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Abstract—We considered the methodological questions: aerosol sampling on board research aircraft, extrac-
tion of an organic component, and identification of its constituent compounds. It is verified how aviation
materials (kerosene, oil, hydraulic fluid) can influence the measurement data. We analyzed the composition
of organic components of atmospheric aerosol, sampled in the winter—spring period of 2013 at altitudes of
500—7000 m over the southern part of the Novosibirsk reservoir. In the samples, we identified the normal-
structure alkanes, cyclanes, and alkyl arenes. Cyclic saturated and alkyl aromatic hydrocarbons were detected
in the composition of atmospheric aerosols of Western Siberia for the first time.
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INTRODUCTION

Aerosol particles play a key role in the process of
formation of the atmospheric radiation field and
weather, participate in different physical-chemical
reactions and, in particular, those associated with air
pollution products of human activity. The significance
of aerosol is now widely recognized and a great many
studies have been recently performed; nonetheless,
considerable gaps still remain in describing and mod-
eling the behavior of aerosols in the atmosphere and,
in particular, the carbon component of acrosol [1].

It has long been thought [2, 3] that the inorganic
component mainly contributes to the chemical com-
position of atmospheric aerosols, while the fraction of
the organic component does not exceed a few per-
cent. Possible global climate change and the Intergov-
ernmental Panel on Climate Change (IPCC) first
report provided an impetus for new aerosol studies
since the largest uncertainty in estimates of the radia-
tion budget of the Earth is due to the contribution of
aerosol particles.

Studies showed that the contribution of the organic
component to the composition of ultrafine (nanopar-
ticles) and fine aerosol fractions may vary strongly. The
authors of works [4, 5] noted that organic carbon may
account for 25—35% of the particle content. The

authors of work [6] give an average value changing
from 40 to 65%. A close value, i.e., 57.3—71.2%, was
found in [7]. Moreover, experiments revealed that the
fraction of the organic component may reach 90—92%
in the microdispersed fraction [8, 9].

The relationship between the contents of organic
(OC) and elemental carbons (EC) in aerosol was stud-
ied in a number of works. Authors of works [10, 11]
indicated that this relationship lies in the range 0.3—
0.4. However, Perrone et al. [12] present data showing
that the ratio of OC to EC is equal to two for the coarse
aerosol fraction and is equal to four for the ultrafine
fraction.

It was found that the organic part of the aerosol
consists, to a considerable degree, of water-soluble
compounds. For instance, the authors of work [13]
showed that the degree of aerosol solubility in water is
proportional to content of organic substance in aero-
sol. The authors of work [14, 15] found that the
amount of water-soluble organics ranges from 56 to
61% in the fine fraction and attains 79% in the
ultrafine fraction. Unsurprisingly, the organic compo-
nent of aerosol plays an important role in the processes
of cloud formation [16—18]. As a result, organic sub-
stances account for up to 40% of all compounds found
in cloud water [19].
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Usually, every publication on the analysis of the
organic aerosol composition lists the detectable com-
pounds often with nonoverlapping names. For instance,
150 amines only had been identified in the aecrosol com-
position in work [20]. The authors of work [21] indicate
that they detected from 186 organic ions to 494 radicals
in different samples. Seemingly, the list of compounds
in the composition of the organic component of aerosol
will further increase. This means that there are consid-
erable deviations from the commonly accepted theory
of binary and ternary nucleation in the atmosphere [22,
23], and so due attention should be paid to nanoparticle
formation in the atmosphere.

It was found that a significant portion of the aerosol
may form in the course of chemical or photochemical
processes directly in the atmosphere from precursor
gases [24—27]. This may proceed via reactions of oxi-
dation involving interaction with ozone [28—30],
hydroxyl [31, 32], nitrogen oxides [33—35], or acids
[36]. The progress of the processes depends on the air
temperature or the presence of catalysts [37—39]. It is
noteworthy that many of these processes were pre-
dicted as early as the work of V. A. Isidorov [40], but
were experimentally confirmed only in recent
decades.

Still another mechanism, which may prove to be an
efficient source of organic particles, had been found
recently. It is caused by the exceptional reactivity of
Criegee radicals, i.e., compounds of oxygen and
hydrocarbon radicals [41]. It is predicted to be more
efficient than hydroxyl or ozone. Although still
remaining within the laboratory, the research has
already given results confirming the predictable char-
acteristics [42, 43].

Aerosols contribute to the radiation budget of the
Earth via the processes of absorption, reflection, and
scattering of solar radiation. However, as recent publi-
cations show, the optical characteristics of organic
aerosols have not yet been sufficiently studied, from
the refractive index of the particle substance and to the
absorption and scattering coefficients [44, 45].

In the aerosol material there are many dangerous
organic compounds such as aromatic hydrocarbons
and chlorine-, sulfur-, and nitrogen-containing spe-
cies [46, 47]. This determines their ecological signifi-
cance. Changes in concentration of many organic
components under the influence of human activities
may cause hard to predict changes in the entire struc-
ture of atmospheric processes [48]. Nonetheless, the
scales of the contribution of anthropogenic organic
compounds to the atmosphere have not yet been
determined.

Intensive studies, which followed the first IPCC
report and aimed at ascertaining the role of aecrosols in
the atmospheric and radiation processes, revealed that
the contribution of organic components to the com-
position of aerosol particles is currently completely
underestimated. At present, organic aerosols are
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intensely studied around the world. An exception is
the territory of Russia, for which information on the
amount, composition, and spatiotemporal variations
in the organic component of the atmospheric aerosol
is totally absent. For this reason, the authors of the
present paper initiated in 2012 the interdisciplinary
project of the Siberian Branch of the Russian Acad-
emy of Sciences aimed at studying the conditions for
the formation and behavior of the organic component
of aerosols in the atmosphere over the Siberian region.
The present paper contains the first data obtained
within this project.

METHODS OF SAMPLING
AND ANALYSIS

Studies are performed on board the research air-
craft,a TU-134 “Optik”, which in the base variant was
described in [49]. A new sampler based on a standard
airspeed pitot was fabricated to collect the samples of
organic aerosol from the atmosphere. It is extruded
forward and mounted in the window of the cockpit
door. The inner cross section of the sampler is
increased to 10 mm, and the canal is made of Teflon
with a cylindrical cross section of 8 x 10 mm and
equipped with vacuum quick-split junctions
(Kamozzi, Italy). We purchased and mounted a new
high-volume dry-running vacuum pump V-VITN 26
(Elmo Rietschle, Germany) with a capacity of up to
25 m?/h. A drainage hole in the cabin below the venti-
lator window of the second pilot is isolated to drain the
condensate; it is located in the direction of sampler
and may be an internal source of hydrocarbon (lubri-
cant) pollution. To identify the possible influence on
measurements, the technical flight personnel were
employed to select and analyze the specimens of con-
sumables used to service the aircraft (the hydraulic
fluid Hydraunycoil FH 51, oil MS-8, kerosene, diesel
fuel for auxiliary power unit).

Data obtained in analysis of aviation consumables
are considered below in the discussion of the results.
The placement of the sampler is shown in Fig. 1.

In the winter-spring period of 2013, atmospheric
aerosol samples were taken on board the research air-
craft TU-134 “Optik” in the region of the Karakan Pine
Forest on the right-hand coast of the southern part of
the Novosibirsk Reservoir. The samples were collected
in the tropospheric layer of 500—7000 m on reinforced
Teflon filtering membranes Grimm 1.113A with a mean
pore diameter of 0.8—1.2 pm. The volume of air
pumped through the filter was 7.2 m? in January, 7.5 m?
in February, and 12.0 m? in April, 2013.

The collected aerosol samples were treated as fol-
lows: the organic part was extracted from the filter,
using chromatographic acetone (1.5 cm?) in an ultra-
sonic bath; then, it was concentrated in vacuum up to
50 uL,with the subsequent analysis using a chroma-
tography-mass spectrometer.
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Fig. 1. Placement of the aerosol sampler on board the research aircraft TU-134 “Optik”.

Chromatography-mass spectrometers Agilent
6890N (Institute of Chemical Kinetics and Combus-
tion, Siberian Branch, Russian Academy of Sciences)
and Shimadzu QP 5050A (Institute of Petroleum
Chemistry, Siberian Branch, Russian Academy of Sci-
ences) were used for the analysis.

The extracted organic part of atmospheric aerosol
was chromatographically separated in a universal-type
capillary column (HP-5MS) with an inner diameter of
0.25 mm and length 30 m when the temperature of
thermostat of the column in the course of the analysis
linearly rose from 50 to 250°C at a heating rate of
5°C/min. The isotherm at the initial and final temper-
atures was 3 and 45 min, respectively.

Hydrocarbons were identified using mass spectral
library databases NIST, Wiley, as well as by comparing
retention times of reference compounds in model
mixtures.

Two model mixtures and hydrocarbon petroleum
concentrate were analyzed in the same regimes to ensure
confident identification. The first model mixture com-
prised only n-alkanes C4,—C,,; and the second model
mixture mainly comprised aromatic hydrocarbons:
n-hexyl benzene, naphthalene, 1.6-dimethylnaphtha-
lene, 4-methylbiphenyl, phenanthrene, 9-methyl-
phenanthrene, chrysene, as well as n-hexadecane. This
allowed us to use the retention times of hydrocarbons to
confirm the reliability of identification, because the
expert appraisal of results of identification with respect
to mass spectra with the use of library databases turns
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out to be difficult in some cases since the mass spectra
of different hydrocarbon classes bear a considerable
resemblance to those of other organic compounds.

The samples were analyzed in two modes with the
Shimadzu QP 5050A chromatography-mass spec-
trometer: scan (total scanning of all ratios of mass to
charge m/z) and SIM (scanning with selecting ion
monitoring m/z).

A total of 49 ratios m/z, corresponding to the main
hydrocarbon classes (Table 1), were introduced in the
program to record mass spectra in the SIM mode.

RESULTS AND DISCUSSION
Alkanes

Normal- (linear-) structure alkanes were identified
in all samples of atmospheric aerosols. Homologous
series of alkanes includes the compounds from C,,H,,
to CycHs, (Fig. 2a, Table 2).

In the low-molecular weight region, all samples
exhibit the “naphthene hump”, indicating the pres-
ence of a mixture of naphthene hydrocarbons nonsep-
arable under the chromatographic conditions. The
elution time of “naphthene hump” varies in the range
15—25 min.

The maximum in the distribution of n-alkanes in
all aerosol samples is accounted for n- hexadecane
(Cp). It is hypothesized that the high content of hexa-
decane and the presence of “naphthene hump” in
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Table 1. The ratio of the mass to charge (m/z) for the basic hydrocarbon classes

Compound m/z
Alkenes 55
Normal-structure alkenes 57
Isoprene-structure alkenes 183
Cyclopentanes 69
Cyclohexanes 83
Bicyclanes 123
Tricyclanes 191
Steranes (tetracyclanes) 217
Hopanes (pentacyclanes) 191, 177
Alkyl benzenes 91, 105, 119, 133
Diphenyls 154, 168
Acenaphthenes 153
Fluorenes 165
Alkyl naphthalenes 128, 142, 156, 170, 184
Alkyl phenanthrenes 178,192, 206, 220, 234

Trinaphthenes (monoaromatic steranes)
Mononaphthene phenanthrenes (triaromatic steranes)
Simmonelites

Thiophenes

Benzothiophenes

Dibenzothiophenes

Oxygen-containing compounds (spirits, ethers)
Normal and branched fatty acids

Aliphatic acids

Phenols

253
231
237,252
112, 126, 140, 134, 147, 161
175, 189
184, 198
31, 45,59, 72
74, 87, 88, 101
60
107

aerosol samples is a consequence of pollution by avia-
tion consumables. In this regard, we analyzed the sam-
ples of aviation kerosene, hydraulic fluid FH-51, and
oil MC-8.

It was found that aviation kerosene could not be the
reason for increased hexadecane concentration in
aerosol samples because the content of n-alkanes in
aviation kerosene is confined to pentadecane C,sH;,
(Fig. 2¢).

The chromatogram of MC-8 oil sample contains a
“naphthene hump”; however, its elution time differs
from that of aerosol samples and is in the interval 30—
50 min (Fig. 2b). Against the background of the
“naphthene hump”, there are chromatographic peaks
whose retention times do not coincide with those of
n-alkanes.

At the same time, in the mass-fragmentogram of
the sample of hydraulic fluid there is a “naphthene
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hump”, the retention time of which coincides with
that in aerosol samples (Fig. 2d).

Probably, the hexadecane concentration was too
high because of the lubrication of the drain port of the
condensate in the cabin below the ventilation window
of the second pilot, which was isolated later. There-
fore, the C,; concentration in the composition of
n-alkanes was not accounted for in order to represent
correctly the source of n-alkanes in the atmosphere
(Table 2).

Tetradecane (C,4Hj3y) in maximal concentrations,
and heptadecane (C;;H;¢) in near-maximal concen-
trations exist among normal-structure alkanes in aero-
sol samples collected in winter time. The concentra-
tion maximum in the April aerosol sample is shifted
toward the higher-molecular weight region and corre-
sponds to hydrocarbons C;;—C,,. The absence of
n-alkanes in aerosols with more than 27 carbon atoms
in the molecule may possibly be because the aerosol

No. 6 2014



HYDROCARBON COMPOSITION OF TROPOSPHERIC AEROSOL

551

(a) (b)
Ci January 29 MC-8 oil
Cio Cu |C17
‘ 18
C
‘19 2021c22 Cou
/Czyczs
N4
el / — M ‘
| 1 | 1 1 | | | | pep v 1 | | 1 T 1
10 15 20 25 30 35 40 45 50 55 10 20 30 40 50 60 70 80
(©) (d)
Cio c Aviation kerosene Hydraulic fluid FH-51
Cy 11
Ci2
Cis
Cy4 Cis

A

10 20 30 40 50 60 70 80
Retention time, min

y ﬁf ~_~l e - " N -
—1 i 1 i

10 20 30 40 50 60 70 80
Retention time, min

Fig. 2. The typical mass-fragmentogram of n-alkanes (m/z 57) in (a) atmospheric aerosol and (b—d) aviation consumables.

samples were collected in winter and spring time,
when the period of vegetation is in its inactive phase.

It was suggested in [50] to consider n-alkanes as
markers of a source of a certain type. For instance,
n-alkanes with 27—33 carbon atoms in the molecule
originate in the atmosphere from natural sources, and
the n-alkanes with less than 23 carbon atoms originate
from anthropogenic activities. The n-alkanes C,;—Cyq
may be of both natural and anthropogenic origins.

Taking this assumption into account, we calculated
the ratio of the total content of low-molecular
n-alkanes C,;—C,, to the total content of high-molec-
ular n-alkanes C,;—C,4 (see Table 2). The high values
of this ratio indicate that low-molecular weight
homologous series predominate in the composition of
n-alkanes of aerosols.

Also, the type of the source of n-alkanes in the
atmosphere is determined using the carbon preference
index (CPI), calculated from the formula [50]:

-1 +1
CPI:O.S(iC,/ZZCeJrZZ:CU ZZCJ
i i—1 i

i+l
where C, are the concentrations of n-alkanes with odd
numbers of carbon atoms from i to z; and C, are the
concentrations of n-alkanes with even numbers of car-
bon atoms.
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The CPI values for all samples of aerosol in air are
much less than unity (see Table 2); therefore, it can be
concluded that n-alkanes originated in the atmo-
sphere from anthropogenic sources.

The authors of works [51, 52] showed that the C,
concentrations predominate in the leaves of plants,
while the concentrations of even homologous series
predominate in vehicular exhausts. The source of
hydrocarbons is biological material if the CP[ is greater
than three; the presence of n-alkanes in the atmo-
sphere is determined by the processes of incomplete
fuel combustion if the CPI is close to unity [50, 53].
The source intensity is estimated using the concentra-
tion of any hydrocarbon as a criterion. Mazurek et al.
[50] showed that C,;, C,9, C5;, and Cs; are the markers
of mechanical damage to leaf surfaces; C,y and Cs; are
the markers of natural forest fires; C,; and C,5 are the
markers of vegetation burning; C,; and C,, are mark-
ers of vehicular exhausts; C,, is the marker of petro-
leum products, and C,4 is the marker of lubricating oil
and diesel fuel. Thus, n-alkanes with 27 carbon atoms
are, probably, biogenic in origin, those with 23—26
atoms represent a mixed group of biogenic and
anthropogenic sources, and those with 10—19 atoms
are characteristic for anthropogenic sources. This
classification is, of course, not unique, since light
hydrocarbons are also encountered among the prod-
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Table 2. The content of n-alkanes in samples of atmo-
spheric aerosols (2013)

Content in sample, % rel.
n-Alkane

Jan.29 | Feb. 27 Apr. 9
Decane (C;¢H,») 32.8 17.9 9.4
Undecane (C;;H,,) 3.0 2.2 0.9
Dodecane (C,Hyg) 3.2 2.0 1.2
Tridecane (C,3Hyg) 4.6 3.4 0.6
Tetradecane (C,4H;) 5.6 59 1.7
Pentadecane (C,sH3,) 2.2 1.9 0.8
Heptadecane (C;;Hs¢) 5.0 5.8 4.2
Octodecane (C;gHxg) 1.7 34 59
Nonadecane (C9Hyg) 1.5 1.6 7.2
Eicosane (C,Hy,) 1.1 2.5 7.2
Heneicosane (C,;Hy,) 0.8 1.9 4.1
Docosane (Cy,Hyg) 1.1 2.0 2.7
Tricosane (Cy3Hyg) 1.2 2.2 1.8
Tetracosane (C,4,Hs) 1.1 1.9 1.6
Pentacosane (C,5Hs») 1.1 3.2 1.1
Hexacosane (CysHsy) 0.5 2.2 0.6
CPI index 0.2 0.3 0.3
—%Eg;‘;:gi; 13.1 5.0 5.4

ucts of plant metabolism [40, 46], while the heavy
hydrocarbons are found in the composition of petro-
leum products.

Cycloalkanes (Cyclanes)

The January and April aerosol samples comprise
homologous series of alkyl cyclohexanes with 16 to 23
carbon atoms in the molecule (Figs. 3 and 4). Only
alkyl cyclohexanes C,,and C,; were identified in the
February sample. The cyclohexanes were identified by
comparing the retention times of these compounds in
the concentrate of petroleum hydrocarbons, which
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was used as a comparison reference; also, mass spectra
libraries were utilized.

The molecular weight distributions of alkyl cyclo-
hexanes in January and April samples are similar in
character. The alkyl cyclohexane C,q is contained in
these samples in maximal concentrations (see Fig. 4).

Pentacyclic alkanes (hopanes) C,y—C5, are present
in the April aerosol sample (Fig. 5). No hopanes were
found in January and February samples. They were
identified by comparing the retention times between
the sample analyzed and a sample concentrate of
hydrocarbons extracted from petroleum, as well as by
comparing the mass spectra of pentacyclic compounds
from library databases against the mass spectra
obtained on the chromatogram.

The presence of alkyl cyclohexanes in all aerosol
samples and the composition of pentacyclanes in the
April acrosol sample, analogous to that in oil, allow us
to hypothesize that their presence in the atmosphere,
like the presence of n-alkanes C;,—C,,, was caused by
anthropogenic sources.

Alkyl Biaromatic Hydrocarbons
(Alkyl Naphthalenes)

Among the alkyl biaromatic hydrocarbons, in the
aerosol samples collected in 2013, we identified
(Fig. 6a): unbranched naphthalene (peak 1), 2-methyl
naphthalene (peak 2), 1-methyl naphthalene (peak 3),
2.7-, 2.6-, 1.7-dimethyl naphthalenes (peak 4),
1.3-dimethyl naphthalene (peak 5), 1.6-dimethyl
naphthalene (peak 6), and 2.3-dimethyl naphthalene
(peak 7). No trimethyl naphthalenes were found.

These compounds were identified using data on
retention times of concentrates of petroleum hydro-
carbons and the model mixture, consisting of petro-
leum hydrocarbons, used as a reference; also, mass-
spectra libraries were utilized.

Unbranched naphthalene predominates in content
over its methyl- and dimethyl-substituted homologous
series among alkyl biaromatic hydrocarbons of aero-
sols (Fig. 7). The amount of methyl naphthalenes is
larger than the content of dimethyl naphthalenes
among the substituted homologous series.

As in aerosol samples, in kerosene the alkyl naph-
thalenes are represented by unbranched naphthalene
and its substituted homologous series. Kerosene sam-
ples differ from aerosol samples in that they contain
trimethyl naphthalenes and have another character of
the molecular weight distribution of the entire alkyl
naphthalene series. No alkyl naphthalenes were
detected in samples of MC-8 oil and hydraulic fluid
FH 51.

The presence of alkyl naphthalenes in aerosol sam-
ples, as well as the presence of saturated cyclic hydro-
carbons, is due to anthropogenic sources. The similar-
ity of the type content of alkyl naphthalenes in winter
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Fig. 3. The mass-fragmentograms of cyclohexanes (m/z 83)
in aerosol samples.

and spring samples suggests that it is constant inde-
pendent of the season.

Alkyl Triaromatic Hydrocarbons
(Alkyl Phenanthrenes)

Compounds of phenanthrene series in collected
aerosol samples are represented (Fig. 8a) by
unbranched phenanthrene (peak 1) and its methyl-
substituted isomers: 3-methyl phenanthrene (peak 2),
2-methyl phenanthrene (peak 3), 9-methyl phenan-
threne (peak 4), and 1-methyl phenanthrene (peak 5).
The alkyl triaromatic hydrocarbons were identified
analogously to the identification of alkyl biarenes.

In January and February aerosol samples, the
phenanthrene amount exceeds the methyl phenan-
threne content by the factors of 1.3 and 1.1, respec-
tively (Fig. 9). The methyl phenanthrenes are a factor
of 1.4 more abundant than phenanthrene in the April
aerosol sample.

Of the alkyl phenanthrenes, only unbranched
phenanthrene is present in the kerosene sample. No
alkyl phenanthrenes were found in samples of MC-8 oil
and hydraulic fluid.
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Fig. 4. The molecular weight distributions of alkyl cyclo-
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Fig. 5. The mass-fragmentograms of pentacyclic alkanes
(m/z 191) in (a) April aerosol sample and (b) hydrocarbon
petroleum concentrate.
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Fig. 6. The typical mass-fragmentogram of alkyl naphtha-
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Fig. 7. The type content of alkyl biaromatic hydrocarbons
in aerosol samples (2013).

The presence of alkyl phenanthrenes confirms the
hypothesis that organic components in the atmo-
spheric aerosol are anthropogenic in origin. The dif-
ferences in type content of alkyl phenanthrenes

ATMOSPHERIC AND OCEANIC OPTICS Vol. 27

(a)
April 2013
Phenanthrene

1

Methyl phenanthrenes
3 4

2 /75

N4

31 32 33 34 35 36 37
Retention time, min

(b)
Hydrocarbon petroleum concentrate
Methyl phenanthrenes
4

Phenanthrene

|
32 33 34 35 36 37
Retention time, min
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sols and (b) hydrocarbon petroleum concentrate.

OPhenanthrene mMethyl phenanthrenes

60

40

Content, % rel.

January February April

Fig. 9. The type content of alkyl triaromatic hydrocarbons
in aerosol samples (2013).

between winter and spring aerosol samples indicate
that these hydrocarbons vary with the season.

The identification of compounds, detected in
atmospheric aerosol over the south of Western Siberia,
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coincides, in many respects, with data obtained for
other regions [54—56], indicating that particles have a
universal character of their formation in the atmo-
sphere. Possibly, we will also be able to identify
regional features with more samples taken.

CONCLUSIONS

Studying the composition of organic components
of atmospheric aerosols, sampled in the winter-spring
period of 2013 at altitudes of 500—7000 m over the
southern part of the Novosibirsk Reservoir, showed
that the composition and distribution of identified
normal-structure alkanes and CP/[ value, calculated on
their bases, the relationship of low- and high-molecu-
lar weight n-alkanes, and also the presence of cyclanes
and alkylarenes indicate that these compounds in the
composition of atmospheric aerosols are anthropo-
genic in origin.

Cyclic saturated and alkyl aromatic hydrocarbons
are detected for the first time in the composition of
atmospheric aerosol in Western Siberia.

ACKNOWLEDGMENTS

This work was supported by the Presidium of the
Russian Academy of Sciences (program no. 4),
Department of Earth Sciences of the Russian Acad-
emy of Sciences (program no. 5), Siberian Branch of
the Russian Academy of Sciences (interdisciplinary
integrated project nos. 35, 70, and 131), and by the
Russian Foundation for Basic Research (grant
nos. 11-05-93118, 14-05-00526, and 14-05-00590).

REFERENCES

. Zaveri, W. J. Shaw, D. J. Cziczo, B. Schmid,
A Ferrare, M. L. Alexander, M. Alexandrov
.J. Alvarez, W. P. Arnott, D. B. Atkinson, S. Baidar,
Banta J. C Barnard J. Beranek, L K. Berg,
echtel W. A. Brewer, J. E Cahill, B. Cairns,
. Cappa, D. Chand, S. China, J. M. Comstock,
K Dubey, R. C. Easter M. H. Erickson, J. D. Fast,

Floerchinger, B. A. Flowers, E. Fortner,
.S. Gaffneyy, M. K. Gilles, K. Gorkowski,
. 1. Gustafson, M. Gyawali, J. Hair, R. M. Hardesty,
W. Harworth S. Herndon, N. Hiranuma,
C. Hostetler, J. M. Hubbe, J. T. Jayne, H. Jeong,
B. T. Jobson, E. I. Kassianov, L. I. Kleinman, C. Kluzek,
B. Knighton, K. R. Kolesar, C. Kuang, A. Kubatova,
A.0O. Langford, A. Laskin, N. Laulainen,
R. D. Marchbanks, C. Mazzoleni, FE Mei, R. C. Mof-
fet, D. Nelson, M. D. Obland, H. Oetjen, T. B. Onasch,
1. Ortega, M. Ottaviani, M. Pekour, K. A. Prather,
J. G. Radney, R. R. Rogers, S. P. Sandberg, A. Sed-
lacek, C. J. Senff, G. Senum, A. Setyan, J. E. Shilling,
M. Shrivastava, C. Song, S. R. Springston, R. Subra-
manian, K. Suski, J. Tomlinson, R. Wolkamer,
H. W. Wallace, J. Wang, A. M. Weickmann,
D. R. Worsnop, X.-Y. Yu, A. Zelenyuk, and Q. Zhang,
“Overview of the 2010 Carbonaceous Aerosols and

>

thozn;wwww
oFz!

ATMOSPHERIC AND OCEANIC OPTICS Vol. 27

10.

11.

12.

13.

No. 6

. K. M. Shakya, P. E

555

Radiative Effects Study (CARES),” Atmos. Chem.
Phys. 12 (16), 7647—7687 (2012).

. N. A. Fuks, Mechanics of Aerosols (AN SSSR, Moscow,

1955) [in Russian].

. K. Ya. Kondrat’ev, “Aerosol as a climate-forming com-

ponent of the atmosphere. 2. Direct and indirect
impact on climate,” Atmos. Ocean. Opt. 15 (4), 267—
284 (2002).

. J. Bialek, M. Dall’Osto, C. Monahan, D. Beddows,

and C. O’Dowd, “On the contribution of organics to
the North East Atlantic aerosol number concentra-
tion,” Environ. Res. Lett. 7, 044013, 7 (2012).

. M. Elsasser, M. Crippa, J. Orasche, P. E DeCarlo,

M. Oster, M. Pitz, J. Cyrys, T L. Gustafson,
J. B. C. Pettersson, J. Schnelle-Kreis, A. S. H. Prevot,
and R. Zimmermann, “Organic molecular markers and
signature from wood combustion particles in winter
ambient aerosols: Aerosol mass spectrometer (AMS)
and high time-resolved GC-MS measurements in
Augsburg, Germany,” Atmos. Chem. Phys. 12 (14),
6113—6128 (2012).

. X. Ge, A. S. Wexler, and S. L. Clegg, “Atmospheric

amines—Part 1. A review,” Atmos. Environ. 45 (3),
524—545 (2011).

. Z. Wang, T. Wang, J. Guo, R. Gao, L. Xue, J. Zhang,

Y. Zhou, X. Zhou, Q. Zhang, and W. Wang, “Forma-
tion of secondary organic carbon and cloud impact on
carbonaceous aerosols at Mount Tai, North China,”
Atmos. Environ. 46 (1), 516—527 (2012).

, Jr. Place, R. J. Griffin, and
R. W. Talbot, “Carbonaceous content and water-soluble
organic functionality of atmospheric aerosols at a semi-
rural New England location,” J. Geophys. Res. 117,
D03301 (2012). doi: 10.1029/2011JD016113

. K. H. Kim, K. Sekiguchi, S. Kudo, M. Kinoshita, and

K. Sakamoto, “Carbonaceous and ionic components in
ultrafine and fine particles at four sampling sites in the
vicinity of roadway intersection,” Atmos. Environ. 74,
83-92 (2013).

C. Pio, M. Cerqueira, R. M. Harrison, T. Nunes,
F Mirante, C. Alves, C. Oliveira, A. S. de la Campa,
B. Artinano, and M. Matos, “OC/EC ratio observa-
tions in Europe: Re-thinking the approach for appor-
tionment between primary and secondary organic car-
bon,” Atmos. Environ. 45 (34), 6121—-6132 (2011).

M. E Heringa, P. E DeCarlo, R. Chirico, T. Tritscher,
M. Clairotte, C. Mohr, M. Crippa, J. G. Slowik,
L. Pfaffenberger, J. Dommen, E. Weingartner,
A. S. H. Prevot, and U. Baltensperger, “A new method
to discriminate secondary organic aerosols from differ-
ent sources using high-resolution aerosol mass spec-
tra,” Atmos. Chem. Phys. 12 (4), 2189—2203 (2012).

M. R. Perrone, A. Piazzalunga, M. Prato, and I. Caro-
falo, “Composition of fine and coarse particles in a
coastal site of the Central Mediterranecan: Carbon-
aceous species contributions,” Atmos. Environ. 45
(39), 7470—7477 (2011).

X. Zhang, J. Liu, E. T. Parker, P. L. Hayes, J. L. Jime-
nez, J. A. de Gouw, J. H. Flynn, N. Grossberg,
B. L. Lefer, and R. J. Weber, “On the gas-particle parti-
tioning of soluble organic aerosol in two urban atmo-
spheres with contrasting emissions: 1. Bulk water-solu-

2014



556

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

VORONETSKAYA et al.

ble organic carbon,” J. Geophys. Res. 117, D0O0V16
(2012). doi 10.1029/2012JD017908

X. Zhang, Z. Liu, A. Hecobian, M. Zheng,
N. H. Frank, E. S. Edgerton, and R. J. Weber, “Spatial
and seasonal variations of fine particle water-soluble
organic carbon (WSOC) over the southeastern United
States: Implications for secondary organic aerosol for-
mation,” Atmos. Chem. Phys. 12 (14), 6593—6607
(2012).

L. D. Ziemba, R. J. Griffi, S. Whitlow, and R. W. Tal-
bot, “Characterization of water-soluble organic aerosol
in coastal New England: Implications of variations in
size distribution,” Atmos. Environ. 45 (39), 7310—
7329.2011,

Ch. Pohlker, K. T. Wiedemann, B. Sinha, M. Shiraiwa,
S. S. Gunthe, M. Smith, H. Su, P. Artaxo, Q. Chen,
Y. Cheng, W. Elbert, M. K. Gilles, A. L. D. Kilcoyne,
R. C. Moffet, M. Weigand, S. T. Martin, U. Poschl, and
M. O. Andreae, “Biogenic potassium salt particles as
seeds for secondary organic aerosol in the Amazon,”
Science 337 (6098), 1075—1078 (2012).

V. E McNeill, A. M. Grannas, J. P. D. Abbatt,
M. Ammann, P. Ariya, T. Bartels-Rausch, E Domine,
D. J. Donaldson, M. 1. Guzman, D. Heger,
T E Kahan, P. Klan, S. Masclin, C. Toubin, and
D. Voisin, “Organics in environmental ices: Sources,
chemistry, and impacts,” Atmos. Chem. Phys. 12 (20),
9653—-9678 (2012).

S. M. Burrows, C. Hoose, U. Poschl, and
M. G. Lawrence, “Ice nuclei in marine air: Biogenic
particles or dust?,” Atmos. Chem. Phys. 13 (1), 245—
267 (2013).

B. Ervens, Y. Wang, J. Eagar, W. R. Leaitch, A. M. Mac-
donald, K. T. Valsaraj, and P. Herckes, “Dissolved
organic carbon (DOC) and select aldehydes in cloud
and fog water: the role of the aqueous phase in impact-
ing trace gas budgets,” Atmos. Chem. Phys. 13 (10),
5117—5135 (2013).

D. Y. Lee and A. S. Wexler, “Atmospheric amines—
Part I1I: Photochemistry and toxicity,” Atmos. Envi-
ron. 71, 95—103 (2013).

J.-H. Park, A. H. Goldstein, J. Timkovsky, S. Fares,
R. Weber, J. Karlik, and R. Holzinger, “Active atmo-
sphere-ecosystem exchange of the vast majority of

detected volatile organic compounds,” Science 341
(6146), 643—647 (2013).

G. J. Doyle, “Self-nucleation in the sulfuric acid-water
system,” J. Chem. Phys., No. 35, 795—799 (1961).

M. Kulmala, H. Vehkamaiki, T. Petdja, M. Dal Maso,
A.Lauri, V. M. Kerminen, W. Birmili, and
P. H. McMurry, “Formation and growth rates of
ultrafine atmospheric particles: A review of observa-
tions,” J. Aerosol Sci. 35 (2), 143—176 (2004).

J. H. Kroll and J. H. Seinfeld, “Chemistry of secondary
organic aerosol: formation and evolution of low-vola-

tility organics in the atmosphere,” Atmos. Environ. 42
(16), 3593—3624 (2008).

A. Kiendler-Scharr, J. Wildt, M. Maso Dal, T. Hohaus,
E. Kleist, T E Mentel, R. Tillmann, R. Uerlings,
U. Schurr, and A. Wahner, “New particle formation in

forests inhibited by isoprene emissions,” Nature (Gr.
Brit.) 461 (7262), 381—383 (2009).

ATMOSPHERIC AND OCEANIC OPTICS Vol. 27

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

J. R. Pierce, 1. Riipinen, M. Kulmala, M. Ehn,
T Petija, H. Junninen, D. R. Worsnop, and
N. M. Donahue, “Quantification of the volatility of
secondary organic compounds in ultrafine particles
during nucleation events,” Atmos. Chem. Phys. 11
(17),9019—-9036 (2011).

I. K. Ortega, T Suni, M. Boy, T Gronholm,
H. E. Manninen, T. Nieminen, M. Ehn, H. Junninen,
H. Hakola, H. Hellen, T. Valmari, H. Arvela, S. Zege-
lin, D. Hughes, M. Kitchen, H. Cleugh, D. R. Wors-
nop, M. Kulmala, and V.-M. Kerminen, “New insights
into nocturnal nucleation,” Atmos. Chem. Phys. 12
9), 4297—4312 (2012).

S. Liu, D. A. Day, J. E. Shields, and L. M. Russell,
“Ozone-driven daytime formation of secondary
organic aerosol containing carboxylic acid groups and
alkane groups,” Atmos. Chem. Phys. 11 (16), 8321—
8341 (2011).

H. L. Wang, D. Huang, X. Zhang, Y. Zhao, and
Z. M. Chen, “Understanding the aqueous phase 0zo-
nolysis of isoprene: Distinct product distribution and
mechanism from the gas phase reaction,” Atmos.
Chem. Phys. 12 (15), 7187—7198 (2012).

T. J. Barnum, N. Medeiros, and R. Z. Hinrichs, “Con-
densed-phase versus gas-phase ozonolysis of catechol:
A combined experimental and theoretical study,”
Atmos. Environ. 55 (1), 98—106 (2012).

A. Kiendler-Scharr, S. Andres, M. Bachner,
K. Behnke, S. Broch, A. Hofzumahaus, F. Holland,
E. Kleist, T E Mentel, E Rubach, M. Springer,
B. Steitz, R. Tillmann, A. Wahner, J.-P. Schnitzler, and
J. Wildt, “Isoprene in poplar emissions: effects on new
particle formation and OH concentrations,” Atmos.
Chem. Phys. 12 (2), 1021—1030 (2012).

S. A. Epstein and S. A. Nizkorodov, “A comparison of
the chemical sinks of atmospheric organics in the gas
and aqueous phase,” Atmos. Chem. Phys. 12 (17),
8205—8222 (2012).

N. C. Eddingsaas, C. L. Loza, L. D. Yee, M. Chan,
K. A. Schilling, P. S. Chhabra, J. H. Seinfeld, and
P. O. Wennberg, “o-pinene photooxidation under con-
trolled chemical conditions. Part 2: SOA yield and
composition in low- and high-NO, environments,”
Atmos. Chem. Phys. 12 (16), 7413—7427 (2012).

A. W. Rollins, E. C. Browne, K.-E. Min, S. E. Pusede,
P. J. Wooldridge, D. R. Gentner, A. H. Goldstein,
S. Liu, D. A. Day, L. M. Russell, and R. C. Cohen,
“Evidence for NO, control over nighttime SOA forma-
tion,” Science 337 (6099), 1210—1212 (2012).

Ch. Liu, B. Chu, Y. Liu, Q. Ma, J. Ma, H. He, J. Li,
J. Hao, “Effect of mineral dust on secondary organic
aerosol yield and aerosol size in a-Pinene/NO, photo-
oxidation,” Atmos. Environ. 77, 781789 (2013).

E. Riccobono, L. Rondo, M. Sipila, P. Barmet, J. Cur-
tius, J. Dommen, M. Ehn, S. Ehrhart, M. Kulmala,
A. Kurten, J. Mikkila, P. Paasonen, T. Petiji, E. Wein-
gartner, and U. Baltensperger, “Contribution of sulfu-
ric acid and oxidized organic compounds to particle
formation and growth,” Atmos. Chem. Phys. 12 (20),
9427-9439 (2012).

I. Gensch, W. Laumer, O. Stein, B. Kammer,
T. Hohaus, H. Saathoff, R. Wegener, A. Wahner, and
A. Kiendler-Scharr, “Temperature dependence of the

No. 6 2014



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

HYDROCARBON COMPOSITION OF TROPOSPHERIC AEROSOL

kinetic isotope effect in b-pinene ozonolysis,”
J. Geophys. Res. 116, D20301 (2011).
doi: 10.1029/2011JD016084

M. C. Day and S. N. Pandis, “Predicted changes in
summertime organic aerosol concentrations due to
increased temperatures,” Atmos. Environ. 45 (36),
6546—6556 (2011).

B. Chu, J. Hao, H. Takekawa, J. Li, K. Wang, J. Jiang,
“The Remarkable effect of FeSO, seed aerosols on
secondary organic aerosol formation from photooxi-
dation of a-pinene/NO, and toluene/NO,,” Atmos.
Environ. 55 (1), 26—34 (2012).

V. A. Isidorov, Organic Chemistry of the Atmosphere
(Khimiya, Leningrad, 1985) [in Russian].

O. Welz, J. D. Savee, D. L. Osborn, S. S. Vasu,
C.J. Percival, D. E. Shallcross, and C. A. Taatjes,
“Direct kinetic measurements of criegee intermediate
(CH,00) formed by reaction of CH,I with O,,” Sci-
ence 335 (6065), 204—207 (2012).

Y.-T. Su, Y.-H. Huang, H. A. Witek, and Y.-P. Lee,
“Infrared absorption spectrum of the simplest criegee
intermediate CH,00,” Science 340 (6129), 174—176
(2013).

C. A. Taatjes, O. Welz, A. J. Eskola, J. D. Savee,
A. M. Scheer, D. E. Shallcross, B. Rotavera,
E. P E Lee, J. M. Dyke, D. K. W. Mok, D. L. Osborn,
and C. J. Percival, “Direct measurements of con-
former-dependent reactivity of the criegee intermedi-
ate CH;CHOO,” Science 340 (6129), 177—180 (2013).

C. D. Cappa, D. L. Che, S. H. Kessler, et al., “Varia-
tions in organic aerosol optical and hygroscopic prop-
erties upon heterogeneous OH oxidation,” J. Geophys.
Res. 116, D15203 (2011).

M. Zhong and M. Jang, “Light absorption coefficient
measurement of SOA using a UV-visible spectrometer
connected with an integrating sphere,” Atmos. Envi-
ron. 45 (25), 4263—4271 (2011).

V. A. Isidorov, Organic Chemistry of the Atmosphere
(Khimiya, Leningrad, 1985) [in Russian].

K. Ravindra, R. Sokhi, and R. Van Grieken, “atmo-
spheric polycyclic aromatic hydrocarbons: Source
attribution, emission factors and regulation,” Atmos.
Environ. 42 (13), 2895—2921 (2008).

D. Fowler, K. Pilegaard, M. A. Sutton, P. Ambus,
M. Raivonen, J. Duyzer, D. Simpson, H. Fagerli,
S. Fuzzi, J. K. Schjoerring, C. Granier, A. Neftel,
1. S. A. Isaksen, P. Lajo, M. Maione, P. S. Monks,
J. Burkhardt, U. Daemmgen, J. Neirynck, E. Per-
sonne, R. Wichink-Kruit, K. Butterbach-Bahl, C. Fle-
chard, J. P. Tuovinen, M. Coyle, G. Gerosa, B. Loubet,
N. Altimir, L. Gruenhage, C. Ammann, S. Cieslik,
E. Paoletti, T. N. Mikkelsen, H. Ro-Poulsen, P. Cellier,
J. N. Cape, L. Horvath, E Loreto, U. Niinemets,
P. I. Palmer, J. Rinne, P. Misztal, E. Nemitz, D. Nils-
son, S. Pryor, M. W. Gallagher, T. Vesala, U. Skiba,
N. Bruggemann, S. Zechmeister-Boltenstern, J. Will-
iams, C. O' Dowd, M. C. Facchini, G. de Leeuw,
A. Flossman, N. Chaumerliac, and J. W. Erisman,
“Atmospheric composition change: Ecosystems-atmo-

ATMOSPHERIC AND OCEANIC OPTICS Vol. 27

49.

50.

51.

52.

53.

54.

55.

56.

No. 6

557

sphere interactions,” Atmos. Environ. 43 (33), 5193—
5267 (2009).

G. G. Anokhin, P. N. Antokhin, M. Yu. Arshinoy,
V. E. Barsuk, B. D. Belan, S. B. Belan, D. K. Davydov,
G. A. Ivlev, A. V. Kozloy, V. S. Kozlov, M. V. Morozov,
M. V. Panchenko, I. E. Penner, D. A. Pestunov,
G. P. Sikov, D. V. Simonenkov, D. S. Sinitsyn,
G. N. Tolmachev, D. V. Filippov, A. V. Fofonov,
D. G. Chernov, V. S. Shamanaev, and V. P. Shmar-
gunov, “Tu-134 aicraft laboratory ‘Optik’,” Opt.
Atmosf. Okeana 24 (9), 805—816 (2011).

M. A. Mazurek, G. R. Cass, B. R. T. Simoneit, “Inter-
pretation of high-resolution gas chromatography and
high-resolution gas chromatography/mass spectrome-
try data acquired from atmospheric organic aerosol
samples,” Aerosol. Sci. Technol. 10 (2), 408—420
(1989).

W. E Rogge, L. M. Hildemann, M. A. Mazurek,
G. R. Cass, AND B. R. T. Simoneit, “Sources of fine
organic aerosol. 4. Particulate abrasion products from
leaf surfaces of urban plants,” Environ. Sci. Technol. 27
(13),2700—2711 (1993).

W. E Rogge, L. M. Hildemann, M. A. Mazurek,
G. R. Cass, and B. R. T. Simoneit, “Sources of fine
organic aecrosol. 5. Natural gas home appliances,”
Environ. Sci. Technol. 27 (13), 2736—2744 (1993).

W. E Rogge, L. M. Hildemann, M. A. Mazurek,
G. R. Cass, and B. R. T. Simoneit, “Sources of fine
organic aerosol. 2. Noncatalyst and catalyst-equipped
automobiles and heavy-duty diesel trucks,” Environ.
Sci. Technol. 27 (4), 636—651 (1993).

P. L. Hayes, A. M. Ortega, M. J. Cubison, K. D. Froyd,
Y. Zhao, S. S. Cliff, W. W. Hu, D. W. Toohey,
J.H. Flynn, B. L. Lefer, N. Grossberg, S. Alvarez,
B. Rappengluck, J. W. Taylor, J. D. Allan, J. S. Hollo-
way, J. B. Gilman, W. C. Kuster, J. A. de Gouw, P. Mas-
soli, X. Zhang, J. Liu, R. J. Weber, A. L. Corrigan,
L. M. Russell, G. Isaacman, D. R. Worton, N. M. Kre-
isberg, A. H. Goldstein, R. Thalman, E. M. Waxman,
R. Volkamer, Y. H. Lin, J. D. Surratt, T. E. Kleindienst,
J. H. Offenberg, S. Dusanter, S. Griffith, P. S. Stevens,
J. Brioude, W. M. Angevine, and J. L. Jimenez,
“Organic aerosol composition and sources in Pasadena,
California, during the 2010 CalNex campaign,”
J. Geophys. Res. 118 (16), 9233—9257 (2013).

M. Crippa, E Canonaco, J. G. Slowik, I. El. Haddad,
P. E DeCarlo, C. Mohr, M. E Heringa, R. Chirico,
N. Marchand, B. Temime-Roussel, E. Abidi, L. Pou-
lain, A. Wiedensohler, U. Baltensperger, and
A. S. H. Prevot, “Primary and secondary organic aero-
sol origin by combined gas-particle phase source appor-
tionment,” Atmos. Chem. Phys. 13 (16), 8411—8426
(2013).

L. D. Yee, J. S. Craven, C. L. Loza, K. A. Schilling,
N.L. Ng, M. R. Canagaratna, P. J. Ziemann,
R. C. Flagan, and J. H. Seinfeld, “Effect of chemical
structure on secondary organic aerosol formation from
C,, alkanes,” Atmos. Chem. Phys. 13 (21), 11121—
11140 (2013).

Translated by O. Bazhenov

2014



