reaction and react with hydrogen peroxide (H2O2).

+ → + ++ + • −Fe H O Fe OH OH2
2 2

3
(1)

+ → + ++ + • −Cu H O Cu OH OH2 2
2

(2)

Scheinhardt et al.58 investigated the complex formation of
organic ligands with Fe, Cu, and Mn in size-segregated
particulate matter collected from nine sites constituted rural,
urban, and coastal regions in Germany. They observed that
oxalate acts as the organic ligand to form a primary complex with
ferric ion (Fe3+). Besides, humic-like substances (HULIS) were
found to form ligand complexes with Fe3+ and Cu2+ but they
were typically less effective than oxalate and nitrate.58 Fe, Cu,
and Mn can substantially impinge on disproportionation
reactions such as Fe3+ and Fe2+ ions reacting with HO2

•/O2
•−

to form H2O2 and O2, respectively.58 Zuo and Hoigne59

reported that in the acidic pH range HO2
•was identified to react

with Fe2+ to form H2O2.

+ ⎯→⎯ +• •− + +
+

HO /O Fe H O Fe2 2
2 H

2 2
3

(3)

+ → +• •− + +HO /O Fe O Fe2 2
3

2
2

(4)

Transfer of electrons from complexing organic ligands to
metals (Mn+) takes place, consequently, the electron-deficient
organic ligands are converted into organic radicals and reduce
O2 to O2

•− and itself converted into oxidized organic. The
pathway can be presented as (adapted from Zuo and Hoigne59):

− → +
ν+ − +M organic M organic radicaln h n( 1)

(5)

+ → +•−organic radical O O oxidized organic2 2 (6)

Zuo and Hoigne59 observed that absorption of sun-light by
metallo-organic complexes for instance (Fe3+-organo com-
plexes) results in the electron transfer from the organic ligand
to the ferric ion as follows:

− → + +

→ + + → +

ν+ +

•− •− +

Fe organo complex Fe organic radical O

O oxidized organic 2O 2H H O O

3 h 2
2

2 2 2 2 2 (7)

The formation of ferrous ions from Fe3+-organo complexes by
photolysis can have a significant inference for the generation of
OH radicals through Fenton reaction60 presented in eq 1. A
possible reaction scheme can be displayed based on photo-
chemically stimulated reactions in the Fe3+-oxalato-oxygen
system as (Adapted from Zuo and Hoigne59).

In the above photochemical reactions, first, the charge transfer
occurs from the complexing ligand (potential pollutant) to the
center ferric ion to result in the oxidation of complexing ligands.
Second, the photo oxidant products such as H2O2, O2

•−, HO2
•,

OH•, and numerous organic and inorganic radicals, oxidize a
variety of inorganic and organic pollutants.
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Table S6 contains the correlation data of DCAs (C2−C9) with
Fe. Similar to oxalate results shown in Figure S2, lower DCAs
(C2−C6) show good correlations (up to R2 = 0.80; p < 0.05)
with Fe before polar sunrise, but show much lower correlations
(up to R2 = 0.13; p > 0.05) after polar sunrise. In contrast, the
higher DCAs (C7, C8, and C9) are more strongly correlated with
Fe (up to R2 = 0.71; p > 0.01) after polar sunrise than before (up
to R2 = 0.08; p > 0.05).
On the basis of these correlation differences, the above

findings signify that lower DCAs are prone to Fenton chemistry
with Fe and their similar source of origin may occur before polar
sunrise (in dark period), and the same observation can be
noticed for higher DCAs with Fe after polar sunrise. Figure 5
displays the relationships of transition metals with WSOC
before and after polar sunrise. We found that after polar sunrise,
all three (Fe, Cu, and Mn) transition metals are strongly
correlated with WSOC; Fe (R2 = 0.65; p < 0.001), Cu (R2 =
0.79; p < 0.05), and Mn (R2 = 0.86; p < 0.001), but not well
correlated before polar sunrise. The stronger correlations after
polar sunrise are consistent with photochemically driven
chemical production of WSOC after polar sunrise, which is
associated with transition metal ions that form organic ligand
complexes.

Multiple linear regression analysis (MINITAB Release 14 and
IBM SPSS statistics) was used to examine the relationship
between Alert aerosolWSOC and transition metals (Fe, Cu, and
Mn) in 11 samples after polar sunrise. Details of the analysis are
summarized in Table S7. Mn was the most significant predictor
(p < 0.001) followed by Cu and Fe. The multiple linear
regression model equation for the aerosol concentrations is
WSOC = 6.4 + 165 Mn + 83 Cu + 0.03 Fe.
Analysis of variance (ANOVA) was generated from the

multiple linear regressionmodel explained by three (Mn, Fe, and
Cu) independent explanatory variables, the degrees of freedom,
sum-of-squares (SS), mean squares (MS), and F-ratio (Table
S8). The p-value = 0.002 for the F test statistic is less than 0.05
(95% confidence interval) providing strong evidence against the
null hypothesis. The squared multiple correlations R2 = SS/(SS
+MS) = 70 335/81 461 = 0.863, indicating that 86.3% of the
variability in the response variable (WSOC) is explained by the
Mn, Fe, and Cu variables. Fe, Cu, and Mn were individually
tested with WSOC using ANOVA the SS, MS, F ratio, (Table
S8) and the p-values, i.e., 0.003 (Fe) and 0.0001 (Cu and Mn)
for the F test statistic are less than 0.05 (95% confidence
interval).

Figure 5. Correlation of transition metals with WSOC.
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The residual plots for WSOC consist of normal probability
plots, residual vs the fitted values, a histogram of residual, and
residual versus the order of the data. Correlation between
predicted WSOC vs observed WSOC was performed and a
significant correlation (R2 = 0.86; p < 0.001) was observed
(Figure S3). Durbin Watson statistic is a test for autocorrelation
in the residuals from a statistical regression analysis. The
Durbin-Watson statistic is 1.325. Durbin-Watson statistic61 for
all significantly correlated species is measured to be <2, which
ascertains the good autocorrelation between species. Apportion-
ment of these three metals among aerosol source factors after
polar sunrise was done using 18 years of observations by Sharma
et al.13 using a Positive Matrix Factor analysis. It was found that
over 70% of Mn was associated with a soil factor and an iodine
factor and that close to 100% of Cu was associated with a smelter
factor. Fe was not included in the analysis but it is well-known
that a major fraction of aerosol Fe comes from the soil.13

Atmospheric Implication and Summary. To the best of
our knowledge, this is the first study to discuss the temporal
weekly variations, correlational statistics, and multiple linear
regression model of major inorganic and organic species, and
carbonaceous components concurrently in the Alert aerosol.
This study can be a noteworthy reference for the comparative
studies before and after polar sunrise with the outcomes of the
current data set for the measurement of air quality as the
atmospheric implication in one of the most pristine regions
around the world, for instance, long time temporal variations of
oxalic acid which is the highly predominant water-soluble
organic species in the atmosphere. Similarly, the correlations
between transition metals with WSOC/oxalic acids/dicarbox-
ylic acids are statistically significant (p < 0.05). The Arctic
atmosphere has diversified atmospheric chemistry, therefore, we
can compare the data set of the present Alert aerosols with
laboratory-based Fenton chemistry for a better understanding of
the atmospheric processes.
Anastasio and Jordon62 analyzed the samples collected from

the Arctic aerosol at Alert and reported that one of the major
chemical effects of photochemically formed H2O2 is probably
the oxidation of aqueous forms of SO2 to make sulfuric acid,
both in aerosol particles and snowpack. The dynamics of H2O2
are also inextricably linked to those of •OH. For instance, while
direct photolysis and the Fenton reaction convert H2O2 to •OH,
reactions of •OH with organic carbon (OC/WSOC) generally
yield HO2

•, which can be disproportionate to yield HOOH.63

Wang et al.64 recently reported the photooxidation mechanism
of methacrolein or methacrylaldehyde (water-soluble organic
species) with Fe(III)−Ox in atmospheric water through bulk
experiments. They directly photolyzed methacrolein under
simulated scarcely sunlight (>290 nm) irradiation, and it had
little oxidation when Fe(III) was implicated. A large amount of
methacrolein was oxidized by •OH when Fe(III) and oxalate
subsisted together under simulated sunlight irradiation con-
ditions. Their finding indicated that the presence of Fe(III) and
oxalate greatly enhanced the oxidation ability in atmospheric
water through the consumption of oxalate in Fe(III)−Ox.
Wang et al.64 further observed the recycling of Fe(II) and

Fe(III) led to the generation of H2O2 and •OH, which impacted
the oxidation capacity. The increase of pH during the reaction
produced the precipitate, which impeded the circulation of
Fe(III) and Fe(II); it also triggered to intensify absorbance of
the solution, which further altered the absorbance of aerosols
and radiative forcing. They proposed the reaction pathways of
the photooxidation of methacrolein in the Fe(III)−Ox system

implying that •OH and the photooxidation of methacrolein in
the Fe(III)−Ox system could produce a different concentration
of small organic acids compared to the photolysis in H2O2
system, which only contained •OH. They measured oligomers
with higher molecular weight by LC-QTOF-MS, indicating that
organic species such as methacrolein oxidation in the Fe(III)−
Ox system could lead to the formation of SOA in the
atmospheric process.
In summary, the main sources of major organic species

identified at Alert were found to be associated with photo-
chemical processing, biomass burning products, fossil fuel
combustion, higher plant waxes, marine/microbial sources, soil
resuspension, secondary oxidation products, and long-range
transport from the midlatitude. Oxalic acid was identified as the
most abundant diacid followed by succinic and malonic acids.
Phthalic acid is the dominant unsaturated diacid. Inorganic ions
are much more abundant than elements/metals in the Arctic
aerosols. Sulfate accounts for 65% of the total mass of all the
measured inorganic ions followed by Na+, NH4

+, and Cl−. The
highest concentration of carbonaceous components occurred
before polar sunrise and declined thereafter, suggesting
photochemical degradation in sunlight. The average mass
concentration of OC is about four times higher than that of EC.
After polar sunrise, the strong correlation between WSOC

and NH4
+ suggests the plausibility of gaseous formation of

organic salts between organic acids that are produced by the
oxidation of gaseous organic precursors and NH3 emitted from
the ocean and land. The AAI suggests a lesser acidic Arctic
atmosphere after polar sunrise. Strong correlations of mono/
divalent cations and metals with oxalic acid at polar sunrise
imply a plausible formation of oxalate compounds and their
similar source of origin. Calcium is strongly correlated with
oxalic acid before polar sunrise, which suggests the formation of
calcium oxalate in the dark winter period and their long-range
transport from the midlatitudes where they may have been
emitted from continental sources (e.g., soil).
The substantial correlations of Fe, Cu, and Mn with oxalic

acid signify the acceptability of the Fenton chemistry by Fe and
Cu with oxalic acid in dark winter and photochemical processing
of oxalic acid with Cu and Mn, especially after sunrise.
Furthermore, their significant correlations also support the
formation of oxalato complexes of Fe, Cu, and Mn with their
emissions from similar sources via long-range atmospheric
transport from the midlatitudes. Transition metals and WSOC
were considered as a regressor and regressand. Using the
multiple linear regression model, we found Mn to be the most
significant predictor followed by Cu and Fe for the plausible
formation of water-soluble carbonyls, carboxylic acids, and their
derivative-containing WSOC at polar sunrise. K+ is highly
correlated with levoglucosan, suggesting that biomass burning
products transported from the midlatitudes via long-range
atmospheric transport enter into the Arctic atmosphere before
polar sunrise. A biomass component of aerosol K+ is consistent
with a long-term multidecadal multicomponent analysis of Alert
aerosols.13
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Tables including (i) comparison of new findings of data
set (not a single finding can be matched from our
previously published articles) with published outcomes;
(ii) average temperature, concentrations of aerosol mass
(TSPM), and major inorganic and carbonaceous species
measured in the Arctic aerosol; (iii) average concen-
trations of series of major and minor saturated diacids, ω-
oxocarboxylic acids, and ketoacids; (iv) comparison of
average concentrations of diacids and related compounds
measured in the Arctic region with the different sites of
South Asia including midlatitude (China); (v) correlation
of dicarboxylic acid with NH4

+; (vi) correlation of
dicarboxylic acid with Fe; (vii) statistics of Regression
model: WSOC versus Fe, Cu, and Mn (at Polar Sunrise);
(viii) analysis of variance (ANOVA) derived from the
multiple linear regression model between one (WSOC)
dependent and three (Mn, Fe, and Cu) independent
variables and ANOVA of each transition metals with
WSOC; Figures including (i) correlation of oxalic acid
with mono and divalent cations and alkaline earth metals;
(ii) correlation of oxalic acid with transition metals, (iii)
residual plots for WSOC and correlation between
predicted WSOC vs observed WSOC; (iv) (a) temporal
weekly variations of total nitrogen (TN), (b) contribution
of ammonium and nitrate nitrogen to TN, and (c) relative
contribution of ammonium and nitrate nitrogen to TN;
(v) correlation of total nitrogen (TN) with total carbon
(TC) before and after polar sunrise (PDF)
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