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Abstract

The present PhD thesis provides a broad information about the chemical characterization of

the Arctic aerosol from 2013 to early 2019 collected at Ny-Ålesund, Svalbard Island, Norway.

The work aims to investigate the inter- and intra-annual variation of several water-soluble

compounds in order to understand their potential sources, their transport processes and their

chemical/physical transformation.

Svalbard is Norway’s northernmost region, and the archipelago is one of the northern-

most land-areas in the world. The Svalbard archipelago is surrounded by two different wa-

ter masses: the warm Atlantic water on the western side, and the cold Arctic water on the

eastern side. The coastal current is the closest water mass, originating from the cold East

Spitsbergen Current (ESC) and further west, warm and saline Atlantic Water (AW) flows as

the West Spitsbergen Current (WSC). For these reasons, the Svalbard region is particularly

interesting in regard to climate change.

Ny-Ålesund is a research community with up to 150 people living there in the sum-

mer, while only around 20-30 permanent people are there during winter months. Pollution

sources in and around Ny-Ålesund include power stations, cars, airplanes and water traffic,

including small vessels and cruise ships. The limited local contamination makes Ny-Ålesund

an open laboratory to investigate the long range atmospheric transport from anthropic areas

and also the local biogenic sources.

Here, the size-distributions, source apportionment and transport processes of major ions,

organic acids, free and combined amino acids, sugars and phenolic compounds were studied

in the Arctic aerosols. This led to the characterization of more than 70 species. The thesis also

aims to develop a new method for the determination of combined amino acids and photo-

oxidation products of α-pinene in aerosol to understand differences and analogies with free

amino acids and to understand the possible emission sources of these biomarkers. The de-

termination of ions, carboxylic acids, free amino acids and phenolic compounds contained in

the Arctic aerosol was performed using some method developed in some previous studies.
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The results of this study explain that the water-soluble compounds were influenced by

biomass burning events occurred in Northern Russia and Canada, together with a strong

contribution from sea particles and phytoplankton bloom, especially deriving from the fjord

(Kongsfjorden) which is located 1.2 km from the sampling site. It was therefore possible

to investigate the degradation processes during long-range atmospheric transport and to

highlight the impact of ice-free areas in summer, mainly due to the bacterial and fungal

activity in the Svalbard Archipelago.
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Chapter 1

Atmopheric aerosol

1.1 Introduction

An aerosol is defined as a suspension of fine liquid and/or solid particles in a gas [1]. Aerosol

is a constituent of the global atmosphere. It affect global climate via its interaction with

sunlight, influence the formation of clouds, and participate in many atmospheric chemical

reactions. These particles1 can travel over distances of several thousands of kilometers and

transport particulate material such as dust, sea salt, spores, pollen, bacteria, etc.

The ocean is one major source of natural aerosols with an estimated annual emission up

to 10000 Tg of material [2]. The exchange of particulate matter between air and sea contributes

to the global cycles of carbon, nitrogen, and sulphur particles. Ocean water and sea salt are

transferred to the atmosphere through sea spray and air bubbles at the sea surface. Another

major natural source of particulate mass is mineral dust from dry continental regions like

deserts or semi-arid areas. Estimates of the global mass of dust particles released per year

into the atmosphere are up to 5000 Tg [2]. Other significant sources of airborne particles

are biomass burning from forest fires, volcanic eruptions, and anthropogenic pollution from

traffic or industrial emissions.

Once airborne, particles can change their size and composition by condensation of vapour

species or by evaporation, by coagulating with other particles, by chemical reaction, or by

activation in the presence of water supersaturation to become fog and cloud droplets [3].

Particles are eventually removed from the atmosphere by two mechanisms: deposition at

1Very often aerosol is indicated with the words "particulate matter" or "particles" even if this nomenclature
does not include liquid droplets
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FIGURE 1.1: Major sources of atmospheric aerosols [4]

the Earth’s surface (dry deposition) and incorporation into cloud droplets during the for-

mation of precipitation (wet deposition). Because wet and dry deposition lead to short resi-

dence times in the troposphere, and because the geographic distribution of particle sources

is highly non-uniform, tropospheric aerosols vary widely in concentration and composition

over the Earth [4]. Whereas atmospheric trace gases have lifetimes ranging from less than a

second to a century or more, residence times of particles in the troposphere vary only from

a few days to a few weeks. Figure 1.1 provides an overview on the various processes and

interactions.

1.2 Aerosol size distribution

A key property is the particle size, given as particle diameter D or as typical dimension in the

case of irregularly shaped particles. Particle size spans over multiple orders of magnitude

from a few nanometers for particles freshly produced from gaseous precursors by gas-to-

particle conversion up to almost 1 mm for large dust particles. Atmospheric aerosol always

contains particles of different sizes and is therefore classified as poly-disperse. At the con-

trary, an aerosol composed of particles of a single size would be classified as mono-disperse.

Generally, the distribution of particle sizes present in an aerosol is given as the probability

of occurrence of particles with diameters at certain size intervals. This property is called the

particle size distribution function.

Atmospheric aerosol can be regarded as a superposition of four particle modes, each

described by a single log-normal size distribution. Figure 1.2 is a schematic representation
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FIGURE 1.2: Schematic representation of the modes of aerosol for different par-
ticle diameters D. On the left, key chemical compounds and particle generation

processes; on the right, size ranges [3].

of the modes of a generic atmospheric aerosol.

The Aitken mode includes particles formed by coagulation of nucleated particles and

condensation of vapors on already existing particles, or emitted directly into the atmosphere.

Nucleation mode and Aitken mode are combined by some authors into a single Aitken mode

which then covers all particles smaller than 100 nm in diameter. The accumulation mode (D

0.1 - 1.0 µm) consists of particles formed from the Aitken mode by particle coagulation or

particles emitted directly from primary sources like combustion of fossil fuels or vegetation;

for atmospheric aerosols the accumulation mode forms the sink of particles growing from

nucleation via the Aitken mode into the accumulation mode. The coarse mode contains

particles larger than 1 µm; these particles are generated mainly by mechanical processes

like wind-blown dust, sea spray, or plant debris, or are emitted from volcanoes or large

fires. Because of the different formation pathways, coarse mode particles are separated from

smaller particles with respect to their chemical composition. Spores, bacteria or pollen are

also mainly part of the coarse mode, but may be part of the accumulation mode as well. The

major chemical constituents of sub-µm aerosol in the troposphere are sulphates (in particular

non-sea-salt sulphate), nitrates, ammonium, black carbon (BC), and organic matter emitted

directly from the source (primary organic aerosol, POA) or formed as secondary organic

aerosol (SOA).
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FIGURE 1.3: Comparison between median particle size distributions of aerosol
mass concentrations and of water-soluble compounds of aerosol collected in

Mestre-Venice [5].

A clear case-study [5] is shown in Figure 1.3. The aerosol was collected with a twelve-

stage cascade impactor in Mestre-Venice and the size distribution was trimodal centred be-

tween 5.6 and 3.3 µm for the coarse particle mode, at 320 nm for the accumulation mode

while nuclei mode was recognized below 56 nm.

1.3 Primary and secondary organic aerosol

Source processes for primary particles are manifold (anthropogenic fossil fuel combustion,

biomass burning, volcanic eruptions, wind mobilization of soil material, wind-driven sea

spray production, desert dust storm). They are mostly related to particle emissions from

Earth’s surface, with the exception of emissions from cruising aircraft, which is the only

source of primary aerosol particles in the upper troposphere [6]. Several hundred organic

compounds have been identified in primary organic aerosol emissions. In spite of this, these

studies have been able to identify compounds representing only 10-40% of the emitted or-

ganic mass depending on the source.

SOA material is formed in the atmosphere by the mass transfer to the aerosol phase of

low vapour pressure products. As organic gases are oxidized in the gas phase by species
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TABLE 1.1: Approximative emission fluxes from different types of primary
aerosols and gaseous precursors of secondary aerosols.

Aerosol type Emission flux (per year)

Natural primary aerosol

Desert dust 1000-3000 Tg

Sea spray 1000-6000 Tg

Biomass burning aerosols 20-35 Tg

Terrestrial primary biogenic aerosols Order of 1000 Tg

Including bacteria 40–1800 Gg

Including spores 30 Tg

Precursors of natural secondary aerosols

Dimethylsulphide (DMS) 20–40 Tg

Volcanic SO2 6–20 Tg

Terpenes 40–400 Tg

Anthropogenic primary aerosols

Industrial dust 40–130 Tg

Biomass burning aerosols 50–90 Tg

Black carbon (from fossil fuel) 6–10 Tg

Organic carbon (from fossil fuel) 20–30 Tg

Anthropogenic secondary aerosols

SO2 70–90 Tg

Volatile organic compounds (VOCs) 100–560 Tg

NH3 20–50 Tg

NOx 30–40 Tg N

such as the hydroxyl radical (OH), ozone (O3), and the nitrate radical (NO3), their oxida-

tion products accumulate. Some of these products have low volatilities and condense on

the available particles establishing equilibrium between the gas and aerosol phases. Briefly,

there are two separate steps involved in the production of secondary organic aerosol. First,

the organic aerosol compound is produced in the gas phase during the reaction of parent or-

ganic gases. Then, the organic compound partitions between the gas and particulate phases,

forming secondary organic aerosol. The first step depends on the gas-phase chemistry of the

organic aerosol precursor, while the partitioning is a process that may involve interactions

with various compounds. Table 1.1 presents data summarized on aerosol mass concentra-

tions from different types of primary aerosols and gaseous precursors of secondary aerosols

[7] [8] [9] [10] [11][12].
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1.4 Lifetime and transport

The lifetime of atmospheric aerosol particles depends on their chemical nature, altitude

range and size. Airborne particles in the troposphere have typical lifetimes of 3–10 days

on average [13]. After 1 month, more than 90% of the particles are removed by coagula-

tion with other particles or cloud drops (scavenging), and wet deposition via precipitation.

Aerosol particles in the lower stratosphere have a longer lifetime of up to 1 year before they

penetrate the tropopause.

Figure 1.4 shows the lifetime of individual particles for the different altitude ranges of

the atmosphere [14]. Smaller particles are efficiently removed by coagulation and coarse par-

ticles by sedimentation, while particles of the accumulation mode size range are efficiently

removed only by wet deposition via aerosol-cloud processes.

1.5 Main sources of aerosols

Aerosols can also be classified according to their origin. One can distinguish natural from

anthropogenic sources. Natural sources consist of emissions from the soil, ocean, fires, vege-

tation, and volcanoes. Anthropogenic sources are dominated by emissions from the combus-

tion of fossil fuels, biofuels (plant biomass including wood, vegetable oils, animal waste), or

vegetation fires caused by humans.

The wind friction at the ocean surface ejects fine particles of marine water into the atmo-

sphere. Although these particles are often called sea salt aerosols, this is yet another misuse

of language because these particles may also contain biological material and other impuri-

ties (carboxylic acids, amino acids, sugars, etc). It is more appropriate to refer to "sea spray

aerosols". Sea spray aerosols cover sizes that range from typically 100 nm to tens of µm.

The largest particles fall back quickly to the ocean surface and are therefore of lesser climatic

importance.

Intercontinental transport of particles is observed frequently associated with lifting in

warm conveyor belts associated with low pressure systems and long-range atmospheric

transport (LRAT) in the troposphere.

The wind friction on continental surfaces can detach soil particles and suspend them in

the atmosphere. This is particularly the case in arid and semiarid regions where the wind
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FIGURE 1.4: Atmospheric lifetime for individual particles with indicated dom-
inant loss processes in the troposphere [3].

is not slowed down by the vegetation that is fairly sparse. As for sea spray aerosols, soil

particles sizes range from typically 100 nm to tens of µm. In particular, desert dust aerosols

are also called mineral dust or mineral aerosols. Emissions of desert dust depend very much

on environmental and meteorological conditions.

Volcanoes can emit fragments of pulverized rocks and minerals, called volcanic ash, dur-

ing explosive eruptions. These particles have sizes typically ranging from a micrometre to

millimetres. Volcanic ash can be transported over distances of a few hundreds to a few thou-

sand kilometres but being micrometric particles they tend to fall down rapidly. Hence their

climate effect is limited. Volcanoes also emit sulphur-rich gases that get oxidized in the at-

mosphere to form submicrometric sulphate aerosols. If the eruption is powerful enough to

inject the sulphur gases in the stratosphere, then the volcanic aerosols have a residence of a

few months to more than a year, depending on the region and altitude of injection. Volcanic

eruptions can also release free amino acids and proteinaceous materials [15] [16].

The terrestrial biosphere is a source of primary biogenic aerosol particles (PBAP). They

comprise plant and insect debris, pollen, spores (present in many plants and fungi), bacteria

and viruses. These particles can be transported by the wind on varying distances depending

on their size. Debris are usually larger than 100 µm, pollen, spores and large bacteria are

generally in the range of 1–100 µm, while small bacteria and viruses are generally smaller
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than 1 µm [17]. Seawater also can contain biological material, some of which is transferred

to sea spray aerosols during the emission process. This primary organic matter is found

preferentially in particles smaller than 200 nm in diameter [18] and has been found to depend

on the bio-activity in ocean waters [19]. Some species of phytoplankton can produce DMS, a

gaseous compound that is oxidized in the atmosphere to form sulphur-containing aerosols,

for example MSA. Plants and algae emit volatile VOCs that are oxidized in the atmosphere

and condense and contribute organic material to the atmospheric aerosol. These aerosols are

referred to as SOA. Their sizes are typically of the order of a few tenths of a µm.

Biomass burning aerosols comprehend all organic material that comes from vegetation,

dead wood, animal dung, peat, etc and can potentially burn, excluding so-called fossil fu-

els that are formed on geological time-scales. The burning of biomass generates primary

aerosols that derive from the incomplete combustion of the organic matter. Biomass burning

aerosols include organic carbon (OC) and black carbon (BC), where the carbon content is

very high. These aerosols are generally submicronic and are clearly visible in smoke plumes

(Figure 1.5). The sources of biomass burning aerosols are both natural and anthropogenic.

The combustion of biomass can also emits gaseous compounds, such as VOCs and sulphur

dioxide.

FIGURE 1.5: South Eastern Australia bushfire smoke plume (NASA, 2019)
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The combustion of coal and oil derivatives produces BC and OC, as well as sulphur diox-

ide. These are essentially submicronic particles, that are also a source of air pollution in

developing and industrialized countries. Air pollution is responsible for a wide range of

adverse health and environmental effects. Effects on human health include increased respi-

ratory and cardiovascular diseases and associated mortality. Aerosols and acidic deposition

are responsible for damages on historical buildings.

1.6 Cloud condensation nuclei and ice nuclei

Aerosols particles can act as cloud condensation nuclei (CCN) so that an increase in aerosol

concentrations generally leads to an increase in the concentration of CCN and in the concen-

tration of cloud droplets. This effect can be associated to a radiative forcing calculation, at

least in principle if the pre-industrial aerosol concentration is known. For a fixed cloud cover

and liquid water content, an increase in cloud droplet concentration results in smaller cloud

droplets but an increase in the total scattering cross section, and thus an increase in cloud

reflectivity. Although only the change in cloud droplet concentration is considered in the

original concept, a change in the shape (or dispersion) of the droplet size distribution that is

directly induced by the aerosols may also play a role [20].

The major source of CCN over the oceans and in coastal areas appears to be DMS [21],

which is produced by planktonic algae in seawater and oxidises in the atmosphere to form a

sulphate aerosol. Because the reflectance of clouds (and thus the Earth’s radiation budget) is

sensitive to CCN density, biological regulation of the climate is possible through the effects

of temperature and sunlight on phytoplankton population and DMS production.

The largest flux of DMS comes from the tropical and equatorial oceans [22]. This suggests

that the most important climatic role of DMS is to contribute to elevated cloud over the

warmest ocean regions, and thus to reduce the input of heat into the low-latitude oceans. A

cooling of the oceans or a reduction in area of the tropical seas could thus lead to a smaller

DMS flux, providing a negative feedback.

Aerosols also serve as ice nuclei (IN): a change in their concentration could also lead to

a change in ice cloud amount and properties. Ice nuclei acting in different ways, and freez-

ing being sometimes a slower process than condensation itself. Aerosol–cloud interactions
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remain poorly understood despite a large amount of research that has been dedicated to this

topic.

1.7 Aerosol optical proprieties

Aerosol particles can influence the radiative budget of the Earth-atmosphere system in two

ways. The first is the direct effect, whereby particles scatter and absorb solar and thermal

infrared radiation and thereby alter the radiative balance of the Earth-atmosphere system.

Whereas scattering redirects radiation, absorption removes radiation from an incident beam.

In both cases, radiation in the beam is attenuated, reducing the quantity of radiation trans-

mitted. The sum of total light scattering in all directions and absorption is called extinc-

tion. Usually light absorption is small and the ratio of absorption to extinction coefficients is

smaller than 0.1 and even 0.01 for remote polar areas. The primary absorber of light in the

atmosphere is soot, in particular Fe2O3 and Al2O3
[23]. Scattering may take place by radia-

tion reflection, refraction, or diffraction. The scattering efficiency of a particle is defined as

the probability that a photon incident on the particle will be scattered.

The second are called the indirect effects, since particles modify the micro-physical and

hence the radiative properties and lifetime of clouds.

The fundamental aerosol parameters governing the aerosol impact on climate forcing are

the aerosol optical depth and the ratio of particle scattering to extinction at a wavelength of

550 nm. Figure 1.6 shows the global distribution of aerosol optical depth as a measure of the

atmospheric aerosol load.

Radiative effects are evaluated in terms of radiative fluxes in the solar and thermal infra-

red spectral regions at the top of the atmosphere. If the anthropogenic aerosol or the clouds

modified by the anthropogenic aerosol increase the radiative flux at the top of the atmo-

sphere, more energy is reflected back into space than in the unperturbed case without an-

thropogenic aerosol in the atmosphere, and the overall effect is a cooling. If the net radiative

flux is reduced by light-absorbing aerosol particles or by clouds, the resulting effect is a heat-

ing of the Earth-Atmosphere system because more radiative energy remains in the system

compared to the unperturbed case.

Tropospheric aerosols, that have a substantial anthropogenic component, include black

carbon, mineral dust, sulfate particles, organic carbon and nitrate aerosol. From these aerosol
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FIGURE 1.6: Global distribution of aerosol optical depth for the years 2007 to
2011 taken from the MODIS satellite instrument (NASA)

components black carbon and mineral dust are the only constituents which absorb solar radi-

ation in the visible spectrum, while sulphate and nitrate aerosols are purely light-scattering

[24].

1.8 Health effects

A strong increase of air pollutants has been observed on local, regional and global scales

since the industrial revolution during the period known as the Anthropocene. High concen-

trations of gaseous pollutants such as ozone and nitrogen oxides are a threat to public health,

as they cause adverse health effects such as respiratory, allergic and cardiovascular diseases.

Particulate matter with a diameter less than 2.5 µm (PM 2.5) can be deposited deep into the

lungs, inducing oxidative stress and respiratory diseases [25]. The causes of aerosol health

effects are highly complex and interdisciplinary studies are required to address a wide range

of length and time scales. In general, the most prominent risk factors for the global burden

of disease were identified to be ambient and indoor air pollution by air particulate matter

and ozone.

During the COVID-19 outbreak several studied were made to investigate the potential

transmission of SARS-CoV-2 in aerosol [26] [27] [28]. The common conclusion of these studies

stated that no assumptions can be made concerning the presence of the virus on particulate
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matter and COVID-19 outbreak progression, so far. To confirm this, aerosol samples collected

2 to 5 m from the patients’ beds were negative. In the framework of the PhD project, it was

investigated outdoor concentrations and size distributions of SARS-CoV-2 in aerosol, simul-

taneously collected during the pandemic, in May 2020, in northern (Veneto) and southern

(Apulia) regions of Italy [29].
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Chapter 2

Sampling site

2.1 The Svalbard Archipelago

The archipelago lies on the Northwest corner of the Barents Shelf 650 km north of Nor-

way. The name Spitsbergen was given by the Dutch captain, Barents, who is generally cred-

ited with the modern discovery of the islands in 1596 and after whom the Barents Sea is

named. Barents did not know that the name Svalbard (cool coast) was mentioned in the

Islandske Annaler in A.D. 1194 and in the Landndmabbk from Viking exploration. Also

Russian hunters are claimed to have built huts in the fifteenth century and possibly earlier.

The name Spitsbergen refers to the pointed mountain peaks that the main island exhibits on

approach from the sea. It had been used for the whole archipelago or for the main part of it

excluding the outlying islands. Spitsbergen was the name for the whole archipelago in the

Treaty of Sèvres in 1920, and in the Spitsbergen Treaty, which came into effect in 1925. The

main island had been known as West Spitsbergen. The name Svalbard was formally intro-

duced by Orvin A. K. in Place Names of Svalbard (1942), by the the Norwegian Polar Institute

in the first systematic and descriptive gazeteer. In this book Svalbard Spitsbergen was rede-

fined to comprise the main group of islands, excluding the outlying islands Storoya, Kong

Karls Land, Hopen (Hope island) and Bjornoya (Bear Island). The nomenclature was revised

again, so that Spitsbergen now refers only to the main island and excludes Nordaustlandet

(North East Land), Barentsoya, Edgeoya, and Prins Karls Forland (Figure 2.1).

Longyearbyen is the largest settlement and the administrative centre of Svalbard, Nor-

way. Polar research and tourism began in the 19th Century, and in the 20th Century, coal min-

ing began in the region. Longyearbyen ("Longyear City") is named after John M. Longyear,

an American businessman who began mining operations in 1906.
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FIGURE 2.1: Regional geographical setting of Svalbard (left) and Prevailign
surface currents of the Barents Sea and North Atlantic areas (right) [30]

The main islands stand between 76° and 81°. Many distinctive features of this Arctic

environment derive from the angle of incidence of solar radiation. About 60% of Svalbard is

glacier-covered, with many outlet glaciers terminating in the sea.

As a small archipelago, the climate of Svalbard is influenced by two sources of surface

ocean water: the West Spitsbergen Current, is the northern-most remnant of the Gulf Stream

moving relatively warm water northwards along the west coast; the East Spitsbergen Current

brings cold water and ice-pack south-westwards east of Spitsbergen and the eastern islands.

These currents meet off and the cold water is deflected and continues northwards between

the warmer current and the coast, often carrying ice-pack with it, and causing fog.

Svalbard Islands have a mean annual air temperature of about –6°C at sea level and as

low as –15°C in the high mountains [31]. In Longyearbyen the coldest month is February with

–15.2°C, the warmest month is July with 6.2°C and the mean annual air temperature is –5.8°C

(average 1975-2000). A recent study [32] shows how the coldest months at Ny-Ålesund in the

winters 2010–2015 was January 2011 with -11.3°C and February 2015 with -9.4°C, but the

minimum temperatures were recorded in March 2010 and 2013. Anomalous warm periods

were recorded during winters 2012 and 2014 [33] with a minimum temperature of -3.2°C on

January 2012 and -3.2°C on February 2014. In summer, the maximum monthly temperature

ranges between 5.3°C and 7.4°C, July 2015 being the warmest summer month and July 2014

the coldest one.
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Svalbard falls within the zone of continuous permafrost and periglacial and permafrost-

related terrain features are widespread in areas not covered by glaciers. The formation, tem-

perature, and depth of permafrost are the result of a complex interplay between the micro-

climatological conditions, the surface cover and the rock beneath, as are the movements that

take place within the active zone to form many distinctive types of patterned ground. At the

coasts, the thickness of permafrost is between 10 and 40 m, but increases to more than 450 m

in the highlands [30].

Flora and fauna reflect the above physical conditions. About 150 species of flowering

plants and a few other species occupy low ground and flourish in the snow-free areas in the

short summer. Grasses can exceed the 10 cm height. Vegetation directly supports a variety

of insects, reindeer and ptarmigan and indirectly the Arctic fox [30].

2.2 Ny-Ålesund

Ny-Ålesund is one of the world’s northernmost year-round research stations and an impor-

tant Norwegian platform for international research that has been in operation for more than

50 years (Figure 2.2). The station’s High Arctic location, far from pollution sources, makes

Ny-Ålesund ideal for Arctic research and monitoring of environmental change.

FIGURE 2.2: Ny-Ålesund and the Kongsfjorden

The Ny-Ålesund area consists of typical High Arctic ecosystems, with both marine and

terrestrial components. It offers a variety of Arctic fjord environments, from calving glacier
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fronts to sandy beaches. The terrestrial environments in the Kongsfjorden area, including

several bird and plant sanctuaries, are rich in wildlife and also provide wide opportunities

for research. The geology of the Kongsfjorden area is very diverse, and the area offers sites

ranging from rocks and cliffs exposed to the raging Arctic seas on the tip of the Brøgger

peninsula to protected coves in the inner parts of the fjord.

Ny-Ålesund is surrounded by a variety of High Arctic ecosystems typical of Svalbard,

and most of the animal and plant species are to be found in the area. Along the rim of

the fjord there are densely populated bird cliffs and other rock formations and islands with

breeding sea birds.

The seal has important breeding and pup-rearing areas in the innermost parts of Kongs-

fjorden. The vegetation in the area ranges from a uniform and bleak lichen cover to lush

areas further east which provide rich reindeer grazing.

Ny-Ålesund was a mining village until 1963. During the 1990’s it was transformed into a

multidisciplinary science settlement, and today stations from more than 10 different nations

host researchers from up to 20 different countries. Italy researchers are hosted at "Dirigibile

Italia" Arctic Station. It is funded and managed by the Institute of Polar Sciences - National

Research Council of Italy (ISP-CNR).

2.3 Gruvebadet Observatory

The Gruvebadet atmospheric observatory (78°55’03” N, 11°53’39” E, 50 m a.s.l.) is located

about 1 km far from the village of Ny-Ålesund. It is equipped to host aerosol sampling

for measurements of chemical, physical and optical properties. It is managed by Institute

of Polar Sciences (ISP-CNR) personnel and normally operative from March to October each

year. In 2018, 2019 and 2020 the lab was operative all year long. The site has been spe-

cially identified to avoid local contamination from the village. The dominating wind pat-

tern is east-southeast katabatic flow from Kongsvegen glacier or from northwest-erly direc-

tions as channeled by the Kongsfjord [34]. Katabatic wind is the generic term for down-slope

winds flowing from high elevations of mountains, plateaus, and hills down their slopes to

the valleys or planes below. Figure 2.3 shows the location of Ny-Ålesund, Gruvebadet and

Kongsvegen glacier.
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FIGURE 2.3: Location of Ny-Ålesund, Gruvebadet Observatory and Kongsfjor-
den in front of Kongsvegen glacier

2.4 Aerosol sampling

This thesis took into account those Arctic sampling campaigns conducted from April 2013 to

February 2019 at the Gruvebadet Observatory. Each sample has a sampling time (resolution)

of between 1 and 10 days, with the aim of identifying specific events, while maintaining

the protocols used in previous studies [16] [35]. Samples were collected with a PM10 high

volume air sampler (TE-6070) at a flow rate of 68 m3 h-1 equipped with a five stage high

volume cascade impactor (TE-235, Tisch Environmental Inc., Cleves, OH) equipped with

slotted quartz fiber filters (250 × 143 mm) and fitted with a high-volume back-up filter (203

× 254 mm) (FILTERLAB, Barcelona, Spain) to collect aerosol particles in the following size

ranges: 10.0–7.2 µm, 7.2-3.0 µm, 3.0-1.5 µm, 1.5-0.95 µm, 0.95-0.49 µm, > 0.49 µm. As the

particulates travel through the size selective inlet, the larger particulates are trapped inside

of the inlet as the smaller PM10 particulates continue to travel through the PM10 inlet and

are collected on the QFF (Figure 2.4.

With the TE-235 cascade impactor (Figure 2.5), suspended particulates enter through the

first set of parallel slots on the first stage. Particulates that are too large to travel to the

next stage are impacted on the collection substrate and the smaller particles remain in the

air stream and travel to the next stage. The slots on each stage are the same width but as

the particulates continue through, the slots become successively smaller and most of the
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FIGURE 2.4: TE-6000 PM10 Head

particulates will eventually become impacted on one of the collection stages. After the last

stage the smallest particles will be collected on the backup filter.

FIGURE 2.5: TE-235 cascade impactor

To test contamination, field blank samples were collected by positioning filters in the

impactor plates with the sampler turned off. Filters were pre-combusted (400 °C, 4 h) before

sampling and stored afterwards at -20 °C enfolded in aluminium foil. Filters were after sent

in Venice to perform analysis. Table 2.1 shows all the sampling campaign considered for this

work.

TABLE 2.1: Aerosol sampling campaign considered for this work.

Year Period
2013 13th April - 9th September
2014 2nd April - 29th June
2015 4th April - 13th June
2016 no data
2017 no data
2018-2019 26th February 2018 - 26th February 2019

About 450 QFF were sampled at Gruvebadet Laboratory from 2013 to 2019, about 1000

water-extractions and 3000 instrumental injections were performed for the analysis of the

compounds described in Chapter 3. This leads to around 50.000 concentration data.
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2.5 State of art

In 1980 J. Heintzenberg stated that "the Arctic is one of the few areas where only very lim-

ited knowledge exists about the regional aerosol" [36]. At that time, only rather qualitative

atmospheric aerosol results were given by few studies in Greenland [37] [38].

During the ’70 and ’80 decades there has been an increasing interest for air pollution

studies in the Arctic, especially in Ny-Ålesund. To obtain new informations on both particle

size distribution and optical properties of the Arctic aerosol, Heintzenberg et al. (1980) [36]

conducted a field experiment near Ny-Ålesund in April-May 1979, using particle counters

and a multi-wavelength integrating nephelometer. The Arctic particles were described as a

aged continental aerosol that has reached the Arctic region with LRAT.

Plenty of studies were published from 1980 to 2000, studying trace metals and inorganic

species [39] [40], SO2 and SO2−
4

[41], hydrocarbons [42], pollutants [43], etc. These studies pointed

out that pollution in the lower layers of the Arctic troposphere during winter originated from

Eurasian areas, while in summer European sources were more important. Furthermore, the

fine particle fraction of the Arctic aerosol is of particular significance for "Arctic haze", a pol-

luted air mass deriving from the anthropogenic emissions from Europe and Asia that are

transported and trapped in the Arctic air mass during the winter and early spring. The fine

particles are mainly composed of anthropogenic pollutants during winter and they also con-

tain high concentrations of heavy metals and persistent organic pollutants. Coarse particles

on the other hand are not connected to anthropogenic pollution and consist of clay minerals,

soil, and sea salt.

In the last two decades the international research in the aerosol chemistry composition

has rapidly grown at Ny-Ålesund, with the aim to better understand the atmospheric trans-

port processes and sources. Studies have been mainly focused in major ions [44] [45], black

and organic carbon [46] and some biomass burning tracers [47].

Another important research station in Ny-Ålesund is the Zeppelin Observatory, located

on the Zeppelin Mountain (Ny-Ålesund, 474 m a.s.l.), far away from substantial contamina-

tion sources. Owned by the Norwegian Polar Institute, it was officially opened in 1990. This

station is a unique location for monitoring global atmospheric gasses and long-transported

contaminants. Aerosol measurements at the observatory are collected by several research in-

stitutions, including Norsk institutt for luftforskning (NILU), Stockholm University, and the
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Greek National Centre for Scientific Research (NCSR). The research at Zeppelin is mainly

focused on the monitoring of a wide range of air pollutants and trace gases and on aerosol

physic-chemical properties, such as the number size distribution, optical properties, and car-

bon partitioning. Nevertheless, research teams performed at Zeppelin Station several long-

term chemistry measurements such as EC, major ions and WSOCs [46] [47] [48].

2.5.1 Key results of Italian research

Since 1997, Italy is present in Ny-Ålesund with the Dirigibile Italia Arctic Station that is man-

aged by the Institute of Polar Sciences of CNR-Italy. Ny-Ålesund is becoming more and more

valuable in the international context of Arctic research, considering the great amount of re-

search and observations that the large international cooperation allows there. The special

issue entitled "Environmental changes in the Arctic: an Italian perspective" presents a collec-

tion of reports on recent scientific achievements and provides the state-of-the-art and future

perspectives of Italian research in the Arctic [49]. The study of chemical and physical prop-

erties of atmospheric aerosols is one of the main activities of the Italian teams operating at

Ny-Ålesund and also includes the determination of aerosol size distributions and chemical

speciation.

Zangrando et al. (2013) [50] determined for the first time phenolic biomass (PCs) mark-

ers in spring and summer 2010. PCs levels in the Ny-Ålesund atmosphere in different size

fractions reflected both long-range transport linked to biomass burning and a terrigenous

local source. Scalabrin et al. (2012)[16] determined free amino acids (FAAs) from 19 April

until 14 September 2010 [51]. The higher amino acid concentrations were present in the ul-

trafine aerosol fraction and accounted for the majority of the total amino acid content. Local

marine sources dominate the summer concentrations. Bazzano et al. (2015, 2016) [52] [53]

analysed the lead content and isotopic composition (207Pb/206Pb and 208Pb/206Pb), along

with other chemical tracers, such as aluminium and non-sea-salt sulphates. Here, the atmo-

spheric lead reaching the Arctic during spring can be mainly related to inputs from eastern

Eurasia, while North America appeared to be the major source during the summer. Turetta et

al. (2016) [35] investigated the PCs, levoglucosan, acrylamide and the water-soluble fraction

of trace elements, rare earth elements in size-segregated aerosol from 19 April to 14 Septem-

ber 2010 identifying different kind of events (volcanic eruptions and wildfire events). Udisti

et al. (2016) [54] analysed PM10 aerosol samples for investigating ions (inorganic anions and
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cations and selected organic anions) composition aiming to evaluate the seasonal pattern

of sulfate. The anthropogenic input was found to be the most relevant contribution to the

sulfate budget in the Ny-Ålesund aerosol in spring and summer.

After the report made by Cappelletti et al. (2016) [49], other papers that deal to chemical

proprieties of aerosol were published, investigating biogenic aerosol [55] and source identifi-

cation and temporal evolution of trace elements [56].
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Chapter 3

Analytes

It has become clear in recent years that organic compounds constitute an important fraction

of ambient aerosols, ranging from 20 % to 80 % according to recent literature [57] [58] [59][60].

This fraction is formed by a mixture of compounds, including aromatics, aliphatics, ketones,

aldehydes, acids, alcohols, and nitrates. This project aims to study a wide range of Water Sol-

uble Organic Compounds (WSOC) and inorganic ions, because carbonaceous aerosol species

and inorganic substances such as sulphates and mineral particles could strongly affect many

environmental factors, as described in Chapter 1.

3.1 Inorganic ions

In this work we investigated the major inorganic ions such as nitrite (NO−
2 ), nitrate (NO−

3 )

ammonium (NH+
4 ), chloride (Cl−), sodium (Na+), sulphate (SO2−

4 ), phosphate (PO3−
4 ), bro-

mide (Br−), iodide (I−), potassium (K+), and magnesium (Mg2+). The analytical procedure

was validated through measurement of procedural blanks, recoveries, errors, and repeata-

bility by Barbaro et al. (2017) [61].

In marine aerosol the main contributors to the mass concentration are Na+, Cl−, Mg2+,

SO2−
4 , K+, and Ca2+. Apart from SO2−

4 , these compounds are mainly distributed in the coarse

particle mode because they originate from sea salt derived from bubble bursting. Sulfate

mass concentrations peak in both the coarse particle and accumulation modes.

Sulphate is one of the prime contributors to the mass concentration of atmospheric aerosols.

The mass fractions of SO2−
4 range from 22% to 45% for continental aerosols to 75% for

aerosols in the Arctic and Antarctic. Since the sulphate content of the Earth’s crust is too

low to explain the large percentage of sulphate in aerosols, most of it must derive from gas-

to-particle conversion of SO2. The sulphate is contained mainly in sub-micrometer diameter
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aerosols, with a peak in the accumulation mode. Ammonium (NH+
4 ) is the main cation as-

sociated with SO2−
4 in continental and polar aerosol; it is produced by gaseous ammonia

neutralizing sulphuric acid to produce ammonium sulphate.

2NH3(g) + H2SO4(g) → (NH4)2SO4(s)

The ratio of the molar concentrations of NH+
4 to SO2−

4 ranges from 1 to 2, corresponding to

an aerosol composition intermediate between that for NH4HSO4 and (NH4)2SO4. Nitrate

(NO−
3 ) is also common in aerosols, where it extends in the coarse-particle mode. It derives

mainly from the condensation of HNO3(g) onto larger and more alkaline mineral and sea-

salt particles. This condensation can form ammonium nitrate from the reaction of ammonia

with nitric acid via:

NH3(g) + HNO3(g) → (NH4)NO3(s)

Other minor reactive nitrogen oxides such as N2O5 and NO3 may also have a large contribu-

tion to particulate NO−
3

[62].

Over the oceans, aerosols show a deficit of Cl− and Br− due to the chloride and bromide

depletion processes. Chloride depletion refers to the processes of chloride removal from sea

salt aerosol through reactions with acidic species or their precursors. The processes of chlo-

ride depletion result in changes in the deliquescent points and optical properties of coarse

aerosol particles. NOx transforms into gaseous nitrous and nitric acids, which later react

with NaCl in sea-salt aerosols. This reaction of sea salt particles, containing releases HCl.

The evaluation of chloride depletion allows to estimate the amount of nitrate and sulphate

formed on sea salt particles. HCl can also react with NH3 in the gas phase to initially form

gaseous NH4Cl. The ammonium chloride can undergo the gas-to particles process, depend-

ing on the partial pressure [63].

Bromide (Br−) depletion also occurs in sea salt particles, releasing bromine gas, through

reactions with different gaseous bromine species under acidic conditions. Such reactions

involving Br− are especially important owing to subsequent effects on ozone depletion reac-

tions [64].

Elements from the Earth’s crust are also found in oceanic aerosols, even thousands of

kilometres from land. The composition of continental aerosols differ appreciably from crustal
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rock and average soils. The enrichment factors of some of the major elements (e.g., Si, Al, Fe)

can differ by factors of 3, and some minor elements (e.g., Cu, Zn, Ag) are enriched by several

orders of magnitude.

3.2 Water soluble organic compounds

Aerosols contain a wide variety of inorganic and organic compounds, and can organics ac-

count for up to 70% of the fine aerosol mass. Organic carbon is classified into two groups:

water-soluble organic carbon (WSOC) and water-insoluble organic carbon (WIOC) [65]. WSOC

accounts for 20–70% of organic carbon, and it is of interest because it can affect the aerosol’s

hygroscopicity and ability to serve as cloud condensation nuclei (CNN), and thus impacts

climate change. It is well known that WSOC consists of oxygenated compounds containing

functional groups such as COOH, COH, C=O, COC, CONO2,CNO2, and CNH2. Sources

of WSOC have been shown to be complex. They are emitted directly from combustion, in-

dustrial, and natural sources (primary) and/or formed through secondary processes such as

homogeneous gas-phase and/or heterogeneous aerosol-phase oxidation (secondary) [66]. Al-

though the primary sources such as biomass burning may be important for WSOC loadings,

it is suggested that a major fraction of WSOC is from SOA formation [65].

Here, it has been investigated a broad class of organic acids, including carboxylic acids

(CAs) and photo-oxidation products of α-pinene. The role of carboxylic acids as chemical

constituents in the troposphere has become an important topic of growing interest. Low

molecular weight carboxylic acids like formic and acetic acids have been shown to be ubiq-

uitous components in the tropospheric aqueous and gaseous phases, and in aerosol particles.

The current available data cover a large range of environments, e.g. marine, continental, ur-

ban, and remote atmospheres. Sources of carboxylic acids are now well recognised, they

comprise anthropogenic and biogenic emissions and chemical transformations of precur-

sors. In this project it has been studied the following CAs: C1-formic, C2-oxalic, C2-acetic,

C2-glycolic, C3-malonic, C4-succinic, hC4- malic, cis-usC4-maleic, trans-usC4-fumaric, C5-

glutaric, C6-adipic, C7-pimelic. In general, oxalic acid is the dominant species followed by

formic, acetic, glycolic, malonic, etc. C2-oxalic is the most abundant CA over the world be-

cause is the end product of various oxidation/decomposition reactions in the atmosphere

[67]. Photochemical production of alkenes released by phytoplankton produced mainly these
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CAs. All acids are also mainly distributed in the fine fraction, especially in polar areas, due

to their nature of secondary aerosol products in the atmosphere [61]. The analytical procedure

was validated through measurement of procedural blanks, recoveries, errors, and repeata-

bility by Barbaro et al. (2017) [61].

Various organic species are emitted to the atmosphere from vegetation and, on a global

scale, the emission rate of VOCs from natural sources is nearly a factor of 10 greater than

the emission rate from anthropogenic sources [68]. Oxidation processes of monoterpenes in

the atmosphere could influence both the SOA formation and the total amount of acid com-

pounds. In a recent study, the present day annual biogenic SOA formation was estimated

to be 61-79 Tg yr-1 compared to pre-industrial emission of 17-28 Tg yr-1 [69]. In many ex-

periments [66][68][70][71] the predominant aerosol products were pinic and cis-pinonic acid. In

Appendix B is reported the method developed in urban aerosol for the determination and

quantification of pinic and cis-pinonic acids [72].

In the last decades, there has been an increasing interest in the occurrence of amino acids

in atmospheric aerosols, either free or in combination (e.g., proteinaceous compounds). The

fact that these compounds play an important role in the chemistry and physics of air parti-

cles, in atmosphere/biosphere nutrient cycling, and have a direct impact in human health,

has encouraged further studies. Despite the many efforts undertaken thus far, the role and

fate of these components in the atmosphere still are poorly understood. Due to their hygro-

scopic properties, some amino compounds may act as ice-forming and cloud condensation

nuclei in the atmosphere. These components may also play an important role in the radiative

forcing at the Earth’s surface and, hence, in the climate. Since amino acids and proteinaceous

compounds contribute to the total organic nitrogen and organic carbon fraction of atmo-

spheric aerosols, they are likely to affect the global chemistry of aerosol particles by altering

their buffering capacity and acidity/basicity. Moreover, amino acids contribute to the atmo-

sphere–biosphere nutrient cycling, as well as the global nitrogen and carbon cycles [73]. The

presence of ozone in the atmosphere impacts the ratio of amino acids, and their oxidation

products (e.g. methionine sulfoxide, half-life of 21–80 h) can be used to study aerosol aging

for a specified duration and, consequently, to evaluate the particle transportation phenom-

ena [16]. Moreover, the origin of the amino compounds in the atmosphere can be deciphered

from the ratios of some D/L amino acid enantiomers (alanine, aspartic acid, serine, and glu-

tamic acid). For example, in nature, the D-enantiomer forms of the above mentioned four
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amino acids are usually found only in the peptidoglycan layer of the bacterial membranes

[74]. The concentration and type of amino compounds in atmospheric aerosols vary widely

over the world, since their residence time in the atmosphere, and their spatial and tempo-

ral distributions are linked to complex systems. This variability is dependent on the origin

and emission sources of these compounds to the atmosphere alongside the effect of different

meteorological conditions. PBAPs are likely to be a major source of proteinaceous materials

in the atmosphere. These biological aerosols include viruses, algae, fungi, bacteria, proto-

zoa, spores and pollen, fragments of plants and insects, and epithelial cells of animals and

humans [73].

Figure 3.1 provides a comparison between the sizes of some of the most common PBAPs

and the different particle sizes normally under study. This figure shows a clear overlap

between the size of the PBAPs and the easily breathable particles with diameter <10 µm

(particulate matter; PM10) and fine particles with diameter <2.5 µm (PM2.5).

FIGURE 3.1: Comparison between size distribution of PM2.5, PM10 and some
PBAPs (a); comparison between the molecular weight range of water-soluble
organic matter from TSP, PM2.5,PM10, and the molecular weight of amino

acids, peptides, and proteins (b) [73].



28 Chapter 3. Analytes

In this study forty-one free amino acid standards were determined (L-/D-alanine (L-

/D-Ala), L-/D-arginine (L-/D-Arg), L-/D-asparagine (L-/D-Asn), L-/D-aspartic acid (L-

/D-Asp), L-/D-glutamic acid (L/D-Glu), glycine (Gly), L-/D-glutamine (L-/D-Gln), L-/D-

hydroxyproline (L-/D-Hyp), L-/D-histidine (L-/D-Hys), L-/D-isoleucine (L-/D-Ile), L-/D-

leucine (L-/D-Leu),L-/D-methionine (L-/D-Met), L-/D-ornithine (L-/D-Orn), L-/D-phenyl

alanine (L-/D-Phe), L-proline (L-Pro), L-/D-serine (L-/D-Ser), L-/D-threonine (L-/D-Thr),

L-/D-tyrosine (L-/D-Tyr), L-/D-tryptophan (L-/D-Trp), and L-/D-valine(L-/D-Val)). More-

over, twelve combined amino acids were studied (L-Ala, L-Arg, L-Asp, L-Asn, L-Glu, L-Gln,

Gly, L-/D-Hys, L-/D-Leu, L-/D-Ile, L-Phe, L-Pro, L-D-/Ser, L-Thr, L-Val) [75]. Method vali-

dation was developed by Barbaro et al. (2014) [76].

The presence of sugars is being reported for aerosols taken in urban, rural, polar and ma-

rine areas. Sugars or saccharides represent the major form of photosynthetically assimilated

carbon in the biosphere. They comprise up to 75 wt.% of vascular plant tissues as structural

polysaccharides like cellulose, hemicellulose and pectin [77]. In aerosols, the saccharides

are comprised of three main groups: 1) primary saccharides consisting of mono- and di-

saccharides, 2) saccharide polyols (reduced sugars), and 3) anhydrosaccharide derivatives.

The dominant primary saccharides in aerosols are comprised of glucose, sucrose and fruc-

tose, with various other minor components (e.g., xylose). The sources of these compounds

are innumerous and include microorganisms, plants and animals [78]. Glucose is the most

common monosaccharide present in vascular plants and is an important source of carbon for

soil micro-organisms, such as fungi and bacteria. Saccharide polyols are produced in large

amounts by many fungi, and several functions have been proposed for these compounds,

such as storage or transport carbohydrates, and intracellular osmoregulatory solutes. Poly-

ols are also the major soluble carbohydrates in lichens, often found on the bark of trees,

branches and leaves. Bacteria can also form and accumulate polyols in order to overcome

osmotic stress [77]. Levoglucosan, with a minor contribute by mannosan and galactosan, are

the primary thermal alteration products produced during biomass combustion of cellulose

and hemicellulose and, therefore, are key tracers for smoke particulate matter from burning

biomass [79]. Levoglucosan and other anhydrosaccharides produced during biomass burn-

ing have been found in aerosols over the ocean, attesting to their stability during long-range

transport. In this study it were applied two sensitive HPAEC-MS methods to determine six
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monosaccharides (arabinose, fructose, galactose, glucose, mannose, ribose, xylose), one dis-

accharide (sucrose), eight alcohol-sugars (mannitol, ribitol, sorbitol, xylitol, galactitol, ery-

thritol, maltitol) and three anhydrosugars (levoglucosan, mannosan and galactosan). The

analytical procedure was validated by Barbaro et al. (2015) [80].

Lignin, the second-most abundant naturally occurring polymer (after cellulose), is com-

posed of collective macromolecules that form the major structure of vascular plants, con-

tributing about 28% and 20% of softwood and hardwood biomass, respectively. Because vas-

cular plants are exclusively terrestrial and lignin possesses greater resistance to biodegrada-

tion than hemicellulose and cellulose, it serves as an ideal unambiguous tracer of terrigenous

organic matter [81]. Lignin is composed of three aromatic alcohols (p-coumaryl, coniferyl, and

sinapyl alcohols) that give rise to phenolic aldehydes, ketones, and acids upon oxidation or

pyrolysis. Hardwood (angiosperms) lignin is enriched in sinapyl alcohol precursors so burn-

ing produces principally syringyl and vanillyl moieties. The dominant phenolic biomarkers

in deciduous tree smoke include homovanillyl alcohol, vanillic acid, vanillin, and syringic

acid. Softwoods (gymnosperms) instead have high proportions of coniferyl alcohol products

with minor components from sinapyl alcohol and burning produces that are primarily vanil-

lyl moieties [50]. The dominant phenolic biomarkers in conifer smoke include vanillin, ho-

movanillic acid, vanillic acid, and homovanillyl alcohol. In grasses p-coumaryl alcohol is the

dominant lignin unit not prevalent in softwood and hardwood. Significant products from

burning grasses are acetosyringone, syringic acid, vanillin and vanillic acid. In this work

we determined syringic acid, isovanillic acid, homovanillic acid, p-coumaric acid, coniferyl

aldehyde, vanillic acid, syringaldehyde and ferulic acid, using the method developed by

Zangrando et al. (2013) [50].

3.3 Atmospheric Microbiome

Microorganisms are of particular interest in fields as diverse as epidemiology, including

phytopathology, bioterrorism, forensic science and public health, and environmental sci-

ences, like microbial ecology, meteorology and climatology. Microbial transport in the at-

mosphere is critical for understanding the role microorganisms play in meteorology, atmo-

spheric chemistry and public health. For example, specific bacterial taxa (e.g., Actinobacteria

and some Gammaproteobacteria) have been proposed to be preferentially aerosolized from
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oceans. Once aerosolized, microbial cells enter the planetary boundary layer, defined as

the air layer near the ground, directly influenced by the planetary surface, from which they

might eventually be transported upwards by air currents into the free troposphere (air layer

above the planetary boundary layer) or even higher into the stratosphere [82]. The compo-

sition of airborne microbial communities is closely related to the nature of the surrounding

landscapes (ocean, agricultural soil, forest etc.) from which local meteorology (especially

wind direction and speed) controls microbial cell emission rates. Atmospheric microbiome

characterization is a powerful tool that has been recently adopted for the identification of the

microbial content and diversity in atmospheric samples [82] [83]. Nevertheless, these studies

are still rare, mostly due to challenges in obtaining high quality DNA amounts, and sam-

pling limitations. Significant knowledge gap regarding aerial transport of micro-organisms

through the atmosphere remains, especially in polar areas.

The main objective of this study was to investigate the potential sources of chemical and

biological measurements in different size-segregated aerosol particles collected weekly at the

Gruvebadet atmospheric observatory. This is the first investigation that combined chemical

and biological data in order to predict changes in Kongsfjorden dynamics. The experiment

have been carried out using the samples collected from 26th February to 1st June 2018. DNA

analysis were performed using the method developed by Dommergue et al. (2019) [84].
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Chapter 4

Results and discussion

In the following sections an abstract of the published papers in chronological order are re-

ported. Section 4.4 reports a preliminary study in which chemical and biological data are

compared in order to predict changes in Kongsfjorden dynamics. After, the multi-annual

trend of major ions and WSOCs is discussed. Appendix A reports the full manuscripts that

are directly linked with this thesis, while Appendix B reports an ancillary study in which

were developed a method to determine some organic acids.

4.1 Free and combined L- and D-amino acids in Arctic aerosol (Fel-

tracco et al., 2019)

In this first study aerosol samples were collected with the high-volume cascade impactor

described in Chapter 2 with a 10 day sampling frequency, providing the first investigation of

free and combined L- and D-amino acids (FAAs and CAAs) in Arctic atmospheric particulate

matter. The main aims of this study were:

• to investigate the occurrence and concentration levels of L- and D- FAAs and CAAs

in atmospheric aerosol in Ny-Ålesund (Svalbard Islands) during the 2015 spring cam-

paign (4th April - 13th June)

• to determine how these compounds are distributed in size-segregated aerosols

• to investigate the possible emission sources

This study also developed a new method for the determination of combined amino acids

(CAAs) that involves a hydrolysis step to release FAAs from proteinaceous material or other

polypeptides contained in the aqueous extracts obtained during sample processing. The
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concentration of CAAs in each aerosol sample was calculated by subtracting the quantity of

FAAs from that measured after acid hydrolysis. In general, the average concentrations of

free amino compounds (amino acids and alkyl amines) were generally 4-5 times lower than

those of combined amino compounds (proteins and peptides). The study of peptides and

proteins in atmosphere is particularly complex, for their presence in low concentration and

in composite mixtures. Moreover they can be modified by chemical and physical processes

in the atmosphere.

To confirm the amino acid sources, other specific tracers were also investigated. Levoglu-

cosan was used as a biomass burning marker, while MSA was used as an algal bloom marker.

Nss-SO2−
4 was used to distinguish between sources. Back-trajectories analysis, MSA, nss-

SO2−
4 and FcA were used to describe the geographic origin of the air masses and to explain

how biomass burning events and phytoplankton blooms may influenced the FAAs concen-

tration. The paper was published in Chemosphere [75] in 2019 and is reported in Appendix

A.

4.2 Interannual variability of sugars in Arctic aerosol: Biomass burn-

ing and biogenic inputs (Feltracco et al., 2020)

The work aimed to study, for the first time, the intra- and inter-annual trend of sugars in the

aerosol collected at Ny-Ålesund in 3 different periods:

• 13th April - 9th September 2013

• 2nd April - 29th June 2014

• 14th April - 13th June 2015

The three sampling campaigns were conducted during the spring and the sampling cam-

paign of 2013 provided the opportunity to evaluate the impact of ice-free areas during the

summer.

This work identified a reproducibility in the sugars trend during spring, while the sum-

mer data in 2013 allowed to us to demonstrate strong local inputs when the ground was
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free of snow and ice. The study applied two sensitive HPAEC-MS methods developed by

Barbaro et al. (2015) [80] to determine monosaccharides, disaccharides, alcohol-sugars and

anhydrosugars in Arctic aerosol samples. As such, this study presents the first results on the

sugar composition and concentrations in Svalbard aerosol.

Here we also propose the arabinose to levoglucosan (A/L) and sorbitol + galactiol to lev-

oglucosan (S/L) ratios, according to their high correlation, as diagnostic ratios to strengthen

the well know levoglucosan to mannosan ratio (L/M). Based on the results, the ratios should

be used only in ice or snow-covered polar areas to avoid the contribution of local biogenic

contamination.

This study demonstrates that not only is long-range atmospheric transport significant.

But depending on seasonality, local inputs can also play an important role in the chemical

composition of sugars in Arctic aerosol. The paper was published in Science of the TOtal

ENvironment (STOTEN) [85] and is reported in Appendix A.

4.3 Year-round measurements of size-segregated low molecular

weight organic acids in Arctic aerosol (Feltracco et al., 2021)

This paper wants to define the different source contributions to low molecular weight or-

ganic acids in Arctic aerosols across a full year period, from 26th February 2018 to 3rd March

2019. These compounds are poorly investigated, because of their trace concentrations in po-

lar region. For the first time, an annual trend of carboxylic, pinic and pinonic acids in the

Svalbard aerosol was shown to the scientific community.

To identify the sources of the low molecular weight organic acids sources using specific

and known markers, we studied the size-segregated PM10 aerosol the PMF model was per-

formed, by including in the CAs dataset also major ions, MSA and levoglucosan, as ancillary

data. The PMF identified five different possible sources: a) sea spray; b) marine primary

production; c) biomass burning; d) sea ice related process and e) secondary products.

EPA’s Positive Matrix Factorization (PMF) Model is a mathematical receptor model de-

veloped by EPA scientists that provides scientific support for the development and review of

air and water quality standards, exposure research and environmental forensics. The PMF

model reduces the large number of variables in complex analytical data sets to combina-

tions of species called source types and source contributions. The source types are identified
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by comparing them to measured profiles. Source contributions are used to determine how

much each source contributed to a sample.

In addition, EPA PMF provides robust uncertainty estimates and diagnostics. The model

calculates source profiles or fingerprints, source contributions, and source profile uncertain-

ties. The PMF model results are constrained to provide positive source contributions and the

uncertainty weighted difference between the observed and predicted species concentration

is minimized. The paper was published in Science of the TOtal ENvironment (STOTEN) [86]

and is reported in Appendix A.

4.4 Airborne bacteria and particulate chemistry capture phytoplank-

ton bloom dynamics in an Arctic Fjord (Feltracco et al., submit-

ted)

The paper (submitted) aims to investigate the potential sources of chemical and biological

measurements in different size-segregated aerosol particles collected at the Gruvebadet Ob-

servatory from February 26th to June 1st 2018 with a resolution of 6 days. The study combined

for the first time chemical and biological data in order to predict changes in Kongsfjorden dy-

namics. The surface water of the fjord varies according to complex factors including currents,

precipitation, winds, water inflow from glacial melt and the coast, and sea ice drift.

This study also incluede the Chlorophyll-a to better interpret the changes in plankton.

Chl a has been widely used as a proxy for phytoplankton biomass to explore influences of

oceanic biological activity on sea salt aerosol (SSA) properties. Positive correlations between

satellite-derived Chl a and the organic fraction of SSA were observed in the North-East At-

lantic.

Using this approach, it was possible to identify blooms of rare marine microorganisms

such as Polaribacter and Janthinobacterium and relate them to algal blooms. D-amino acids

could serve as indications of developing marine blooms and be used to predict biological

activity of the exponential phase in marine ecosystems. L-amino acids could also serve as

markers for post-bloom phase in other types of archives such as ice cores. The submitted

version of the paper was submitted in Atmospheric Environment and is reported in Appendix

A.



4.5. Multi-annual trend of major ions and WSOCs 35

4.5 Multi-annual trend of major ions and WSOCs

Here, unpublished data regarding the whole sampling campaigns considered in this thesis

(2013,2014,2015 and 2018-19) are presented. The chemical species determined in this thesis

in Arctic aerosol are displayed on pie charts in Figure 4.1. The most abundant compounds

in aerosol particles are nss-SO2−
4 , Cl-, Na+ followed phenolic compounds (PCs), sugars, or-

ganic acids and free amino acids (FAAs). Not surprisingly, major ions are the most abundant

compounds and this is consistent with several studies [5] [87].

FIGURE 4.1: Composition of water soluble fraction of PM10 in atmospheric
aerosol collected.

4.5.1 Major ions

Anions (F-, Cl-, NO−
2 , NO−

3 , PO3−
4 , Br-, SO−

4 ) and cations (Na+, K+, NH+
4 , Ca2+, Mg2+), are the

major components of atmospheric aerosols [88] [89]. In general, the water soluble major ions

account for about 60-70% of particulate mass [90]. Consequently, the ionic characterization

of atmospheric particle has been studied extensively in recent years, even in polar regions.

The size distributions of major ions provide detailed information on mode distributions and

also give evidences on the formation and transformation of these particles in the atmosphere.

However, concentrations and particulate distributions would be distinct in different regions,
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because they depend heavily on local sources, weather conditions, reaction conditions, and

long-range atmospheric transportation.

Several studies investigated different inorganic together with organic acids in the Sval-

bard atmosphere in both size-segregated and PM10 aerosols [51] [54] [91] [92] [93]. The main com-

ponents of Arctic aerosol are Na+, Cl-, and Mg2+, originated by sea spray; conversely, Ca2+,

K+, and SO2−
4 have relevant contributions from other sources, especially crustal aerosol and

anthropic emissions by long-range transport from continental regions [51] [45]. The bromine

and iodine concentration trends were also studied. Both halogens present a complex pho-

tochemistry in the atmosphere [94] [95] [96], this suggests that reactive halogens also play an

important role in the chemistry of the troposphere. Bromine atoms react in the atmosphere

mainly with O3 to form BrO and is associated with the presence of first-year sea ice [97] [95].

The main channel of the BrO self-reaction produces two Br atoms, a minor channel produces

Br2
[95]. Another source of bromine could be also sea spray aerosol [98]. Iodine sources in po-

lar regions are believed to mainly be related with biological production under sea ice, with

ice surface photochemistry and marine primary production [99] [100].

Here is described multi-annual variation in Arctic aerosol of major ions (Na+, NH+
4 , K+,

Mg2+, Ca2+, Cl-, Br-, I-, NO−
3 , SO2−

4 ) and methanesulfonic acid (MSA) in size-segregated

aerosol samples collected at Gruvebadet Laboratory, close to Ny-Ålesund (Svalbard Island).

Pre-analytical procedures and instrumental analysis were validated by Barbaro et al., (2017)

[61] and already reported in the published papers.

Three sampling campaign were analysed: from 2nd April to 29th June 2014, from 14th

April to 13th June 2015 and 3rd March 2018 to 26th February 2019. The 2013 sampling cam-

paign were not considered because glass fiber filters were used, instead of quartz fiber, that

provided huge interferences for the quantifications of major ions.

Figure 4.2 shows the PM10 concentration of 2014, 2015 and 2018-2019 sampling cam-

paigns for major ions. The plot-markers change the size depending on the aerosol fraction.

The PM10 concentration was obtained by summing the values obtained from each sampling

stage (6 filters with different particle diameter range). Table 4.1 shows the PM10 mean con-

centrations for each season of each sampling campaign.

The trend concentration depends on the compound and the season. As mentioned above,

Na+ and Cl- are recognized as specific tracers of sea salt aerosol. These species are mainly

distributed in the coarse fraction (D>0.95 µm) in all years, especially in the particles with
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FIGURE 4.2: Major ions concentration in PM10 of 2014, 2015 and 2018-2019.
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TABLE 4.1: PM10 mean concentration for major ions reported for each sam-
pling campaign. 2018-19 sampling campaign was divided depending on the
seasons. Autumn and Winter 2018-2019 are reported as "18-19". In brackets,

standard deviations are shown.

Na+ Cl- SO2−
4 nss-SO2−

4 NH+
4 K+ nss-K+ Ca2+ Mg2+ NO−

3 Br- I- MSA

Spr 14 223 (102) 235 (142) 648 (531) 594 (525) 52 (46) 8 (5) 3 (3) 33 (19) 34 (18) 34 (11) 5 (3) 0.4 (0.3) 7 (4)

Spr 15 143 (72) 157 (101) 426 (204) 390 (210) 57 (45) 10 (9) 3 (3) 27 (7) 25 (13) 21 (5) 1 (1) 0.16 (0.04) 18 (10)

Win 18 141 (94) 183 (160) 260 (74) 225 (62) 31 (9) 5 (4) 1 (1) 24 (5) 20 (14) 35 (14) 2 (1) 0.5 (0.1) 2.1 (0.3)

Spr 18 120 (85) 171 (149) 335 (175) 305 (171) 36 (18) 3 (2) 0.3 (0.7) 21 (9) 20 (13) 17 (10) 1 (1) 0.2 (0.1) 13 (10)

Sum 18 144 (47) 193 (68) 240 (79) 204 (75) 32 (15) 4 (1) 0.4 (0.5) 22 (6) 23 (6) 40 (20) 0.6 (0.1) 0.3 (0.2) 17 (6)

18-19 270 (103) 355 (143) 402 (255) 334 (250) 29 (19) 9 (5) 1 (2) 23 (8) 35 (15) 29 (17) 0.6 (0.5) 0.09 (0.04) 1.1 (0.5)

diameters above 3 µm. Sea salt aerosol showed the highest concentrations in winter and

autumn 2018-2019. In addition, during the winter season, Na+ also showed an increase in

the finest fraction (D<0.49 µm) at 9% (winter), while 3% of was found in spring, summer

and autumn, suggesting an additional contribution by LRAT. Chlorine did not reveal the

same size variability. Considering others periods, the trend seems to be driven by some

meteorological events and physical transformation of aerosol (bubble bursting events due to

strong winds occurrences, etc).

Nss-SO2−
4 (calculated as [SO2−

4 ] - 0.253×[Na+]) dominated the total concentration of sul-

phate and showed the highest concentration in spring 2014 (1041 ± 622 ng m-3) and in winter

2018-2019 (502 ± 224 ng m-3). Nss-SO2−
4 has mainly two sources: anthropogenic, from the

oxidation of SO2
[101] [102], as well as resulting from emissions from phytoplanktonic blooms

[75] [103]. Oxidation of SO2 pollution is considered to be the source of most of the nss-SO2−
4

[104]. To confirm this, an high correlation in spring 2014, 2015, 2018 and winter 2018, is shown

with nss-K+ (R2 > 0.6) that has long been considered as a tracer for biomass burning [13] [105].

Both tracers are mainly present in fine particles. The significant correlation with MSA in

summer 2018 (R2 = 0.8) suggests that nss-SO2−
4 derived likely from primary production.

Ammonium can be emitted during the high biological marine activity [106] in summer.

Nevertheless, in winter, spring and autumn ammonium in Arctic mostly originates from

anthropogenic sources in East Asia and Europe, with added contribution from boreal fire [45].

The significant correlation between NH+
4 and nss-SO2−

4 (R2 = 0.8) demonstrates that sulfate

is present at Ny-Ålesund also as ammonium salt. Furthermore, the distribution mainly in

fine fraction of ammonia suggests a dual source: primary marine production in summer and

anthropogenic contribution in spring and winter.

Ca2+ and Mg2+ had a constant trend during the four years of sampling, except for the end
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of April and the end of May that showed a peak value, probably due to strong winds that

contribute to the sea spray source with a minor effect compared with sea salt particles. Mg2+

showed a non-negligible concentration enhance in winter 2018-2019 that seems to follow the

sea-salt trend.

Nitrate in aerosol samples collected near the coast was mainly found in the coarse frac-

tion >80%. The main formation pathway was likely the interaction of nitric acid or other

reactive nitrogen compounds with sea-salt particles in the Arctic atmosphere [92]. Unlike

the sea salt particles, NO−
3 peaked also in summer, reaching its highest concentration (40

± 20 ng m-3). This is due to the reactions that nitric acid may undergo with some species

that are condensed on the same particles. This reaction has been suggested to be the major

way for the formation of coarse particles of nitrate at many coastal areas [107]. NOx trans-

forms into gaseous nitrous and nitric acids, which later react with NaCl in sea-salt aerosols

to form NaNO3 and HCl in the so-called chloride depletion reaction. The same pathway can

be followed by H2SO4
[108]. High percentage of chloride depletion (<80%) is found for fine

particles (D < 0.95µm) and still reaches ∼60% at 1.5 µm but decreases to ∼15% for larger

particles. It has been suggested that the surface reaction mechanism is the principal expla-

nation for higher depletion of smaller particles [107]. Cldep also reaches values slightly lower

0% in the coarsest fraction. The size-trend suggests that nitric acid reacted with NaCl in

fine particles to release HCl. The negative percentage in the coarsest mode indicates a slight

excess of chlorine, which could be due to the gas-particle conversion of gaseous HCl in the

atmosphere on coarse particles, or to an atmospheric pollution caused by coal combustion

processes [109].

A possible connection between bromine emissions and sea ice extent has been also sug-

gested recently. Spolaor et al., (2016) [110] hypothesised that Br- deposition in Arctic regions

and its subsequent preservation in ice cores could be used as a tracer for changes in sea ice

cover. The bromine enrichment resulting from sea ice events, was calculated as calculate

Bren = Br/(Na+ × 0.006). The PM10 trend concentration showed in Figure 4.2 confirms the

enhance of Br- springtime in the Arctic atmosphere.

Iodine followed the temporal trend of bromine during all the sampling period. Since the

presence of I- is related to marine biological production [111], the high level of I- in springtime

is may due to the sub-ice biological productivity, directly related to Arctic sea ice thinning

[112] and in summer to the algae bloom involving different emission process than MSA. The I-
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and Br- trends are widely discussed in the paper entitled "Year-round measurements of size-

segregated low molecular weight organic acids in Arctic aerosol" [86]. A broad information

about MSA characteristics have been already provided in the published papers.

4.5.2 Organic acids

The atmospheric concentrations of diacids are influenced by primary source such as mo-

tor exhausts and biomass burning [113] [114]. Secondary sources such as production from

photooxidation of hydrocarbons are expected to be important, because diacids have been re-

ported to be the oxidation products of aromatic hydrocarbons and alkanes in the laboratory

studies [115] [116].

The annual trend, sources and transport of organic acids (CAs) are discussed by Feltracco

et al. (2021) [86]. Here a brief summary of multi-annual concentration trend is reported. All

sampling campaign were analysed: from 13th April to 9th September 2013, from 2nd April to

29th June 2014, from 14th April to 13th June 2015 and 3rd March 2018 to 26th February 2019.

The filters of the 2013 sampling campaign did not show the same interferences provided by

major ions.

Figure 4.3 shows the PM10 concentration of 2013, 2014, 2015 and 2018-2019 sampling

campaigns for carboxylic acids. The Table 1 reported in the paper entitled "Year-round mea-

surements of size-segregated low molecular weight organic acids in Arctic aerosol" shows

the the PM10 mean concentrations for each season of each sampling campaign.

Spring and summer are highlighted in light grey and orange, respectively. All the de-

tected CAs peaked in spring, in particular their concentrations started to increase signifi-

cantly in March and peaked in mid April. These peaks appeared at the time of Arctic sunrise,

suggesting that CAs are mainly produced in the atmosphere by photo-induced reactions.

CAs in 2013 and 2018 began also to increase between July and August. This trend can be

associated to the the marine primary production from adjacent sea, some biomass burning

events especially form Northern Russia and also the rise in temperature that may have en-

hanced the photochemical transformation of organic precursors to carboxylic acids [86]. CAs

were mainly distributed in the fine particles and did not show a size-variability throughout

the years.

Monoterpenes are the most abundant biogenic hydrocarbons in troposphere and these

compounds affect the oxidising capacity of the atmosphere [69]. In particular, α-pinene is the
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most important monoterpene released by biogenic sources, particularly conifers [72]. Pinonic

and pinic acids are known as main products of α-pinene [117] [118]. Figure 4.4 shows the PM10

concentration of 2013, 2014, 2015 and 2018-2019 sampling campaigns.

0.6

0.4

0.2

0

pi
no

ni
c 

ac
id

May Jun Jul Aug Sep
2013

0.5

0.2

0

pinic acid

Mar Apr May Jun Jul Aug
2018

Nov Dec Jan Feb Mar
2018 / 2019

May Jun
2015

May Jun Jul
2014

 2013
 2014
 2015
 2018 / 2019

0% coarse

100% coarse

FIGURE 4.4: Pinonic and pinic acids concentration in PM10 of 2013, 2014, 2015
and 2018-2019.

In Figure 4.4 springs are highlighted in light grey to bring out the contribute of these

acids. Monoterpene-derived SOA tracers correlated with levoglucosan in 2018-2019 cam-

paign) [86], indicating that biomass burning may be a source for these compounds. This is

confirmed by the peak always showed in spring (except for pinic acid in spring 2018) and in

winter 2018-2019 that well correlates the levoglucosan trend in this period (Figure 4.5).

The peak of these compounds in spring is also due to the strong recurring seasonality

with higher number of particles in the accumulation mode (0.3 - 0.7 µm) in March and April,

compared to the summer. This phenomenon is called “Arctic haze” and it is a result, visi-

ble to the naked eye, of long-range trans- portation of sub-micrometric particles, especially

anthropogenic non-sea-salt sulphates, black carbon and heavy metals [101]. Several studies

suggest that the atmospheric pollutants reaching the Arctic during spring can be mainly re-

lated to inputs from eastern Eurasia [52] [85] [101].

4.5.3 Sugars

Sugar sources to the atmosphere are diverse and include direct biogenic emissions, vege-

tation burning, soil dust resuspension, and bacterial and fungal spores [119] [120]. In plants,

pollen accumulates starch reserves, which are converted into fructose, glucose, and sucrose

[121]. The sources, transport, seasonal variation and concentrations in 2013, 2014 and 2015 are
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discussed in the paper entitled "Interannual variability of sugars in Arctic aerosol: Biomass

burning and biogenic inputs" [85].

Figure 4.5 shows the PM10 multi annual variability of determined sugar. The improve-

ment from the cited study [85] is provided by the year-round trend in 2018 and 2019 cam-

paign, even though anhydro-sugars trend were entirely explained.

The concentration trend of arabitol and mannitol reflect the trend concentration of 2013

campaign, with a clear peak in summer due to the exposure of ice-free areas, confirmed

also by the coarse fraction distribution of such sugars. Sorbitol and galactiol, iso-erythritol,

sucrose, fructose and galactose did not show a valuable trend. On the contrary, glucose

and maltitol showed a strong enhance in coarse particles in August 2018 (3.6 and 0.13 ng

m-3). In summer, considering the ice-free areas, glucose can originate from local microorgan-

isms, plants, and animals [78]. The same summer trend was not showed in 2013 for fructose

and glucose, but summer 2013 showed a strong enrichment of arabinose. By evaluating

the ratio of glucose to levoglucosan in smoke samples is also possible to exclude biomass

burning as a source of glucose [77]. Medeiros et al. (2006) reported a value of about 4.5 of

glucose/levoglucosan ratio for smoke-free samples, and considerably lower values of 0.9 for

smoke samples. We calculated this ratio for each sample and the values were always >4,

excluding smoke as major source of glucose.

4.5.4 Free amino acids

The different free amino acids (FAAs) found in continental particles are thought to have

been originally produced by plants, pollens and algae, as well as fungi, bacterial spores and

biomass burning [73] [122]. The amino acids were deeply studied taking into account the 2015

sampling campaign [75].

Figure 4.6 shows the PM10 multi annual variability of more concentrated and interpretable

L- and D-FAAs. The 2013 sampling campaign were not considered becausethe glass fiber

filters gave again huge interferences also for the quantifications of FAAs. The mean PM10

concentrations of more concentrated FAAs are reported in in Table 4.2.

Gly, D-Ala and D-Asp are always distributed in fine particles, suggesting mainly a long-

range transport. The high intake of these FAAs in spring 2014, 2015 and 2018 suggests a

biomass burning input from Eurasia and the algal bloom from adjacent sea. L-amino acids

showed a coarser distribution, with a concentrations increase in August 2018. The presence
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TABLE 4.2: PM10 mean concentration for relevant L- and D-FAAs reported for
each sampling campaign. 2018-19 sampling campaign was divided depending

on the seasons. Autumn and Winter 2018-2019 are reported as "18-19".

Gly L-Ala L-Arg L-Pro L-Val LD-Ser LD-Hys LD-Orn D-Ala D-Asp

Spr 2014 0.3 (0.2) 0.01 (0.01) 0.01 (0.01) 0.02 (0.03) 0.002 (0.002) 0.02 (0.03) 0.02 (0.01) 0.03 (0.05) 0.09 (0.07) 0.09 (0.07)

Spr 2015 0.3 (0.1) 0.02 (0.03) 0.004 (0.005) 0.01 (0.01) 0.003 (0.007) 0.02 (0.03) 0.01 (0.02) 0.01 (0.02) 0.06 (0.05) 0.07 (0.05)

Win 2018 0.2 (0.1) 0.01 (0.01) 0.01 (0.01) 0.04 (0.01) 0.04 (0.01) 0.01 (0.01) 0.04 (0.05) 0.01 (0.01) 0.03 (0.01) 0.01 (0.01)

Spr 2018 0.2 (0.1) 0.01 (0.01) 0.03 (0.04) 0.1 (0.1) 0.03 (0.04) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01) 0.03 (0.03) 0.04 (0.03)

Sum 2018 0.3 (0.2) 0.06 (0.03) 0.4 (0.3) 0.04 (0.03) 0.01 (0.01) 0.02 (0.01) 0.06 (0.07) 0.02 (0.02) 0.03 (0.04) 0.03 (0.04)

18-19 0.1 (0.1) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.003 (0.002) 0.01 (0.01) 0.03 (0.02) 0.003 (0.004) 0.01 (0.01) 0.002 (0.005)

of these L-FAAs in the coarse fractions would suggest a local contribution. This peak is

consistent with the stationary and waning stages of the algal bloom (see MSA, Figure 4.2,

during which phytoplankton release proteins, amongst other molecules. These results can

not exclude a biomass burning contributions also in summer 2018, as suggested in the 2015

campaign [75] and in a previous study [122], due to good overlap with anhydro-sugar peak

occurred in the same period (Figure 4.5).

4.5.5 Phenolic compounds

Phenolic compounds (PCs) produced from lignin combustion have been observed in high

concentrations in combustion plumes and are specific molecular markers that can assess

combustion sources. Lignin is a biopolymer that constitutes approximately 20-30% of dry

wood mass and is derived from three main aromatic alcohols: p-coumaryl, coniferyl, and

sinapyl alcohols [79]. The pyrolysis products of these aromatic alcohols are classified as

coumaryl, vanillyl, and syringyl moieties. The dominant phenolic biomarkers in deciduous

tree smoke include homovanillyl alcohol, vanillic acid, vanillin, and syringic acid [123]. The

dominant phenolic biomarkers in conifer smoke include vanillin, homovanillic acid, vanillic

acid, and homovanillyl alcohol [124]. Significant products from burning grasses are acetosy-

ringone, syringic acid, vanillin and vanillic acid [125]. We determined eight PCs: vanillin

(VAN), vanillic acid (VA), homovaniliic acid (HA), p-cumaric acid (PA), syringic acid (SyA),

coniferyl aldehyde (CAH), ferulic acid (FA).

Figure 4.7 shows the PM10 multi annual variability of PCs above the detection limit. The

mean PM10 concentrations of relevant PCs are reported in in Table 4.3. These results were

not yet published.

The majority of PCs in Ny-Ålesund occur in the fine fraction, where this distribution is

consistent with long range transport [50] [126] [127]. Even though the majority of PCs occur
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TABLE 4.3: PM10 mean concentration for PCs reported for each sampling cam-
paign.

VA VAH FA CAH PA VAC

Spring 2013 3 (4) 4 (8) 0.1 (0.2) 2 (4) 0.3 (0.4) 0.04 (0.07)

Summer 2013 0.8 (0.7) 0.1 (0.2) 0.01 (0.01) 0 0 0.002 (0.006)

Spring 2014 0.4 (0.9) 5 (3) 0.2 (0.4) 0.1 (0.2) 0 0.2 (0.3)

Spring 2015 2 (3) 2 (2) 0.1 (0.2) 0 0 0.2 (0.4)

Winter 2018 2 (1) 11 (9) 0 0 0.05 (0.07) 0.01 (0.01)

Spring 2018 2 (1) 9 (7) 0.2 (0.3) 0 0.02 (0.05) 0.02 (0.03)

Summer 2018 1 (1) 8 (7) 0 0 7 (3) 0.4 (0.7)

Aut & Win 2018-19 2 (2) 4 (3) 0 0.1 (0.1) 4 (2) 0.1 (0.1)
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in the fine fraction, PCs are sporadically present in the coarse fraction. Knowing that PCs

are semivolatile species, they can volatilize and re-condense on coarse particles [128] during

long range transport. As reported in Table 4.3, VAH results the more abundant PCs (60 %)

followed by VA (18 %), PA (17 %), CAH (3 %), VAC (1.5 %) and FA (0.9%).

In spring 2013, 2014, 2015 and 2018, highlighted in light-grey (Figure 4.7), PCs peaked

demonstrating that the biomass burning sources already explained above are also detectable

with these markers. The same source is identifiable in winter 2018-19, in which the trend

concentration of PCs are well overlapped with levoglucosan. In summer 2013 and more fre-

quently in summer 2018, it was found a non-negligible presence of VA, VAH, PA and VAC.

Some studies reported the possibility that phytoplankton could be the source of PCs [129]. It

has to be noted that a limited number of studies report the profile of PCs in phytoplankton,

but numerous PCs (among them VA and PA) have been observed in extracts and exudates

of diatoms [130]. Again, a possible source in summer 2018 could be due to the strong biomass

burning event occurred in Northern Russia [86], but it is necessary to study PCs concentra-

tions in seawater and in aerosol under a variety of atmospheric conditions in order to better

understand their applicability as reliable markers of biomass burning, anthropogenic activity

or biogenic activity.

4.6 Novelties of the thesis and future challenges

The compounds studied in this thesis in the Arctic are particularly concentrated in winter

and spring. The finding of Northern-Russia as a major source region for biomass burning

markers and the comparison with the free amino acids trend in spring 2015 has allowed

to identify wildfires as possible source of FAAs. Spring emissions were better interpreted

also with major ions that helped to differentiate between marine, crustal and anthropogenic

source. For example, the MSA trend suggested the primary marine production as a source for

some FAAs and some carboxylic acids that indicates the high complexity of marine inputs.

The determination of some sugars (i.e. arabitol and mannitol) were associated primarily

with coarse aerosols in summer, suggesting local transport, while these compounds do not

show significant concentrations in other seasons. A wide and multi annual investigation of

WSOCs has never been done before in the Ny-Ålesund atmosphere and the results achieved

here are overriding also for future collaboration and data-sharing.
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While a number of studies of Arctic aerosol have focused mainly on physical proprieties

and size distribution without a deep investigation of the chemical composition, there are still

lack answers to a long-term monitoring of airborne WSOCs and how they interact with the

environment.

Careful consideration is needed to understand the influence of various processes as sea

spray, sea ice thinning and atmospheric stratifications, with a inter-comparison studies tak-

ing into account the study of particles physical proprieties, nano-particles investigation,

snow-atmosphere interaction and oceanography. The measurement of other climatically rel-

evant parameters (CCN and IN) has been performed only during spot campaigns. The study

of cloud condensation and ice nuclei should be done in parallel with ongoing observations,

as long term monitoring. Very similar suggestions are reported in the SESS report 2020 [131].
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Conclusions

Through the multi-annual studies conducted in this PhD thesis it has been possible to demon-

strate the applicability of a wide range of environmental markers in analytical studies with

the aim of environmental characterization of aerosol. It has been demonstrated that envi-

ronmental markers play a crucial role to better understand the transport processes and the

sources in the Arctic area, strongly characterized by both natural inputs and anthropic in-

puts, depending on the season.

Four sampling campaigns, from 2013 to early 2019 permitted the investigation of the

chemical composition and particle size distribution of aerosol. Furthermore, for the first time

in the Italian station were studied the behaviour of environmental markers during the polar

night in winter 2018-2019. A wide range of markers were detected: ionic species, organic

acids, sugars, free and combined amino acids and phenolic compounds.

The particle size-distribution of molecular markers were also investigated in order to

identify different emission sources and to discriminated between local source and long range

transport. Transport and dispersion simulations were conducted using a Lagrangian disper-

sion model, Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model.

To sum up, the general conclusion of this PhD thesis is the extensive utility of environ-

mental markers in the Arctic aerosol: 1) they can discriminate the sources also integrating

the determination with the particles size distribution; 2) the markers well describe the sea-

sonal variation; 3) they can be used as support data for other disciplines. To confirm the third

point, a combination among chemical and biological data was studied to predict changes in

fjord dynamics in front of Ny-Ålesund. Fourthly, the results of this thesis have serious impli-

cations for paleoclimatic studies, since the achieved knowledge permits to better understand

the environmental meaning of the target markers.
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a b s t r a c t

Aerosol samples were collected with a high-volume cascade impactor with a 10 day sampling frequency
at the Gruvebadet observatory, close to Ny-Ålesund (Svalbard Islands). A total of 42 filters were analyzed
for free and combined amino acids, as they are key components of bio-aerosol. This article provides the
first investigation of free and combined L- and D-amino acids in Arctic atmospheric particulate matter.
The main aim of this study was to determine how these compounds are distributed in size-segregated
aerosols after short-range and long-range atmospheric transport and understand the possible sources
of amino acids. The total load of free amino acids ranged from 2.0 to 10.8 pmolm"3, while combined
amino acids ranged from 5.5 to 18.0 pmolm"3. At these levels amino compounds could play a role in the
chemistry of cloud condensation nuclei and fine particles, for example by influencing their buffering
capacity and basicity. Free and combined amino acids were mainly found in the fine aerosol fraction
(<0.49 mm) and their concentrations could be affect by several sources, the most important of which
were biological primary production and biomass burning.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Organic nitrogen compounds (ONCs) contribute to the nutrient
budgets of ecosystems and influence atmospheric chemistry and

air quality (Cornell et al., 2001; McGregor and Anastasio, 2001;
Weathers et al., 2000). The most investigated ONCs in the atmo-
sphere are amino compounds (i.e. amino acids and alkyl amines)
due to their potential roles in ecological processes and plant
nutrition (Zhang and Anastasio, 2003). Amino compounds could
affect the atmospheric water cycle since they are involved in cloud
condensation nuclei and cloud formation due to their surface-
active properties (Saxena, 1983), thus altering the atmospheric ra-
diation balance and the scavenging of air pollutants (Chan et al.,
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2005; McGregor and Anastasio, 2001).
Amino acids are usually separated into free amino acids (FAAs),

combined amino acids (CAAs) and total amino acids (TAAs). CAAs is
the difference between TAAs and FAAs. TAAs are particularly
bioavailable (Chan et al., 2005; De Haan et al., 2009; Leck and Bigg,
1999; Mandalakis et al., 2011; Miguel et al., 1999; Mikhailov et al.,
2003) and therefore may also contribute to the nitrogen and car-
bon budgets through atmospheric deposition (Cornell et al., 2001,
2003). Atmospheric deposition of amino acids can be also a source
of nutrients to marine ecosystems (Wedyan and Preston, 2008).
Most amino acids contain an asymmetric centre, and the analysis of
their L- or D-enantiomers is often carried out in several research
fields, such as food chemistry (Friedman, 1991), geochronology
(Fitznar et al., 1999) and extraterrestrial exploration (Cronin and
Pizzarello, 1999). A substantial number of studies have confirmed
the presence of amino acids in urban and sub-urban aerosol
(Barbaro et al., 2011; Chen and Hildemann, 2009; Di Filippo et al.,
2014; Menetrez et al., 2009; Samy et al., 2013), rural aerosol
(Mace et al., 2003a; Samy et al., 2011; Yang et al., 2004; Zhang and
Anastasio, 2003) and marine aerosol (Mace et al., 2003b;
Mandalakis et al., 2011; Matsumoto and Uematsu, 2005; Wedyan
and Preston, 2008).

Amino acids are present as dissolved combined amino acids
(proteins and peptides) (Ge et al., 2011; Kuznetsova et al., 2005),
dissolved free amino acids (Milne and Zika, 1993; Mopper and Zika,
1987) and particulate amino acids from solid microorganisms and
debris particles inside the liquid aerosol phase (Kuznetsova et al.,
2005).

FAAs have been studied in both Arctic and the Antarctic aerosol.
In Arctic aerosol sampled from the 19th April to 14th September
2010, amino acids where detected with a mean concentration of
1.1 pmolm"3 without any differentiation between L- and D- or
combined amino acids (Scalabrin et al., 2012). In Antarctica, free
amino acids have been investigated at the coastal site of Mario
Zucchelli Station (MZS) where a mean concentration of
11 pmolm"3 was found, on the high plateau at Dome C an average
concentration of 0.8 pmolm"3 was reported.

Due to their long distance from anthropogenic and continental
emission sources, Polar Regions are excellent natural laboratories
for conducting studies on the behavior, evolution and fate of
biogenic aerosol.

CAAs derive from bacteria, fungi, house dust mites, multiple
pollens, animal and fragments of animals, insects and plants (Di
Filippo et al., 2014). In addition, proteinaceous matter is a major
source of organic nitrogen in surface seawater. It is found as part of
the dissolved organic matter of planktonic and bacterial origin and
as particulate organic matter in microorganisms (Hansell and
Carlson, 2014; Kuznetsova et al., 2005). Many proteins present in
aerosol particles are strong allergens and there is an increasing
concern on the contribution of proteinaceous materials on the
allergenic influence of aerosols and their possible effects on human
health.

The main aims of this study were 1) to investigate the occur-
rence and concentration levels of L-and D- FAAs and CAAs in at-
mospheric aerosol in Ny Ålesund (Svalbard Islands) during the 2015
spring campaign (4th April "13th June); 2) to determine how these
compounds are distributed in size-segregated aerosols; and 3) to
investigate the possible emission sources. To confirm the amino
acid sources, other specific tracers were also investigated. Levo-
glucosan was used as a biomass burning marker (Iinuma et al.,
2007; Oros et al., 2006; Oros and Simoneit, 2001; Zangrando
et al., 2013) while methanesulfonic acid (MSA) was used as an
algal bloom marker (Quinn et al., 2007, 2002). Non-sea salt sulfate
(nss-SO2"

4 ) was used to distinguish between sources. The data ac-
quired will provide an improved understanding of the fate FAAs

and CAAs in the Arctic area and should assist in foreseeing their role
in atmospheric processes. To the best of our knowledge, we have
determined for the first time free and combined L- and D-amino
acids in Arctic aerosol.

2. Experimental

2.1. Aerosol sampling

Svalbard is Norway's northernmost region, and the archipelago
is one of the northernmost land-areas in the world. The archipelago
is confined between the West Spitsbergen Current and the
northern-most remnant of the Gulf Stream, that moves relatively
warm water northwards along the west coast while the East
Spitsbergen Current brings cold water and sea ice southwestwards
from east of the Spitsbergen and eastern islands (Harland, 1998).
For these reasons, the Svalbard region is particularly interesting in
regard to climate change because is located at the extreme north-
ern limit of the ocean currents and air masses that transfer heat
poleward through the North Atlantic.

Seven aerosol samples were collected from 4th April to 13th June
2015 at the Gruvebadet atmospheric laboratory, close to Ny-Åle-
sund (Svalbard Islands, 78#54059.9900 N 11#55059.9900 E). A sampling
resolution of 10 days was adopted, following the results and the
protocols of previous campaigns (Scalabrin et al., 2012; Turetta
et al., 2016). This sampling time is necessary to collect enough
sample so we can determine and quantify molecular species at
pico-molar atmospheric concentrations (Barbaro et al., 2017b, 2016,
2015b). The sampling campaign was performed using a five-stage
high-volume cascade impactor Model TE-235 equipped with a
TE-6070 PM10 size-selective head (Tisch Environmental Inc., Village
of Cleves, OH) operating at a flow rate of 68m3 h"1. The aerosols
were collected on slotted quartz fiber filters (QFF) with 10 parallel
perforated slots (FilterLab, Spain) plus a back-up filter. The
description of the slotted QFF is reported elsewhere (Turetta et al.,
2016). This sampler allows the collection of airborne particles in
five size classes with aerodynamic diameter ranges of 10e7.2 mm
(S1), 7.2e3.0 mm (S2), 3.0e1.5 mm (S3), 1.5e0.95 mm (S4),
0.95e0.49 mm (S5) and <0.49 mm (B).

2.2. Aerosol samples processing for FAAs analysis

Reagents and standards solutions used in this study are reported
in the Supplementary Material. The description of the sampling
area, sample collection and treatment are reported in three previ-
ous studies (Scalabrin et al., 2012; Turetta et al., 2016; Zangrando
et al., 2013). Briefly, each half filter was spiked with a mixed solu-
tion of 8 labelled FAAs (reagents and standards solutions see
Supplementary Material) as an internal standard (500 absolute ng
for slotted filters and 1500 absolute ng for back-up filters) and were
then extracted twice for 15min with ultrapure water in an ultra-
sonic bath. The slotted filters were extracted with 9mL followed by
1mL of ultrapure water, whilst the back-up filters were extracted
with 25mL followed by 5mL of ultrapure water. The unified ex-
tracts were then filtered through a 0.45 mm, Ø25mm polytetra-
fluoroethylene (PTFE) filter (Whatman,Maidstone, Kent, UK) before
analysis. To avoid any contamination from laboratory air particles,
samples were handled inside an ISO 5 clean room under a laminar
flow bench (class 100). Field blank filters were also taken and
treated using the same procedure. All reported values are blank-
corrected. The method detection limits (MDL) and method quan-
tification limits (MQL) of the analytical procedure were determined
as three and ten times the standard deviation of the average value
of the field blank.
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2.3. CAAs analysis

A hydrolysis step is necessary to release FAAs from proteina-
ceous material or other polypeptides contained in the aqueous
extracts obtained during sample processing (Section 2.2). In a
1.5mL vial, 500 mL of each sample extract was mixed with 500 mL of
12M HCl and 5 mL of ascorbic acid at a concentration of 1 ng mL"1

(5 ng absolute) to avoid oxidation of the amino acids. The vial was
flushed with a stream of nitrogen before sealing and placed in a
heat-block at 110 #C for 24 h (Fountoulakis and Lahm, 1998; Matos
et al., 2016; Wedyan and Preston, 2008) with a Liebig prototype
glass condenser used to condense compounds in the vapor (gas)
phase back down to the liquid phase under boiling conditions
through heat exchange with the environment (Fig. S1 e Supple-
mentary Material shows the Liebig prototypes placed in the heat-
block). The hydrolysis products were freeze-dried to eliminate
traces of HCl, which can damage the chromatographic column. The
dry residues were subsequently dissolved in 500 mL of ultrapure
water and diluted 1:10 before analysis for TAAs. The extracts of the
field blank filters were also hydrolyzed so all TAA concentrations
could be blank corrected. The concentrations of the CAAs were
calculated as the difference between the TAA and FAA
concentrations.

2.4. Instrumental analysis

The instrumental method for the determination of L- and D-
amino acids applied in this study was previously described in detail
by Barbaro et al. (2015a,b). Briefly, an Agilent 1100 Series HPLC
System (Waldbronn, Germany) equipped with a binary pump,
vacuum degasser, and autosampler was coupled to an API 4000
Triple Quadrupole Mass Spectrometer (Applied Biosystem/MDS
SCIEX, Concord, Ontario, Canada) through a positive electrospray
ion source (TurboV). Chromatographic separation was performed
using a 2.1$ 250mm Astec CHIROBIOTIC™ TAG column (Advanced
Separation Technologies Inc., USA) with a chiral stationary phase
based on teicoplanin aglycone. The column temperature was
maintained at 25 #C, and flow rate was 150 ml min"1. Elution was
achieved by a linear gradient using as mobile phase 0.1% formic acid
(A) and methanol containing 0.1% formic acid (B). At the beginning,
an isocratic step with 30% eluent B was used for 10min. The linear
gradient started with 30% eluent B and reached 100% over 2min. To
wash the column, 100% of eluent B was maintained for 5min, a
followed by final equilibration step of 12min, the time necessary to
wash and equilibrate the column. The total run time was 30min.
The injection volume was 10 mL for Ala, Asp, Glu, Gln, Leu, Ile, Met,
Val, Asn and Gly due to their relatively high concentration in the
aerosol samples, while others amino acids were injected with a
volume of 100 mL to enhance the quantification limit. The mass
spectrometer operated in multiple reaction monitoring (MRM)
mode. Two transitions were considered for each analyte: the most
intense one was applied for quantification, while the second was
used to confirm the presence of amino acids.

2.5. Levoglucosan, MSA and nss-SO2"
4

Levoglucosan, methanesulfonate (MSA) and non-sea salt sulfate
(nss-SO2"

4 ) were used as specific markers for biomass burning, and
phytoplankton blooms and were used in comparison with the
concentration of FAAs to confirm potential emission sources.
Determination and quantification of these compounds were per-
formed using an ion chromatograph (Thermo Scientific™ Dionex™
ICS-5000, Waltham, US) coupled to a single quadrupole mass
spectrometer (MSQ Plus™, Thermo Scientific™, Bremen, Ger-
many). The analytical performance of the methods was described

by Barbaro et al. (2017a, 2015a). Briefly, the separation of levoglu-
cosan was performed using a CarboPac MA1™ analytical column
(Thermo Scientific, 2mm$ 250mm) equipped with an AminoTrap
column (2$ 50mm). The sodium hydroxide eluent gradient at a
flow rate of 0.25mLmin"1 was as follows: 20mM (0e23min),
100mM (23e43min, column cleaning), 20mM (43e53min,
equilibration). The injection volume was 50 mL and the determi-
nation of levoglucosan was performed in selected ion monitoring
(SIM) using 161 as mass to charge ratio for [M-H]-. Quantification
was performed using labelled 13C6-levoglucosan as the internal
standard.

MSA and nss-SO2"
4 determination and quantification were

achieved using an anionic exchange column (Dionex Ion Pac AS11
2$ 250mm) and a guard column (Dionex Ion Pac AG11
2$ 50mm). The sodium hydroxide gradient at a flow rate of
0.25mLmin"1 was as follows: 0e3.5min gradient from 0.5 to
5mM; 3.5e5min gradient from 5 to 10mM; 5e25min gradient
from 10 to 38mM; 25e30min, column cleaning with 38mM;
30e35min; equilibration at 0.5mM. The injection volume was
100 mL. Mass to charge ratios of [M-H]- used for SIM determination
were 95 and 97 for MSA and sulfate, respectively. Quantification
was achieved using an external calibration curve. The nss-SO2"

4
fraction was evaluated as the difference between the sulfate con-
centration and the sea salt contribution, that was calculated using
the SO2"

4 to Naþ ratio in seawater (0.253).

2.6. Quality control

The analytical procedure for FAAs was previously validated
(Barbaro et al., 2015b) by calculating the trueness, repeatability and
efficiency (yield %) of the sample treatment process as described by
Bliesner (2006). The average yield for each amino acid was 61%, all
L- and D-amino acids determined in this work were found to have
an analytical error ranging from"13% toþ9%. The repeatability was
determined as the relative standard deviation of the analytical re-
sults for 5 spiked filters and was always below 10%.

To check the hydrolysis efficiency during the quantification of
CAAs, the procedure was validated by calculating trueness, preci-
sion and recovery for the analysis of 210 ng of Human Serum Al-
bumin (HSA) after internal standardization with 200 ng of each
isotopically labelled amino acid. To calculate the concentration of
hydrolyzed FAAs from HSA, the amino acid sequence of human
serum albumin reported by Meloun et al. (1975) was used. The
molecule of this protein consists of a single polypeptide chain and
contains 585 amino acid residues: 62 Ala, 24 Arg, 53 Asp, 35 Cys, 82
Glu,12 Gly, 16 Hys, 61 Leu, 8 Ile, 59 Lys, 6 Met, 31 Phe, 24 Pro, 24 Ser,
28 Thr, 1 Trp, 18 Tyr, 41 Val. The molecular weight of the protein
calculated from its amino acid composition is 66500 amu. Quan-
tificationwas carried out using response factors between the target
substances and their corresponding internal standard to correct
instrumental signal fluctuations. Trueness, precision and recovery
have been also calculated for FAAs by performing the hydrolysis
technique achieved with CAAs procedure to consider the FAAs
racemization that could be possible at 110 #C for 24 h. In fact, Kaiser
and Benner (2005) showed how it is possible to use hydrolysis
conditions that avoid a wide range of stereochemical inversions of
amino acids, with the production of substantial amounts of D-en-
antiomers from the corresponding L-enantiomers during the hy-
drolysis process. Furthermore, it is known that racemization of
FAAs was substantially lower during liquid-phase hydrolysis
compared to microwave vapor-phase hydrolysis (Csap!o et al., 1998;
Liardon et al., 1981; Manning, 1990). To evaluate the extraction
yield and to estimate the procedural extraction efficiency, the
isotopically labelled amino acids were added after PTFE filtration.
Table 1 shows the validation values just described for FAAs and
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hydrolyzed FAAs from HSA. The precisionwas evaluated and values
of coefficient-of-variation% (CV%) were always below 10%. The
mean recovery (%) of the procedurewas equal to 100% and the error
% was always below ±10% for each amino acid. In accordance with
the literature values, D-Glu, L-/D-Met, L-/D-Trp and L-/D-Tyr are not
shown in Table 1 due to the insufficient validation values. D-Glu
and L-Asp peaks were covered by huge instrumental interferences,
which made peak integration impossible. It is also well known that
L-/D-Met has a half-life of less than 2.5 h in atmosphere since it is
destroyed by ozone (McGregor and Anastasio, 2001) and the hy-
drolysis conditions may have accelerated this degradation process.
L-/D-Trp and L-/D-Tyr are almost completely decomposed in our
hydrolysis method (Csap!o et al., 1997, 1995).

2.7. Back trajectory calculation and statistical methods

24 h back trajectories (BT), with a new trajectory starting every
3 h, were calculated at 100m a.s.l. to evaluate the contribution of
short-range transport, while 120 h back trajectories were calcu-
lated every 6 h at 500m a.s.l. to evaluate the long-range transport,
which corresponds to the elevation of the Zeppelin Mountain, the
highest neighboring mountain to the sampling site (Fig. S2a and 2b
e Supplementary Material). The NOAA HYSPLIT trajectory model
from the NOAA ARL was applied, using the GDAS one-degree
meteorological database (https://www.ready.noaa.gov/archives.
php). Five runs were computed for every sampling day and the
trajectories were “mean-clustered aggregated”, considering the
total spatial variance. The BTs were overlapped with the oceanic
chlorophyll-a concentrations from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS - NASA). The MODIS chlorophyll-a
data product provides an estimate of the near-surface concentra-
tion of chlorophyll-a using an empirical relationship derived from
in-situ measurements of chlorophyll-a and remote sensing reflec-
tance (Rrs) in the blue-to-green region of the visible spectrum.

For statistical analysis, the concentration values below the limit
of detection (LOD) were substituted with a value of 1/2 MDL. Factor
analysis (FcA) with varimax rotation was performed on the auto
scaled data matrix using Statistica 10.0 (StatSoft, Inc., 2007).

3. Results and discussion

3.1. FAAs concentration and particle size distribution

The total mean concentration of FAAs in PM10 (calculated as the
sum of all the stages) was 6.1± 3.4 pmolm"3 and ranged from 2.0
to 10.8 pmolm"3. Samples collected during the first two periods
have the highest concentrations, with total FAAs concentrations
twice as high as those collected from 24th April e 13th June (Fig. 1).
The mean value of the total dataset is almost six times higher than
those obtained during the 2010 sampling campaign (Scalabrin
et al., 2012; Turetta et al., 2016) at the same sampling site of Gru-
vebadet (mean value of 1.1 pmolm"3). The concentrations found in
this campaign were comparable with the values determined by
Barbaro et al. (2015b) at the coastal Mario Zucchelli Station,
Antarctica, with a total mean of FAAs of 11 pmolm"3. Those results
showed how marine sources and their chemical composition can
radically alter the amino acids concentration in atmosphere. In
general, the highest amino acid concentrations were detected in
the back-up filters (<0.49 mm) and in the S5 (0.95e0.49 mm), ac-
counting for 37% and 31% of the total sum of FAAs (Fig. 2 - FAAs),
respectively.

Gly (59%, average concentration of 3.6± 0.7 pmolm"3), D-Ala
(10%, 0.6± 0.2 pmolm"3) and D-Asp (9%, 0.5± 0.2 pmolm"3)
together accounted for 78% of the total amino acid content (Fig. 3,
FAAs). These compounds were mainly distributed below 0.95 mm
(Fig. S3a). The particle size distribution of Gly is consistent with
previous studies (Matsumoto and Uematsu, 2005; Scalabrin et al.,
2012; Turetta et al., 2016; Zhang and Anastasio, 2003). Gly was
suggested as an indicator of long-range atmospheric transport
(Barbaro et al., 2015b, 2011; Milne and Zika, 1993) because it is the
most stable FAAwith a half-life of 19 days (McGregor and Anastasio,
2001).

The relative abundance of D-Ala and D-Asp agree with Wedyan
and Preston (2008), where these compounds had the greatest
relative contribution of D-FAAs in Atlantic Ocean aerosol. D-Asp is
characteristic of soil humic substances: Kimber et al. (1990) and
Dittmar et al. (2001) show that it is the most abundant D-FAAs in
Russian Arctic river water.

The FAAs L-Ala (4%), L-Hyp (3%) and L-/D-Ser (3%) had individual

Table 1
Average errors (%) and CV%, recovery (%) and CV%, blank (ng) and CV% for FAAs and CAAs hydrolysis.

Analyte IS FAAs CAAs

Error%; (CV%) Recovery%; (CV%) Blank (ng) Error%; (CV%) Recovery%; (CV%) Blank (ng)

L-Ala Ala* "2 (8) 107; (8) 0.63 1; (2) 92; (7) 0.50
D-Ala Ala* 4 (7) 105; (4) 0.06 e e 0.02
L-Arg Arg* 4; (3) 100; (6) 2.13 "9; (3) 91; (3) 0.68
D-Arg Arg* "6 (5) 106; (8) 0.01 e e 0.01
L-Asp/L-Asn Asp* "7; (3) 105; (9) 3.13 3; (2) 95; (6) 0.89
D-Asp/D-Asn Asp* "2.; (5) 104; (3) 0.88 e e 0.83
L-Glu/L-Gln Glu* "3.; (6) 106; (5) 7.11 "9; (2) 98; (3) 1.28
Gly Ala* 5; (2) 104; (1) 0.51 6; (5) 106; (4) 0.02
L-Hyp Pro* 7; (2) 98; (5) 0.42 e e 1.03
D-Hyp Pro* 6; (0) 99; (1) 0.01 e e 0.01
L-/D-Hys Arg* 10; (3) 98; (5) 1.79 7; (0) 100; (3) 0.24
L-Leu/Ile Leu* "3; (2) 93; (5) 8.56 "6; (1) 91; (2) 0.99
D-Leu/Ile Leu* 9; (2) 104; (8) 0.08 e e 0.01
L/D-Orn Arg* 10; (2) 105; (9) 3.31 e e 0.15
L-Phe Phe* 7; (7) 100; (5) 2.03 "8; (3) 90; (4) 0.65
D-Phe Phe* 8; (4) 100; (4) 0.13 e e 0.05
L-Pro Pro* 8; (2) 100; (6) 0.64 9; (1) 105; (9) 0.63
L/D-Ser Arg* 4; (8) 94; (9) 2.73 9; (8) 107; (2) 1.02
L-Thr Arg* 7; (1) 97; (6) 1.19 7; (10) 104; (4) 0.26
D-Thr Arg* 8; (4) 99; (2) 0.15 e e 0.03
L-Val Val* 1; (3) 94; (4) 2.95 "10; (3) 90; (8) 0.73
D-Val Val* 10; (1) 103; (5) 0.04 e e 0.01
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concentrations of around 0.3 pmolm"3. L-Ala and D-Ala are mainly
found in fine particles, but L-Ala is strongly enriched in the coarse
particles in the second sampling period (Fig. S3a). A possible
explanation for this enrichment may be local sea-spray emissions
due to wind speeds of up to 13m s"1. The occurrence of L-Ala in sea
water is due to its synthesis by the enzyme aspartate decarboxylase
used in the metabolic processes of prokaryote diatoms (Bromke,
2013; Park et al., 2018).

L- and D-Ser represent only 3% of the total FAAs load and has an
average concentration of 0.1± 0.2 pmolm"3. It is only present in
three samples and its size distribution is very variable (Fig. S3a). Ser
could derive from oxidative reactions that transform CAAs and
other potential FAA precursors into Ser (Samy et al., 2013). L-Hyp, as
well as Ser, has a variable distribution but is present from 14th April
to the end of sampling campaign. The remaining compounds (L-
Arg, L-Thr, D-Thr, L-Tyr, D-Phe, L-Trp, L-Hyp, D-Val and L-Asn)

represent 12%.
The first sampling period from 4th to 14th April 2015 showed the

second highest concentrations of the whole sampling period, with
a mean value of 10.0± 0.6 pmolm"3. Several sources were inves-
tigated but the most plausible is biomass burning. Some re-
searchers (Chan et al., 2005; Mace et al., 2003a) have reported the
combustion of biomass as a possible source of FAAs because they
are part of the WSOC fraction. The BT shown in Fig. S2a originate
from areas neighboring Siberia and Northern Russia, suggesting
that the FAAs load in this sample might originate from a biomass
burning event. In effect, a series of wildfires began on the 12th April
and were completely extinguished on the 13th April (see: firms.-
modaps.eosdis.nasa.gov/map). One of the most important biomass
burning tracers, levoglucosan (Iinuma et al., 2007; Oros et al., 2006;
Oros and Simoneit, 2001), was used to support our hypothesis.
Fig. 4 shows how levoglucosan had the highest concentration

Fig. 1. FAAs concentration and distribution in the six stages for each sampling period.

Fig. 2. FAAs and CAAs size distributions in the six stages.
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values in the first and second samples, supporting that it was
released from the Northern Russian wildfires. Another possible
tracer of biomass burning is nss-SO2"

4 because it has likely a com-
bustion source (Quinn et al., 2007; Sciare et al., 2008) as well as
resulting from emissions from phytoplanktonic blooms (Meskhidze
and Nenes, 2016; Müller et al., 2009; Vignati et al., 2010; Yoon et al.,
2007). In our samples, nss-SO2"

4 showed the highest concentrations
in the first sampling period similar to levoglucosan and further
reinforces the confirmation of a biomass burning source. Levoglu-
cosan and nss-SO2"

4 , are considered long-range atmospheric
transport tracers, are were distributed mainly in the fine fraction
(<0.49 mm), together with the FAAs.

In the first sample, FAAs were also distributed in the coarse
particles, suggesting local sources or a particle growth process
during long-range transport. Due to their hygroscopicity (Chan
et al., 2005), amino acids and proteinaceous material can poten-
tially affect the hygroscopic growth and cloud formation activity of
aerosols (Mandalakis et al., 2010).

The highest FAAs concentration was observed in the second
sampling period, from 14th to 24th April, with a total concentration

10.8± 0.5 pmolm"3. The elevated load of FAAs in this period may
originate from phytoplanktonic/bacterial rich sea spray
(Matsumoto and Uematsu, 2005), in this period, the BT changed
direction towards the Greenland Sea and coincided with a large
decrease in levoglucosan. Fig. 4 reports also the MSA concentration,
considered a reliable marker of phytoplanktonic emissions and
derives from the photolysis of DMS (Quinn et al., 2007, 2002), its
value increased from 60.9 to 154.0 pmolm"3 between the first and
second sample. The samples collected after 24th April show a pos-
itive correlation between FAAs and MSA (R2¼ 0.84, p-value 0.02)
and nss-SO2"

4 (R2¼ 0.49, and 0.30). For the period after 4th May, R2

changes to 0.82 and 0.99 (p-value 0.09 and 0.0005) for MSA and
nss-SO2"

4 , respectively. These values suggest an algae bloom input
of FAAs from the 24th April to 13th June, supported by 24 h BT
calculated at 100m a.s.l. (Fig. S2b) which always originate from a
marine area of either the Greenland Sea (West), Barents Sea (East)
or Arctic Sea (North). Park et al. (2018) recorded and analyzed the
atmospheric dimethyl sulfide (DMS) in Ny Ålesund during phyto-
plankton bloom periods in 2015. DMS is mostly produced by ma-
rine phytoplankton and is the most abundant form of biogenic

Fig. 3. Mean relative abundances of FAAs and CAAs in all samples. “Others” in FAAs pie referred to L-Arg, L-Thr, D-Thr, L-Tyr, D-Phe, L-Trp, L-Hyp, D-Val and L-Asn.
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sulfur released from the sea (Stefels et al., 2007). This study
observed a concentration enhance of DMS from 14th to 20th April
(the higher value was about 0.3 mg L"1).

Park et al. (2018) also reported strong emissions of DMS during
May due to the typical of the late spring and summer phyto-
plankton blooms, suggesting algae bloom as a possible source for
FAAs from 24th April to 13th June. To support this hypothesis, the
correlation between PM10 FAAs, MSA and nss-SO2"

4 was investi-
gated and described above.

3.2. CAAs concentrations and particle-size distribution

The mean concentration of CAAs in PM10 (as a sum of all stages)
was 11.7± 5.0 pmolm"3 and ranged from 5.5 to 18.0 pmolm"3

(Fig. 5). The concentrations are around 2 times higher than those of
FAAs in the same samples. This is the first reported occurrence of
CAAs in the Arctic area. Previous studies reported mean concen-
trations of 719± 326 pmolm"3 in the eastern Mediterranean
(Mandalakis et al., 2011) and 2050± 730 pmolm"3 in Northern
California (Zhang and Anastasio, 2003). The lower concentrations
of CAAs in Arctic aerosol suggest why the Arctic is a key-area for
their study, because the concentrations are not heavily affected by
local emissions from forests, house dust mites, insects, etc.

The highest combined amino acid concentrations were detected
in the back-up filters (<0.49 mm), S5 (0.95e0.49 mm) and S4
(1.5e0.95 mm) accounting for 40%, 19% and 18% of the total sum of
CAAs (Fig. 2), respectively.

Combined Gly, L-Leu/Ile, L-Glu & L-Gln, L-Arg and D-Asp & D-
Asn accounted for 74% of the total CAAs content (Fig. 3, CAAs). L-/D-
Ser and L-Val consisted of up to 10% of the total CAAs concentration.
Gly is the most abundant CAA (51%) and has an average concen-
tration of 6.0± 1.1 pmolm"3, about three times higher than total
FAAs. Gly is the most abundant compound accounting for approx-
imately one third of the total of CAAs as it plays a central role in the
molecular structure of collagen, and Gly accounts for one third of
the sequence (Lodish et al., 2008). The relative abundance of Gly is
in accordance with previous studies on marine aerosol over the
Eastern Mediterranean and urban aerosol in Beijing, China
(Mandalakis et al., 2011; Ren et al., 2018). There is a strong differ-
ence between the occurrence of proteinaceous Gly and free Gly:
combined Gly is found also in the coarse fraction (Fig. S3b), while
free Gly is found in aerosol below 1.5 mm. Other sources of pro-
teinaceous material of Gly in aerosol may be marine bacteria for
coarse particles (Kuznetsova et al., 2005) and viruses for fine par-
ticles (Matos et al., 2016).

Another relevant CAA in terms of its relative abundance is L-Leu/

Fig. 4. Trend concentration comparison between FAAs, levoglucosan, nss-SO2"
4 and MSA.
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Ile (7%), with an average concentration of 0.8± 0.1 pmolm"3. The
concentration of combined L-Leu/Ile is almost 10 times higher than
free L-Leu/Ile. Fig. S3b shows that L-Leu/Ile is mainly distributed in
the coarse fraction but was rarely quantifiable. The strong enrich-
ment in terms of concentration between free and combined L-Leu/
Ile was also found byMandalakis et al. (2010) at a coastal site 70 km
east of Heraklion (Crete, Greece) where an enrichment factor of 12
was reported.

L-Glu and L-Gln account for 7% with an average concentration of
1.3± 0.3 pmolm"3. Glu and Gln were quantified together, because
Gln was transformed in Glu during hydrolysis.

L-Arg accounts for 5% of the total, with an average concentration
of 0.5± 0.1 pmolm"3, its distribution is extremely variable
throughout the sampling period. Proteinaceous Arg was the main
CAA in aerosol samples from rural areas in Germany and Virginia
(USA) (Gorzelska et al., 1992; Scheller, 2001) in concomitance with
precipitation, though no correlation was found between combined
Arg and precipitation during the sampling period.

The sum of D-Asp and D-Asn account for 4% of the total, with an
average concentration of 0.6± 0.3 pmolm"3. These two CAAs were
determined together due to the transformation of Asn into Asp
during the hydrolysis process. Combined D-Asp and D-Asn were
found only in particles with a diameter above 1.5 mm and were
detected only from 4th April to 4th May.

L-/D-Ser represent 5% of the CAAs, with an average concentra-
tion of 0.9± 0.5 pmolm"3. This CAA is found only in fine particles
(<0.95 mm), indicating that is may originate from long range at-
mospheric transport. No clear tendencies can be detected with the
other CAAs.

The highest CAA concentrations were observed from 4th April to
14th May, but no relationships were found with levoglucosan, MSA
or nss-SO2"

4 . It may be possible that the negative trend of CAAs
during the sampling period was caused by an increase in photo-
chemical reactions because proteins and peptides are decomposed
by UV radiation and photooxidant agents to give a complex series of
simpler products (Milne and Zika, 1993; Mopper and Zika, 1987).
The Fig. S4a shows the temporal trend of solar shortwave radiation.
The radiometer measures the IR radiation with a pyranometer
spectral response from 305 to 2800 nm. The radiation increases
during the sampling period follows the increase of sunlight, while
the radiation drops are due to cloud cover and precipitations.
Fig. S4b in Supplementary Material shows that the correlation be-
tween CAAs and shortwave radiation trend seems to be negative,
but further investigations are necessary.

The presence of CAAs in the fine aerosol (<0.95 mm) suggests a
slight contribution from pollen and terrestrial primary biological
aerosol particles that usually are found in coarse particles, but it is
also possible that those particles were broken up into fine particles
(Abe et al., 2016).

3.3. Factor analysis

To identify the origins of free and combined amino acids, factor
analysis (FcA) was performed. In FcA, levoglucosan, MSA nss-SO2"

4 ,
plus other specific and known tracers, were included to confirm the
different aerosol sources.

Table S1 in Supplementary material shows the factor loadings
matrix obtained by the FcA analysis applied for the period from 4th

to 24th April to distinguish the marine and biomass burning sour-
ces. Four factors (F) explain 80% of the total variance. High values of
factor loadings were found in F1 (total variance of 29%) for MSA,
free D-Val and 3 CAAs (combined Gly, LD-Hys and L-Phe), sug-
gesting a marine source for these amino acids for the sampling
period from 4th to 24th April. In F2 (total variance of 25%), factor
loadings were high for 8 FAAs, while F3 (16% total variance) has
high factor loadings for 6 CAAs. F2 and F3 factors explains how FAAs
and CAAs might have different sources and the definition of a
specific source is too speculative and further investigations are
necessary.

The main result of this FcA is the high loading values in F4 (10%).
This factor linked the compounds with a biomass burning source,
because levoglucosan and nss-SO2"

4 were present. In this factor free
Gly and D-Ala also have high loadings and these compounds are the
most abundant FAAs in these two samples (Fig. S3a). Thus, the
biomass burning source for the first two samples hypothesized in
Section 3.1 may be confirmed.

FcA was also performed from 24th April to 13th June (Table S2,
Supplementary Material) to identify the marine source and five
factors explain 75% of the total variance. FAAs are split between F1
(32%), F3 (11%) and F4 (8%), while CAAs are present in F2 (16%) and
F5 (8%). Thus, FcA again shows a possible source difference between
FAAs and CAAs (Table S2).

Higher factor loadings of 4 FAAs (including Gly and D-Ala, the
most concentrated FAAs), MSA and nss-SO2"

4 , were obtained in the
first factor (F1) confirming the marine biogenic source for the
period after 24th April, as already discussed in Section 3.1. In this
FcA CAAs are not present in the third factor (F3) while F2, F4 and F5
show high factor loadings for some specific FAAs.

Fig. 5. CAAs concentrations and distribution in the six stages for each sampling period.
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4. Conclusions

This is the first time that L- and D- FAAs and CAAs have been
studied in Arctic aerosol. Aerosol samples were collected at the
Gruvebadet observatory (Svalbard Islands) from 4th April to 13th

June 2015. These samples provide information on concentration
trends along the sampling period, size distribution and possible
source apportionment. The presence of amino acids in the atmo-
sphere can be an indicator of biological material as well biomass
burning, as confirmed by FcA. CAAs concentrations were 2 times
higher than FAAs. Gly was the most abundant amino acid in both
FAAs and CAAs. Free Gly is found in aerosol below 1.5 mm and is
generally considered as an indicator of long-lived aerosols, because
has a very low photochemical reactivity, while combined Gly is
found also in the coarse fraction. Other amino acids show trends
and distributions differences.

Back-trajectories analysis, MSA, nss-SO2"
4 and FcA were used to

describe the geographic origin of the air masses and to explain how
biomass burning events and phytoplankton bloomsmay influenced
the FAAs concentration. Long range atmospheric transport of
biomass burning particles from neighboring areas in Siberia and
the North Russia was identified as a possible source for the period
from 4th to 14th April and local phytoplankton blooms affected FAAs
concentration from 14th April to 13th June. FcA even defined two
apparently different sources for FAAs and CAAs. Overall, the results
clearly indicate that there are significant concentrations of airborne
amino acid compounds, but compared to non-polar areas, the
concentrations are up to one order of magnitude lower.
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• For the first time a broad class of sugars
were studied in Svalbard aerosol.

• The study provides information about
the sources and transport of sugars in
Arctic.

• The study identifies biomass burning
and local terrestrial/sea input as
sources.
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The concentrations and particle-size distribution of sugars in Arctic aerosol samples were studied to investigate
their potential sources and transport. Sugars are constituents of the water-soluble organic compounds (WSOC)
fraction in aerosol particles where some saccharides are used as tracers of Primary Biological Aerosol Particles
(PBAPs). Monosaccharides (arabinose, fructose, galactose, glucose, mannose, ribose, xylose), disaccharides (su-
crose, lactose,maltose, lactulose), alcohol-sugars (erythritol,mannitol, ribitol, sorbitol, xylitol,maltitol, galactitol)
and anhydrosugars (levoglucosan, mannosan and galactosan) were quantified in aerosol samples collected dur-
ing three different sampling campaigns (spring and summer 2013, spring 2014 and 2015). The mean total con-
centrations of sugars were 0.4 ± 0.3, 0.6 ± 0.5 and 0.5 ± 0.6 ngm−3 for 2013, 2014 and 2015 spring campaigns,
while the mean concentration increased to 3 ± 3 ng m−3 in the summer of 2013. This work identified a repro-
ducibility in the sugars trend during spring, while the summer data in 2013 allowed to us to demonstrate strong
local inputswhen the groundwas free of snow and ice. Furthermore, the study aims to show that the two specific
ratios of sorbitol & galactiol to arabinose were diagnostic for the type of biomass that was burnt.
This study demonstrates that not only is long-range atmospheric transport significant. But depending on season-
ality, local inputs can also play an important role in the chemical composition of sugars in Arctic aerosol.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The chemical characterization of Arctic aerosol has been studied in
several investigations, either focused on ions (Giardi et al., 2016;
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Udisti et al., 2016), trace elements (Barbante et al., 2017; Bazzano et al.,
2016; Turetta et al., 2016), or organic compounds (Becagli et al., 2016;
Feltracco et al., 2019; Stohl et al., 2006a; Yttri et al., 2014; Zangrando
et al., 2013). The presence and concentration of some atmospheric
markers give us some useful information about origin of aerosol and at-
mospheric long-range transport processes. The investigation of sources
and emission of particles is crucial, to better understanding their impact
in the Arctic environment.

Primary Biological Aerosol Particles (PBAPs) (sugars, amino
acids, phenolic compounds, etc) are gaining attention in the Sval-
bard Archipelago because they can act directly as cloud condensa-
tion nuclei (CCN) and ice nuclei (IN) (Haga et al., 2013; Morris
et al., 2013; Pummer et al., 2012). The presence of PBAPs have
been also associated with precipitation (Huffman et al., 2013;
Prenni et al., 2009).

Primary saccharides, can originate from several animals, plants
and microorganisms, while alcohol-sugars are released by bacteria,
airborne fungal spores and lichens (Bauer et al., 2008; Elbert et al.,
2007; Medeiros et al., 2006). Glucose, for example, is the most abun-
dant carbohydrate in vascular plants (Cowie and Hedges, 1984) and
sucrose has a key role in plant flowering (Bieleski, 1995). Recent
studies have reported that sucrose is the dominant component of air-
borne pollen granules (Fu et al., 2012; Pacini, 2000; Yttri et al., 2007).
Alcohol-sugars are present in bacteria and lichens, which can pro-
duce and accumulate these compounds to overcome osmotic stress
(Medeiros et al., 2006). Arabitol is an univocal atmospheric tracer
of fungal spores and lichens, while mannitol is present in lichen, fun-
gal spores, algae, and higher plants (Bauer et al., 2008; Ila Gosselin
et al., 2016). Sugars can also be derived from soil resuspension phe-
nomena (Li et al., 2015; Simoneit et al., 2004) and are also found in
airborne marine organic particles generated by sea spray (Hawkins
and Russell, 2010). Anhydrosugars like levoglucosan and its isomers
(mannosan and galactosan) can originate from biomass burning
(Barbaro et al., 2015; Iinuma et al., 2007; Medeiros et al., 2006;
Oros et al., 2006; Oros and Simoneit, 2001; Simoneit et al., 2004).
The presence of individual anhydrosugars in aerosol generated
from biomass burning events can be used to identify specific types
of biomass. Thus, the ratio of levoglucosan to mannosan (L/M) has
recently been used to discriminate between the predominance of co-
niferous or deciduous wood combustion (Engling et al., 2009; Fabbri
et al., 2009; Oliveira et al., 2007; Pio et al., 2008; Ward et al., 2006).

Several studies have investigated sugars in atmospheric aerosol
samples collected in urban areas (Jia and Fraser, 2011; Pashynska
et al., 2002; Pietrogrande et al., 2017, 2014), forests (Graham
et al., 2003; Yttri et al., 2007), while little information is available
from remote marine regions (Chen et al., 2013; Fu et al., 2013;
P.Q. Fu et al., 2009) and polar areas, such as Antarctica (Barbaro
et al., 2015).

Themain objective of this study is to investigate the size distribution
of sugars, as climatically relevant components of the Arctic environ-
ment, in order to understand the origin, sources and transport processes
of these compounds. This is the first study in which alcohol-sugars,
monosaccharides and di-saccharides have been determined in Svalbard
aerosol, enhancing previous campaigns (2010) that were focused
mainly on biomass burning tracers (Turetta et al., 2016; Zangrando
et al., 2013).

The sugar composition of Arctic aerosol was evaluated in 2013
(from 13th April to 9th September), 2014 (2th April–29th June)
and 2015 (14th April to 13th June) at Ny Ålesund (Svalbard Island
- 78°55′03″N, 11°53′39″E). The particle-size distribution of these
compounds allowed us to evaluate the origin and the transport
processes. The three sampling campaigns were conducted during
the spring and were aimed at evaluating possible inter-annual
trends. The sampling campaign of 2013 gave us the opportunity
to evaluate the impact of ice-free areas after exposure during the
summer.

2. Experimental

2.1. Sampling collection, processing and instrumental analysis

Arctic sampling campaigns were conducted in 2013, 2014 and
2015 at the Gruvebadet Observatory, close to Ny Ålesund, Svalbard
(78°55′03″N, 11°53′39″E, 50 m a.s.l.). Each sample has a sampling
time of between 1 and 10 days, with the aim of identifying specific
events, while maintaining the protocols used in previous studies
(Feltracco et al., 2019; Scalabrin et al., 2012; Turetta et al., 2016). Sam-
ples were collected with a PM10 high volume air sampler (TE-6070)
at a flow rate of 68 m3 h−1 equipped with a five stage high volume cas-
cade impactor (TE-235, Tisch Environmental Inc., Cleves, OH) provided
with a high volume back up 8″ × 10″ Quartz Fiber Filter (QFF) and
5.625″ × 5.375″ slotted QFF (FILTERLAB, Barcelona, Spain) to collect
aerosol particles in the following size ranges: 10.0–7.2 μm (S1),
7.2–3.0 μm (S2), 3.0–1.5 μm (S3), 1.5–0.95 μm (S4), 0.95–0.49 μm
(S5), b 0.49 μm (B). In order to test contamination, field blank samples
were collected by positioning filters in the impactor plates with the
sampler turned off. Filters were pre-combusted (400 °C, 4 h) before
sampling and stored afterwards at −20 °C enfolded in aluminium foil.
After sampling, our previously described (Barbaro et al., 2015;
Zangrando et al., 2013) pre-analytical protocol was followed. Briefly,
the samples were processed inside an ISO5 clean room under a laminar
flow bench (class 100) tominimize the contaminations. The filters were
removed from their aluminium cover, cut in a half and fragmented into
small pieces using steel tweezers and placed in a 15 or 50 mL conical
flask. A mixed standard of labelled 13C6-levoglucosan and 13C6-glucose
(48 and 47 ng, respectively), was used as an internal standard, and
was added to each half filter. The sample was then extracted twice,
with 9 mL and then 1 mL of ultrapure water in an ultrasonic bath if it
was a slotted filter. Meanwhile, back-up filters, were extracted with
25 mL then 5 mL of ultrapure water. The combined extracts were then
filtered through a 0.45 μm, Ø13 mm PTFE filter before analysis. Field
blank filters were handled using the same procedure. The method de-
tection limits (MDL) and method quantification limits (MQL) of the an-
alytical procedurewere determined as three and ten times the standard
deviation of the average concentration of the field blank. Real sample
values were blank corrected and only those above MQL were consid-
ered. Details of utilized materials are reported in the Supplementary
Material.

Determination and quantification of anhydrosugars, alcohol-sugars,
monosaccharides and di-saccharideswere performedusing an ion chro-
matograph (Thermo Scientific™ Dionex™ ICS-5000, Waltham, US)
coupled to a single quadrupole mass spectrometer (MSQ Plus™,
Thermo Scientific™, Bremen, Germany). In this study, the instrumental
method used was that developed by Barbaro et al. (2015) and is re-
ported in the Supplementary Material.

2.2. Air mass trajectory analysis

To investigate the source regions of air masses arriving in Ny
Ålesund, backward trajectories (BTs) were calculated using HYSPLIT4
and the GDAS one-degree meteorological database (Draxler, 1997,
1998, 1999; Stein et al., 2015). Seven days back trajectories were calcu-
lated every 12 h at 500 m a.s.l. to evaluate long-range transport, which
corresponds to the elevation of the Zeppelin Mountain, the highest
mountain neighbouring the sampling site. The daily trajectories ob-
tained were subjected to frequency displaying, by considering the resi-
dence time.

3. Results

Three different spring seasons and one summer season were com-
pared by considering the mean PM10 concentrations of target com-
pounds (anhydrosugars, saccharides, alcohol-sugar and arabitol +
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mannitol) (Fig. 1). The PM10 concentration was obtained by summing
the values obtained from each sampling stage (6 filters with different
particle diameter range). During the 2013 campaign, aerosol samples
were collected from the 13th of April to 9th of September and the
mean concentration of sugars was 2 ± 2 ng m−3. The sampling cam-
paign performed in 2013 showed a trend in sugar concentrations over
the spring and summer, the two different seasons can be distinguished
after considering the snow cover. We have defined spring as the sam-
pling period between 10th April and 28th May, summer was defined as
from 28th May to 9th September, the period when coastal snow cover
was absent. The period between the 10th April – 28th May was charac-
terized by a total mean sugar concentration of 0.4 ± 0.3 ng m−3, and
the major compounds were arabinose (32% of the total), maltitol
(20%), levoglucosan (16%) and sorbitol + galactiol (11%) (sorbitol and
galactiol were quantified together, as reported by Barbaro et al.
(2015)). The highest concentrations of sugars were found in the sum-
mer with a mean total concentration of 3 ± 3 ng m−3, the most abun-
dant compounds were arabinose (45%), arabitol (23%) and mannitol
(20%).

The 2014 campaign started on the 2nd of April and ended the 29th of
June. Themean total concentration of sugars was 0.6 ± 0.5 ng m−3. The

major compounds were sorbitol + galactiol (28%), levoglucosan (20%)
and glucose (12%). The relative abundances are dissimilar to 2013
mainly because the 2014 sampling campaign ended in early summer.
Anhydrosugars and alcohol-sugars showed a concentration maximum
in April (Fig. 1).

The 2015 campaign started on the 4th of April and ended on the 13th

of June. The mean total concentration of sugar was 0.5 ± 0.6 ng m−3.
The major compounds were levoglucosan (35%), sorbitol + galactiol
(29%) and glucose (8%). The period from 4th to 24th April was highly af-
fected by levoglucosan,mannosan and galactosan (Fig. 1): in April 2015
anhydrosugars had relatively higher concentration values than those
from the 2013 and 2014 campaigns. Sorbitol & galactiol (47%) and glu-
cose (14%) were the most abundant compounds between the 24th April
and 13th June 2015.

4. Discussion

4.1. Biomass burning particles in Arctic aerosol

4.1.1. Fire in 2013, 2014 and 2015 spring seasons
To evaluate the presence of biomass burning particles we studied

the concentration trends of levoglucosan, mannosan and galactosan.
These anhydrosugars are specific tracers for biomass fire events since
they are emitted during cellulose combustion at temperatures N300 °C
(Simoneit, 2002).

Themean concentrations of anhydrosugars in PM10 observed in Arc-
tic aerosol during the spring (April–May) of 2013, 2014 and 2015 were
0.08 ± 0.01, 0.1 ± 0.1, and 0.2 ± 0.4 ng m−3. Levoglucosan, mannosan
and galactosan weremostly present in fine particles (below of 0.95 μm)
(Fig. S1–S3), suggesting long range atmospheric transport (LRAT).
These concentration values are consistentwith levoglucosan concentra-
tions previously found in Arctic remote areas (Feltracco et al., 2019; Fu
et al., 2013; P. Fu et al., 2009; Stohl et al., 2006b; von Schneidemesser
et al., 2009; Yttri et al., 2014; Zangrando et al., 2013). Moreover, the
anhydrosugars concentrations are similar to values found in Antarctic
marine and coastal aerosol and an order of magnitude greater than
those in Antarctic plateau aerosol (Barbaro et al., 2015; Zangrando
et al., 2016b).

Fig. 2 shows the box-plot diagram of levoglucosan, mannosan and
galactosan concentrations in PM10 fractions for spring of 2013, 2014
and 2015 and the summer of 2013. The trend reports an inter-annual in-
crease in the spring of 2013, 2014 and 2015 and an intra-annual in-
crease from spring to summer 2013.

To better understand the different classes of combustion sources
during the sampling we studied the L/M ratio (Fabbri et al., 2009). For
example, L/M ratios were found to be high for hardwoods (angio-
sperms) (14–15) and low (3–5) for softwoods (gymnosperms) in
Austria (Schmidl et al., 2008). In Belgrade aerosols, L/M ratio were
very low in September (1.5–3.0) and increased in October (range
2.5–16.7) (Zangrando et al., 2016a). In the spring of 2013 and of 2014,
L/M values in the Arctic samples are spread (Fig. 2), indicating a poorly
defined smoke source (mean ≫ 10). This is also confirmed by BTs
(Fig. 3) and the FIRMS map: in spring 2013 and 2014 trajectories fre-
quency overlap with fires from the North-East of Russia and the North
of Canada. These two macro-areas are mainly characterized by decidu-
ous and evergreen needleleaf trees, respectively (see: unep-wcmc.
org), resulting in amix of softwood and hardwood combustion products
reaching our sampling site. Fig. 2 shows that in the spring of 2013 and
2014, L/M ratios sometimes exceeded 40, suggesting crop or rice
straw burning from household heating (Yan et al., 2014).

The 2015 anhydrosugars trend was previously investigated by
Feltracco et al. (2019) to demonstrate the possible correlation between
free amino acids to biomass burning events. North Western Russian
wildfire events were suggested as possible sources of biomass burning
tracers, principally in the first period. The mean L/M ratio for 2015

Fig. 1. PM10 concentration overlap of 2013, 2014 and 2015. On the top biomass burning
tracers are reported, below saccharides, alcohol-sugar and on the bottom arabitol and
mannitol.
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was 10 ± 5 suggesting a combination of burned hardwood and soft-
wood as sources.

4.1.2. Fire in summer 2013 and local combustion event investigation in
2014

The particle size distribution of anhydrosugars during the 2013 cam-
paign changed between spring and summer (Fig. S1). Anhydrosugars

were mainly distributed in the fine fraction (87%) during spring, sug-
gesting that particles from biomass burning sources underwent LRAT.
The percentage of fine particles decreased to 62% from June to the end
of summer probably due to a relative increase in contributions from
local sources. Such smoke particle distributions may also be the result
of resuspension of local soil particles into the air during summer to-
getherwith the smoke particles (Lee et al., 2008). The seasonal decrease

Fig. 2.Boxplot of levoglucosan (L),mannosan (M) and galactosan (G) PM10 concentrations in spring 2013, 2014 and 2015 and summer 2013. On the top, the ratio of L/M for each sample is
reported.

Fig. 3. Back trajectories of spring 2013, 2014 and 2015 and summer 2013 overlapped with Fire Information for Resource Management System (FIRMS) from Visible Infrared Imaging
Radiometer Suite (VIIRS).
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of biomass burning tracers from spring to summer that we observed
was also reported by other studies conducted at Zeppelin station, Ny
Ålesund (Eleftheriadis et al., 2009; Yttri et al., 2014).

During the 2014 campaign, a “controlled fire” event occurred close
to the storage building in Ny Ålesund (North-East from the sampling
site, 1.5 km distance). To evaluate the possible local contribution, the

Fig. 5. Particle-size distribution of saccharides (on top) and alcohol-sugars (bottom) in summer 2013.

Fig. 4. S/L and A/L trend ratios related to spring 2013, 2014 and 2015. On the top, L/M is reported.
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sampling periodwas reduced to 3 days from 20th to 23rd April 2014. The
concentration trend does not seem to be affected by this fire event be-
cause no increase in coarse particles or total PM10 were found
(0.3 ngm−3 PM10 constant concentration during pre-combustion, com-
bustion and post-combustion period) probably due to adversewinds for
short-range transport (Fig. S4). A similar process was previously recog-
nized inNyÅlesund,which could constitute a local source of contamina-
tion for the nearby area, which is strongly dependant on the direction of
the prevailing winds (Vecchiato et al., 2018). The 1-day sampling from
23rd to 24th April was carried out to test for possible post-combustion
contamination, but we found the same levoglucosan concentration
(0.3 ng m−3) and no increase in the coarse particles, the wind roses
for that period exclude any local fire influence.

4.1.3. Can other sugars be suggested as innovative biomass burning tracers?
A great number of recognisable organic compounds can be emitted

during combustion of biomass (Simoneit, 2002). The dominant organic
components of smoke particulatematter aremonosaccharides originat-
ing from the thermal breakdown of cellulose and phenolic compounds
from the thermal degradation of lignin. Table 2 shows how
levoglucosan, a key tracer of biomass burning, is highly correlated
with glucose, iso-erythritol, arabinose and sorbitol & galactiol. The cor-
relation value changes depending on season and year.

A high correlation of erythritolwith anhydrosugars can be due to soil
biota resuspended into the atmosphere during the biomass burning pe-
riod (Tsai et al., 2013). On the other hand, arabinose is an important
constituent of cell wall polysaccharides, such as the pectic component
rhamnogalacturonan and the cellulose binding compound
glucuronoarabinoxylans (softwood) (Burget et al., 2003), while sorbitol
& galactitol are usually found only in Rosaceae and Celestraceae (hard-
wood) tree families (Loescher, 1987). In particular, sorbitol was found
in relatively high concentrations in leaf smoke samples, suggesting it
is a tracers for leaf burning (deciduous matrix) in ambient PM samples
(Schmidl et al., 2008). These two sugars were also used to identify the
biomass burning source in previous studies (Scaramboni et al., 2015;
Urban et al., 2014). Here we propose the arabinose to levoglucosan
(A/L) and sorbitol & galactiol to levoglucosan (S/L) ratios, according to
their high correlation, as diagnostic ratios to strengthen L/M

correlations. In spring of 2013, 2014 and 2015 A/L and S/L mean ratios
are similar and b 4, suggesting a comparable softwood and hardwood
contribution, confirmed by the L/M results (Fig. 4). In summer 2013, it
was not possible to observe these values, due to the exposure of local
ice-free areas that created a ratio-contamination. In fact, primary sac-
charides (arabinose, sucrose, etc) and saccharides polyols (sorbitol,
arabitol, etc) are candidate tracers for surface soil dust (Simoneit et al.,
2004) and are discussed next. For these reasons, these ratios should be
used only in ice or snow-covered polar areas to avoid the contribution
of local contamination.

4.2. Local inputs

The increase in the sugar content, especially for saccharides and
alcohol-sugar (including arabitol and mannitol) (Fig. 1) in summer
2013 reflected sugar production in the ecosystem, withmajor synthesis
of primary sugars in the summer. No local inputs can be distinguished
for 2014 and 2015, as no data were available for summer in those
years. As already explained in Section 4.1, these periodsweremainly af-
fected by biomass burning LRAT.

Fig. 5 shows the trend for saccharides (i.e. arabinose, glucose, fruc-
tose, galactose and sucrose) and alcohol-sugars (i.e. maltitol, arabitol,
mannitol, isoerythriol, sorbitol & galactiol) from28thMay to 9th Septem-
ber 2013. These sugars are mainly distributed in coarse particles, indi-
cating a mainly local input (Jaenicke, 1980). Although accumulation
processes are possible, the coarsemode is generatedmainly bymechan-
ical processes (Schumann, 2012), because of the different formation
pathways, coarsemode particles are clearly separated from smaller par-
ticles with respect to their chemical composition.

The prevalent presence of arabinose, arabitol andmannitol in coarse
particles (2± 1, 0.8± 0.6 and 0.7±0.6 ngm−3, respectively) denotes a
local biogenic source, most likely due to soil resuspension from local
snow-free areas and sea-spray (Barbaro et al., 2015; Hawkins and
Russell, 2010; Medeiros et al., 2006; Park et al., 2019; Simoneit, 2002).

Arabinose metabolism is well known in bacteria (Lee et al., 1986)
and in filamentous fungi (Chiang and Knight, 1961; VanKuyk et al.,
2001). In addition to what we have already explained, most organisms
convert arabinose to xylulose-5-phosphate, though different pathways

Table 1
Average PM10 concentrations of each class of sugars in the aerosol collected at Gruvebadet. In brackets, the percentage of each sugar relative to each size class.

Anhydrosugars Saccharides Alcohol-sugars

April–May 2013 0.08 ng m−3

Levoglucosan (90%)
Mannosan (7%)
Galactosan (3%)

0.2 ng m−3

Arabinose (71%)
Galactose (13%)
Glucose (8%)
Sucrose (4%)
Mannose (3%)
Ribose, Fructose, Xylose (b1%)

0.2 ng m−3

Maltitol (52%)
Sorbitol & Galacticol (29%)
Arabitol (14%)
Mannitol (4%)
Iso-erythritol, Xylitol, Ribitol (b1%)

April–June 2014 0.1 ng m−3

Levoglucosan (91%)
Mannosan (7%)
Galactosan (2%)

0.2 ng m−3

Glucose (28%)
Arabinose (21%)
Fructose (20%)
Sucrose (15%)
Galactose (14%)
Ribose, Mannose, Xylose (b2%)

0.2 ng m−3

Sorbitol & Galacticol (76%)
Mannitol (13%)
Arabitol (5%)
Iso-erythritol (5%)
Maltitol, Xylitol, Ribitol (b1%)

April–June 2015 0.2 ng m−3

Levoglucosan (88%)
Mannosan (10%)
Galactosan (2%)

0.1 ng m−3

Glucose (37%)
Arabinose (25%)
Sucrose (14%)
Fructose (10%)
Xylose (9%)
Galactose (3%)
Ribose, Mannose (b2%)

0.2 ng m−3

Sorbitol & Galacticol (73%)
Arabitol (10%)
Mannitol (9%)
Iso-erythritol (6%)
Maltitol, Xylitol, Ribitol (b2%)

June–September 2013 0.08 ng m−3

Levoglucosan (77%)
Mannosan (20%)
Galactosan (3%)

1.7 ng m−3

Arabinose (88%)
Sucrose (7%)
Galactose (2%)
Ribose, Mannose, Fructose, Glucose (b3%)

1.5 ng m−3

Arabitol (51%)
Mannitol (42%)
Maltitol (4%)
Sorbitol & Galacticol (2%)
Iso-erythritol, Xylitol, Ribitol (b1%)
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are used by different organisms (Witteveen et al., 1989). A significant
difference between bacteria and fungi is the way in which they convert
xylose to xylulose. Bacteria usually use an isomerase, whereas fungi re-
duce xylose to xylitol which is subsequently oxidized to xylulose
(Jeffries, 1985). Several pathways have been described for L-arabinose
breakdown. The pathway described for Penicillium chrysogenum by
Chiang and Knight (1961) includes a reduction to L-arabitol and oxida-
tion to xylulose. Therefore, the presence of arabinose and arabitol can
indicate bacterial or fungal activity.

Arabinose, arabitol and mannitol showed high correlations between
their concentrations in the summer of 2013 (Table 2), implying a com-
mon source. This may confirm bacterial and fungal summer activity in
the Svalbard Archipelago (Bauer et al., 2008). Mannitol has a potential
cryoprotectant role (Weinstein et al., 1997) in fungal spores, and has
been found at high levels in maritime Antarctic soil due to the high pro-
duction of mannitol under low-temperature conditions (Robinson,
2001). In addition, mannitol is also a common sugar alcohol in plants;
it is particularly abundant in algae and has been detected in 70 higher
plant families (Burshtein et al., 2011; Loescher, 1987). This suggests
that mannitol may not be a specific biomarker for bacteria and fungi
and indicates that it may also have a marine primary production source
(Park et al., 2019).

Sucrose represents the 7% of the total load of saccharides (Table 1)
and is highly correlated with arabitol and mannitol. This saccharide is
present mainly in the coarse mode and is a key component of pollen
grain (Yttri et al., 2007). Pollens were found in twenty species of tundra
plants with flowers (Yao et al., 2013) collected in Ny-Ålesund. Sucrose
was found to increase in concentration in afternoon in mid-latitudinal
forests (Zhu et al., 2016), coinciding with the flowering time of the veg-
etation. The confirmed presence of spores in the Arctic tundra and their
trend to grow faster in dry, mild or warm conditions suggests that su-
crose has a possible local source.

5. Conclusions

We have applied two sensitive HPAEC-MS methods developed by
Barbaro et al. (2015) to determine monosaccharides, disaccharides,
alcohol-sugars and anhydrosugars in Arctic aerosol samples. As such,
this study presents the first results on the sugar composition and con-
centrations in Svalbard aerosol.

We verified with BTs how anhydrosugars derive mainly from
Russianwildfires and how iso-erythritol could be derived from biomass
burning.We have even proposed the new diagnostic ratios of S/L and A/
L ratio in order to strengthen L/M. Furthermore, the 2013 campaign
showed how the level of anhydrosugars decreased in fine particles in
the summer season.

Arabinose, arabitol and mannitol were associated primarily with
coarse aerosols in summer, suggesting local transport, while these com-
pounds do not show significant differences in spring. The 2013 cam-
paign showed a clear difference between spring and summer, with a
strong concentration increase in arabinose, arabitol and mannitol due
to the exposure of the ground during summer around Ny Ålesund.
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• A year-round record of organic acids
was studied in Arctic aerosols.

• The study investigates sources and sea-
sonal trend of particulate organic acids.

• The study provides an overview of the
change of sources throughout the sea-
sons.

• PMF defines five sources for low molec-
ular weight organic acids.
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Organic acids in aerosols Earth's atmosphere are ubiquitous and they have been extensively studied across urban,
rural and polar environments. However, little is knownabout their properties, transport, source and seasonal var-
iations in the Svalbard Archipelago. Here, we present the annual trend of organic acids in the aerosol collected at
Ny-Ålesund and consider their size-distributions to infer their possible sources and relative contributions. A se-
ries of carboxylic acids were detectedwith a predominance of C2-oxalic acid. Pinic acid and cis-pinonic acidwere
studied in order to better understand the oxidative and gas-to-particle processes occurred in the Arctic atmo-
sphere. Since the water-soluble organic fraction is mainly composed by organic acids and ions, we investigated
how the seasonal variation leads to different atmospheric transport mechanisms, focusing on the chemical var-
iations between the polar night and boreal summer. Usingmajor ions, levoglucosan andMSA, the PositiveMatrix
Factorization (PMF) identified five different possible sources: a) sea spray; b) marine primary production;
c) biomass burning; d) sea ice related process and e) secondary products.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Svalbard is a region of the Arctic undergoing rapid climate change,
with warming occurring at a faster rate than the global average
(Maturilli et al., 2015). In winter, due to cyclonic storms associated
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with anomalous warming events (Rinke et al., 2017), atmospheric cir-
culation patterns concentrate into the Svalbard Archipelago an increas-
ing flux of pollutants sourced from Central Europe, Scandinavia and
Northern Russia (Kozak et al., 2013). This has a large impact on atmo-
spheric aerosol sources and sinks as well as on cloud property distribu-
tion in the Svalbard region (Tunved et al., 2013). Atmospheric aerosols
play an important role in regulating climate (Fu et al., 2015), because
they can interfere with solar radiation by scattering and absorption,
influencing the radiation energy balance of the earth system
(Haywood and Boucher, 2000; Haywood and Shine, 1995). Further-
more, aerosol particles can act as cloud condensation nuclei (CCN), lead-
ing to the formation of a larger number of water droplets that increase
the clouds reflectivity.

The sources determination of such particles is crucial to better inter-
pret their impact on Arctic environment. During summer and autumn,
the transport frommid-latitudes decreases due toweaker vertical strat-
ification and an enhanced of wet scavenging in-route (Garrett et al.,
2010). Inwinter, theArctic airmass can cover a larger area: itsmean po-
sition in January shows that the large end of the mass is anchored in
Eurasia while the narrow end projects into North America (Kawamura
et al., 1996; Tunved et al., 2013). In fact, biomass burning aerosols orig-
inating from Russia and Siberia are an important component of spring-
time Arctic aerosols (Feltracco et al., 2020; Warneke et al., 2009) and
eastern European agricultural fires improve the air pollution levels in
the European Arctic (Stohl et al., 2006).

Recently, research on Arctic aerosols has been focusing on major
ions (Feltracco et al., 2019; Geng et al., 2010; Giardi et al., 2016; Udisti
et al., 2016), anhydrosugars (Feltracco et al., 2020; Fu et al., 2009a;
Zangrando et al., 2013), amino acids (Feltracco et al., 2019; Scalabrin
et al., 2012), black carbon (BC) (Eleftheriadis et al., 2009; Stohl, 2006),
and to a lesser extent to secondary organic aerosol (SOA) deriving
from organic pollutants and biogenic volatile organic compounds (i.e.
carboxylic acids) (Fu et al., 2013a; Narukawa et al., 2002, 2003). Some
studies detected short-chain organic acids in the Arctic atmosphere in
both size-segregated and PM10 aerosols (Fu et al., 2009a; Kawamura
et al., 1996; Kerminen et al., 1999). Carboxylic acids (CAs) have different
emission sources in the atmosphere, although these they have not been
well constrained yet. CAs can be produced by photochemical reactions
of oxidation of anthropogenic organic pollutants (Mochida et al.,
2007). Once emitted in the atmosphere, CA precursors undergo oxida-
tion or photochemical reactions (Kawamura et al., 1996). The aerosol
concentration of carboxylic acids can be also influenced by primary
sources, such as biomass burning (Falkovich et al., 2005) and marine
emissions (Rinaldi et al., 2011). The quantification of each source contri-
bution is unknown yet. Pinic acid and cis-pinonic acid derive from the
photo-oxidation of α-pinene, the most important monoterpene re-
leased by biogenic sources, particularly conifers (Guenther et al.,
1995). These acids were mainly studied in rural and urban aerosols
(Feltracco et al., 2018; Fu et al., 2009c; Haque et al., 2016; Parshintsev
et al., 2010).

Here, we evaluate and describe for the first time the all-year around
seasonal variations in Svalbard aerosol of the following organic acids:
C1-formic, C2-oxalic, C2-acetic, C2-glycolic, C3-malonic, C4-succinic,
hC4-malic, cis-usC4-maleic, trans-usC4-fumaric, C5-glutaric, C6-adipic,
C7-pimelic, pinic and pinonic acids. The samples were collected with a
time resolution from 6 to 10 days at Gruvebadet Laboratory, close to
Ny Ålesund (Svalbard Island - 78°55′03″N, 11°53′39″E) from 26th

February 2018 to 26th February 2019, with a technical stop during
September 2018. Particles were collected in six different fractions
(10.0–7.2 μm (S1), 7.2–3.0 μm (S2), 3.0–1.5 μm (S3), 1.5–0.95 μm (S4),
0.95–0.49 μm(S5), <0.49 μm(B)). Themain aim of this paper is to define
a source apportionment of CAs using the size distributions and a chemo-
metric approach. Positive Matrix Factorization (PMF) was performed
using a dataset composed of CAs, major ions, methanesulfonate (MSA)
and levoglucosan. Major ions and in particular Na+, Cl−, and Mg2+ are
used to define the sea spray contribution (Raes et al., 2002), MSA is

commonly considered a marker of marine primary production
(Gondwe et al., 2003), while levoglucosan is the specific tracers of
biomass burning (Simoneit et al., 1999). This paper wants to define
the different source contributions to CAs in Arctic aerosols across a full
year period.

2. Experimental

2.1. Sampling collection, processing and instrumental analysis

A multi-stage Andersen impactor (TE-6000 series, Tisch Environ-
mental Inc.) was used to collect aerosol samples on six pre-combusted
(4 h at 400 °C in amuffle furnace) quartz fiber filters. The sampler accu-
mulated particles with a cut-off diameters of 10.0 μm, 7.2 μm, 3.0 μm,
1.5 μm, and 0.95 μm on slotted filters and <0.49 μm on backup filter.
The frequency of sampling varied from 6 to 10 days, for a total air vol-
ume of 9000 or 15000 m3 per sample. Field blanks were obtained
using the same filters installed on the sampler with the air pump
switched off. Both samples and blanks were wrapped in a double layer
of aluminium foil and stored at −20 °C until analysis. Carboxylic acids
and major ions are determined using the Barbaro et al. (2017) pre-
analytical procedure, already applied to investigate these species in
Antarctica. Briefly, the samples preparation consists of an extraction of
a quarter of sample in ultrasonic bath with 7 mL and 15 mL of ultra-
pure water for slotted and back-up filters, respectively.

The anion analysis (Cl−, NO3
−, Br−, I−, SO4

2−, MSA and CAs)was per-
formed using an IC (Thermo Scientific™ Dionex™ ICS-5000, Waltham,
US) equipped with an anionic exchange column (Dionex IonPac AS11
2 × 250 mm) and a guard column (Dionex Ion Pac AG11 2 × 50 mm)
coupled to a single quadrupole mass spectrometer (MSQ Plus™,
Thermo Scientific™, Bremen, Germany). Cationic species (Li+, Na+,
Mg2+, Ca2+, K+, NH4

+) were determined using a capillary IC (Thermo
Scientific Dionex ICS-5000), equipped with a capillary cation exchange
column (Dionex IonPac CS19-4 μm, 0.4 × 250 mm), a guard column
(Dionex IonPac CG19-4 μm,0.4× 50mm) connectedwith a conductibil-
ity detector (Barbaro et al., 2017).

Pinic and cis-pinonic acid were differently extracted using half filter
thatwas spikedwith the isotopically labelled vanillin 13C6 (500 absolute
ng for slotted filters and 1500 absolute ng for back-up filters) and then
extracted twice for 15 min with ultrapure water in an ultra- sonic bath.
The slotted filters were extracted with 9 mL followed by 1 mL of ultra-
pure water, while the back-up filters were extracted with 25 mL
followed by 5 mL of ultrapure water. All the extracts were filtered
through a 0.45 mm, Ø13mm polytetrafluoroethylene (PTFE) filter
(Whatman, Maidstone, Kent, UK) before analysis.

The instrumental method, described in details in the Supplementary
Material, were performed with an Agilent 1100 Series HPLC System
(Waldbronn, Germany) coupled to an API 4000 Triple Quadrupole
Mass Spectrometer (Applied Biosystem/MDS SCIEX, Concord, Ontario,
Canada), using the same procedure reported by Feltracco et al. (2018).
All reagents and standards solutions used in this study are reported in
the Supplementary Information.

2.2. Atmospheric circulation and PMF

To understand the general transport pattern of air masses recorded
at the sampling site, we conducted a 7-days backward trajectories anal-
ysis, by starting a trajectory every 6 h at 500 m a.s.l. using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(Draxler, 1998). This method has been widely used to understand the
transport and origins of air pollutants (Ding et al., 2013; Stohl et al.,
2003). Based on the backward particle release simulation, the cluster
aggregation was displayed for each month (Fig. S3).

To characterize the source of short-chain organic acids, the PMF
methodwas applied (Paatero and Tapper, 1994). PMF is a factor analysis
method that utilizes non-negativity constraints for the analysis of
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environmental data and associated error estimates. The goal of PMF is to
identify the number of factors/sources, their chemical profiles, and the
amount of mass, associated with each factor/source, that contributed
to measured PM concentrations. The model uses data for all concentra-
tion and uncertainty values for all j species and i days. Data confidence
can be maintained by adjusting the uncertainties for real observations.
This allows the user to downgrade the importance of these data in the
least squares fit. PMF is more thoroughly described in previous publica-
tions (Lee et al., 1999; Paatero and Tapper, 1994; Viana et al., 2008). For
the current analysis, the U.S. EPA version of PMF was used (EPA PMF
5.0), which is based on the multilinear engine ME-2 developed by
Paatero (1999). The application of PMF depends on uncertainties for
each of the measured data values. The uncertainty estimation provides
a useful tool to decrease the weight of missing and below detection
limits data in the solution. In this work, the widely adopted procedure
suggested by Polissar et al. (1998) was used for the measurement data
and the associated uncertainties as the input data. The input dataset
has been composed with the concentrations of all detected chemical
species (n = 26) in PM10 samples (n = 46), obtained by the sum of
six different size ranges. The values below the detection limits (MDL)
were substituted by half of MDL. As uncertainty, we used the relative
standard deviations of the procedural method reported in our previous
paper (Barbaro et al., 2017). The uncertainty of values under MDL was
5/6 MDL. Uncertainties in the PMF results have been obtained using
the bootstrap method. We also add extra modelling uncertainty of 5%
which is applied to all species. This value encompasses various errors
that are not considered measurement or analytical errors. The PM10

mass was not included as total variable in the datasets (not available)
and the source apportionment was conducted to the sum of the all spe-
cies analysed. The determination of the factors optimal number was
achieved by considering the parameters IM (maximum individual col-
umn mean), and IS (maximum individual column standard deviation),
obtained from the scaled residual matrix, together with Q-values
(goodness of fit parameter) (Lee et al., 1999; Viana et al., 2008).

3. Results and discussion

3.1. Concentrations and size-distribution of organic acids

The main result of this paper is to give an all-year round trend from
March 2018 to March 2019 of carboxylic, pinonic and pinic acids com-
position of Arctic atmospheric aerosol. To better understand and sup-
port the annual trend observed, we compared the 2018–19 data with
our unpublished data collected during three spring and summer cam-
paigns. These sampling collections were performed from 13th April to
9th September 2013, from 2nd April to 29th June 2014, and from 14th

April to 13th June 2015. Table 1 shows the mean PM10 concentrations
of CAs on a seasonal basis for every sampling campaign.

CAs and pinonic and pinic acids concentrations are very variable
through the years (Fig. S1), mainly due to their diversified sources and
the chemical transformation they undergo during the long-range atmo-
spheric transport. C2-oxalic acid was always the most abundant CA de-
tected (accounts for 31–53% of the total CA concentration) with a very
similar concentration throughout all campaigns (from 4 to 7 ng m−3).
C3-malonic and C1-formic acids were the second and third most abun-
dant compounds (respectively 7–30% and 4–23% of the total CAs). Some
short-chain CAs arewell known as “end products” of photochemical ox-
idation of organic precursors or other carboxylic acidswith atmospheric
oxidants (Kawamura and Sakaguchi, 1999). Indeed, C4-succinic acid can
degraded to C3-malonic acid by decarboxylation reactions activated by
OH radicals (Fu et al., 2013b). This explains why C3-malonic acid are
one of the most concentrated CA. Other CAs, including the long-chain
compounds, always accounted for less than 10%. Similar relative abun-
dances, but with lower concentrations, were found by Kawamura
et al. (1995, 1996) in the very first study of CAs in 1987–1988 campaign
at the Alert site (Canadian Arctic), suggesting a uniform CAs spatial Ta
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distribution in Arctic aerosols. Here we found a peak value of oxalic acid
in March 2018 (during polar sunrise) of 8 ± 3 ng m−3 (Fig. S1), while
Kawamura et al. (1995, 1996) found a concentration peak of
40 ng m−3 in March 1988. Furthermore, the average concentration of
CAs at Ny-Ålesund shown in Table 1 are similar to those studied in the
coastal site of MZS, Antarctica (Barbaro et al., 2017) and one order of
magnitude lower than those reported in urban aerosols from central
Alaska (Deshmukh et al., 2018) and Eastern Italian Alps (Barbaro et al.,
2020), probably due to the difference in the sources distances. These
species were probably emitted in themiddle latitude and then undergo
a long-range atmospheric transport to arrive in the Arctic region. This
speculation is then confirmed by our results about the sources, reported
in Section 3.4.

Pinonic and pinic acids always accounted for amarginal contribution
to the total CA concentration (up to 3%, together). Several studies de-
scribe pinonic acid as a first generation product, produced by the
photo-oxidation of α-pinene (Jimenez et al., 2009), while pinic acid de-
rives from pinonic acid thought further oxidation processes (Feltracco
et al., 2018; Librando and Tringali, 2005). Both acids can be further
degraded due to the long-range transport, which in turn explains
the low concentration values found in Ny-Ålesund (pinonic acid
0.01–0.3 ngm−3, pinic acid 0.04–0.2 ngm−3, Table 1). These concentra-
tions were similar to those found at another Ny-Ålesund sampling site
(Zeppelin Station) and Station Nord (Greenland) (Hansen et al., 2014)
and up to 3 order of magnitude lower for pinonic and pinic acid than
those reported in the CanadianHighArctic (Fu et al., 2009b) and Eastern
Italian Alps (Barbaro et al., 2020). Short-chained C1 and C2 acids
showed major peaks from March to June in all the selected years
(Fig. S1), although other peaks appeared in late summer in 2013 and
2018. A similar trend concentration was reported by Kawamura et al.
(1996) in a one-year observation in 1988 at Alert.

C2-oxalic acid drove the annual concentration of CAs in the 2018–19
campaign, representing the 50% of all the studied compounds, and
peaked in summer (Figs. 1 and S1). Short chain CAs (C1 and C2, al-
though we detected a minor contributed for C4-maleic and C6-adipic)
also showed an enrichment inwinter 2018, that included the polar sun-
rise occurred at Ny-Ålesund on Feb 18th (Fig. S1). Pinonic and pinic
acids have a reverse trend: pinonic acid peaked in summer, while
pinic acid showed its major concentration in the two winter periods.

The trend of pinonic acid might be explained by the increase of the
photo oxidative capacity of the summer atmosphere that constantly
produces cis-pinonic acid from the precursor, being a first-generation
product (Barbaro et al., 2019; Feltracco et al., 2018; Jimenez et al.,
2009). The low concentration detected after polar sunrise for pinic
acid suggests a further degradation due to the increase of photo oxida-
tion processes in the atmosphere (Müller et al., 2012).

Fig. 1 also shows the aerosol particle-size distribution. Such distribu-
tion of all low molecular weight organic acids was uniform through the
year and all species were mainly distributed in the fine fraction
(<0.95 μm). The only exceptions are represented by C1-formic, peaking
in spring, C4-fumaric peaking in summer and C6-adipic peaking in win-
ter 2018. All these species presented a sporadic presence in coarse par-
ticles (57% - 85% of the total PM10).

3.2. Source apportionment approach

To identify the sources of the low molecular weight organic acids
sources using specific and knownmarkers, a PMFwas performed, by in-
cluding in the CAs dataset also major ions, MSA and levoglucosan. Na+,
Cl−, and Mg2+ are originated by sea spray; conversely, Ca2+, K+, and
SO4

2− have relevant contributions from other sources, especially crustal
aerosol and anthropic/biogenic emissions (also using nss-SO4

2−, calcu-
lated as [SO4

2−] – 0.253 × [Na+]) (Fisher et al., 2011; Giardi et al.,
2016). MSA is originated by the atmospheric oxidation of dimethyl sul-
phide (DMS), emitted by phytoplankton (Gondwe et al., 2003), while
levoglucosan is a specific indicator for biomass burning emissions
(Simoneit et al., 1999).

The source apportionment approach gave a reasonable solutionwith
five factors. The comparison of aerosol concentrations reconstructed by
the PMF and those real measured showed that the PMF can reconstruct
the observed PM10 concentrations (as sum of six size intervals), with a
slope of 0.98 and an R2 of 0.88. The profile of each factor is shown in
Fig. 2, in terms of concentrations (bars) and in terms of relative concen-
trations (black points), while the temporal trend of each factor is shown
in Fig. 3.

The first factor (F1) describes 47% of the total PM10 concentration,
and it is mainly characterized by saline ions and a non-negligible contri-
bution from C1-formic, pinic and pinonic acids (Fig. 2). The presence of

Fig. 1. Average concentrations of carboxylic acids, pinonic and pinic acids, relative particle size-distribution (μm) and seasonal variation of Arctic aerosol.
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Na+ and Cl−, that are recognized as specific tracers of sea salt aerosol
(Gong, 2003; O'Dowd et al., 1997; Perrino et al., 2009; Raes et al.,
2002), suggests that this factor represents the sea spray component.

To confirm this, Na+ and Cl−weremainly distributed in the coarse frac-
tion (D>0.95 μm)during all-year around, and especially in the particles
with diameters above 3 μm. The contribution of C1-formic, pinic and
pinonic acids in F1 could be due to the gas-to-particles conversion in
the sea-salt particles that further transported these organic acids
(Arlander et al., 1990; Baboukas et al., 2000; Feltracco et al., 2018;
Paulot et al., 2011). Furthermore, these acids can also have a common
origin: the photo-oxidation of natural hydrocarbons (isoprene and ter-
penes) emitted from the forest (Kavouras et al., 1998).

The second factor (F2), mainly loaded with MSA, NH4
+, C3-malonic,

C5-glutaric and pinonic acids, describes 23% of the simulated PM10 con-
centration (Fig. 2). Other compounds were also present, including CAs,
nss-SO4

2−, Br−, I−, etc. MSA is themain products of DMS, emitted during
algal bloom (Gondwe et al., 2003), and this suggest that themarine pri-
mary production is represented by the F2. The presence of several com-
pounds in F2 indicates the high complexity of themarine input,with the
phytoplankton-associated compounds being the most relevant ones.
Thus, greater emission ofmarinederived organicmatter in theArctic ac-
tivates the sea/air exchange of seawater lipid components, which are
enriched in a microlayer of seawater surface (Kawamura et al., 1996;
Marty et al., 1979). The presence of CAs may be primarily controlled
by biological activity conditions (Kawamura et al., 1996). It should be
noted that surface seawater contains a large amount ofwater soluble or-
ganic compounds, ranging from small organic acids, sugars to largemo-
lecular weight proteins, which can be emitted into the atmosphere in
remote oceans (Facchini et al., 2008; Fu et al., 2013a; Hawkins and
Russell, 2010; Leck and Bigg, 2005). This could explain the presence of
pinonic acid in this factor. The presence of Br− may be attributed to
the presence of organo‑bromine-synthesizing algae (Sturges, 1990),
while I− is related to marine biological production (Cuevas et al.,
2018) directly related to Arctic sea ice thinning (Horvat et al., 2017).

The third factor (F3) is characterized by levoglucosan, nss-SO4
2−,

NH4
+, K+ and C2-glycolic acid, representing the biomass burning contri-

bution (Fig. 2). It described 20% of the simulated PM10 concentration.
Oxidation of SO2 pollution, either in the gas phase or by heterogeneous
processes in sea-salt aerosols or cloud droplets, is considered to be the
source ofmost of the nss-SO4

2− found in aerosols and precipitation in re-
mote marine regions (Keene et al., 1986). The contribution of NH4

+ and
K+ suggests their anthropogenic contribution (Hegg et al., 1988). The

Fig. 2. Source profiles obtained with the PMF. The bars identify the species in ng m−3 that mainly characterize each factor profile. Error bars were obtained with bootstrap method. The
black points describe the species in terms of relative concentrations.

Fig. 3. Factor contributions estimated by PMF during the sampling period.
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K+ load is certainly due to the presence of nss-K+ (calculated as [K+] -
0.037 × [Na+]), considered as a tracer for biomass burning (Andreae,
1983; Legrand et al., 2016; Zhao et al., 2016). C2-glycolic acid can be
produced by biomass burning and fossil fuel combustion (Ervens and
Volkamer, 2010; Volkamer et al., 2001) explaining its presence in F3,
and also from the gas phase oxidation of volatile organic compounds
(VOCs) (Myriokefalitakis et al., 2011).

The fourth factor (F4, 7%) is loaded with Br−, I− and C6-adipic and
C7-pimelic acids, with a slight contribution by other CAs (Fig. 2). The
high relative concentration of bromine and iodine suggests a sea-ice
contribution (Sturges and Barrie, 1988). The connection between bro-
mine emissions and sea ice extent has been recently suggested.
Spolaor et al. (2016) hypothesised that Br− deposition in Arctic regions
and its subsequent preservation in ice cores could be used as a tracer for
changes in sea ice cover. Springtime photochemical recycling of BrO is
observed over first-year sea ice (FYSI) and heterogeneous and photo-
chemical recycling of bromine that involved the FYSI is called “bromine
explosion” and is associated with marginal sea ice regions (Frieß et al.,
2004). The extent of Br− explosions is well known from satellite mea-
surements (Frieß et al., 2011), which show the increase of BrO in the
springtime in the Arctic atmosphere. Iodine can be release by the snow-
packwith the photo oxidation of iodide in icewith the resulting produc-
tion of I3− and evaporable molecular iodine I2 and, the emission of an
iodine photo-fragments following the heterogenous photoreduction of
iodate in ice (Gálvez et al., 2016; Kim et al., 2016). The long chain CAs
presents in F4 may be controlled by atmospheric oxidation of precursor
fatty acids in the microlayer (Kawamura et al., 1996) or by an emission
probably linked the sub-ice algal populations.

The fifth factor (F5) describes the 3% of the total concentration
estimated by PMF, and it loads with the majority of the CAs, exclud-
ing C1-formic, C6-adipic, pinic and pinonic acids. A huge contribu-
tion (>60%) was given by C4-fumaric, succinic and malic acids
(Fig. 2). We assume that F5 represents the secondary photo oxida-
tion products. Photochemical oxidation of aromatic hydrocarbons
such as benzene and toluene predominantly produces C4-maleic
acid, which can be further isomerized to result in trans-C4-fumaric
acid during long-range transport (Kawamura and Sakaguchi, 1999).
This explains the lower relative concentration of C4-maleic acid in
the Factor 5. Succinic acid is likely an oxidation product of gaseous
aliphatic acids, which are in part produced by photo-induced oxida-
tions of fatty acids (Kawamura and Gagosian, 1987) and other pre-
cursors such as n-alkanes, aldehydes and ketocarboxylic acids
(Kawamura et al., 1996). Furthermore, C4-malic acid is an interme-
diate of the production of C3-malonic acid by the photochemical
oxidation of succinic acid (Kawamura and Ikushima, 1993).

The C3-malonic/C4-succinic acids ratio can be used as an indicator of
enhanced photo-chemical production of diacids (Kawamura and
Ikushima, 1993), as C4-succinic acid can be degraded to C3-malonic
acid by decarboxylation reactions activated by OH radicals. The mean
C3/C4 ratio calculated in the Arctic sampling campaign was 6 ± 3 in
winter, 6±3 in spring, 4±1 in summer, and 8±2 in autumn for coarse
particles and had a lower constant value (2± 1) during all-year around
for fine particles. The higher ratio in coarse particles suggests a not-
defined local source of C3-malonic acid and likely excludes a degrada-
tion process from C4 to C3, due to the lower surface area of coarse
particles. Conversely, the fine fraction that contained these species
underwent long range transport processes, where photochemical deg-
radation occurred.

Cis-usC4-maleic (M) can also isomerize due to solar radiation to
trans-usC4-fumaric (F). The ratio F/M in mid-March showed the
highest value in PM10 (2.4), suggesting a long-range conversion of
unsaturated diacids in the Arctic atmosphere during polar sunrise in
spring,while F/M in coarse aerosol increased to 3.9 in August suggesting
a gradual isomerization due to the low available surface area in such
fraction. The ratio decreased inwinter to 0.02±0.01, due to the absence
of sunlight that triggers the photo-chemical reaction.

3.3. Temporal variations of each identified factor

The temporal variations in the concentrations of each identified fac-
tor are shown in Fig. 3. The “sea-spray” factor (F1) shows the higher
concentration from October 2018 to March 2019. In general, sea salt
aerosol emissions from the oceanmaximizes in September and October
in the Arctic region as a result of more frequent cyclonic system. Sea salt
emissions form sea-ice due to blowing snow reach their maximum in
December (Huang and Jaeglé, 2017). The source of sea salt from frost
flower emissionsmaximize from December to Marchwith a smaller in-
fluence compared to sea salt aerosol from sea spray and blowing snow
(Huang and Jaeglé, 2017; Yang et al., 2010).

The “marine primary production” (F2) factor shows the clear late-
spring and summer phytoplanktonic bloom, well detected by MSA. In
mid-August, the concentrations of MSA drastically decreased, probably
due to the change of the marine optical proprieties because of the in-
crease of turbid waters originating from glacial outflow (Hop, 2002).
The resulting turbidity controls the depth of the euphotic zone as well
as the spectral composition of penetrating radiation (Svendsen et al.,
2002; Urbanski et al., 1980) which directly influences phytoplankton
composition and primary production (Piwosz et al., 2009).

The “biomass burning factor” (F3) allows to distinguish three
events. FromMarch to end of April 2018, F3 shows an increase of bio-
mass burning particles (Fig. 3). This input is confirmed in spring,
where back trajectories (Fig. S3) indicate possible forest fires from
Northern Europe and Siberia, as already confirmed in the same pe-
riod in 2013, 2014 and 2015 (Feltracco et al., 2020). These particles
can have a very long lifetimes in spring and also in winter, due to
the Arctic Haze phenomenon, that results in the transport of partic-
ulates to the Arctic and the trapping of the pollutant haze for up to
30 days (Quinn et al., 2007; Stohl et al., 2006). In mid-August 2018
we found the second biomass burning event: back trajectories in Au-
gust clearly overlapped Northern Russia where in July 27 wildfires
covered 8682 ha (nasa.gov). These events certainly affected the Arc-
tic atmosphere during that period. The winter 2018–2019 season
showed an enhanced F3 contribution, suggesting a strong intrusion
of biomass burning particles from Northern Russia, confirmed by
back trajectories showed in Fig. S3. The increased wintertime influ-
ence of biomass burning air masses was also detected in some previ-
ous works (Quinn et al., 2007; Yttri et al., 2007, 2014).

The “sea-ice related process” factor (F4), driven by Br− and I−,
showed the highest concentration in spring and in late summer
(Fig. 3). The bromine enrichment resulting from sea ice events, de-
scribed in Section 3.2, was calculated as Brenr = Br/(Na × 0.006) using
the mass ratios of Br and Na and the average sea water Br/Na mass
ratio (Millero et al., 2008). Here, we found the highest PM10 values of
Brenr from 9th March to 2nd May 2018 (Fig. S2), associated to FYSI-
related springtime bromine processes (Spolaor et al., 2016). In addition,
iodine followed the temporal trend of bromine during all the sampling
period (Fig. S4). Since the presence of I− could be partially related to
marine biological production (Cuevas et al., 2018), the high load in
late summer of I− is may due to the sub-ice biological productivity, re-
lated to Arctic sea ice thinning (Horvat et al., 2017). No studied so far
have clearly state if CAs can derive by emission from FYSI or sub-ice bi-
ological productivity and further investigation are necessary to better
understand these phenomena. The summer peak of this factor is proba-
bly due to the emission of marine derived organic matter in the Arctic
not connected with MSA, that activates a late-summer the sea/air
exchange of seawater lipid components, which are enriched in a
microlayer of seawater surface (Kawamura et al., 1996; Marty et al.,
1979). The lipid components are further oxidised to produce long-
chain CAs.

The “secondary products” factor (F5) shows a non-negligible first
contribute from March to mid-April 2018, but the main concentration
peak occurred from mid-July to the end of August (Fig. 3). Considering
the size distribution, we can suppose that the presence of CAs appeared
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at the time of Arctic sunrise these acids are significantly produced in the
Arctic atmosphere by photo-induced reactions. On the other hand, the
presence of summer peak may be explained by three considerations:
1) some studies have suggested that soil emission is an important
source of organic acids, includingCAs,where production from terrestrial
vegetation is low (Paulot et al., 2011). 2) The secondary products peak
may also be the results of the rise in temperature. Some studies demon-
strated how, on an annual basis, the formation of carboxylic acids can
directly depend on temperature (Granby et al., 1997). Fig. 4 shows the
temporal trend of F5, overlapped with air temperature (Maturilli,
2020). The 31st of July the temperature reached its maximum at
13.5 °C. This increase may have enhanced the photochemical transfor-
mation of organic precursors to carboxylic acids. 3) An undefined
biomass burning event may have also been a possible source of
secondary products during this period (Ervens and Volkamer, 2010;

Volkamer et al., 2001) since an overlap between the F5 peak and the
biomass burning factor peak is observed (Fig. 3).

3.4. Source contributions of CAs

The five factors related to the described sources were modelled on
PM10 during the 2018–2019 campaign. Fig. 5 shows the relative per-
centage contribution on the sources of each CAs. According to the data
reported, C1-formic, pinic and pinonic acids contributed to 35–43% in
the sea spray factor (F1), while the marine primary production factor
(F2) was present significantly for most of the target compounds, with
C3-malonic acid (37%) and C5-glutaric acid (43%) as main contributors.
The biomass burning contribution (F3)was predominant for C2-glycolic
acid (41%)with a contribution<23% for C4-maleic and pinic acid. F4, re-
lated to sea ice chemistry, was significant for shorter (C1, C2, C3) and
longer acids (C5, C6, C7) including pinic and pinonic acids. The
middle-chain did not show any relevant contribution. The last factor, re-
lated to marine primary production, affected all the CAs with a slight
contribution for C6-adipic acid.

4. Conclusions

Aerosols were collected with a multi-stage cascade impactor at Ny-
Ålesund, Svalbard Island, considering one-year of sampling, from
March 2018 toMarch 2019. Themain purpose of the studywas to inves-
tigate the sources and the seasonal trend of particulate low molecular
weight organic acids, using major ions as ancillary data. The size distri-
bution of low molecular weight organic acids was uniform throughout
the year and these species were mainly distributed in the fine fraction,
although C1-formic in spring, C4-fumaric in summer and C6-adipic in
winter 2018 presented an occasional presence in coarse particles. On
the basis of the available dataset of chemical species, five different
sources were suggested on the basis of the PMF results: 1) sea spray,
2) marine primary production, 3) biomass burning, 4) sea ice related
process and 5) secondary products. Furthermore, this approach gave
us an overview of the change of sources throughout the seasons, de-
pending on various climate phenomena and atmospheric processes.

The presence of C1-formic, pinic and pinonic acids in the sea spray
factor suggests a gas-to-particles conversion in the sea-salt particles.
This factor reached its maximum in winter. The factor 2, named as “ma-
rine primary production”, shows the spring and summer concentration

Fig. 4. Comparison of Factor 5 and temperature during the sampling period.
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increase. The presence of several organic acids in this factor indicates
the high complexity of marine inputs, with the algae bloom as main
source. The “biomass burning” factor had an important load in March
and April and winter, with also an event detected in mid-August 2018.
Herewe found C2-glycolic showed a strong contribution. Factor 4, nom-
inated as “sea-ice related process” was significant for shorter (C1, C2,
C3) and longer acids (C5, C6, C7) including pinic and pinonic acids
with a strong contribution in March and April 2018. The peak of F4 in
late summer was probably due to sub-ice biological productivity or
sea/air exchange of lipid components. The “secondary products” factor
identified themajority of CAs, due to their well know secondary organic
aerosol origin. F5 peaked during polar sunrise and in late summer.
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Highlights

• Chemical and biological data were used to study Kongsfjorden dynamics

• D-amino acids could serve as indicators of developing marine blooms

• Polaribacter and L-amino acids as useful markers for the post-bloom phase

Abstract

Primary biological aerosol particles and microorganisms are ubiquitous in the atmosphere.

Investigations of airborne chemical markers and microbial communities are critical for iden-

tifying sources, transport and transformation processes of aerosols. One potential major

source of airborne chemical compounds and microbial communities (e.g. L- and D-amino

acids, Flavobacteria) could be related to phytoplankton blooms that occur during the spring

season in Arctic fjord systems. Here, we conducted a field study in a polar environment to

investigate the particle-size distribution of water-soluble compounds (major ions, carboxylic

acids and free L- and D-amino acids) and airborne bacterial communities in aerosol samples.

The sampling was conducted with a 6 day sampling frequency at the Gruvebadet observa-

tory, close to Ny-Ålesund (Svalbard Islands). Glycine, D-amino acids and C4- organic acids

increased during the exponential phase of a marine bloom that occurred in Kongsfjorden and

started to drop at the beginning of the post-bloom phase. On the other hand, Polaribacter

together with free L-amino acid overlapped with the Chlorophyll a peak and the subsequent

decline, and thus might constitute a useful marker for the post-bloom phase.

1. Introduction

Aerosols in the summer Arctic atmosphere are mainly derived from the biologically active

waters of the adjacent seas (Bigg and Leck, 2001; Keith Bigg et al., 2004; Leck and Pers-

son, 1996), with the highest contribution of marine input being measured in summer (Bigg

and Leck, 2008; Gao et al., 2012). These bioaerosols are mostly composed of organic com-

pounds derived from marine microorganisms, bacteria or vegetal material, implicating the

production of multi-fraction particles in the atmosphere. Bioaerosols and in particular Pri-

mary Biological Aerosol Particles (PBAPs) are gaining attention in the Svalbard Archipelago,

because they can act directly as cloud condensation nuclei (CCN) and ice nuclei (IN) (Beck et
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al., 2020; Leck and Svensson, 2015; Orellana et al., 2011). The composition of PBAPs is to date

not fully resolved but coupling microbiological analyses and chemical tracers should lead to

knowledge gains. The presence and concentration of atmospheric biomarkers provide use-

ful information on the origin of aerosols and short- and long-range atmospheric transport

(LRAT) processes.

To the best of our knowledge, the possible common sources and emission processes of

free amino acids (FAAs), carboxylic acids (CAs), major anions and cations, chlorophyll a

(Chl a) and microorganisms that might be released during phytoplankton blooms has never

been investigated in Arctic aerosol samples. While FAAs, CAs, major ions and Chl a have

been studied in the Arctic aerosol (Feltracco et al., 2021, 2020, 2019; Geng et al., 2010; Giardi

et al., 2016; Mashayekhy Rad et al., 2019; Quinn et al., 2015; Zangrando et al., 2013), there

are only a few studies measuring bacterial community composition in marine air, and even

fewer over polar waters (Li et al., 2017; Orellana et al., 2011; Tignat-Perrier et al., 2020, 2019).

The primary source of airborne FAAs is the proteinaceous material associated with bacteria,

phytoplankton, terrestrial dust and biological degradation (Dittmar et al., 2001; Ge et al.,

2011). FAAs can also have other sources such as biomass burning emissions (Chan et al.,

2005; Feltracco et al., 2019). Moreover, the aerosol concentration of CAs can be influenced

by primary sources, such as marine emissions (Rinaldi et al., 2011) and biomass burning

(Falkovich et al., 2005). CAs can be also produced by photochemical reactions of oxidation

of anthropogenic organic pollutants and once emitted to the atmosphere, CA precursors un-

dergo oxidation or other photochemical reactions (Kawamura et al., 1996). Major ions in

the aerosol were usually investigated to define the sea spray contribution, because Na+, Cl-,

and Mg2+ are the main components of seawater (Hamacher-Barth et al., 2016; Salter et al.,

2016). Conversely, Ca2+, K+, and SO2
4− have relevant contributions from other sources, es-

pecially crustal aerosol and anthropic emissions by long-range atmospheric transport from

continental regions (Fisher et al., 2011; Giardi et al., 2016). Finally, methanesulfonic acid

(MSA) has been considered a marker of marine primary production (Beck et al., 2020). MSA

originates from photochemical oxidation of dimethyl sulfide (DMS), which is a result of mi-

crobiological transformation of dimethylsulfoniopropionate (DMSP) produced and released

by phytoplankton (Stefels et al., 2007).

The main pigment of photosynthesis, Chl a, is the most widely used proxy for marine

phytoplankton biomass. Even though this is a potentially problematic simplification due to
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strong variability in the carbon to Chl a ratio of phytoplankton due to taxonomic differences

as well as photoacclimatory processes, it is the most useful proxy for overall spatial and tem-

poral patterns that can even be derived from satellite products (Behrenfeld et al., 2008). Chl a

has also been used to explore influences of oceanic biological activity on sea salt aerosol (SSA)

properties. Positive correlations between satellite-derived Chl a and the organic fraction of

SSA were observed in the northeast Atlantic (O’Dowd et al., 2004). It has been suggested

that bacteria and other primary biological particles can be released into the atmosphere from

the sea-surface micro-layer by bubble bursting in breaking waves, a process that occurs both

during wave-breaking at the coasts, and in whitecaps on wind-driven waves in the open

ocean (Blanchard, 1989). Non-wind induced potential production mechanisms for bubbles

formations are also possible (Norris et al., 2011). In spring, biological primary productivity

is initiated in surface waters and both algal and bacterial abundance increases in so called

"blooms", which should lead to increased biomass for aerosolization. This has been shown

to occur experimentally in a mesocosm nutrient enrichment study (Michaud et al., 2018), but

has yet to be observed in the field.

The main objective of this study was to investigate the potential common sources of

chemical markers and microorganisms in different size-segregated aerosol particles collected

weekly at the Gruvebadet Observatory, close to Ny-Ålesund, Svalbard from end of February

to beginning of June 2018. This is the first investigation that combined chemical and biolog-

ical data in order to evaluate and predict changes in Kongsfjorden dynamics using aerosol

samples.

FIGURE 1: Map of the Brøgger peninsula and Kongsfjorden. The red dots
indicate Ny-Ålesund, Gruvebadet Laboratory and the KB3 marine sampling

site. Image courtesy of the Norwegian Polar Institute.
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2. Experimental

2.1 Site description and sample collection

The Svalbard Archipelago is one of the northernmost land-areas in the world and is situ-

ated in a climatically and oceanographically complex area. This Arctic region is considered

among the most sensitive to climate change, with warming occurring considerably faster

than the global average due to several positive feedback mechanisms (Maturilli M. et al.,

2019). Svalbard is also influenced by the warm waters of the West Spitzbergen Current and

the cold Arctic waters of the Spitsbergen Polar Current. Kongsfjorden is a fjord located on

the west Spitsbergen coast and is positioned right at the interface of High Arctic and Atlantic

influences (Bischof et al., 2019).

Sixteen aerosol samples were collected from 26th February to 1st June 2018 at the Gruve-

badet atmospheric laboratory (Svalbard Islands, 78°55’03"N, 11°53’39"E, 50 m a.s.l.), close to

Ny-Ålesund and 1.4 km far from the Kongsfjorden (Figure 1). Kongsfjorden is a 26-km-long

and 3–8-km-wide fjord on the westcoast of Spitsbergen, with maximum depth of about 400

m (Hop et al., 2016). The fjord is influenced by both Arctic and Atlantic water masses, and

by tidal glaciers, which contribute freshwater influx through melting and calving (Tverberg

et al., 2019). Marine sampling was conducted with a resolution of 2 to 6 days in April and

May 2018 in the deeper part of the fjord at station KB3 (78°56’50"N, 11°57’04"E).

A multi-stage Andersen impactor (TE-6000 series, Tisch Environmental Inc.) was used to

collect aerosol samples on six pre-combusted (4 h at 400°C in a muffle furnace) quartz fiber

filters. The sampler accumulated particles with cut-off diameters of 10.0 µm, 7.2 µm, 3.0

µm, 1.5 µm, and 0.95 µm on slotted filters and <0.49 µm on backup filter. The frequency of

sampling was 6 days with a mean total air volume of 9000 m3 per sample. Field blanks were

obtained using filters installed on the sampler for 5 minutes with the air pump switched off.

Samples and blanks were wrapped in a double layer of aluminium foil and stored at -20°C

until analysis.

2.2 Chemical analysis

Chemical and microbial analysis were carried out on the same aerosol samples. Each sample

was cut in four parts: one half was used to determine free amino acids, a quarter of the filter

was processed for major ions and small organic acids, an eighth of the filter was used for
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microbial analysis and the last part was archived.

To avoid any contamination from laboratory air particles, samples were handled inside

an ISO 5 clean room under a laminar flow bench (class 100). Field blank filters were also

taken and treated using the same procedure. All reported values are blank-corrected. The

method detection limits (MDL) and method quantification limits (MQL) of the analytical

procedure were determined as three and ten times the standard deviation of the average

value of the field blank.

For major ions and organic acids, the pre-analytical procedure was based on that de-

scribed by Barbaro et al. (2017) for Antarctic samples. Briefly, sample preparation consisted

of the extraction of a quarter of a filter (different diameters were analysed separately) in an

ultrasonic bath with 7 mL and 15 mL of ultra-pure water (18.2 Mσ cm, 0.01 TOC) for slotted

and back-up filters, respectively.

The anion analysis was performed using an ion chromatogramy system (IC, Thermo

ScientificTM DionexTM ICS-5000, Waltham, US) equipped with an anionic exchange column

(Dionex IonPac AS11 2×250 mm) and a guard column (Dionex Ion Pac AG11 2×50 mm),

coupled to a single quadrupole mass spectrometer (MSQ PlusTM, Thermo ScientificTM, Bre-

men, Germany). Cationic species were determined using a capillary IC (Thermo Scientific

Dionex ICS-5000), equipped with a capillary cation exchange column (Dionex IonPac CS19-4

µm, 0.4×250mm) and a guard column (Dionex IonPac CG19-4 µm, 0.4×50 mm), then con-

nected with a conductibility detector. Details regarding the analytical method are reported

by Barbaro et al., (2017).

For free amino acids (FAAs), each half filter was spiked with a mixed solution of 8 la-

belled FAAs as an internal standard (0.5 absolute µg for slotted filters and 1.5 absolute µg for

back-up filters) and were then extracted twice for 15 min with ultrapure water in an ultra-

sonic bath. The slotted filters were extracted with 9 mL followed by 1 mL of ultrapure water,

whilst the back-up filters were extracted with 25 mL followed by 5mL of ultrapure water.

The instrumental method was performed using an Agilent 1100 Series HPLC System (Wald-

bronn, Germany) coupled to an API 4000 Triple Quadrupole Mass Spectrometer (Applied

Biosystem/MDS SCIEX, Concord, Ontario, Canada). Sample analysis methods of FAAs are

described in detail by Barbaro et al. (2015, 2014). Reagents, standards solutions and details

on instrumental analysis are reported in the Supplementary Information.
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2.3 Microbial analysis - DNA extraction

DNA was extracted from samples and blanks using the protocol outlined in Dommergue

et al. (2019) specifically developed for atmospheric samples collected onto quartz filters.

Briefly, an eighth of each filter was chopped up into small pieces directly into the PowerBead

tubes provided in the DNeasy PowerWater kit. The PowerBead tubes (containing sample

and lysis solution) were then heated at 65°C for one hour after a 10-min vortex treatment at

maximum speed (2500 rpm). The mixture was then centrifuged for 4 minutes at 1000 rcf to

separate the filter debris from the lysate using a pipette. The DNeasy PowerWater protocol

was then applied to the lysate. DNA was then stored at -20°C.

2.4 Real-Time qPCR analyses: 16S rRNA gene qPCR

Bacterial cell abundance was approximated through the quantification of the 16S rRNA gene

using qPCR analysis, with the following primers that target the V3 region (180 bp): Eub 338f

5’-ACTCCTACGGGAGGCAGCAG-3’ as the forward primer and Eub 518r 5’-ATTACCG

CGGCTGCTGG-3’ as the reverse primer (Fierer et al., 2005) on a Corbett Rotor-Gene 6000

real-time PCR cycler. The SensiFast SYBR No-Rox kit (Bioline) was used and the final 20 µL

reaction mix contained 10 µL of SYBR master mix, 2µL of DNA 1 µL of each primer (10 µM)

and 6 µL ultra-pure water. The qPCR program was: 95°C for 2 min, 35 cycles of 5sec at 95°C

and 20 sec at 60°C, followed by a final denaturation step from 55°C to 95°C with increments

of 1°C min-1. PCR products obtained from DNA from a pure culture of E.coli were inserted

in a plasmid (pCRTM2.1-TOPO vector, Invitrogen) and subsequent PCR using M13 primers

resulted in amplicons containing the targeted sequence and flanking regions which was used

as standards after quantification by a Qubit assay (InvitrogenTM). Each run included stan-

dards in a range of 101-107 copies/reaction as well as non-template controls (ultra-pure wa-

ter) to check for contamination. Runs with no amplification in the no-template-control and

values > 0.98 and between 0.9 and 1.1 for R2 and efficiency respectively from the standard

curves were used for further analysis.

2.5 MiSeq Illumina 16S rRNA gene sequencing

Platinum Taq Polymerase (ThermoFisher Scientific) was used to amplify the V3-V4 region

of the 16S rRNA gene with primers published by Klindworth et al. 2013 (Klindworth et al.,
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2013). The PCR program used was: 95°C for 3 minutes, 35 cycles of 95°C for 30 seconds,

55°C for 30 seconds and 72°C for 30 seconds, followed by a final step of 72°C for 5 minutes.

Library preparation including PCR clean-up, index PCR, index PCR clean-up, normaliza-

tion and pooling were carried out following the Illumina library preparation protocol ("16S

Metagenomic Sequencing Library Preparation"). The final library pool was loaded on a V2

flow cell for 2 × 250 bp paired-end sequencing on an Illumina MiSeq platform.

2.6 Read quality filtering and Taxonomic annotation

The tools fastx_ quality_ stats and fastq_ quality_ boxplot_ graph of the FASTX-Toolkit (http://

hannonlab.cshl.edu/fastx_ toolkit/) were used to visualize the base quality of reads 1 and reads

2. PANDAseq (Masella et al., 2012) was used to merge forward and reverse reads using

the RDP algorithm for assembly with a minimum and maximum length of the resulting se-

quence of 410 bp and 500 bp respectively, a minimum and maximum overlap length of 20 bp

and 100 bp respectively as well as a quality threshold of 0.6. The resulting sequences were

stripped of their primers and annotated by RDP Classifier (Wang et al., 2007) with an assign-

ment confidence cutoff of 0.6. Samples were blank corrected using the decontam package in

R (Davis et al., 2018).

2.7 Sequence analyses

The total number of samples were 114, including field blanks. To reduce the possible in-

terferences on the statistical analyses and to simplify the dataset we pooled the fractions

into two categories, fine and coarse based on the cut-off diameter of 0.95 µm. We calculated

coarse mode as sum of the stages 1, 2, 3 and 4, and fine particles as sum of stage 5 and 6. All

statistical analyses were conducted using R (v3.4.1; R Core Team 2013) in RStudio (v1.0.153;

RStudio Team, 2020). Taxonomic data was analyzed using the R package ’phyloseq’ (v1.20.0;

McMurdie & Holmes, 2013) and plots were generated using the R package ’ggplot2’ (v2.2.1;

Wickham, 2016). Overlaps in taxonomy was analysed using presence-absence analysis and

visualized with Venn diagrams (http://bioinformatics.psb.ugent.be/webtools/Venn/). Diversity

statistics, including rarefaction curves (Figure S1) and richness and diversity estimations

(Table S2) were calculated for each sample using the vegan R package. Relative abundances

were calculated for each sample at the genus and class levels and stacked barplots were

generated. PCoA analysis was conducted on Bray-Curtis transformed relative abundance

http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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matrices and tested for significance using permutational multivariate analysis of variance

(Figure S2). Adonis tests were used to test for significant differences in the bacterial com-

munities among seasons and between fine and coarse particles, followed by fold-change in

abundance analysis to identify the genera likely to be the major contributors to the difference

between the groups using the R package ’DESeq2’ (Love et al., 2014). The relationship be-

tween the chemical and taxonomic data was evaluated using co-inertia analysis in R. Briefly,

chemical data was log transformed and Z normalized (Tromas et al., 2017), while taxa tables

were Hellinger transformed. The significance of the co-inertia was tested using a permuta-

tion test (1000 permutations). Linear correlations between chemical parameters and OTUs

were also calculated.

2.8 Chl a analysis

Discrete samples from 10, 25 and 50 m water depth were collected by single 10 L Niskin

hauls. Samples for determination of discrete Chrlorophyll a (Chl a) were gently (max. 200

mBar) filtered onto precombusted GF/F filters (Whatman), immediately placed into 6 mL

90% acetone, homogenized using a cell mill (Precellys) and extracted at -20°C over night.

Chl a concentrations were determined on a fluorometer (Trilogy, Turner Designs), using an

acidification step (1M HCl) (Knap et al., 1996). Depth-resolved fluorescence-derived Chl a

concentrations [µg L-1] were collected with a XR-620 CTD from RBR Ltd, equipped with a

fluorescence sensor, from board the research vessel Jean Floc’h. Values were corrected based

on discrete Chl a samples (n = 39; R2 = 0.81). An underestimation of surface Chl a concen-

trations due to fluorescence quenching by high actinic irradiances was corrected following

Xing et al. (2012) (Xing et al., 2012). In short, maximal Chl a concentrations measured in the

optically derived turbulent mixed layer depths (MLD) were projected to the surface. Depth-

integrated Chl a concentrations (0-100 m) were calculated via numerical integration using

the trapezoidal rule. In cases where CTD profiles did not reach full 100 m, the average of last

5 m was projected down to 100 m.

3. Results

3.1 Water soluble compounds concentrations and size-distribution

The most abundant water-soluble compounds detected in the particulate matter (PM10) (cal-

culated as sum of the six fractions sampled) were SO2−
4 (46%), Cl- (21%) and Na+ (16%) with
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mean PM10 concentration of 333 ± 172, 155 ± 147 and 118 ± 86 ng m-3, respectively (Figure 2

and S3). Mg2+ (19 ± 13 ng m-3), Ca2+ (20 ± 8 ng m-3), NH+
4 (36 ± 17 ng m-3), and NO−

3 (22 ±

14 ng m-3) contributed less than 13% of the total compounds in the PM10. MSA, K+, Br- and I-

made up only a small fraction of the PM10 aerosol concentration (∼1% each, 9 ± 9, 4 ± 3, 1.5

± 0.9 and 0.3 ± 0.2 ng m-3). All the major ions had a constant particle size distribution during

the sampling period with Cl-, Na+, Mg2+ and NO−
3 mainly distributed above 0.95 µm (repre-

senting the 76 to 96% of the total PM10). Na+ and Cl- are recognized as specific tracers of sea

salt aerosol (Gong, 2003; O’Dowd et al., 1997; Perrino et al., 2009; Raes et al., 2002). The main

formation pathway of NO−
3 was likely the interaction of nitric acid or other reactive nitrogen

compounds with sea-salt particles in the Arctic atmosphere (Friedman et al., 2009; Geng et

al., 2010b). Nss-SO2−
4 (calculated as [SO2−

4 ] - 0.253×[Na+]) represented the 91% of total SO2−
4

and showed the highest concentration in April (427 ± 148 ng m-3), being two times greater

than those of March and May. This suggests an extra input of sulphate coming from LRAT

because fine particles represent 61% of the total PM10. NH+
4 showed a similar trend in spring

with the strongest presence in fine particles (71% of the total PM10). The summer decline of

ammonium coincided with nutrient drawdown in the water column (Feltracco et al., 2021).

Significant concentration peaks of Na+, Cl- and Mg2+ were detected the 8th of March, proba-

bly due to bubble bursting events associated with strong winds. These species were highly

distributed in coarse particles (91, 99 and 87% of the PM10). Calcium showed a similar con-

centration during all sampling period and the coarse fraction represented the 64% of the total

PM10 concentration. Nss-Ca2+ (calculated as tot-[Ca2+] - 0.038×[Na+]) dominated the total

concentration of Ca2+. The important content of nss-Ca2+ is plausibly associated with soil-

related particles (Timonen et al., 2008; Virkkula et al., 2006). MSA showed a clear increase in

late-spring and summer. In fact, the highest MSA concentrations were determined in May

with a concentration of 18 ± 10 ng m-3. MSA, NH+
4 , Br- and I- were also mainly present in

the fine fraction (>50%). Again, these compounds showed a non-negligible presence in the

coarsest fraction in April (18-30%) (Table S1).

The CAs loads represented 1% of the total analysed compounds. During all the sampling

period, C2-oxalic acid represented the most abundant CA (59%, 6 ± 3 ng m-3) (Figure S3).

The C1-C3 carboxylic acids accounted for 88% of total CAs: C1-formic (10%), C2-acetic (7%),

C2-oxalic (59%), C3-malonic (7%) and C2-glycolic (5%) The particle size of these compounds

was very variable. In general, C1-formic and C2-oxalic acids showed a bimodal distribution
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FIGURE 2: Relative % of major ions, FAAs and CAs.

in accumulation and coarse fractions, with exception in May for C1-formic acid that was dis-

tributed only in coarse fraction. C2-acetic and C2-glycolic acid had a constant particle size

distribution, mainly distributed in fine particles (51-74%), although a non-negligible pres-

ence of these CAs was found in the coarsest fraction in April (15-30%). C1 and C2 carboxylic

acids showed a clear decreasing trend from March to May. Other CAs percentage contribu-

tion in coarse and fine particles are reported in Table S1. In our previous work (Feltracco et

al., 2021), we found that CAs can derive from five different possible sources: sea spray, ma-

rine primary production, biomass burning, sea ice related process and secondary products.

Sources strongly depended on the season and, during spring, CAs concentration is mainly

influenced by sea ice related processes and marine primary production.

The total FAAs in PM10 represented less than 1% of the target compounds (Figure 2). Gly,

the most stable amino acid in atmosphere (McGregor and Anastasio, 2001), was the most

abundant FAA (31%, 0.2 ± 0.1 ng m-3), followed by L-Leu & Ile (15%) and L-Pro (12%). Gly,

D-Ala and D-Asp increased their concentrations similarly in mid-April, while a very impor-

tant presence of L-Leu & Ile, L-Pro, L-Glu, L-Val, L-Asn, L- & D-Hys and L- & D-Orn from

2nd to 8th May was found (Figure 3 and S3). FAAs also had a variable particle size distri-

bution, with Gly equally distributed among the fractions during the sampling, while the L-

amino acids previously described were constantly distributed in coarse particles (78 – 100%,
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Table S1). The fractions of other minor FAAs varied depending on the sampling period.

Feltracco et al., (2019) identified biological material and biomass burning as a main source

for FAAs. Here, L-amino acids, excluding L-Arg, correlated with marine salts (0.4<R2<0.8,

p<0.01), while CAs co-varied with iodide and bromine (0.5<R2<0.8, p<0.01).

Changes in phytoplankton biomass were followed by measuring Chl a concentration in

Kongsfjorden water samples from April 10th to May 22nd, covering the entire spring bloom

from a pre- to a post-bloom state. Despite being more variable during the pre- and post-

bloom phases, POC:Chl a ratios were relatively stable during the main bloom when pho-

totrophic biomass dominated, thus allowing the use of Chl a as a proxy for phytoplankton

biomass despite potential effects of photoacclimation (Hoppe et al., unpublished results).

Depth-integrated biomass inventories strongly increased from the end of April onwards,

while the peak of the bloom was observed on May 11th (Figure 3), followed by a post-bloom

state characterised by nutrient limitation and decreasing Chl a concentrations. A shallow

coastal monitoring station near Ny-Ålesund confirms low Chl a fluorescence before mid

April, as well as the collapse of the bloom at the end of May (Fischer et al., 2019). While

no DMSP samples were collected in this study, previous co-located sampling of Chl a and

DMSP in Kongsfjorden indicated linear relationships between both compounds (R2=0.8-0.9;

Hoppe et al., unpublished results). As reported in Figure 3, the bloom corresponded to the

first peak of MSA in the air samples from 2nd to 8th of May. This overlap is equally fol-

lowed by all the sea salt particles (Na+, Cl-, Mg2+, Ca2+ and partially NO−
3 and K+) and all

the L-amino acids detected. Gly, D-Ala, D-Asp, NH+
4 peaked in the phase of exponential

biomass accumulation and dropped during the post-bloom phase. Bacterial cell abundance

estimates in the aerosol also dropped during the exponential increase in biomass (Figure S6,

supplementary material).

3.2 Microbial communities in coarse vs fine particles

Based on Adonis and permanova analysis, there is a significant difference in aerosol com-

munity composition between coarse and fine fractions (Table S3, p=0.01), however particle

size explains less than 7% of the variability. Based on Venn diagram analysis, 41 OTUs were

unique to the fine fractions, 277 OTUs were unique to the coarse fractions and 323 were

shared (Figure 4). There were no clear taxonomic differences in unique genera, however, all
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FIGURE 3: Target compounds PM10 concentration trend (ng m-3). L-FAAs/Na+

is dimensionless. “Chl depth-int” represents the 0-100 m depth-integrated
standing stocks (mg Chl a m-2) and “Chl discr. surface” represents the 10 m
surface discrete concentrations (µg Chl a L-1). The graphs in column A rep-
resents the compounds derived from the exponential bloom (green-shaded),

while column B represents the post-bloom phase (orange-shaded).
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detected Euryarchaeota were unique to the coarse fraction. Deseq2 analysis found 17 gen-

era that were significant in driving the differences observed between fractions, and all were

more abundant in the coarse fraction, with 5 found only in the coarse fraction including

Morganella, Pseudophaeobacter, Granulicatella, Frondihabitans and Ilumatobacter.

FIGURE 4: Comparisons of microbial communities between coarse and fine
fractions. The Venn diagram represents the amount of unique and shared
OTUs across fractions, while the stacked histogram represents the relative

abundance of OTUs at the Class level in each of the samples over time.

3.3 Temporal variability in microbial aerosol communities

Microbial aerosol community structure and diversity varied significantly over time. Based

on adonis and permanova analysis, samples collected in March and April were significantly

different from those collected in May (p=0.003 for both comparisons, although no differences

were detected between March and April (Table S3). Both months had higher Shannon and

Observed species indices as compared to May (Figure 5, March vs May, p=0.0013, April vs

May, p=0.0017, Pairwise Wilcox test, adjustment method, Holm).

Samples from May had a higher relative abundance in Betaproteobacteria and a lower rel-

ative abundance in Gammaproteobacteria (Figure 5) relative to those from March and April.

Based on Deseq2 analysis, 6 taxa were significantly more abundant in May relative to March:
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Rugamonas (Oxalobacteraceae, Betaproteobacteria), unclassified Oxalobacteraceae, unclas-

sified Betaproteobacteria, Butyrivibrio and Roseburia (Lachnospiraceae, Clostridia) and Se-

lenomonas (Veillonellaceae, Negativicutes) (Table S5). The same genera were also signifi-

cantly more abundant in May relative to April, with the addition of Janthinobacterium (Ox-

alobacteraceae, Betaproteobacteria) and Polaribacter (Flavobacteria) (Table S5). SIMPER anal-

ysis showed that, among the 10 genera that contributed the most to seasonal differences in

taxonomy, Oxalobacteraceae (Betaproteobacteria), Polaribacter and Actinobacteria were more

abundant in May, while Gammaproteobacteria were more abundant in March and April (Table

S6).

FIGURE 5: Changes in biodiversity and community structure of air samples
over time.

3.4 Correlations among chemical and biological datasets in aerosol

Based on co-inertia analysis, bacterial and chemical data from aerosol samples co-varied sig-

nificantly (0.49, simulated p-value on 999 replicates: 0.001). The main chemical axes of the

co-inertia analysis (arrows, Figure S4) were represented by marine salts and nitrate (Na+, Cl-,

Ca2+), MSA, C4-carboxylic acids (malic, succinic and fumaric) and D-amino acids, Br- and I-
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(Figure S4). VIF analysis showed that parameters with the most significant impact on the co-

structure were D-Ala, MSA, Br-, C1-formic acid, cell count estimations and NO−
3 (VIF param-

eters: 1.71, 1.69, 2.10, 1.65, 2.23, 1.85). OTUs associated with marine salts included taxa from

Gammaproteobacteria (Azomonas, Kluyvera, Lysobacter, Salinimonas) Deltaproteobacteria (un-

classified Deltaproteobacteria, Geothermobacter), Alphaproteobacteria (Pseudopelagicola), Acti-

nobacteria (Ilumatobacter), Planctomycetes (Gimesia). MSA-associated OTUs included Be-

taproteobacteria, specifically Oxalobacteraceae (unclass., Janthinobacterium, Rugamonas), Al-

phaproteobacteria (Alsobacter), Actinobacteria (uncl. Micrococcceae, Zhihengliuella), Bactero-

ides (Bacteroidia). D-amino-acid associated OTUs included Gammaproteobacteria (Enter-

obacteriales: Ewingella, Plesiomonas, Biostraticola), Firmicutes (Clostridia (Clostridium XIVb,

Mobilitalea), Bacilli (Lactovum and Pilibacter)) and Actinobacteria (Propionibacteriaceae and

Corynebacteriaceae). The Br-/I- axis (including C1-C3 organic acids) co-varied with Gamma-

proteobacteria (unclassified Oceanospirillales, Amphritea, Neptuniibacter), and Alphaproteo

bacteria (unclassified Streptococcaceae).

4. Discussion

4.1 Origin of airborne microorganisms

Airborne microorganisms in the planetary boundary layer (PBL) are aerosolized from their

surrounding ecosystems (generally those within a 50 km radius) and variations in their com-

munity composition have been shown to be determined by a number of factors, including

the diversity and evenness of the surrounding landscapes and wind direction variability

over time (Tignat-Perrier et al., 2019). The sampling site at Gruvebadet Atmospheric Lab-

oratory (Ny-Ålesund) was surrounded by snow-covered tundra and mountains during the

sampling period and within 1.2 kms of Kongsfjorden, which was not covered by sea-ice in

spring 2018. Potential sources for the sampled airborne microbial communities therefore

include long-range atmospheric transport (LRAT), snow-covered landscapes and marine en-

vironment. To better identify the short- or long-range atmospheric transport, the differences

between coarse (D>0.95 µm) and fine fractions (D<0.95 µm) were studied. In order for organ-

isms to undergo LRAT, they must first enter the free troposphere from the PBL, a selective

process that is in part size-dependent (Els et al., 2019b, 2019a; Poschl et al., 2010).

Based on the comparisons between coarse and fine fractions (Figure 4), the coarse frac-

tion had a higher amount of unique genera. Although the communities were significantly
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different, particle size only explained 7% of the variability. Given the higher diversity in

coarse particles, we hypothesize that the contribution from LRAT to our airborne communi-

ties was minimal and that most of the microorganisms were sourced locally. Tignat-Perrier

et al. (2019), also suggested that LRAT would have a minimal impact on PBL communities

in a global study on the aerobiome using a similar sampling set-up as described here. In

addition, the free troposphere community is generally dominated by globally omnipresent

thermophilic, resistant, spore-forming Bacilli, generalistic Planctomycetes and yeast formers

(Els et al., 2019a), which we were unable to identify in the fine fraction of our samples.

The most likely source of bacteria in our aerosol samples is the marine environment. Al-

though these surfaces emit less organisms than terrestrial ones, the snow-covered mountains

and tundra are predicted to emit even less (Burrows et al., 2009b, 2009a; Tignat-Perrier et al.,

2019). In addition, the dominant wind direction was from the fjord, and rarely from the

terrestrial environment (Figure S5). Aerosolization of microorganisms from the marine en-

vironment can occur through bubble bursting, breaking waves and sea-spray and a recent

study suggested that certain taxa such as Actinobacteria and Gammaproteobacteria are pref-

erentially aerosolized (Michaud et al., 2018). Gammaproteobacteria dominated in our air

samples in March and April, while Betaproteobacteria dominated in May, which suggests

that processes other than preferential aerosolization determined airborne microbial struc-

ture. Co-inertia analysis also showed that the chemical and biological data sets covaried

significantly, and the major drivers were related to marine sources, such as Na+, Cl-, Br- and

MSA, which supports the hypothesis of a similar source in our atmospheric samples.

4.2 Impact of phytoplankton blooms on atmospheric bacterial community structure and chemistry

A typical phytoplankton spring bloom was observed over the sampling period (Figure 3)

(Hegseth et al., 2019). Previous research in Svalbard has shown that fjords are biologically

active even during the polar night (Berge et al., 2015; Kvernvik et al., 2018), while as early

as March phototrophic activities strongly increase with the return of the sun (Iversen and

Seuthe, 2011). Phytoplankton mass accumulations, i.e. blooms generally occur in April-

May (Hegseth et al., 2019). Bloom intensity and composition varies over time, with as-

sociated changes in biogeochemical responses, such as CO2 and inorganic nutrient (nitro-

gen, phosphorus and silicon) assimilation. Congruently, NO−
3 strongly decreased during
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the main phase of the bloom and was completely depleted by mid-May (data not shown).

Photosynthetic activity leads to the production and release of organic molecules, not exclu-

sively but especially under macronutrient limitation (Kragh and Søndergaard, 2009), that

serves as chemo-attractants for other microorganisms, especially bacteria. In Arctic wa-

ters, the bacterial taxa that are generally associated with phytoplankton blooms are mem-

bers of the classes Flavobacteriia, Alphaproteobacteria (specifically Rhodobacteraceae), and

Gammaproteobacteria (Buchan et al., 2014). As the bloom evolves, changes in both the types

of organic molecules released and the associated microorganisms occur. In the early bloom

stage, phytoplankton produces and releases a variety of soluble low molecular weight or-

ganic molecules including carbohydrates, sugar alcohols, amino/organic acids (Buchan et

al., 2014) that initially attract Gammaproteobacteria, which have shown to be dominant in

pre-bloom stages (Zhou et al., 2018). As the bloom evolves, a shift towards the release of

more high molecular weight organic molecules such as cellulose, chitin, and pectin (Kirch-

man, 2002) occurs that drives the succession pattern in the microbial community to one in

which Alphaproteobacteria and Flavobacteria dominate during the peak, stationary and de-

cline phases (Pinhassi et al., 2004; Teeling et al., 2016; Zhou et al., 2018). Zhou et al. (2018),

also reported the appearance of Betaproteobacteria and Deltaproteobacteria during the post-

bloom stage.

The similarities to our aerosol samples are striking. Gammaproteobacteria, including

members of the Alteromonas and Pseudomonas group, were dominant in our March-April

pre-bloom air samples and were correlated to marine chemistry and LMW organic acids (Br-,

and C1-C3 organic acids). The airborne community shifted in May, with a dominance of Be-

taproteobacteria including the rare marine genus Janthinobacterium and Polaribacter (Flavobac-

teria). Interestingly, this shift occurred in conjunction with an observed shift in the species

composition of marine plankton from diatoms to Phaeocystis in our water samples (C. Hoppe

pers. comm.). Bloom events of Janthinobacterium in the ocean, similar to those detected in our

air samples over the course of our field study, have only been reported once (Alonso-Sáez et

al., 2014), and it is hypothesized that these organisms are able to break down complex organic

matter (Huston and Deming, 2002). Airborne Polaribacter peaked during the post-bloom and

declining phase of the bloom. In the open ocean, transient blooms of rare Flavobacteria pop-

ulations have been found associated with phytoplankton blooms (Teeling et al., 2012).

Roseobacter, a genus within the Rhodobacteraceae family in the Alphaproteobacteria, are
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often associated to phytoplankton and serve as a model for microbial-plankton interactions

(Buchan et al., 2014). Despite their reported dominance in Arctic marine waters (Alonso-

Sáez et al., 2014; Bowman et al., 2012; Manganelli et al., 2009; Williams et al., 2013; Zeng et al.,

2013), we were unable to detect this genus in our data set, but unclassified Rhodobacteraceae

were shown to be significant in driving seasonal changes in microbial community structure

based on simper analysis. A year-long study on marine microbiology of the Arctic ocean

conducted along the coast of Svalbard was also unable to detect Roseobacter (Wilson et al.,

2017) and attributed this, in part, to primer mismatches, but our primers cover 84% of the

Roseobacter sequences identified in the SILVA database. It is also possible that this genus has

a low aerosolization potential. Michaud et al. (2018) reported that some Alphaproteobacteria

were underrepresented in sea spray aerosol emissions.

Data on bacterial diversity and abundance also support the hypothesis of marine biolog-

ical activity driving airborne community structure. We observed a decrease in phylogenetic

diversity from March to May in our air samples, which mirrors observations carried out

in a year-long study on bacterial diversity in Svalbard coastal waters. Wilson et al. (2017)

found distinct seasonal fluctuations in marine bacterial communities with high richness in

the autumn and winter months and low richness in late spring and summer, similar to pre-

viously published results on polar marine ecosystems (Ghiglione et al., 2012; Grzymski et

al., 2012; Ladau et al., 2013; Murray et al., 1998; Murray and Grzymski, 2007). Bacterial

abundance in our air samples also varied throughout the season and decreased during the

exponential growth phase of the bloom (Figure S6). This has also been reported in the ma-

rine environment, with a decrease in microbial abundance that might be related to bacterial

predation or competition (Buchan et al., 2014). An alternative hypothesis is that as the bloom

progresses, bacteria undergo life-style changes, from free-living to particle attached, which

might impact their aerosolization. In a study on the partitioning of microbial communi-

ties between suspended and sinking particles in polar marine waters, suspended particles

were shown to be enriched in Bacteroidetes (including Flavobacteriales), Planctomycetes,

Euryarchaeota (Cenarchaeales), and Deltaproteobacteria, amongst others (Duret et al., 2019).

Sinking particles were generally more enriched in Gammaproteobacteria, Alphaproteobac-

teria (Rhodobacterales and Rhizobiales), Firmicutes (Bacillales, Gemellales and Lactobacil-

lales) and Actinobacteria (Actinomycetales) and might be less prone to aerosolization (Duret

et al., 2019).
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Phytoplankton blooms occur rapidly over the course of several weeks, and the lifespan of

individual algal cells within is short (Teeling et al., 2016, Hegseth et al. 2019). As the bloom

is progressively more nutrient limited and finally collapses, high molecular weight organic

molecules, including proteins, nucleic acids, polysaccharides and lipids, are released, and

the decaying phytoplankton form aggregates such that are further mineralized by particle-

associated bacteria (Buchan et al., 2014). These aggregates will either sink (Emil Ruff et al.,

2014), or can be further released to the atmosphere by sea-spray where they can influence at-

mospheric chemistry. This phenomenon can explain the increase in C5, C6 and C7 acid con-

centrations at the end of May: these CA trends (Figure 3 and S3) may be primarily controlled

by atmospheric oxidation of precursor fatty acids, whose sea emission should be enhanced

during phases of higher biological activity (Kawamura et al., 1996). Phytoplankton, espe-

cially the genus Phaeocystis which dominated the second half of the bloom in Kongsfjorden

from the second week of May onwards, also produce large amounts of the organic sulphur

compound dimethylsulphoniopropionate (DMSP) that is metabolized to dimethyl sulphide

(DMS), which can undergo photo-oxidation to MSA in the atmosphere (Saltzman et al., 1983).

The highest MSA concentrations in our air samples, exclusively formed by photo-oxidation

of DMS, emitted by phytoplankton, were determined in the beginning of May during the

peak of phytoplankton biomass, supporting the hypothesis that atmospheric data can cap-

ture fjord bloom dynamics.

4.3 D- and L-amino acids, and Flavobacteria as markers for different stages in phytoplankton

blooms

Amino acids exist in two forms, L- and D- enantiomers, with L-amino acids being almost

exclusively incorporated into proteins. D-amino acids are produced by biotic racemization

(Hernández and Cava, 2016) by bacteria, algae, and archaea and constitute a significant frac-

tion of the dissolved organic matter content of oceans (Xu et al., 2017). D-amino acids exist in

either combined, or free forms, with algal and bacterial peptidoglycan as the most common

combined form (Xu et al., 2017; Yokoyama et al., 2003). In the present study, we investigated

the free fraction of amino acids. During the sampling period, Gly, together with D-Ala and

D-Asp, had a very similar trend with nss-SO2−
4 and NH+

4 as well as C4-organic acids such

as succinic, malic and fumaric acids, suggesting a similar source for these molecules (see the
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correlation matrix in Table S2). The concentration peaks of these molecules were measured

in atmospheric samples during the exponential phase of the algal bloom (Figure 3A). The

main source of free amino acids in the environment is through the degradation of peptido-

glycan, but microorganisms are also able to actively release them. Marine microalgae were

shown to be among the most significant producers, with high levels of free D-amino acids

measured in their cells (Yokoyama et al., 2003). While D-Ala was shown to be produced by

all strains tested, D-Arg was only found in marine algae strains, further supporting a marine

source for this amino acid. Possible roles for D-amino acids in microorganisms include a N-

source, structural molecules for peptidoglycan walls of chloroplasts and bacteria or as a pool

of molecules that can be converted to their L-enantiomer form for further use (Aliashkevich

et al., 2018). L-Ala and L-Arg are both central metabolites in C4 photosynthesis (Schlüter

et al., 2019), and it could be that the D-forms of these amino acids might be conserved as

a storage pool for later use during CO2 fixation. Reinfelder et al. (2000), suggested that

C4 photosynthesis might be a dominant process in marine diatoms. In C4 photosynthesis,

C4 organic acids, especially C4-malic acid, play a critical role in CO2 fixation and uptake

(Ludwig, 2016) and serve as organic carbon storage molecules (Reinfelder et al., 2004). We

posit that, D-amino acids can serve as markers of biological marine production and that they

correspond to the pre- and exponential phase of algal blooms.

A strong enrichment in L-amino acids in the coarse fraction was identified on the 8th

of May, suggesting a local source. The same enrichment was also observed in Na+, Cl-

Mg2+, Ca2+ and partially by NO−
3 and K+ and this suggests a local event of bubble burst-

ing. This peak is consistent with the post-bloom stage, during which phytoplankton releases

proteins, amongst other molecules. The total L-FAAs (calculated as sum as all L-amino acids

detected) well overlapped with the Chl a trend (Figure 3B) and can predict the change in

the atmospheric microbiome occurred in May. Based on these results, we suggest that L-

amino acids should be studied further as markers of the declining phases of phytoplankton

blooms. In fact, some amino acids such as L-Glu, L-Leu and L-Ile and L-Val that are gener-

ally concentrated in diatom cell plasma and show strong depletion with an increasing state

of decomposition (Zhang et al., 2015). To minimize the contribution of the bubble bursting

event occurred during the stationary phase, we also normalized the total L-FAAs with the

Na+ concentration, emphasizing only the bloom input. As reported in Figure 3B, the ratio

L-FAA/Na+ started to increase the 8th of May and showed its higher value the 14th of May,
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overlapping with the Chl a trend. This would suggest that the local phytoplankton bloom is

the main source of L-FAAs.

Another marker might be Polaribacter, which correlates with the chlorophyll peak. A Po-

laribacter (Flavobacteria) bloom was also observed earlier in the season and might be linked

to unmeasured microbial activity in the fjord, but longer time series need to be collected

to validate this. If these markers are validated, they can then be further exploited in other

archives, such as snow and ice cores.

5. Conclusions

Atmospheric biological and chemical sampling is an underexploited tool that could help

monitor and predict changes in fjord dynamics. This is the first applied study that allows to

associate chemical markers with biological analysis to clearly correlate them and to define

sources of these tracers. This is a mandatory step towards using specific tracers in environ-

mental or paleoclimatic studies. Gly, D-Ala and D-Asp and some C4- organic acids increased

during the exponential phase of marine bloom and started to drop at the beginning of the

post-bloom phase. D-amino acids in microorganisms can act as N-sources and be converted

to their L-enantiomer form for further use. Thus, D-amino acids could serve as indicators of

developing marine blooms and be used to predict biological activity in marine ecosystems.

On the other hand, Polaribacter together with free L-amino acids might constitute a useful

marker for the post-bloom phase and decline of algal blooms, even considering the good

overlap with the Chl a temporal distribution. A future perspective is to use L-amino acids as

markers for bloom decline in other types of archives such as ice cores. Further research in-

cluding year-round atmospheric monitoring coupled to marine sampling should be carried

out to test these hypotheses.

Supplementary data

Supplementary data to this article can be found online here.

https://drive.google.com/file/d/1NLILpgODjsIkXesfZAMLTDsFPoUGC4kK/view?usp=sharing
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Appendix B

As first author this Elsevier article, I retain the right to include them in this thesis (not for

commercial use). Elsevier apply this right to all authors who publish their article as either a

subscription article or an open access article. In all cases Elsevier requires to include a full

acknowledgement and, if appropriate, a link to the final published version hosted on Science

Direct. Here is reported the following published research article:

Photo-oxidation products of α-pinene in coarse, fine and ultrafine
aerosol: A new high sensitive HPLC-MS/MS method

In this work it has been developed a new high sensitive method for the quantification of

the main photo-oxidation products of α-pinene, in particular pinic acid and cis-pinonic acid,

the predominant aerosol products from the photo-oxidation of α-pinene. 14 aerosol samples

were collected at Scientific Campus of Ca’Foscari University (Mestre-Venice, Italy) during

spring 2016, using the rotating model 120 MOUDI-II cascade impactor. The particle size

distribution was obtained for aerodynamic diameter ranging from greater of 18 µm to below

0.056 µm. The configuration of sampler consists to eleven stages with cut sizes at 18, 10,

5.6, 3.2,1.8, 1.0, 0.56, 0.32, 0.18, 0.10 and 0.056 µm, plus a final back-up filter used to collect

particles with D < 0.056 µm.

The study aims to improve the existing analytical methods for the determination of pinic

and cis-pinonic acid in aerosol in terms of analytical sensitivity and limits of detection (LOD)

and quantification (LOQ). The study also attempts to increase the knowledge of the α-pinene

photo-oxidation processes by analysing, for the first time, the particle-size distribution up to

nanoparticle level.
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A B S T R A C T

Oxidation products of α-pinene represent a fraction of organic matter in the environmental aerosol. α-pinene is
one of most abundant monoterpenes released in the atmosphere by plants, located typically in boreal, temperate
and tropical forests. This primary compound reacts with atmospheric oxidants, such as O3, O2, OH radicals and
NOx, through the major tropospheric degradation pathway for many monoterpenes under typical atmospheric
condition. Although several studies identified a series of by-products deriving from the α-pinene photo-oxidation
in the atmosphere, such as pinic and cis-pinonic acid, the knowledge of the mechanism of this process is partially
still lacking. Thus, the investigation of the distribution of these acids in the different size aerosol particles
provides additional information on this regard.

The aim of this study is twofold. First, we aim to improve the existing analytical methods for the determi-
nation of pinic and cis-pinonic acid in aerosol samples, especially in terms of analytical sensitivity and limits of
detection (LOD) and quantification (LOQ). We even attempted to increase the knowledge of the α-pinene photo-
oxidation processes by analysing, for the first time, the particle-size distribution up to nanoparticle level of pinic
and cis-pinonic acid. The analysis of aerosol samples was carried out via high-performance liquid chromato-
graphy coupled to a triple quadrupole mass spectrometer. The instrumental LOD values of cis-pinonic and pinic
acid are 1.6 and 1.2 ng L−1 while LOQ values are 5.4 and 4.1 ng L−1, respectively. Samples were collected by
MOUDI II™ cascade impactor with twelve cut-sizes, from March to May 2016 in the urban area of Mestre-Venice
(Italy).
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The range concentrations in the aerosol samples were from 0.1 to 0.9 ngm−3 for cis-pinonic acid and from 0.1
to 0.8 ngm−3 for pinic acid.

1. Introduction

The formation of secondary organic aerosols (SOA) in the rural at-
mosphere has attracted growing interest in recent years. The atmo-
spheric formation of new particles and their chemical composition can
have an important role for the determination of the global aerosol load
and their effect on the climate change (Kulmala et al., 2004).

Monoterpenes are the most abundant biogenic hydrocarbons in
troposphere and these compounds affect the oxidising capacity of the
atmosphere (Kanakidou et al., 2000). In the last years, considerable
studies (Lamb et al., 1987; Larsen et al., 1999; Librando and Tringali,
2005) have been carried out to determine the secondary organic aerosol
(SOA) formation from the photo-oxidation of volatile organic com-
pounds (VOCs). In particular, α-pinene is the most important mono-
terpene released by biogenic sources, particularly conifers. It has an
emission rate projected at global scale of about 127 Tg y−1 (Guenther
et al., 1995) and it has been shown to give high SOA yields in labora-
tory smog chamber research (Kahnt et al., 2014; Lamb et al., 1987;
Larsen et al., 1999). The emission on global scale of total monoterpenes
from the vegetation has been estimated between 120 and 480 Tg y−1

(Fehsenfeld et al., 1992), therefore the α-pinene fraction represent a
large part of global monoterpenes, by considering its emission rate. α-
pinene is a primary ingredient of pine resin and it is also found other
conifers and non-coniferous plants. Nevertheless, the atmospheric de-
gradation proceeds through a very complex mechanism that is still not
totally identified, and this leads to form an abundance of reaction
products (Glasius et al., 2000, 1999, Iinuma et al., 2016, 2004;
Kristensen et al., 2013; Larsen et al., 1999; Librando and Tringali, 2005;
Zhang et al., 1992, 2015).

The innovative purpose of this work is to present an evaluation of
the distribution of cis-pinonic and pinic acid, known as water-soluble
organic compounds (WSOC) (Ion et al., 2005; Kitanovski et al., 2011;
Pio et al., 2006; Zhang et al., 2010), in aerosols as a function of particle
size focusing on the ultrafine fractions. To our knowledge, the photo-
oxidation products of α-pinene in the ultrafine fraction have never been
investigated. The quantitative performance of HPLC coupled to triple
quadrupole API 4000 were carried out to determine these acids in en-
vironmental samples at trace levels. Recently, photo-oxidation products
of α-pinene have been investigated using GC-MS and LC-MS methods
(Ding et al., 2008; Iinuma et al., 2007; Ion et al., 2005; Kitanovski et al.,
2011; Parshintsev et al., 2010; Pio et al., 2006; Reinnig et al., 2008;
Sheesley and Kenski, 2004; Zhang et al., 2010). GC-MS is a widely used
method for the separation, identification and quantification of in-
dividual organic compounds in aerosol samples, even though low-vo-
latile polar substances have to be derivatized prior to injection (Haque
et al., 2016; Ion et al., 2005; Szmigielski et al., 2007) and some com-
pounds might decompose during analysis. HPLC/MS methods were
used by some authors to measure oxidation products from terpenes in
atmospheric samples and with chamber experiments (Anttila et al.,
2005; Reinnig et al., 2008; Zhang et al., 2010). Anttila et al. (2005)
investigated the environmental aerosol matter with reversed phase
chromatography applied to HPLC system, coupled to an ion-trap mass
spectrometer using an electro-spray ionisation (ESI) interface in nega-
tive ionisation mode. Besides, Renning et al. (2008) carried out the
ozonolysis of α-pinene in a smog chamber and the samples were in-
vestigated using reversed phase chromatography coupled with ion-trap
mass spectrometer though an APCI source operating in positive mode.
Zhang et al. (2010), analysed aerosol samples using C18 column placed
in a HPLC system coupled with a hybrid Qq-TOF mass spectrometer.
The benefit of HPLC is the suitability for polar and non-volatile

compounds as well as the conditions through the analysis, while mass
spectrometer allows high sensitivity and selectivity. The main objective
of this work is to develop and quantify some of the main photo-oxi-
dation products of α-pinene, pinic and pinonic acids, in different par-
ticle size fractions of aerosol collected in the urban area of Mestre-Ve-
nice (Italy). A sensitive improvement of analytical method is necessary
due to the high fractionation of aerosol in twelve different size ranges.

2. Experimental section

2.1. Reagents and standard solutions

Ultra-grade methanol (MeOH) and ultra-grade acetonitrile (ACN)
were purchased from Romil® LTD (Cambridge, UK), Ultrapure water
(18.2 MΩ, 1 ppb TOC) was produced using a Purelab Ultra System
(Elga®, HighWycombe, UK), formic acid (≥98%) eluent additive for
HPLC system was obtained from Fluka (Sigma Aldrich®, Buchs,
Switzerland). Cis-pinonic acid (Sigma-Aldrich, Sant Louis, Missouri,
USA) and pinic acid (Santa Cruz Biotechnology®, Dallas, Texas, USA),
were prepared by solid standard (purity ≥98%) and diluted in ultra-
pure water. Isotopically labelled vanillin13C6 (VAH*) was obtained
from Sigma Aldrich®.

Ultrapure water produced using the Purelab system was further
purified with LC-Pak® cartridge (Merck KGaA, Darmstadt, Germany) to
obtain higher water quality with a TOC level below 1 ppb. The LC-Pak®

cartridge uses a reversed-phase silica purification media to remove
traces of neutral organics.

2.2. HPLC-ESI-MS/MS

An Agilent 1100 Series HPLC Systems (Waldbronn, Germany) with a
binary pump, vacuum degasser, autosampler and thermostated column
compartment was coupled with an API 4000 Triple Quadrupole Mass
Spectrometer (Applied Biosystem/MSD SCIEX, Concord, Ontario,
Canada) using a Turbo V electrospray source (ESI) that operated in
negative mode. The chromatographic separation used for the sample
determination of cis-pinonic acid and pinic acid was conducted using a
Zorbax Extend-C18 column (Rapid Resolution, 4.6–150mm, 3.5mm;
Agilent Technologies). Elution was achieved by a linear gradient using
as mobile phase water with 0.01% of formic acid (eluent A) and MeOH/
ACN 80:20 (eluent B). The binary elution program with flow rate of
0.5 mLmin−1 was as follows: 0–1min, 20% eluent B; 8–25min, 100%
eluent B; 25–35min, equilibration with 20% eluent B; 100 μL of sample
was injected for analysis. The mass spectrometer's parameters were set
as follows: temperature 650 °C, ion spray voltage −4500 V, GS1 40 psi,
GS2 60 psi, CUR 15 psi, CAD 8 psi and EP -8 V. Data were collected with
multiple reaction monitoring (MRM) mode. The first quadrupole (Q1)
selected the molecular ion, while the third quadrupole (Q3) selected the
fragment. Both Q1 and Q3 were set at unit resolution with peak width
of 0.7 ± 0.1 amu at 50% of maximum peak height. To improve the
sensitivity, declustering potential (DP), cell energy (CE) and cell exit
potential (CXP) were set, using direct infusions of 1mg L−1 of each
individual standard. The voltage of the orifice was controlled by the DP
parameter, the CE was the amount of energy that the precursor ions
received as they were accelerated into the collision cell, and the CXP
was used to focus and accelerate the ions after leaving the collision cell.
The monitored transition and instrumental parameters for each com-
pound are shown in Table S-1. Analyst Software version 1.5.2 (Applied
Biosystems MDS SCIEX Instruments) was used for the identification and
quantification of the target compounds.
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2.3. Sample collection

14 aerosol samples were collected at Scientific Campus of Ca’
Foscari University (45°28′47″N, 12°15′12″E, Mestre-Venice, Italy)
during spring 2016, using the rotating model 120 MOUDI-II™ cascade
impactor. The particle size distribution was obtained for aerodynamic
diameter (D) ranging from greater of 18 μm to below 0.056 μm. The
configuration of sampler consists to eleven stages with cut sizes at 18,
10, 5.6, 3.2,1.8, 1.0, 0.56, 0.32, 0.18, 0.10 and 0.056 μm, plus a final
back-up filter used to collect particles with D < 0.056 μm. The im-
paction plates, 11 μm thick aluminium substrate having a diameter of
47 mm, were prepared in the laboratory and inserted into the impactor
at the time of use. The substrates were made using aluminium foils cut
with a hollow cutter. Finally, the collection of ultrafine atmospheric
particles in the last stage was carried out with a quartz fibre filters
(QFF) (SKC Inc., Eighty-Four, To-13 model).

The duration of the sampling was about 160 h for most of the
samples, with an average flow rate of 30 ± 1 Lmin−1. The air flow at
the inlet was measured with a flowmeter before and after each sam-
pling. The sampling period was chosen to obtain enough matter even
for weighting. In fact, one of the most important features of MOUDI II™
is the possibility of the weighing of each aluminium substrate, thanks to
their restrained diameter. After conclusion of sampling, the substrates
were stored separately at −20 °C until chemical analysis. The sampler
was placed on the roof of a building at a height of 20 meters, to avoid
direct human contaminations and to minimize the influence of the
urban layout that may affect the wind pathways.

The weather information was provided by station FISTEC-Mestre
(IUAV, Venice - Environmental engineering physics laboratory, website:
fistec.iuav.it). Precipitation has a great variability especially in spring
due to the high humidity, in fact there were a significant precipitation
events from 9th to 12th of March (22.8 mm) and a minor from 13th to
15th of April (4.2 mm) and from 11th to 13th of May (3.2 mm). The
range humidity was included between 22% (4th May) and 98.5% (most
of the data). Moreover, the sampling period was conditioned by the
medium-high temperature ranging (from 4 °C to 25 °C) and the pre-
vailing winds were from NW and SW with wind speed between 1 and
7m s−1 (Figure S-2 and S-3, supporting material).

The impactor with the rotation of the nozzle and impaction plates at
1 rpm, formed a near-uniform particle deposit on each substrate.

2.4. Sample treatment

To determine and quantify cis-pinonic acid and pinic acid, airborne
aerosol was collected on aluminium plates pre-cleaned with MeOH, and
on quartz filter, decontaminated with a pre-combustion (4 h at 400 °C in
a muffle furnace). Before the closing inside in a clean aluminium foil,
the aluminium plates were weighted to allow the calculation of the
collected aerosol.

Aluminium plates and filters were removed from the storage
package in a laminar flow hood, broken up into small pieces and placed
in a 15mL vial (previously cleaned with ultra-pure water by sonication
at 25 °C) with steel tweezers. 50 μL of isotopically labelled vanillin13C6

(78 ng absolute weight) and 4.95mL of ultrapure water was added to
the substrate before cold-ultrasonically extracting at 10 °C to avoid the
volatilization of the analytes. The extract has been filtrated through a
0.45mm PTFE filter (Minisart® Sartorius SRP25, Goettingen, Germany)
to remove particulate and filter traces before instrumental analysis.

During the sampling periods, three field blanks were taken at the
beginning, during and end of the sampling period. Blank samples were
collected by loading, carrying and installing the filter holder in the
instrument with the air pump turned off.

3. Result and discussion

3.1. Quantitative performance

Fig. 1 shows the chromatographic separations carried out with a
Zorbax Extend-C18 column of cis-pinonic and pinic acid and 13C6 va-
nillin (internal standard) using the chromatographic method. The
chromatographic method was achived studying retention time (tR),
peak width (W), number (N), height (HEPT) of theoretical plates,
asymmetry (AS), resolution (RS) and selectivity (α). It was used as
mobile phase water with 0.01% of formic acid and MeOH/ACN 80:20.
Elution was achieved by a linear gradient using as mobile phase water
with 0.01% of formic acid (eluent A) and MeOH/ACN mixtures (eluent
B). Three different eluent B composition were investigated to improve
the chromatographic performance: pure MeOH (method 1), 80:20
MeOH/ACN (method 2) and 50:50 MeOH/ACN (method 3). All the
chromatographic investigations are shown in Supporting material.

The analytical procedure was validated through linear range, in-
strumental limit of detection (LOD), instrumental limit of quantification
(LOQ), procedural blank, method detection limit (MDL), method
quantification limit (MQL), trueness, repeatability and extraction yield.
The internal standard method by isotope dilution was used to quantify
cis-pinonic and pinic acids and labelled 13C6 vanillin was chosen as
internal standard because it demonstrated similar instrumental and pre-
analytical behaviour. The linearity of the calibration curves for of cis-
pinonic acid and pinic acid with labelled 13C6 vanillin as internal
standard was evaluated using a series of standard solutions prepared in
ultrapure water at average concentrations from 0.01 to 50 μg L−1 and a
constant concentration of labelled 13C6 vanillin (15.5 μg L−1). By con-
sidering the ratio between concentration of target acids and internal
standard and the ratio between the relative peak areas, linearity was
evaluated obtaining R2≥ 0.9997. LOD and LOQ values are calculated
as three and ten times the signal-to-noise ratio of the known absolute
amounts of the analysed target compound in a standard solution
(Bliesner, 2006). The LOD values of cis-pinonic and pinic acid are 1.6
and 1.2 ng L−1 while LOQ values are 5.4 and 4.1 ng L−1, respectively.
Parshintsev et al. (2010) obtained a LOD value of 27 and 12 μg L−1,
while Zhang et al. (2010) obtained 3.3 and 0.35 μg L−1, respectively for
cis-pinonic acid and pinic acid. In both of cases the studies were carried
out via HPLC-MS systems and the LOD values of this study are con-
siderable lower than reported literature. Furthermore, to our knowl-
edge, the method has the lowest LOD values compared to previous
studies. The instrumental precision was evaluated and CV% value (re-
ported as a percentage and calculated from the average (A) and stan-
dard deviation (SD), calculated as (SD/A)× 100) was below of 10%.
Due to the lack of certified reference materials for cis-pinonic and pinic
acid in the aerosol or dust, we estimated trueness, precision and re-
covery by analyzing five spiked cleaned aluminium plate and QFF with
63 ng of cis-pinonic acid, 45 ng of pinic acid and 78 ng of 13C6 vanillin.
The quantification was carried out using a response factor in order to
avoid the instrumental signal fluctuations.

Trueness is an important parameter to evaluate during method va-
lidation. It refers to the degree of closeness of the determined value to

Fig. 1. Chromatograms of the target acids and their internal standard from 0 to 20min.
Each ion chromatogram is related to most intense ions of MRM method.

M. Feltracco et al.



the known “true” value. It is expressed as a percent error, calculated as
(Q−T)/T× 100 where Q is the determined value and T is the “true
value”. The error for cis-pinonic acid and pinic acid was calculated
performing the same pre-analytical procedure achieved with the en-
vironmental samples. For the evaluation of the extraction yield to es-
timate the procedural extraction efficiency the isotopically labelled 13C6

vanillin was added after the PTFE filtration. Table 1 shows the vali-
dation values just described for cis-pinonic acid and pinic acid. The
internal standard method provided an error percentage and CV
%< ±10% for each compound. The recovery of the analytical pro-
cedure for the investigated acids ranged between 66 ± 7 and
85 ± 5%; Parshintsev et al. (2010) reached extraction levels from
77 ± 9 to 96 ± 4%: the values are close with the extraction levels of
QFF, but they are higher than aluminium plates. This means that QFF is
a better substrate for extraction. In Table 1 is reported the mean ab-
solute blank amount which was subtracted from the analytical results.
MDL and MQL were evaluated through 5 procedural blanks, i.e. 5
aluminium substrates and 5 quartz substrates in which it has been
added only the 13C6 vanillin after the extraction. The MDL and the MQL
were evaluated as 3 and 10 times the standard deviation of these field
blanks. Even though the fiber filter has a higher MDL compared to the
aluminium plate due its porosity, the values are quite similar to the
procedural blanks, demonstrating a minimal contamination during the
operation before and after the sampling.

3.2. Cis-pinonic and pinic acid in the urban atmospheric aerosol

Cis pinonic and pinic acids were determined in the atmospheric
aerosol collected in the urban area of Mestre-Venice (Italy) from 14th

March to 13th May 2016. The total concentration of each acid, calcu-
lated as the sum of their size distributions in all aerosol samples, has an
average value of 0.3 ngm−3. Cis-pinonic acid was usually found in the
ultrafine fraction (< 56 nm), and its concentrations ranged from below
MDL to 0.9 ngm−3. Instead pinic acid concentrations ranged from
below MDL to 0.8 ngm−3. The concentration values found in this study
are lower of an order of magnitude than the investigation reported in
literature (Fu et al., 2009; Kavouras et al., 1998; Kavouras and
Stephanou, 2002; Kitanovski et al., 2011; Kristensen et al., 2013;
Sheesley and Kenski, 2004; Yu et al., 1999; Zhang et al., 2010)
(Table 2). These authors collected the samples very close to conifers and
deciduous areas, while in the present study the sampling site was just
near a restrict area of deciduous trees. Lamb et al. (1987) demonstrated
how monoterpenes are mostly formed near coniferous and deciduous
trees. However, the formation of the photo-oxidation products follows a
partially unknown mechanism, developing an abundance of SOA
compounds with a wide range particles diameter. The urban location of
aerosol site certainly influences the relative concentrations of photo-
oxidation products of α-pinene, because fine and ultra-fine particles can
be transferred for long distances, according to the atmospheric condi-
tions. Considering the huge distance from coniferous sources and the
features of the long-range particles, the sampling site gives information
about the atmospheric transformations and SOA aging (Robinson et al.,
2007; Rudich et al., 2007). In literature it is demonstrated that the
highest concentrations for cis-pinonic acid and pinic acid are measured
in spring and summer months (Kitanovski et al., 2011; Sheesley and
Kenski, 2004; Zhang et al., 2010). The results of this study agree with
these observations (Fig. 2) for cis-pinonic acid, because it increased its
concentrations form March to May, while pinic acid has a different
behaviour. The major concentrations of cis-pinonic acid have been
found in the three samples of April 26–29 and May 3–6 and May 10–13,
while pinic acid is most concentrated in the collecting periods of March
14–18, 18–22 and May 3–6.

It is known how cis-pinonic acid is a high/semi-volatile compound
(Zhang et al., 2010) and it was detected in the gas and particulate phase
in forests atmosphere (Kavouras et al., 1999, 1998; Kavouras and
Stephanou, 2002; Pio et al., 2001). Fig. 2 and the box-plot diagram of

Fig. 3 show that cis-pinonic acid was only found in the ultrafine par-
ticles (mostly distributed below 56 nm diameter) and this suggests that
it is a typical first-generation reaction product (Jimenez et al., 2009)
with a gas-to-particle process (Anttila et al., 2005; Pio et al., 2006), due
to its abundant presence in the gas phase.

Several studies explained that pinic acid derives from pinonic acid
thought photo-oxidation processes (Lamb et al., 1987; Larsen et al.,
1999; Librando and Tringali, 2005; Noziere et al., 1999). This is well
described in recent smog-chamber experiments where pinic acid con-
centration continues to increase after α-pinene is consumed. This sug-
gests an additional production pathway, with cis-pinonic acid as a
precursor (Zhang et al., 2015). The scientific literature describes pinic
acid as low/semi-volatile compounds that is mainly present in the
submicrometer fraction of ambient aerosols (Alves et al., 2000; Müller
et al., 2012; Pio et al., 2006). Pinic acid can not act as cloud con-
densation nuclei (CCN) as the saturation vapour pressure
(9.5× 10−6 Pa at 24 °C) is significantly above the limit of
1.2× 10−8 Pa (Bilde and Pandis, 2001; Bonn and Moortgat, 2003).
Considering that cis-pinonic acid constitutes efficient CCN in the at-
mosphere (Huff Hartz et al., 2005; O'Dowd et al., 2002), it can undergo
the photo-oxidation in the nucleation mode creating pinic acid that
grows forming fine aerosol with a greater diameter, up to 1 μm (Spurny,
2000). Coarse particles (diameter > 1 μm) are mostly emitted to the
atmosphere during mechanical processes from both natural and an-
thropogenic sources. A further explanation of the presence of pinic acid
in coarse particles might be the result of condensation of pinic acid,
produced by the gas-phase photo-oxidation of cis-pinonic acid, onto
larger existing aerosol particles or of particle coagulation, especially
during long-range transport (Herckes et al., 2006; Wang et al., 2009;
Zangrando et al., 2016, 2013). The feature of the urban area may allow
the atmospheric aging of cis-pinonic acid, as the oxidation of this gas-
phase precursor can generate pinic acid via homogeneous or hetero-
geneous reaction of oxidants such as OH, ozone and NOx (Rudich et al.,
2007; Seinfeld and Pankow, 2003). Cis-pinonic acid is mainly dis-
tributed in the nucleation mode (D < 56 nm). Indeed, it is a high/semi-
volatile compound and does not enhance in terms of dimension or is
transformed to by-products, as the distance from the source areas likely
allow the photo-oxidation degradation. Cis-pinonic acid, being also a
first-generation reaction product (Jimenez et al., 2009) with a gas-to-
particle process (Anttila et al., 2005; Pio et al., 2006), continues to be
distributed in the ultrafine particles undergoing the long-range trans-
port. Conversely, pinic acid follows the nucleation (Aitken, particle
diameter < 0.1 μm), accumulation (particle diameter: 0.1 μm <
D < 1 μm) and coarse (particle diameter > 1 μm) modes (Fig. 3).

In this study cis-pinonic acid and pinic acid don't have a clear cor-
relation with temperature (Figure S-4), probably due to the different
atmospheric conditions undergo by the particles during the transport
processes. Moreover, there is not a clear relationship among the trend
concentrations of the acids and precipitations, relative humidity and

Table 1
Average errors (%), recovery (%), CV%, blank (ng), MDL and MQL (ng).

Compound Error % Recovery % CV% Blank (ng) MDL (ng) MQL (ng)

Aluminium
Cis-

pi-
nonic
acid

5.9 77 ± 1 2 2.3 ± 0.2 0.7 2.5

Pinic acid −9.2 66 ± 7 10 3.1 ± 0.4 1.2 4.1

Quartz QFF
Cis-

pi-
nonic
acid

2.3 80 ± 2 2 3.0 ± 0.8 2.3 7.5

Pinic acid 0.9 85 ± 5 6 2.7 ± 0.6 1.9 6.2
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wind directions and intensity (relative humidity, precipitation and wind
rose are shown in the supporting material, Figure S-2 and S-3). Pio et al.
(2006) has shown, using a cascade impactor, how pinonic and pinic
acids appeared mainly in fine particles (< 0.69 μm diameter): the dis-
tribution differences with this study are due to the distance from the
sources. To our knowledge this is the first study in which we can ob-
serve the behaviour of cis pinonic acid and pinic acid in aged aerosol in
an urban environment.

Clear differences in the concentration values and in the dimensional
distribution of the two acids were observed, suggesting that the

concentrations and the size distributions of these WSOC depend on the
source area and on the age of aerosol (Timonen et al., 2008).

4. Conclusions

In this study a method for the quantification in particulate matter of
two terpenoic acid, cis-pinonic acid and pinic acid, using a HPLC-ESI
(−)-MS/MS system was developed. We obtained a sensitive method
with instrumental detection limits of 1.6 and 1.2 ng L−1, respectively.
To our knowledge, this is the most sensitive method to quantify these

Table 2
Average TSP concentration compared with other studies.

Compound Average conc. ng m−3 Location, sampling period

Cis-pinonic acid 0.3 ± 0.3 Mestre-Venice, Italy, March–May 2016 (this study)
6.26 ± n.d. Alaska, Spring 2009 (Haque et al., 2016)
6.1 ± 0.6 Sierra Nevada Mountains, California, September 2007 (Kristensen et al., 2013)
11 ± 5.6 Sierra Nevada Mountains, California, July 2009 (Kristensen et al., 2013)
5.4 ± 3.5 Ljubljana, Slovenia, February and August 2010 (Kitanovski et al., 2011)
1.22 ± 1.33 Mainz, Germany, May 2006–June 2007 (Zhang et al., 2010)
0.069 ± 0.023 Canadian Arctic, February–June 1991 (Fu et al., 2009)
18 ± 31 SMEARII station, Finland, August 2007 (Parshintsev et al., 2010)
40.5 ± 67.5 Alabama, USA, May 2004–April 2005 (Sheesley and Kenski, 2004)
9.7 ± 11 Pertouli, Greece, August 1998 (Kavouras and Stephanou, 2002)

Pinic acid 0.3 ± 0.2 Mestre-Venice, Italy, March–May 2016 (this study)
5.97 ± n.d. Alaska, Spring 2009 (Haque et al., 2016)
7.6 ± 4.0 Sierra Nevada Mountains, California, September 2007 (Kristensen et al., 2013)
7.1 ± 3.0 Sierra Nevada Mountains, California, July 2009 (Kristensen et al., 2013)
1.4 ± 1.4 Ljubljana, Slovenia, February and August 2010 (Kitanovski et al., 2011)
2.32 ± 2.72 Mainz, Germany, May 2006–June 2007 (Zhang et al., 2010)
0.51 ± 0.40 Canadian Arctic, February–June 1991 (Fu et al., 2009)
1 ± 9 SMEARII station, Finland, August 2007 (Parshintsev et al., 2010)
0.54 ± n.d. Nova Scotia, Canada, July 1996 (Yu et al., 1999)
0.5 ± n.d. San Bernadino, Canada, September 1998 (Yu et al., 1999)
2.4 ± 1.5 Pertouli, Greece, August 1998 (Kavouras and Stephanou, 2002)

Fig. 2. Monthly variations (ng m−3) and fractions distribution (μm) of target acids.

Fig. 3. Box-plot diagram of cis-pinonic acid and pinic acid according to the particles diameter. The line inside the box is referred to the median.
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target acids. The analytical procedure was validated to accurately
quantify these compounds in the aerosol samples though the estimation
of trueness, repeatability and recovery.

The HPLC-MS/MS method developed in this study was applied to
the atmospheric samples collected in Mestre-Venice, to characterise
particle size distribution of cis-pinonic acid and pinic acid. The sam-
pling was conducted using a MOUDI II cascade impactor to discriminate
the particle size from 18 μm to< 0.056 nm. This is the first study about
the characterization of the pinic and cis-pinonic in the ultrafine parti-
cles. During the spring 2017 fourteen different samples demonstrated
that cis-pinonic acid is mostly distributed in the ultra-fine fraction
(below 56 nm diameter) while pinic acid show a steady distribution
among the 12 fractions. Both acids did not show a clear correlation with
the temperature.
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atmosferico raccolto dal 2013 al 2019 a Ny Ålesund, Isole Svalbard, Norvegia. È stata studiata la distribuzione 

dimensionale dell’aerosol, i processi di trasporto e il source apportionment di ioni maggiori, acidi organici, 

amminoacidi liberi e combinati, zuccheri e composti fenolici. È stato inoltre sviluppato un nuovo metodo per 

la determinazione di amminoacidi combinati e prodotti di foto-ossidazione dell’α-pinene in aerosol, per 

comprendere differenze e analogie con gli amminoacidi liberi e le possibili fonti di emissione di questi 

biomarcatori.  

I risultati di questo studio spiegano come i composti idrosolubili siano stati influenzati da eventi di 

combustione di biomasse che si sono verificati nel nord della Russia e in Canada, assieme ad un forte 

contributo delle particelle marine e della fioritura del fitoplancton, soprattutto derivante dal fiordo 

(Kongsfjorden) antistante al sito di campionamento. 

Firma dello studente 

 

_________________ 
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