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Key points:

e Single particle data collected over Saharan desert-Tropical-North Atlantic Ocean.

e Data used to study Saharan dust (SD) and Primary Biogenic Aerosol Particles
(PABP).

e Minor presence of organic nitrogen and alkylamines in SD-PBAB at their origin.

e PBAP are found to be enriched in alkylamines in North Atlantic Ocean air.

e Atmospheric biogeochemical processes may be  responsible for detected

alkylamines.

Keywords: Organic nitrogen, biological particles, ATOFMF, single particle, aerosol aging.
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Abstract

Using a number of datasets from single particle Aerosol Time-Of-Flight Mass Spectrometry
(ATOFMS) measurements, we show only a minor presence of Organic Nitrogen (ON)
species in Saharan dust particles (aerosol size range 0.2-3um) collected at their origin. ON
enhancement is not observed on Saharan dust particles after atmospheric transport (48-
96 hours) either over the Tropical Ocean in the vicinity of Cape Verde, over the North
Atlantic Ocean. In the negative ATOFMS mass spectra, signals due to ON species were
found weaks in biological particles (rich in potassium and phosphate) in their source area,
and signals due to alkylamines in the positive ATOFMS mass spectra were not found. In
striking contrast, biological particles travelling within aerosol dust plumes are found to be
enriched in ON species - including alkylamines - in North Atlantic Ocean air (Mace Head,
Ireland), as seen in both positive and negative ATOFMS mass spectra. Contrary to filter
based aerosol techniques which report ON enrichment within Saharan dust, our single
particle mass spectrometry data - allowing study of the aerosol mixing state - suggests
that the aging biological particles and not the associated transported aging Saharan dust
may be a source of ON species. We suggest biogeochemical processes occurring in the
atmosphere in which biological particles are responsible for ON production. This may be

an important source of nutrients to the ocean via atmospheric deposition.
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1. Introduction

Organic nitrogen (ON) represents a consistent fraction of the total atmospheric nitrogen
and is an ubiquitous component of the atmospheric aerosols (Galloway et al., 2008;
DelLong, E., 2009). Aerosol deposition and in particular the deposition of ON, to marine
environments, where auto- and heterotrophic microbial communities are often nutrient-
limited, may affect community composition, productivity and consequently the marine
carbon cycle, including carbon sequestration (Cornell et al., 2003; Cape et al., 2011).
Organic nitrogen is found as a complex mixture of materials from multiple natural and
anthropogenic sources. Kanakidou et al. (2012) estimated that 45% of the total ON
atmospheric flux to the ocean comes from combustion sources, 32% from primary
biological aerosol particles (PBAP), 1% from soil dust, 20% from ocean primary emissions
and 3% from ocean secondary emissions. However, large uncertainties are associated
with N emissions and the magnitude and impacts of anthropogenic atmospheric nitrogen
inputs on the ocean (Kanakidou et al., 2016; Jickells et al., 2017, Kanakidou et al., 2018).
Altieri et al. (2016) suggested that anthropogenic activity is not a significant source of
organic N to the marine atmosphere over the North Atlantic, despite large pollution
sources present in North America. Other bio-aerosol studies also suggest that PBAP may
account for almost a third of ON in the marine atmosphere (Cote et al. 2008, Tittensor et
al., 2010; Vaitilingom et al. 2013, Krumnis et al. 2014, Miriokefalitakis et al., 2017; Amato
et al. 2017, Santl-Temkiv et al. 2018). A fraction of PBAP may be able to sustain microbial
activity in the atmosphere and could also therefore be involved in atmospheric ON
processing (Hill et al., 2007). For example, Santl-Temkiv et al (2013) suggested that
bacterial cells present in cloud droplets may have been responsible for the process of ON

mineralization to inorganic nitrogen that the studies observed in the clouds.

The correct apportionment of ON sources is particularly important in the marine
atmosphere because of the role that depositing ON plays in enhancing ocean productivity
(Duce et al., 2008). Anthropogenic, agricultural and biomass burning sources of ON are
mainly important in cases when terrestrial air masses travel over marine areas (Jickells et
al., 2013). Less is known of the importance of ON marine emissions. Primary marine

emissions of ON in the form of amino acids and their derivatives have been reported
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(Graber and Rudich, 2006; Altieri et al. 2009; Geddes et al. 2009). Gas-to-particle
secondary organic aerosol reactions of gaseous amines with sulphuric acid have also
been found in marine aerosol over the North Atlantic (Facchini et al., 2008) and Pacific
Ocean (Sorooshian et al. 2008; Miyazaki et al. 2010; 2011). The Tropical NE Atlantic
marine atmosphere presents a peculiarly intricate scenario with a diverse, variable and
complex mixture of ON aerosol sources (Baker et al., 2010). Lesworth et al. (2010)
reported a wide range of ON concentrations associated with both coarse (>1um) and fine
(<1pm) particles, apportioning them to African dust sources and to anthropogenic
emissions from Europe. Other studies carried out in the Eastern Mediterranean (Violaky et
al. 2010; Violaki and Mihalopoulos 2010) also stress that combustion processes and
African dust are an important source of ON. By contrast, ON of marine origin seems to
play a small role in these sub-tropical marine regions (Muller et al., 2009). Although these
studies stress the importance of dust for the marine ON budgets in air, the low sampling
time resolution (1-4 days) and off-line analysis that the authors used, do not allow them to
conclude whether the ON is associated directly with dust particles or with the large
guantities of PBAP that are ejected into the atmosphere with the dust events (Kellogg and
Griffin 2006).

Aside from the complexity and diverse sources of ON, there are also two main issues
associated with sampling and analysing ambient ON aerosols. First, the concentration of
ON is often estimated by measuring concentrations of total nitrogen and subtracting the
concentrations of NO3z and NHas*, which propagates errors from the three individual
species and leads to uncertainties in the ON analytical concentrations. Second, most of
the current measurements are carried out with off-line filter measurements (Sullivan and
Prather, 2005), which do not allow information on the ON mixing state and hence
challenge the aerosol source apportionment. An aerosol population is broadly "internally
mixed" when all single particles have the same chemical composition (equal to the bulk
composition). By contrast, an aerosol population is "externally mixed" when single particles
have a different chemical composition. In order to reduce uncertainty on ON-containing
aerosols, Jickells et al. (2013) stressed the importance of deploying new technologies.
Detection of PBAPs by real-time (RT) techniques for autonomous, online detection and

characterization of PBAP properties has become increasingly important for research
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purposes (Hoffman et al., 2019). Single particle mass spectrometry (SPMS) - techniques
that ablate and ionize single aerosol particles - is capable of PBAP detection, although the
interpretation of SPMS mass spectra is challenging and requires extensive human
interaction. For example, amino acids are ubiquitous compounds with an integral role in
atmospheric bioaerosol compositions (Ge et al., 2011). Previous SPMS identified amino
acids in PBAP particles (Fergenson et al., 2004; Russell et al., 2004; Czerwieniec et al,
2005, Schneider et al., 2011). However, difference in ionization laser wavelengths may
produce different single-particle mass spectra, and therefore, specific markers for amino
acids do not exist.

This study uses state-of-the-art Single Particle Aerosol Time-Of-Flight Mass Spectrometer
(ATOFMS; Su et al., 2004) to shed some light on natural aerosols containing ON species.
The ATOFMS data herein presented allows us to determine if the aerosol population is
internally or externally mixed, a peculiar feature absent in most filtration-based aerosol
sampling techniques (Sullivan and Prather, 2005). It is also worth reminding that the
ATOFMS is a particularly good aerosol instrument for studying amines and organic
nitrogen in general because the LDI laser wavelength (266 nm) ionizes them very
efficiently (Angelino et al., 2001; Dall’Osto et al., 2016; Healy et al., 2015).

The large ATOFMS datasets used in this work were previously used to study the variation
of the mixing state of Saharan dust particles with atmospheric transport (Dall’Osto et al.,
2010a) during the DODO project; and to study the aerosol properties associated with air
masses arriving into the North East Atlantic during the 2008 Mace Head EUCAARI
intensive observing period (Dall’Osto et al., 2010b). The current study aims - for the first
time - to specifically presents an ATOFMS analysis looking at the properties of specific
clusters - including biological particles - and comparing the temporal trends with black
carbon and dimethyl sulphide concentrations across different locations. We focus our
attention on Saharan dust and biological particles found at their origins, as well as on
those sampled during ambient field measurements over both Tropical and North Atlantic
Oceans. The aims of this study include: (1) to elucidate if Saharan dust or the associated
terrestrial PBAP contains ON, (2) to understand if ON in natural aerosols has mainly a
primary or a secondary origin and (3) to discuss whether aerosol aging results in a

degradation or production of ON.
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2. Methodology

2.1 Atmospheric measurements

2.1.1 ATOFMS

We deployed an ATOFMS (Model 3800-100, TSI, Inc.), which collects bipolar mass
spectra of individual aerosol particles. Briefly, ambient aerosol is focused into a narrow
particle beam for sizes between 100 nm and 3 um (vacuum aerodynamic diameter),
following which laser desorption/ionization take place and a positive and a negative single
particle mass spectra are obtained. The mass spectrum is only qualitative because the
peaks intensities depend strongly on the particle matrix, the coupling between the laser
and the particle and the shot to shot variability of the laser (Dall’Osto and Harrison, 2006).
However, recent studies (Jeong et al., 2011) report excellent correlations for inorganic
species (sulfate, nitrate, and ammonium) but weaker ones between total organic and
elemental carbon (EC) detected with ATOFMS and other instruments (Jeong et al., 2011).
Furthermore, using a different approach, Healy et al. (2012, 2013) demonstrated that the
ATOFMS can deliver good quantitative results for Elemental Carbon (EC) and Organic
Carbon (OC) containing particles, when compared with other measurement techniques.
Overall, the ATOFMS gives a measure of particle number as function of size and

chemical composition, allowing the determination of the mixing state.

2.1.2 Dimethyl sulphide (DMS) measurements

DMS measurements were carried during the North Atlantic Marine Boundary Layer
Experiment (NAMBLEX) took place at Mace Head, Ireland during summer 2002 (Lewis et

al.; 2005), further information can be found elsewhere (Heard et al., 2006).

2.1.3 Black Carbon (BC) measurements



232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262

Aerosol absorption (and Black Carbon mass) was measured using both a McGee
Scientific Aethalometer AE-16 and a Multi-Angle Absorption Photometer (MAAP)
(Dall’Osto et al., 2010b).

2.2 Laboratory and field studies

In this study, we utilized previously published Saharan dust ATOFMS data from our
laboratories (Dall’Osto et al., 2010a) for the presence of ON. The Sahara Sahel Dust
Corridor (SSDC) is a huge zone lying between latitudes 12° N and 28° N and running
4000 km east-west from Chad to Mauritania (Moreno et al., 2006). During low wind
conditions, four different samples of SSDC desert soil, road, and aeolian dusts were
collected. A summary of the SSDC locations is discussed elsewhere (Moreno et al., 2006;
Dall'Osto et al., 2010a). Briefly, three dust samples were taken from the Saharan region,
and one from Algeria. Each dust sample was put into a flask in a sonicator, a suspension
of dust particles under filtered lab air flow was created, and single particles mass spectra
were obtained with the ATOFMS. About 1,000 single particle mass spectra were collected

for each of the four dust samples.

For this study, we also utilized ATOFMS datasets collected in two previous field studies.
This gives the possibility to compare single particle mass spectra from airborne particles
with those obtained from the Saharan dust particles analyzed in the laboratory. During
August and September 2002 The North Atlantic Marine Boundary Layer Experiment
(NAMBLEX) took place at Mace Head, Ireland (Heard et al., 2006). The Atmospheric
Research Station at Mace Head allows westerly exposure to the North Atlantic ocean
(clean sector, 180 degrees through west to 300 degrees) and the opportunity to study
atmospheric composition under Northern Hemispheric background conditions. Also, within
the Dust Outflow and Deposition to the Ocean (SOLAS-DODO) project (McConnell et al.
2008), an ATOFMS was deployed during a research cruise (P332) in the vicinity of the
Cape Verde Islands (January-February 2006) on board the research vessel FS Poseidon

as part of the UK-SOLAS programme. The study areas are summarized in Fig. 1:
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e Fig 1, Sites A, B: Four samples of desert soil were collected from several regions of
the Sahara-Sahel Dust Corridor during low wind conditions and analysed in a
laboratory study (4,205 ATOFMS mass spectra, Dall'Osto et al. 2010a).

e Fig 1, Site C: A cruise (research vessel FS Poseidon; P332, Winter 2006) within the
Dust Outflow and Deposition to the Ocean (SOLAS-DODO), where an ATOFMS
collected 187,205 ATOFMS single particle mass spectra (Rijkenberg et al. 2008).

e Fig. 1, Site D: An ATOFMS operated at the Mace Head Atmospheric Research
Station during the North Atlantic Marine Boundary Layer Experiment (NAMBLEX,
Summer 2002) collecting 191,504 ATOFMS single particle mass spectra (Dall'Osto
et al., 2004).

2.3 Data analysis

The ATOFMS data presented cover a large aerosol size range (100-3000 nm) at a high
time resolution (1 hour) which were collected over a large area (Figure 1). ATOFMS single
particle positive and negative mass spectra were imported into YAADA (Yet Another
ATOFMS Data Analyzer, Song et al., 1999) and single-particle mass spectra were
grouped with adaptive resonance theory neural network, ART-2a (learning rate 0.05,
vigilance factor 0.85, and 20 iterations). Further details of the parameters can be found
elsewhere (Dall'Osto and Harrison, 2006). Briefly, the ART-2a area matrix (AM) of a
single particle mass spectra represents the average intensity for each m/z for all particles
within a group, reflecting the typical mass spectra of specific aerosol groups.

Finally, air mass back trajectories of the air masses arriving at the different study areas
were calculated at four arrival times for each day of the campaign (00:00, 06:00, 12:00 and
18:00 UTC), depicting the path taken by the air mass reaching the sampling site over the
previous five days. The back trajectories were run using the on-line HYSPLIT model
developed by the National Oceanic and Atmospheric Administration (NOAA) (Draxler and
Rolph, 2003).

3. Results
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The ART-2a algorithm generated a number of clusters used to describe the ATOFMS
mass spectra. Most of the obtained particle types were associated with anthropogenic
sources (fresh and aged combustion related aerosols), sea salt, ship emissions,
secondary aerosol of inorganic nature, some of which were already discussed elsewhere
(Dall'Osto et al., 2004; 2006, 2010a,b). Table 1 shows a summary of the previous results,
and put it in context with the current specific ON analysis. Table 1 shows that Saharan
dust particles and biological particles were detected in all the ATOFMS datasets
presented. ATOFMS has already proved to be a good tool able to separate dust (mainly
Ca-rich or Al-Si rich) and biological particles (Fergenson et al., 2004; Pratt et al., 2009).
Briefly, biological mass spectral signatures can be differentiated from dust on the basis of
abundant organic and phosphorus ions, as well as a lack of key dust markers, such as
aluminium and silicates. Within the main objective of this work, the ATOFMS is a very
sensitive instrument towards ON (m/z - 26 and m/z -42, due to [CN]" and [CNOJ,
respectively), and many alkylamines (Angelino et al. 2001; Moffet et al. 2008; Pratt et al.
2009; Healy et al., 2015; Dall’Osto et al., 2016).

Figure 2 shows the positive and negative ART-2a ATOFMS mass spectra of dust particles
and PBAP detected at their source (Saharan dust particles collected in Africa; Fig. 2 a, b,
respectively); during the SOLAS-DODO cruise around Cape Verde (Fig. 2 c, d,
respectively) and during the NAMBLEX field study at Mace Head, Ireland (Fig. 2e, f,
respectively). It is clear that ATOFMS mass spectra of Saharan dust particles (Fig. 2 a, c,
e) shows peaks due to most common ion species characteristic of crustal materials
including aluminum (m/z 27 [Al]*), calcium (m/z 40 [Ca]* and 56 [CaO]*), titanium (m/z 48
[Ti]*and 64 [TiO]*), lithium (m/z 7 [Li]*) and iron (54 >*[Fe]* and 56 %/[Fe]*). Peaks for other
metals such as sodium (m/z 23 [Na]*), magnesium (m/z 24 2*[Mg]*, 25 ?°[Mg]*) and
potassium (m/z 39 [K]*) can also be seen. In addition, other peaks for calcium (57
[CaOH]*, 96 [Ca20]* and 113 [(CaO]zH]*) were detected but at low intensity. The negative
particle mass spectra in Figure 2 (a, c, €) show ions from oxygen (m/z -16 %[O], -17 [OH]
), chloride (m/z -35 35[CI],, -37 ¥7[CI]"), phosphate (m/z -63 [PO2]" and m/z -79 [POg3]), a
small abundance of -46 [NOz] ~ and -62 [NOs]". It is important to note that in these Al/Si-
rich Saharan dust particles, peaks of of silicate at m/z -60 [SiOz] and -76 [SiOs]- dominate

the negative spectra. This is further discussed in Dall’Osto et al. (2004, 2010a), where

10
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Al/Si-rich dust particles consistent with Saharan dusts which are dominated by SiO2 and
Al203 (Goudie and Middleton, 2001) were observed.

Few patrticles found in Saharan soil dust samples (<4%) were internally mixed with ON
species. We have previously reported that both organic and organic nitrogen species were
more commonly associated with Saharan dust particles collected in the source region
relative to the atmospheric Saharan dust particles sampled during the two field studies
(SOLAS-DODO and NAMBLEX, Dall'Osto et al. 2010a). It is possible that some of these
ON components may be mineralized (a process by which organic N is converted to plant-
available inorganic forms) during atmospheric transport. This is supported by the
observation that Saharan dust particles with shorter atmospheric residence, i.e. collected
near the Cape Verde Islands (Fig 1, 2c, DODO experiment), showing increased internally
mixed nitrate (possibly mineralized ON). In addition, this can be seen also in the Saharan
dust particles with longer atmospheric residence times, i.e. collected on the coast of
Ireland (Fig. 1, 2e, NAMBLEX experiment) showing also a very high degree of internally
mixed secondary species including nitrate (m/z -46, see also Dall’'Osto et al., 2010a).
Overall, our studies suggest that fresh Saharan dust is not a major source of ON. It is
important to stress that no clear peaks associated to alkylamines (Healy et al., 2015;
Dall’Osto et al., 2016) were detected in any of the Saharan dust particle types (Fig. 2 a, c,
e).

With regard to biological particles, those were detected in all the datasets: the Saharan
soil dust samples and the two ATOFMS ambient field studies (Table 1, Fig. 2). A strong
peak at m/z 39 is usually seen in the positive mass spectra, whereas the negative
spectrum is usually dominated by phosphate [PO2]" m/z -63 and [POs]- m/z -79) and often
also internally mixed with ON species (Pratt et al. 2009). Biological particles detected in
Saharan dust samples and over the Tropical Ocean had a weak signal associated with ON
and amines. Our results - showed in Fig. 2 - suggest that fresh PBAP are lacking in ON
signal, both at their origin (dust samples collected in Africa) and after a few days of
transport (Cape Verde region). By striking contrast, 19% of PBAP detected at Mace Head
were internally mixed with ON compounds. By querying the ATOFMS NAMBLEX dataset,
it was found that the majority (>99%) of the signal due to ON and amines species was
associated with a specific PBAP type (Fig. 2 f), indicating that this is a major source of ON

sampled over the North Atlantic. Additionally, strong peaks of alkylamines are seen in the

11
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positive mass spectra, including m/z 58 [C2HsNH=CHz]*, m/z 59 ([N(CHs)3]* and m/z 86
[(C2Hs)2N=CH2]* (Dall’Osto et al., 2016). The peak of m/z 74 and m/z 104 (potentially
[C2HaNO2]* and [C3HsNOs]*, respectively) were previously attributed to organic nitrogen
peaks including alkylamines (Angelino et al., 2001). A previous study in the city of
Barcelona (Spain) found that m/z 104 was found to be to be linked alkylamines of primary
aerosol origin, whereas m/z 74 alkylamines of secondary aerosol origin (Dall’Osto et al.,
2016). This particle type (Fig. 2 f) presented an aerosol size distribution centred at about
2um, shifted towards an even larger modes than Al-Si Saharan particles (Dall'Osto et al.
2004). An overview the differences in spectra for the PBAP NAMBLEX (aged transported
PBAP) and its origin (PBAP Saharan region) or in the Tropical Ocean (PBAP DODO) can
be seen in Figure 3, which show the subtraction spectrum for PBAP NAMBLEX minus
PBAP DODO (Fig. 4a) and for PBAP NAMBLEX minus PBAP Saharan dust origin (Fig.
4b). The positive ion spectrum for PBAP NAMBLEX is enhanced in organic nitrogen and
alkylamines (m/z 59, 74, 86, 104), whilst the negative is enriched in nitrate peaks (m/z -46,
-62) and organic nitrogen (m/z - 42). A representative ATOFMS single particle mass
spectrum of the PBAP particle carrying ON (Fig. 2 f) is presented in Figure 4, showing a
strong peak at m/z 39 likely to be due to potassium [K], and minor peaks at m/z 23 [Na]
and m/z 56 [Fe] in the positive mass spectra. In the negative mass spectra, ON peaks are
found at m/z -26 [CN] and m/z -42 [CNO], along with phosphate (m/z -63 and m/z -79) and
methanesulfonic acid MSA (m/z -95). The mass spectrum has features that are generally
attributed to vegetative debris (potassium-phosphate) except that it is internally mixed with
ON species. Major ion peaks in the positive mass spectra at m/z 58, 59, 74, 86, and 104,
118 and 154 are all consistent with ON ATOFMS mass spectra peaks detected in previous
field and laboratory studies (Angelino et al. 2001, Moffet el al. 2008, Healy et al., 2015:
Dall’Osto et al., 2016).

In order to investigate the origin of the dominant PBAP associated with ON during
NAMBLEX, we separated the field study sampling period accordingly to three main air
mass categories (marine Tropical, marine Polar-Arctic and European continental Polar —
mT, mP-mA and cP respectively, Dall’'Osto et al. 2010b). We found - as expected - higher
values of BC for cP air masses (209+197 ng m) relative to mT (51+23 ng m-3) and the
very clean mP-mA ones (33+21 ng m3) (Figure 4a). DMS concentrations - by contrast -
were much higher for mT air masses (507+£120 pptV) than for cP (105+£110 pptV) and mP-

12
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mA (140x£120 pptV) (Figure 4b). Other studies (Dall’'Osto et al. 2010b, Bassford et al.
1999) have also indicated that during mT air masses the vast majority of DMS and MSA
observed at the Mace Head site had been transported significant distances from the mid
tropical Atlantic. Figure 4c shows that biological particles were detected at about double
the concentration (t-test, 95%, 1.31+1 and 2.67%2 respectively) for mT relative to cP air
masses. This PBAP type was found in association with Al-Si particles detected in the
same study and attributed to dust particles, mainly detected during mT air masses and to a
lesser extent during cP air masses (Dall’Osto et al 2004, 2010a, Figure 3d). An increase in
microbial concentrations during dust storms has previously been reported and can be two
orders of magnitude higher than under non-dusty conditions (Hara and Zhang 2012,
Yamaguchi et al 2014, Mazar et al. 2016). In conclusion, the PBAP associated with ON
were likely transported to the North Atlantic together with dust events, which may have
originated in the Sahara-Sahel region and travelled over the Tropical Ocean. During their
atmospheric travel time, the PBAP injected with dust events, seem to first be low in ON as
we observed during the SOLAS-DODO measurements and then get enriched with ON with

atmospheric transport as we observed during the NAMBLEX measurements.

4. Discussion and Conclusion

The first conclusion of this study is that (within the 0.2-3um size) the ON aerosol
concentrations reported over the Tropical Ocean - at least during the study period - are
likely to be contained within the terrestrial PBAP travelling in association with Saharan dust
and not with the dust particle themselves. Saharan dust is also not found to be enhanced
in ON species when detected over the North Atlantic. Overall, our single particle mass
spectrometry measurements collected at high time resolution over a large geographical
area, suggest that Saharan dust particles are not rich in ON, either at their origin, or in the
Cape Verde region. The second conclusion of this study is that the PBAP that are injected
into the atmosphere together with dust events are the aerosol particles that contain ON
compounds. Furthermore, it appears that these biological particles get enriched in ON
species during their atmospheric residence. The low associated BC concentrations make

an anthropogenic influence unlikely.
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Previous ATOFMS studies discovered existence of different ON groups (alkylamines,
proteins, amino acids etc.) in aerosols and reported their involvement in atmospheric
processes, including indoor tobacco smoke (Dall’Osto et al., 2007), cloud/fog processing
(Rehbein et al., 2011), primary traffic pollution (Angelino et al., 2001; Dall'Osto et al.,
2016), non-salt organic aerosol products through reaction with oxidizing agents (Murphy et
al., 2007, Pratt et al., 2009) and marine aerosol reactions (Dall’Osto et al., 2012; Healy et
al., 2015). However, it is important to note that - in this study - ON was found internally
mixed with biological particles and externally mixed with other aerosols, therefore we can
conclude that ON is not formed by condensation of secondary semi-volatile organic
nitrogen species as these compounds would condense on the whole aerosol population.

An explanation for the ON enrichment of the aging PBAP can only be speculative at this
stage. Previous studies have demonstrated that viable airborne micro-organisms present
in the atmosphere can contribute to atmospheric chemistry through degradation
processes, as well as chemical change due to the release or desorption of molecules from
microbiological entities (Deguillaume et al. 2008; Cote et al., 2008). Airborne metabolically
active microorganisms, for example fungal and bacterial cells, can transform chemical
constituents of the atmosphere by metabolic activity and have been implicated in the
nitrogen and carbon cycling in clouds (Hill et al. 2007, Cote et al 2008, Vaitilingom et al
2013, Krumnis et al. 2014, Amato et al 2017, Santl-Temkiv et al 2018). Nitrogen can be
microbially incorporated into organic compounds through the processes of fixation and
assimilation. Different prokaryotes - including Cyanobacteria - which are commonly found
in the atmosphere (reviewed in Genitsaris et al. 2011), are capable of nitrogen fixation and
can convert atmospheric nitrogen into biologically accessible ammonia. Assimilation of
inorganic nitrogen is performed by diverse bacteria and fungi, who can convert nitrate and
ammonia into different forms of ON. It is not known at this stage if the association of ON
with aging biological particles is due to the metabolic activity of microorganisms externally
mixed with Saharan dust plumes, which have travelled to the North Atlantic region. The
long distance transport of microorganisms with dust particles has been shown to
negatively affect the viability of microbial cells as <40% of all bacterial cells were found
viable compared to >70% of non-dust-associated cells (Hara and Zhang 2012). Despite

this, the absolute number of viable microorganisms travelling with dust storms remained
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high. It may be that these viable microbial cells may maintain their metabolic activity and
affect the atmospheric nitrogen cycle. Further multidisciplinary studies on the impact of
airborne micro-organisms and possible chemical mechanisms are recommended to

underpin these findings.

Another possible explanation is that the biological particles enriched in ON have a marine
origin. However, we detected such biological particles mainly during dust events. Usually,
concentration of bacteria over the sea are much lower than over land, and higher
concentrations of aerosolized microorganisms during dust events relative to clean
background marine conditions are normally observed (Kellog and Griffin 2006, Prospero et
al., 2005; Griffin et al., 2006). Furthermore, the ATOFMS mass spectra of ocean-derived
particle types are enriched in elements (mainly Na and Mg, Gaston et al., 2011) not found

in the biological particles reported in this study.

In conclusion, using on-line single particle aerosol mass spectrometry, we show that fresh
and aged Saharan dust aerosols are not a major source of ON. Furthermore, we find that
biological particles — likely of terrestrial origin — are enriched in ON during atmospheric
transport. We hypothesize that microbial processes may generate ON through nitrogen
fixation and assimilation during the atmospheric residence of microbial cells, which results
in an enrichment of ON compounds within the cell. Coarser particles possess higher dry
deposition rates and such microorganisms internally mixed with ON may be an important
source of nitrogen, which is an essential nutrient in North Atlantic Ocean marine
ecosystems. Gonzalez Benitez et al. (2009) found that dry deposition of particles was the
main contributor of N-containing species in bulk rain samples, which were not strongly
associated with either combustion or agricultural sources alone (Gonzalez Benitez et al.
2010). Our data do not rule out a suggestion that SOA production of amines is important
for the marine atmosphere when considering the fine particle mode (Facchini et al. 2008,
Muller et al. 2009), but we propose an additional source for the total ON concentrations in
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the coarse aerosols mode that has a natural origin. Further studies are needed in order to
validate the event reported in this study.

Acknowledgements

We express our gratitude to the Master and crew of FS Poseidon for support during the
cruise. Both the Mace Head sampling and DODO cruise were supported financially by the
U.K. Natural Environment Research Council. This work was also funded by the Ireland
Higher Education Authority Program for Research in Third Level Institutes — Cycle 5. We
thank Dr. A. Lewis for DMS data, as discussed in Heard et al. (2015). The study was also
supported by the Spanish Ministry of Economy through project PI-ICE (CTM2017-89117-
R) and the Ramon y Cajal fellowship (RYC-2012-11922).

References

Amato, P., Joly, M., Besaury, L., Oudart, A., Taib, N., Mone, A.l., Deguillaume, L., Delort,
A.M., Debroas, D., 2017. Active microorganisms thrive among extremely diverse
communities in cloud water. PLoS One 12 e01828609.

Angelino, S.; Suess, D. T.; Prather, K. A., 2001 Formation of aerosol particles from
reactions of secondary and tertiary alkylamines: Characterization by aerosol time-of-flight
mass spectrometry. Environ. Sci. Technol., 35 (15), 3130-3138.

Altieri, K. E., B. J. Turpin and S. P. Seitzinger, 2009. "Composition of Dissolved Organic

Nitrogen in Continental Precipitation Investigated by Ultra-High Resolution FT-ICR Mass
Spectrometry.” Environmental Science & Technology 43(18): 6950-6955.

16



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

Altieri, K. E., Fawcett, S. E., Peters, A. J., Sigman, D. M., and Hastings,M. G.: Marine
biogenic source of atmospheric organic nitrogen in the subtropical North Atlantic, 2016, P.
Natl. Acad. Sci. USA, 113, 925-930, https://doi.org/10.1073/pnas.1516847113.

Baker, A. R., T. Lesworth, C. Adams, T. D. Jickells, and L. Ganzeveld, 2010, Estimation of
atmospheric nutrient inputs to the Atlantic Ocean from 50°N to 50°S based on large scale
field sampling: Fixed nitrogen and dry deposition of phosphorus, Global Biogeochem.
Cycles, 24, GB3006, doi:10.1029/2009GB003634.

Bassford, M. R., Nickless, G., Simmonds, P. G., Lewis, A. C., Pilling, M. J., and Evans, M.
J., 1999. The concurrent observation of methyl iodide and dimethyl sulphide in marine air;
implications for sources of atmospheric methyl iodide, Atmos. Environ., 33, 2373-2383.

Cape JN, Cornell SE, Jickells TD, Nemitz E. 2011 Organic nitrogen in the atmosphere—
where does it come from? A review of sources and methods. Atmos. Res. 102, 30-48.
(doi:10.1016/j.atmosres.2011.07.009)

Cornell S.E., Jickells T.D., Cape J.N., Rowland A.P., Duce R.A.,2003. Organic nitrogen
deposition on land and coastal environments: a review of methods and data, Atmospheric
Environment, 37 2173-2191.

Cote, G., Kos, R., Mortazavi, P., and Ariya, P. A., 2008 Microbial and “de novo”
Transformation of Dicarboxylic Acids by Three Airborne Fungi, Sci. Total Environ., 340,
530-532.

Czerwieniec, G. A., S. C. Russell, H. J. Tobias, M. E. Pitesky, D. P. Fergenson, P. Steele,
A. Srivastava, J. M. Horn, M. Frank, E. E. Gard, et al. 2005. Stable isotope labeling of
entire Bacillus atrophaeus spores and vegetative cells using bioaerosol mass
spectrometry. Anal. Chem. 77 (4):1081-1087. doi:10.1021/ac0488098

Dall’'Osto, M., Beddows, D.C.S., Kinnersley, R.P., Harrison, R.M., Donovan, R.J. and Heal
M.R., 2004. Characterization of individual airborne particles by using Aerosol Time-of-
Flight Mass Spectrometry (ATOFMS) at Mace Head, Ireland. Journal of Geophysical
Research 109, D21302, doi: 10.1029/2004/JD004747.

Dall'Osto, M. and Harrison R.M., 2006. Chemical characterisation of single airborne
particles in Athens (Greece) by ATOFMS. Atmospheric Environment 40(39): 7614.

Dall’Osto, M., Harrison, R. M., Charpantidou, E., Loupa, G., and Rapsomanikis, S., 2007:
Characterisation of indoor airborne particles by using real-time aerosol mass spectrometry,
Sci. Total Environ.,384, 120-133.

Dall'Osto,M.; R. M. Harrison, E. J. Highwood, C. O'Dowd, D. Ceburnis, X. Querol, E. P.
Achterberg, 2010a. Variation of the mixing state of Saharan dust particles with
atmospheric transport, Atmospheric Environment, Volume 44, Issue 26Pages 3135-3146,
ISSN 1352-2310, DOI: 10.1016/j.atmosenv.2010.05.030.

17



571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617

Dall'Osto, M., Ceburnis, D., Martucci, G., Bialek, J., Dupuy, R., Jennings, S. G.,
Berresheim, H., Wenger, J., Healy, R., Facchini, M. C., Rinaldi, M., Giulianelli, L., Finessi,
E., Worsnop, D., Ehn, M., Mikkila, J., Kulmala, M., and O'Dowd, C. D., 2010b. Aerosol
properties associated with air masses arriving into the North East Atlantic during the 2008
Mace Head EUCAARI intensive observing period: an overview, Atmos. Chem. Phys., 10,
8413-8435, doi:10.5194/acp-10-8413-2010.

Dall'Osto, M., Ceburnis, D., Monahan, C., Worsnop, D. R., Bialek,J., Kulmala, M., Kurtén,
T., Ehn, M., Wenger, J., Sodeau,J., Healy, R., and O’'Dowd, C., 2012: Nitrogenated and
aliphatic organic vapors as possible drivers for marine secondary organic aerosol growth,
J. Geophys. Res.-Atmos., 117, D12311, doi:10.1029/2012JD017522

Dall'Osto, M., Beddows, D. C. S., McGillicuddy, E. J., Esser-Gietl, J. K., Harrison, R. M.,
and Wenger, J. C., 2016. On the simultaneous deployment of two single-particle mass
spectrometers at an urban background and a roadside site during SAPUSS, Atmos.
Chem. Phys., 2016, 16, 9693-9710, https://doi.org/10.5194/acp-16-9693.

Deguillaume, L., Leriche, M., Amato, P., Ariya, P. A., Delort, A.-M., Pdschl, U.,
Chaumerliac, N., Bauer, H., Flossmann, A. I., and Morris, C. E.,2008. Microbiology and
atmospheric processes: chemical interactions of primary biological aerosols,
Biogeosciences, 5, 1073-1084, doi:10.5194/bg-5-1073-2008.

DelLong, E. 2009 The microbial ocean from genomes to biomes. Nature 459, 200-206.
(d0i:10.1038/nature08059)

Draxler, R. R. and Rolph, G. D., 2003. HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectory) model v 4.9, NOAA Air Resource Laboratory, Silver Spring MD,
available at: http://www. arl.noaa.gov/ready/hysplit4.html.

Duce, R.A., La Roche, J., Altieri, K., Arrigo, K.R., Baker, A.R., Capone, D.G., Cornell, S.,
Dentener, F., Galloway, J., Ganeshram, R.S., Geider, R.J., Jickells, T., Kuypers, M.M.,
Langlois, R., Liss, P.S., Liu, S.M., Middleburg, J.J., Moore, C.M., Nickovic, S., Oschlies,
A., Pedersen, T., Prospero, J., Schlitzer, R., Seitzinger, S., Sorensen, L.L., Uematsu, M.,
Ulloa, O., Voss, M., Ward, B., Zamora, L., 2008. Impacts of atmospheric anthropogenic
nitrogen on the open ocean. Science 320, 893e897

Facchini, M. C., S. Decesari, M. Rinaldi, C. Carbone, E. Finessi, M. Mircea, S. Fuzzi, F.
Moretti, E. Tagliavini, D. Ceburnis and C. D. O'Dowd, 2008. "Important Source of Marine
Secondary Organic Aerosol from Biogenic Amines." Environmental Science & Technology
42(24): 9116-9121.

Fergenson, D. P., Pitesky, M. E., Tobias, H. J., Steele, P. T., Czerwieniec, G. A., Russell,
D. H., Lebrilla, C. B., Horn, J. M., Coffee, K. R., Srivastava, A., Pillai, S. P., Shih, M.-T.

P., Hall, H. L., Ramponi, A. J., Chang, J. T., Langlois, R. G., Estacio, P. L., Hadley, R. T.,
Frank, M. and Gard, E. E., 2004, Reagentless Detection and Classification of Individual
Bioaerosol Particles in Seconds, Anal. Chem., 76, 373-378.

18



618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640

641
642

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

Huffman, J. A., A. E. Perring, N. J. Savage, BernaB.rd Clot, B. Crouzy, F. Tummon, Ofir
Shoshanim, B. Damit, J. Schneider, V. Sivaprakasam, M. A. Zawadowicz, |. Crawford, M.
Gallagher, D. Topping, D. C. Doughty, S. C. Hill & Y. Pan (2019): Real-time sensing of
bioaerosols: Review and current perspectives, Aerosol Science and Technology, DOI:
10.1080/02786826.2019.1664724

Galloway, J. N., A. R. Townsend, J. W. Erisman, M. Bekunda, Z. Cai, J. R. Freney, L. A.
Martinelli, S. P. Seitzinger, and M. A. Sutton, 2008, Transformations of the nitrogen cycle:
Recent trends, questions, and potential solutions, Science, 320, 889-892,
doi:10.1126/science.1136674.

Gaston, C. J., H. Furutani, S. A. Guazzotti, K. R. Coffee, T. S. Bates, P. K. Quinn, L. I.
Aluwihare, B. G. Mitchell, and K. A. Prather, 2011. Unique ocean-derived particles serve
as a proxy for changes in ocean chemistry, J. Geophys. Res., 116, D18310,
doi:10.1029/2010JD015289.

Ge, X., Wexler, A. S., and Clegg, S. L.: Atmospheric amines — Part I: A review, Atmos.
Environ., 45, 524-546, 2011.

Geddes, S; Zahardis, J; Petrucci, GA., 2009. Chemical transformations of peptide
containing fine particles: oxidative processing, accretion reactions and implications to the
atmospheric fate of cell-derived materials in organic aerosol. J Atmos. Chem. 63:187-202
DOI 10.1007/s10874-010-9161-2

Genitsaris, S., Kormas, K. & Moustaka-Gouni, 2011. M. Airborne Algae and
Cyanobacteria: Occurrence and Related Health Effects Savvas. Front Biosci 1, 772—-787.

Gonzalez Benitez, J.M., Cape, J.N., Heal, M.R., van Dijk, N., Diez, A.V., 2009.
Atmospheric nitrogen deposition in south-east Scotland: quantification of the organic
nitrogen fraction in wet, dry and bulk deposition. Atmospheric Environment 43,
4087e4094.

Gonzalez Benitez, J.M., Cape, J.N., Heal, M.R., 2010. Gaseous and particulate water-
soluble organic and inorganic nitrogen in rural air in southern Scotland, Atmos. Environ.
44, 1506-1514.

Goudie, A. S., and N. J. Middleton (2001), Saharan dust storms: Nature and
consequences, Earth Sci. Rev., 56(1— 4), 179-204.

Graber, E. R. and Rudich, Y., 2006. Atmospheric HULIS: How humic-like are they? A
comprehensive and critical review, Atmos. Chem. Phys., 6, 729-753, doi:10.5194/acp-6-
729-2006.

Griffin, D., Westphal, D., and Gray, M., 2006. Airborne microorganisms in the African

desert dust corridor over the mid-Atlantic ridge, Ocean Drilling Program, Leg 209,
Aerobiologia, 22, 211-226.

19



662
663

664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

Hara, K. & Zhang, D., 2012. Bacterial abundance and viability in long-range transported
dust. Atmos. Environ. 47, 20-25.

Healy, R. M., Sciare, J., Poulain, L., Kamili, K., Merkel, M., Muller, T., Wiedensohler, A.,
Eckhardt, S., Stohl, A., Sarda-Esteve, R., McGillicuddy, E., O'Connor, I. P., Sodeau, J. R.,
and Wenger, J. C, 2012.: Sources and mixing state of size-resolved elemental carbon
particles in a European megacity: Paris, Atmos. Chem. Phys., 12, 1681-1700,
https://doi.org/10.5194/acp-12-1681-2012.

Healy, R. M., Sciare, J., Poulain, L., Crippa, M., Wiedensohler, A., Prévot, A. S. H.,
Baltensperger, U., Sarda-Estéve, R., McGuire, M. L., Jeong, C.-H., McGillicuddy, E.,
O'Connor, I. P., Sodeau, J. R., Evans, G. J., and Wenger, J. C, 2013: Quantitative
determination of carbonaceous particle mixing state in Paris using single-particle mass
spectrometer and aerosol mass spectrometer measurements, Atmos. Chem. Phys., 13,
9479-9496, https://doi.org/10.5194/acp-13-9479-2013.

Healy, R.M., Evans, G.J., Murphy, M., Sierau, B., Arndt, J., McGillicuddy, E., O'Connor,
I.P., Sodeau, J.R., Wenger, J.C, 2015 Single-particle speciation of alkylamines in ambient
aerosol at five European sites. Anal. Bioanal. Chem, 407, 5899-5909

Heard, D.E., Read, K.A., Methven, J., Al-Haider, S., Bloss, W.J., Johnson, G.P., Pilling,
M.J., Seakins, P.W., Smith, S.C., Sommariva, R., Stanton, J.C., Still, T.J., Ingham, T., B
rooks, B., De Leeuw, G., Jackson, A.V., McQuaid, J.B., Morgan, R., Smith, M.H.,
Carpenter, L.J., Carslaw, N., Hamilton, J., Hopkins, J.R., Lee, J.D., Lewis, A.C., Purvis,
R.M., Weuvill, D.J., Brough, N., Green, T., Mills, G., Penkett, S.A., Plane,J.M.C., Saiz-
Lopez, A., Worton, D., Monks, P.S., Fleming, Z., Rickard, A.R.,Alfarra, M.R., Allan, J.D.,
Bower, K., Coe, H., Cubison, M., Flynn, M., McFiggans, G.,Gallagher, M., Norton, E.G.,
O’Dowd, C.D., Shillito, J., Topping, D., Vaughan, G.,Williams, P., Bitter, M., Ball, S.M,,
Jones, R.L., Povey, .M., O'Doherty, S.,.Simmonds, P.G., Allen, A., Kinnersley, R.P.,
Beddows, D.C.S., Dall’Osto, M.,Harrison, R.M., Donovan, R.J., Heal, M.R., Jennings,
S.G., Noone, C., Spain, G.,2006. The North Atlantic Marine Boundary Layer Experiment
(NAMBLEX). Overview of the campaign held at Mace Head, Ireland, in summer 2002.
Atmospheric Chemistry and Physics 6, 241e2272.

Hill, K. A., Shepson, P. B., Galbavy, E. S., Anastasio, C., Kourtev, P. S., Konopka, A. &
Stirm, B. H. 2007 Processing of atmospheric nitrogen by clouds above a forest
environment. J. Geophys. Res. 112, 1-16. (doi:10. 1029/2006JD008002)

Jeong, C.-H., McGuire, M. L., Godri, K. J., Slowik, J. G., Rehbein, P. J. G., and Evans, G.
J., 2011. Quantification of aerosol chemical composition using continuous single particle
measurements, Atmos. Chem. Phys., 11, 7027-7044, doi:10.5194/acp-11-7027-2011.

Kanakidou, M., Duce, R.A., Prospero, J.M., Baker, A.R., Benitez-Nelson, C., Dentener,
F.J., Hunter, K.A,, Liss, P.S., Mahowald, N., Okin, G.S., Sarin, M., Tsigaridis, K., Uematsu,
M., Zamora, L.M., Zhu, T., 2012. Atmospheric fluxes of organic N and P to the global
ocean. Glob. Biogeochem. Cycles 26, 1-12. https://doi.org/10.1029/2011GB004277.

Kanakidou, M., Myriokefalitakis, S., Daskalakis, N., Fanourgakis, G., Nenes, A., Baker,

20



709
710
711
712
713
714
715
716
717
718

719
720
721

722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739

740
741
742

743
744
745
746
747
748
749
750
751
752

A.R., Tsigaridis, K., Mihalopoulos, N., 2016. Past, present, and future atmospheric
nitrogen deposition. J. Atmos. Sci. 73, 2039-2047. https://doi.org/10.1175/JAS-D-
15-0278.1.

Kanakidou, M., Myriokefalitakis, S., Tsigaridis, K., 2018. Aerosols in atmospheric
chemistry and biogeochemical cycles of nutrients. Environ. Res. Lett. 13, 1-22. https://doi.
0rg/10.1088/1748-9326/aabcdb

Kellogg, C. A. and Griffin, D.W., 2006: Aerobiology and the global transport of desert dust,
Trends Ecol Evol, 21, 638-644, doi: 10.1016/j.tree.2006.07.004.

Krumins, V., Mainelis, G., Kerkhof, L. J. & Fennell, D. E., 2014. Substrate-Dependent
rRNA Production in an Airborne Bacterium. Environ. Sci. Technol. Lett. 376-381.
doi:dx.doi.org/10.1021/ez500245y

Jickells T, Baker AR, Cape JN, Cornell SE, Nemitz E., 2013. The cycling of organic
nitrogen through the atmosphere. Philos Trans R Soc Lond B Biol Sci. May
27;368(1621):20130115. doi: 10.1098/rstb.2013.0115.

Jickells, T. D., Buitenhuis, E. T., Altieri, K., Baker, A. R., Capone,D., Duce, R. A,,
Dentener, F., Fennel, K., Kanakidou, M.,LaRoche, J., Lee, K., Liss, P. S., Middelburg, J.
J., Moore, J.K., Okin, G., Oschlies, A., Sarin, M., Seitzinger, S., Sharples, J.,Singh, A.,
Suntharalingam, P., Uematsu, M., and Zamora, L. M. 2017:A re-evaluation of the
magnitude and impacts of anthropogenicatmospheric nitrogen inputs on the ocean, Global
Biogeochem.Cy., 31, 289-305, https://doi.org/10.1002/2016GB005586

Lesworth, T., A. R. Baker, and T. Jickells, 2010. Aerosol organic nitrogen over the remote
Atlantic Ocean, Atmos. Environ., 44, 1887-1893.

Lewis, A. C., Hopkins, J. R., Carpenter, L. J., Stanton, J., Read, K. A., and Pilling, M. J.,
2005. Sources and sinks of acetone, methanol, and acetaldehyde in North Atlantic marine
air, Atmos. Chem. Phys., 5, 1963-1974http://www.atmos-chemphys. net/5/1963/2005/

Mazar, Y., Cytryn, E., Erel, Y. & Rudich, Y., 2016. Effect of Dust Storms on the
Atmospheric Microbiome in the Eastern Mediterranean. Environ. Sci. Technol. 50, 4194—
4202.

McConnell, C.L., Highwood, E.J., Coe, H., Formenti, P., Anderson, B., Osborne, S.,Nava,
S., Desboeufs, K., Chen, G., Harrison, M.A.J., 2008. Seasonal variations of the physical
and optical characteristics of Saharan dust: Results from the Dust Outflow and Deposition
to the Ocean (SOLAS-DODO) experiment. Journal of Geophysical Research-Atmospheres
113, D14.

Myriokefalitakis, S., Fanourgakis, G., Kanakidou, M., 2017. The contribution of bioaerosols
to the organic carbon budget of the atmosphere. In: In: Karakostas, T.S. (Ed.),
Perspectives on Atmospheric Sciencespp. 845-851. Switzerland. https://doi.org/10.
1007/978-3-319-35095-0.

21



753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799

Miyazaki, Y., K. Kawamura, and M. Sawano, 2010. Size distributions of organic nitrogen
and carbon in remote marine aerosols: Evidence of marine biological origin based on their
isotopic ratios, Geophys. Res. Lett., 37, LO6803, doi:10.1029/2010GL042483.

Miyazaki, Y., Kawamura, K., Jung, J., Furutani, H., and Uematsu, M., 2011 Latitudinal
distributions of organic nitrogen and organic carbon in marine aerosols over the western
North Pacific, Atmos. Chem. Phys., 11, 3037-3049, doi:10.5194/acp-11-3037-2011.

Moffet, R. C., de Foy, B., Molina, L. T., Molina, M. J., and Prather, K. A, 2008.:
Measurement of ambient aerosols in northern Mexico City by single particle mass
spectrometry, Atmos. Chem. Phys., 8, 4499-4516, doi:10.5194/acp-8-4499-2008.

Moreno, T., Querol, X., Castillo, S., Alastuey, A., Cuevas, E., Herrmann, L., Mounkaila, M.,
Elvira, J., Gibbons, W., 2006. Geochemical variations in aeolian mineral particles
from the Sahara-Sahel Dust Corridor. Chemosphere 65 (2), 261e270

Muller, C., Y. linuma, J. Karstensen, D. van Pinxteren, S. Lehmann, T. Gnauk and H.
Herrmann, 2009. "Seasonal variation of aliphatic amines in marine sub-micrometer
particles at the Cape Verde islands.”" Atmospheric Chemistry And Physics 9(24): 9587-
9597.

Murphy, S. M., Sorooshian, A., Kroll, J. H., Ng, N. L., Chhabra,P., Tong, C., Surratt, J. D.,
Knipping, E., Flagan, R. C., and Seinfeld,J. H.,2007: Secondary aerosol formation from
atmospheric reactions of aliphatic amines, Atmos. Chem. Phys., 7, 2313-
2337,d0i:10.5194/acp-7-2313-2007

Pratt, K. A., Hatch, L. E., and Prather, K. A.,2009: Seasonal volatility dependence of
ambient particle phase amines, Environ. Sci. Technol., 43, 5276-5281,.

Pratt, K., P. J. DeMott, J. R. French, Z. Wang, D. L. Westphal, A. J. Heymsfield, C. H.
Twohy, A. J. Prenni & K. A. Prather, 2009 In situ detection of biological particles in cloud
ice-crystals. Nature Geoscience, DOI: 10.1038/ngeo521

Prospero, J., Blades, E., Mathison, G., and Naidu, R., 2005. Interhemispheric transport of
viable fungi and bacteria from Africa to the Caribbean with soil dust, Aerobiologia, 21, 1—
19.

Rehbein, P. J. G., Jeong, C.-H., McGuire, M. L., Yao, X., Corbin, J.C., and Evans, G. J..
2011: Cloud and fog processing enhanced gas-toparticle partitioning of trimethylamine,
Environ. Sci. Technol., 45, 4346, doi:10.1021/ES1042113

Rijkenberg, M.J.A., Powell, C.F., Dall'Osto, M., Nielsdottir, M.C., Patey, M.D., Hill, P.G.,
Baker, A.R., Jickells, T.D., Harrison, R.M. and Achterberg, E.P., 2008. Changes in iron
speciation following a Saharan dust event in the tropical North Atlantic Ocean. Marine
Chemistry 110(1-2), 56-67.

22



800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847

Russell, S. C., G. Czerwieniec, C. Lebrilla, H. Tobias, D. P. Fergenson, P. Steele, M.
Pitesky, J. Horn, A. Srivastava, M. Frank, et al. 2004. Toward understanding the ionization
of biomarkers from micrometer particles by bioaerosol mass spectrometry. J. Amer. Soc.
Mass Spectr. 15 (6):900-909. doi:10.1016/j.jasms.2004.02.013

Santl-Temkiv, T., Finster, K., Dittmar, T., Hansen, B. M., Thyrhaug,R., Nielsen, N. W., and
Karlson, U. G, 2013.: Hailstones: a windowinto the microbial and chemical inventory of a
storm cloud, PLoOSONE, 8, €53550, do0i:10.1371/journal.pone.0053550, 2013

Santl-Temkiv, T., Gosewinkel, U., Starnawski, P., Lever, M. & Finster, K., 2018. Aeolian
dispersal of bacteria in southwest Greenland: their sources, abundance, diversity and
physiological states. Fems Micriobiology Ecol.doi:10.1093/femsec/fiy031

Schneider, J., Freutel, F., Zorn, S. R., Chen, Q., Farmer, D. K., Jimenez, J. L., Martin, S.
T., Artaxo, P., Wiedensohler, A., and Borrmann, S, 2011: Mass-spectrometric identification
of primary biological particle markers and application to pristine submicron aerosol
measurements in  Amazonia, Atmos. Chem. Phys., 11, 11415-11429,
https://doi.org/10.5194/acp-11-11415-2011.

Song, X. H., Hopke, P. K., Fergenson, D. P.and Prather, K. A., 1999 Classification of
single particles analyzed by ATOFMS using an artificial neural network, ART-2A, Anal.
Chem., 71(4), 860-865.

Sorooshian, A., Padrd, L. T., Nenes, A., Feingold, G., McComiskey, A., Hersey, S. P.,
Gates, H., Jonsson, H. H., Miller, S. D., Stephens, G. L., Flagan, R. C., and Seinfeld, J. H.,
2009. On the link between ocean biota emissions, aerosol, and maritime clouds: Airborne,
ground, and satellite measurements off the coast of California, Global Biogeochem. Cy.,
23, GB4007, d0i:10.1029/2009GB003464.

Sullivan, R.C., Prather, K.A., 2005. Recent Advances in our understanding of atmospheric
chemistry and climate made possible by on-line aerosol analysis intrumentation. Analytical
Chemistry 77 (12), 3861e3885.

Su, Y. X,, Sipin, M. F., Furutani, H., and Prather, K. A., 2004. Development and
Characterization of an Aerosol Time-of-Flight Mass Spectrometer with Increased Detection
Efficiency, Anal. Chem., 76, 712—-719.

Tittensor, D. P., Mora, C., Jetz,W., Lotze, H. K., Ricard, D., Vanden Berghe, E. & Worm, B.
2010 Global patterns and predictors of marine biodiversity across taxa. Nature 466, 1098—
1101. (doi:10.1038/nature09329)

Vaitilingom,M.,Attard,E.,Gaiani,N.,Sancelme,M.,Deguillaume,L.,Flossmann,A.l.,Amato,P.,
Delort,A.-M.,2012.Long-term features of cloud
microbiologyatthePuydeDome(France).Atmos.Environ.56,88—100.Vaitilingom, M.,
Deguillaume, L., Vinatier, V., Sancelme, M., Amato, P.,Chaumerliac, N., Delort, A.-M.,
2013.Potential impact of microbial activityon the oxidant capacity and organic carbon
budget in clouds. Proc. Natl.Acad. Sci. U. S. A. 110, 559-564.

23



848
849
850
851
852
853
854
855

856
857

858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893

Violaki, K. and N. Mihalopoulos, 2010. "Water-soluble organic nitrogen (WSON) in size-
segregated atmospheric particles over the Eastern Mediterranean." Atmospheric
Environment 44(35): 4339-4345.

Violaki, K., Zarbas, P., Mihalopoulos, N., 2010. Long-term measurements of dissolved
organic nitrogen (DON) in atmospheric deposition in the Eastern Mediterranean: fluxes,
origin and biogeochemical implications. Marine Chemistry 120, 181-188

Yamaguchi, N., Ichijo, T., Baba, T. & Nasu, M. 2014. Long-range Transportation of
Bacterial Cells by Asian Dust. 36, 145-151.

24



894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941

LIST OF TABLES AND FIGURES

Table 1. ATOFMS particle clusters identified from the Saharan dust soil samples and from
the NAMBLEX and DODO ambient field studies.

Figure 1 Map of sampling locations: (A-B) shows the Saharan dust samples locations; Air
mass arriving at Cape Verde (C) are for of a 5-day air mass back trajectory at mid-day at
500 m above the position of the ship during the dust event on 4 Feb 2006, (D) an marine
Tropical (mT) air mass arriving at Mace Head (Ireland) at 12:00 LT on 8 December 2002
(Dall'Osto et al. 2004, Rijkenberg el al. 2008, Dall’Osto et al. 2010b). Aerosol transport
time between point C and D was estimated to be 3-4 days from air mass trajectories
analysis. Green and orange circles shows Saharan dust particles (Dust, orange) and
primary biological aerosol particles (Bio, green). In point (D) these are enriched - with
transport - in secondary organic aerosols (SOA, Dall'Osto et al., 2010a) and in Organic
Nitrogen (ON, this study).

Figure 2 Positive (+) and negative (-) ART-2a ATOFMS mass spectra of Saharan dust
particles and PBAP detected during Saharan origin (a, b, respectively); SOLAS-DODO
cruise around Cape Verde (c, d, respectively) and NAMBLEX at Mace Head (e, f,
respectively).

Figure 3 Positive (+) and negative (-) ART-2a ATOFMS mass spectra for PBAP
NAMBLEX minus PBAP DODO (a) and PBAP NAMBLEX minus PBAP Saharan origin (b).
Peaks below the horizontal line represents components less abundant in the NAMBLEX
than the DODO/Origin; above the line are those with greater abundance.

Figure 4. Single particle positive and negative mass spectra of a single particle (2.3 um)
sampled during the NAMBLEX field study

Figure 5: (a) Black Carbon (Aethalometer AE16) concentrations (ng m=) (b) DMS
concentrations (pptV), (c-d) ATOFMS counts for K-P-ON (biological particles) and Dust
(Saharan Dust) for cP (European continental Polar), mT (marine Tropical) and mP-mA
(marine Polar-Arctic ) air masses (respectively); the three main air mass categories are
further described in Dall’Osto et al., (2010b). ATOFMS counts are average counts per
hour under mT and cP air masses (47 and 176 hours, respectively; total K-P-ON ATOFMS
spectra 130 and 230, respectively).
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Table 1. ATOFMS particle clusters identified from the Saharan dust soil samples and from
the NAMBLEX and DODO ambient field studies.
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Figure 1. Map of sampling locations: (A-B) shows the Saharan dust samples locations; Air
mass arriving at Cape Verde (C) are for of a 5-day air mass back trajectory at mid-day at
500 m above the position of the ship during the dust event on 4 Feb 2006, (D) an marine
Tropical (mT) air mass arriving at Mace Head (Ireland) at 12:00 LT on 8 December 2002
(Dal'Osto et al. 2004, Rijkenberg el al. 2008, Dall’Osto et al. 2010b). Aerosol transport
time between point C and D was estimated to be 3-4 days from air mass trajectories
analysis. Green and orange circles shows Saharan dust particles (Dust, orange) and
primary biological aerosol particles (Bio, green). In point (D) these are enriched - with
transport - in secondary organic aerosols (SOA, Dall’Osto et al., 2010a) and in Organic

Nitrogen (ON, this study).
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1026  Figure 2 Positive (+) and negative (-) ART-2a ATOFMS mass spectra of Saharan dust
1027 particles and PBAP detected during Saharan origin (a, b, respectively); SOLAS-DODO
1028 cruise around Cape Verde (c, d, respectively) and NAMBLEX at Mace Head (e, f,
1029 respectively).
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Figure 3 Positive (+) and negative (-) ART-2a ATOFMS mass spectra for PBAP
NAMBLEX minus PBAP DODO (a) and PBAP NAMBLEX minus PBAP Saharan origin (b).
Peaks below the horizontal line represents components less abundant in the NAMBLEX
than the DODO/Origin; above the line are those with greater abundance.
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Figure 4. Single particle positive and negative mass spectra of a single particle (2.3 um)

sampled during the NAMBLEX field study
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Figure 5: (a) Black Carbon (Aethalometer AE16) concentrations (ng m=3) (b) DMS
concentrations (pptV), (c-d) ATOFMS counts for K-P-ON (biological particles) and Dust
(Saharan Dust) for cP (European continental Polar), mT (marine Tropical) and mP-mA
(marine Polar-Arctic ) air masses (respectively); the three main air mass categories are
further described in Dall’Osto et al., (2010b). ATOFMS counts are average counts per
hour under mT and cP air masses (47 and 176 hours, respectively; total K-P-ON ATOFMS
spectra 130 and 230, respectively).
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