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ARTICLE OPEN

Bioaerosols and dust are the dominant sources of organic P in
atmospheric particles
Kalliopi Violaki 1,2✉, Athanasios Nenes2,3, Maria Tsagkaraki4, Marco Paglione 5, Stéphanie Jacquet1, Richard Sempéré 1 and
Christos Panagiotopoulos 1

Several studies assessed the impact of inorganic P in fertilizing oligotrophic areas, however, the importance of organic P in such
fertilization processes received far less attention. In this study, the amount and origin of organic P delivered to the eastern
Mediterranean Sea were characterized in atmospheric particles using the positive matrix factorization model (PMF). Phospholipids
together with other chemical compounds (sugars, metals) were used as tracers in PMF. The model revealed that dominant sources
of organic P are bioaerosols and dust. The amount of organic P from bioaerosols (~4 Gg P y−1) is similar to the amount of soluble
inorganic P originating from dust aerosols; this is especially true during highly stratified periods when surface waters are strongly
P-limited. The deposition of organic P from bioaerosols can constitute a considerable flux of bioavailable P—even during periods of
dust episodes, implying that airborne biological particles can potentially fertilize marine ecosystems.

npj Climate and Atmospheric Science            (2021) 4:63 ; https://doi.org/10.1038/s41612-021-00215-5

INTRODUCTION
Phosphorus (P) is critical to life on Earth, and its distribution in
marine1 and terrestrial ecosystems2 is shaped by many biogeo-
chemical processes. Inorganic P species (e.g., mono- or diproto-
nated orthophosphate) comprise the most bioavailable P forms
and have been studied for many decades. Organic phosphorous-
containing compounds (org-P), such as nucleic acids, phospholi-
pids, inositol phosphates, phosphoamides, phosphonates, phos-
phoproteins, sugar phosphates, and phosphonic acids, are
thought to play a critical role in driving cell growth and
metabolism, as well as the community composition of
microorganisms3,4.
The org-P compounds are ubiquitous in organisms and thus

contribute to the P biogeochemical cycle4. Although in the
atmosphere primary biological particles (bioaerosols) are ubiqui-
tous5, the amount and speciation of org-P are virtually unknown.
Bioaerosols are composed of organic matter comprising cell
fragments, pollen (diameter exceeding 10 μm), bacteria (diameter
~1 μm), fungi, algae, moss, fern spores (diameter ~10 μm), viruses
(diameter less than 0.1 μm), and fragments from animals and
plants6. Tracer-based emission rates of bioaerosol (as PM10 mass)
for Europe is estimated at 24 kg km−2 y−1, with fungal spores and
plant debris being the most important contributors to these
emissions7. Dust also contains high concentrations of biological
material, mainly from microorganisms or plant detritus8. This
material may be enriched with additional biological loads (fungal
spores, bacteria, viruses, pollen, etc.) through the adhesion of
microbe-laden fine aquatic sprays to dust particles as the Sahara
Desert plume moves over terrestrial and aquatic environments9.
Global modeling studies suggest that desert dust is a major

source of P that contributes more than 82% to global P emissions
(1.4 Tg P yr−1)10. The contribution of bioaerosols to P is 12% and
could be as high as 45% in soluble P (0.5 Tg P yr−1, globally)11.

On the other hand, Wang et al. (2015)12 indicated that
combustion-related emissions of atmospheric P (1.8 Tg P yr−1)
represent over 50% of global atmospheric sources of P (3.5 Tg
P yr−1), suggesting that the perturbation of the global P cycle by
anthropogenic emissions is greater than previously thought;
however, these estimates are much higher than in other studies.
These assessments highlight the uncertainties in understanding
the role of atmospheric P in global biogeochemistry.
The Mediterranean Sea region has been identified as one of the

most climate-sensitive marine ecosystems, with increased vulner-
ability owing to the effects of the increasing demographic and
economic development occurring throughout its coastal zone. The
long-term impacts on biogeochemical cycles and the ecosystem
are highly uncertain13. Furthermore, the chronically P-limited
Mediterranean Sea14 is at a location, where anthropogenic
pollution transported from continental Europe interacts with dust
transported from the Sahara15,16, leading to a wide range of
nutrient solubilization and deposition flux throughout the year.
The eastern Mediterranean area is a low-nutrient, low-chlorophyll
marine environment where bacterioplankton experience P limita-
tion and phytoplankton experience co-limitation by nitrogen and
phosphorus in the summer14,16. The seasonal Saharan dust storms
enrich the atmosphere with plant debris, pollen, fungi and
bacteria17. The polluted air masses from northern and central
Europe, including summer biomass burning episodes are also
influence the air quality of the area. These atmospheric inputs,
with both natural and anthropogenic origin, represent an
important source of new nutrients for marine ecosystems18–20.
The source apportionment analysis of P species, their quanti-

tative impacts and the processes involved in the P biogeochemical
cycle (especially for org-P) are poorly constrained in the study
area. This paper estimates the source apportionment of atmo-
spheric org- P by using a positive matrix factorization receptor
model. The analysis was performed on the total suspended
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atmospheric particles (TSPs) collected from the eastern Mediter-
ranean area over a one-year period to provide insights into the
molecular diversity of key tracers, e.g., phospholipids that have
never been reported for the area. Finally, the biogeochemical
implications are discussed, and the P deposition attributed to
different sources in the marine environment is estimated.

RESULTS AND DISCUSSIONS
Speciation of org-P
The analysis of the phospholipids (PLs) in the TSPs (n= 67) revealed
three main phospholipid classes: phosphatidylcholines (PCs), which
were the most abundant PLs (73%), followed by phosphatidylglycerol
(PG; 20%) and phosphatidylethanolamines (PEs; 7%). The average
concentrations were 10.9 ± 25.9 pmol P m–3 for the total PCs, 3.0 ±
2.9 pmol P m–3 for PG and 1.0 ± 1.5 pmol P m−3 for the total PEs.
Among PCs, C44H80NO8P was predominant (33%), followed by
C42H80NO8P (26%), while C39H74NO8P was the most abundant PE
(48%) (Supplementary Table 1). PCs (147.7 pmol P m–3) and PEs
(7.9 pmol P m–3) exhibited the highest concentrations during the
dust event recorded on the 5th of May 2017, at the same time as the
highest concentration of org-P (Fig. 1, Supplementary Fig. 7).
The chemical structure of fatty acids esterified in PLs was

determined by using MS/MS for each compound spectra. The
most common fatty acids in PEs were oleic (C18:1, 27%), palmitic
(C16:0, 26%), palmitoleic (C16:1, 24%), and linoleic acids (C18:2,
23%). The most dominant fatty acids identified in PCs were
palmitic acid (C16:0, 27%) and palmitoleic acid (C16:1, 27%),
followed by linoleic acid (C18:2, 14%), while stearic acid (C18:0,
2%) had a lower contribution. The presence of these fatty acids in
the TSPs is in line with a previous study that identified palmitic,
stearic, oleic, and linoleic acids as major constituents of cells in
fungal and pollen species in outdoor air21. Many of these fatty

acids are unsaturated and consequently can be unstable in situ
conditions, as they are rapidly oxidized and/or degraded in the
atmosphere when they react with radicals (OH· and NO3·) and
ozone22. The organic nitrates generated as oxidation products can
serve as reservoirs for oxides of nitrogen that can be further
decomposed to release NOx back to the atmosphere22.

Sources of org-P compounds
Source apportionment was performed for the org-P compounds
using the positive matrix factorization (PMF) approach (US EPA
PMF 5.0 software). The model was applied to a combined dataset
that included specific tracers, such as PLs and sugars, as well as
other, more common tracers of aerosol sources, such as metals
and ions. Specifically, levoglucosan and nss-K+ were used as
biomass burning tracers; nitrate, Pb, and V were used as tracers of
anthropogenic sources; nss-SO4

2− and NH4
+ were used as tracers

of secondary processes; Al and nss-Ca2+ were used as tracers of
dust; mannitol and sucrose were used as tracers for fungi and
pollen, respectively; PCs were used as tracers for eukaryotic cells;
and Cl−, Mg2+ and Na+ were used as tracers of sea salts
(Supplementary Table 8). Sources such as fertilizers or P in
agricultural dust are not included here.
The PMF model apportioned seven principal sources: dust,

biomass burning, sea salts, cells and pollen, fungi, anthropogenic
sources and secondary sulfate (Fig. 1a). The principal source of
org-P in terms of the relative contribution to each factor was
bioaerosols (50.7%), represented here as the sum of cells/pollen
(40.6%) and fungi (10.1%), followed by Saharan dust (23.9%) and
anthropogenic sources (16.9%). The minor sources were second-
ary sulfate (4.6%) and marine sources (3.9%). These results confirm
the importance of natural sources of org-P, especially bioaerosols
and desert dust.

The seasonal contribution of bioaerosols to org-P
Analysis of the month-to-month variability in org-P over the one-
year sampling period revealed higher concentrations during
spring, particularly in May (1.1 ± 0.7 nmol P m−3), than in winter
(Fig. 1a). Sucrose also peaked in May at a concentration of 392.9 ±
271.5 ngm−3, which was seven times higher than the annual
average. Sucrose is the dominant sugar component in airborne
pollen grains, which play a significant role in regulating plant
blossoming activity23. Pollen grains followed a clear seasonal cycle
in the atmosphere in response to the plant flowering season24.
Maximum concentrations of both PCs and PEs were also

observed in May, with average values of 93.9 ± 60.5 pmol P m-3

and 5.4 ± 2.8 pmol P m-3, respectively. PLs are highly abundant in
pollen grains, contributing ~ 38% of the total lipids with
contributions of 40 and 25% of the PC and PE classes,
respectively25; the amount of PLs by weight is approximately 10-
fold higher in pollen than in fungal spores21.
The results showed a significant correlation of sucrose with PCs

(r= 0.90, p < 0.0001, Supplementary Table 2), PEs (r= 0.84, p <
0.001, Supplementary Table 2) and mannitol (r= 0.74, p < 0.005,
r= 0.79, p < 0.001, respectively, Supplementary Table 2) and the
crustal elements (e.g., Al, Sr, Mn, nss-Ca2+, Supplementary Table 2),
during the spring period. These results confirm that bioaerosols
are an important vector of org-P that co-exist with dust, especially
during the spring. Indeed, soil dust particles may contain
organisms, including bacteria26, and they are considered excellent
adsorptive surfaces for primary biological material, such as cell
and fungal debris or pollen27. This primary biological material is
the dominant source of PL compounds and can be transported far
away from the sources27,28.
During summer, a correlation between org-P and PLs (neither

with PCs and PEs nor PG; Supplementary Table 3) or other markers
(e.g., mannitol or sucrose; Supplementary Table 3) was not found.
Nevertheless, org-P exhibited a significant correlation with V,

Fig. 1 The monthly variation of org-P, along with bioaerosol
tracers. a PCs, sucrose & dust tracer (nss-Ca2+) and (b) mannitol, PEs,
PG in total suspended particles over the eastern Mediterranean area.
The error bars represent the standard deviation of the monthly
average.
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Zn and nitrate, which further suggests an anthropogenic origin
considering that the air masses during summer originated mainly
from central Europe. The detection of PLs during summer
(Supplementary Table 6) indicated the presence of other types
of cells, such as animal fragments, plant debris5, or marine
bacteria. According to Mescioglu et al. (2019)29, 44% of common
airborne bacteria, identified during non-dust conditions, were
previously reported to be found in the Mediterranean Sea
surface water.
Mannitol followed a different pattern than sucrose, with

increased concentrations in summer and early autumn (Fig. 1b).
These results indicate that mannitol inputs came from primary
biogenic sources such as airborne fungal spores30, algae or various
vascular plants31. This is significant for the eastern Mediterranean
Sea because during that period, the stratification of surface waters
is prevalent and external nutrient sources become more
important. The correlation of PEs with mannitol in autumn

(r= 0.62, p < 0.05, Supplementary Table 4) further supports the
common biological origin of these compounds from a biological
source (e.g., fungi). However, org-P was significantly correlated
only with PG in autumn (r= 0.54, p < 0.05, Supplementary Table
4), while PG was significantly correlated with Cl− (r= 0.58, p < 0.05,
Supplementary Table 4), suggesting the marine origin of PG and
beyond the part of the org-P. Org-P was also correlated with
crustal elements (e.g., Al, Sr, Mn, Supplementary Table 4),
reflecting the impact of lithogenic sources.
In winter, org-P correlated significantly with PG (r= 0.86, p <

0.0001, Supplementary Table 5), Cl− (r= 0.75, p < 0.05, Supple-
mentary Table 5) and crustal elements (e.g., Al, Sr, Mn,
Supplementary Tables 5 and 6), suggesting that the combination
of marine cells with dust was the main contributor of org-P.

The seasonality of org-P and the air mass origin influence the
P speciation
The average annual concentration of total phosphorus (TP) in TSPs
was 0.67 ± 0.56 nmol P m–3 (n= 67). Of the total concentration,
36% consisted of org-P, 40% of phosphate ions and 24% of CP
(condensed P forms e.g., pyrophosphate or phosphorus minerals),
with average concentrations of 0.24 ± 0.32, 0.25 ± 0.22 and 0.18 ±
0.23 nmol P m–3, respectively. High concentrations of TP and org-P
species were observed during the dust event recorded on the 5th

of May 2017 (2.72 and 1.66 nmol P m–3, respectively, Fig. 1a,
Supplementary Fig. 7a), while the highest concentration of
phosphate ions (1.21 nmol P m–3) was measured during the dust
event on the 8th of May 2017 (Supplementary Fig. 7b). A peak for
CP was recorded during the dust event on 11th September 2017
(0.83 nmol P m–3, Supplementary Fig. 7c). The highest TP
concentrations were associated with high mineral dust loadings
during spring (Supplementary Table 6), which is consistent with
previous studies10,32. The atmospheric concentration of all P
species during the Saharan dust outbreaks was double what was
recorded in air masses originating from central Europe and the
Black Sea (Supplementary Table 7). The average TP values
measured in this study in atmospheric particles originated from
central Europe (0.5 ± 0.3 nmol P m–3, n= 21, Supplementary Table
7) and dust events in spring (2.0 ± 1.0 nmol P m–3, Supplementary
Table 6) are in line with those reported by Longo et al. (2014)33 (TP
of 0.4 ± 0.2 and 2.3 ± 0.9 nmol P m–3 for air masses originating
from Europe and North Africa, respectively). The analysis of
P-NEXFS in the latter study33 revealed that org-P over the eastern
Mediterranean area originated mainly from pollen and bacteria,
which is in line with the data presented here.
The presence of bioaerosols and desert dust in the atmosphere

significantly influenced the speciation of inorganic P over the
eastern Mediterranean. The PMF results revealed that dust (74.9%)
was the most important source of CP (Fig. 2b), followed by fungi
(13.6%) and sea salts (6.2%). The loading of the inorganic P
fraction was higher during dust events, mainly in autumn (0.38 ±
0.31 nmol P m−3, Supplementary Table 6). High concentrations
were also present (0.42 ± 0.24 nmol P m−3, Supplementary Table
6) in summer, when air masses from the Black Sea prevailed,
suggesting soil transport from arid regions of eastern Europe.
The source apportionment analysis carried out with PMF

(Fig. 2c) showed that the principal source for phosphate ions
was dust (42.1%), followed by bioaerosols (28.2%), secondary
sulfate (14.8%), anthropogenic sources (12.1%) and biomass
burning (2.8%). The highest phosphate ion concentrations were
observed in spring during dust events (0.82 ± 0.39 nmol P m−3,
Supplementary Table 6). Τhe phosphate ions were also detected in
pollen grains, contributing 60% of the total phosphorus in
pollen34. The percentage anthropogenic contribution in phos-
phate sources in this study was similar to the global percentage of
14.3% proposed by Mahowald et al. (2008)10.

Fig. 2 Percentage contribution of the sources to the P species.
Source contribution of (a) org-P fraction, (b) Condensed P (CP), (c)
Phosphate ions in atmospheric particles in the eastern Mediterra-
nean area by using the approach of positive matrix factorization
(PMF). CP are the condensed inorganic phosphates (pyro-. meta-,
and other polyphosphates).
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Estimation of PLs fluxes from the atmosphere into the eastern
Mediterranean sea
PLs are among the major reservoirs of phosphorus in marine
plankton35. The depletion of PLs observed in open ocean surface
seawater implies that they are rapidly assimilated once they
are released to the marine environment, as they serve as a P
source for heterotrophic bacteria36. Our results suggest that the
atmosphere is a potential source of PLs for the marine
environment; therefore, their atmospheric flux was calculated.
The flux, F, of PLs (via dry deposition) was estimated using the
equation F=− Vd C, where F is the flux in mol m−2 d−1, C is
the concentration of atmospheric particles in mol m−3 and Vd is
the deposition velocity in m s−1. Studies of nutrients and trace
metals in the eastern Mediterranean performed with size-
segregated aerosol sampling37 revealed that a coarse particle
deposition velocity of 2 cm s−1 could be applied for flux
estimation in the area. Assuming that PLs are mainly in coarse
particles, as they are strongly correlated with pollen grains, the
estimated annual deposition of PLs was 11.0 μmol P m−2 y−1

(Table 1). When this flux is scaled to the eastern Mediterranean
surface37 (1.67 × 1012 m2), the total annual deposition of P to the
basin was estimated at 0.6 Gg P of org-P.
Similarly, to the estimated P deposition, the estimated annual

deposition of carbon attributed to phospholipids was calculated
theoretically at 430.2 μmol C m−2 y−1 (Table 1). This is comparable
with the annual total deposition of primary sugars (i.e., fructose,
glucose, sucrose: 629.2 μmol C m−2 y−1) precipitated in the area38.
Extrapolating this carbon flux to the eastern Mediterranean
surface, the annual C deposited to the basin was estimated at
8.6 Gg of carbon. The contribution of phospholipids in terms of
organic nitrogen was minimal (only PCs and the PEs have N in
their structure). The theoretical dry deposition of organic N was
calculated at 9.0 μmol N m−2 (Table 1), representing only 0.2% of
the organic nitrogen deposited in the area39.
The results of this study indicated that PLs account for ~ 8% of

org-P on average, suggesting that most of this pool remains
chemically uncharacterized, with unknown bioavailability. How-
ever, considering that more than half of the org-P compounds
originated from bioaerosols, this fraction could at least be
potentially bioavailable. This is because the most common
functional groups in those biological org-P compounds are the
monophosphate esters (e.g., phosphoserine, sugar phosphates) or
diphosphate esters found in nucleotides and their derivatives (e.g.,
DNA, RNA, AMP, ADP, ATP), as well as PLs40. The majority of the
above compounds have a C-O-P bond that is easily hydrolysable
in the marine environment by the alkaline phosphatase enzyme39,
unlike the slow hydrolysis of C-P compounds such as phospho-
nates41,42. This is in agreement with Djaoudi et al. (2018)43, who
estimated that on average, 44 ± 27% of the atmospheric org-P
deposited in the Mediterranean is bioavailable.

Deposition fluxes of P species attributed to their sources
Based on the results of the source apportionment analysis carried
out by PMF (Fig. 2) and the atmospheric concentrations of

P species, the maximum annual deposition scaled to the eastern
Mediterranean surface was calculated (Fig. 3). Annually, a total of
21.5 Gg P was deposited in the basin, with an almost equal
deposition of org-P and phosphate ions (Fig. 3). Dust was a major
source of inorganic P forms and was responsible for almost equal
contributions of phosphate ions and condensed P forms (e.g.,
pyrophosphate or phosphorus minerals). Bioaerosols were a
source of a similar magnitude for org-P compounds, with an
annual deposition of 4.2 Gg P in the eastern Mediterranean (Fig. 3).
Anthropogenic pollution contributed slightly more to org-P than
phosphate ions, and the latter were produced mainly secondarily.
Biomass burning emissions in the area were associated mainly
with more soluble P44.
It is worth noting that the contribution of biogenic P to the

global TP is suggested by global transport models to be 12%, and
the contribution of dust is estimated to be 82%9,10. In the case of
the eastern Mediterranean area, the contribution of bioaerosols
(including both fungi and pollen) was higher, at 33% of the
deposited TP, while the contribution of dust was 43% (Supple-
mentary Fig. 8).
Considering a P solubility value of 73% for the eastern

Mediterranean45, the dissolved P was estimated to be 15.7 Gg P.
To calculate the maximum impact of total dissolved phosphorus
deposition in marine ecosystems, we assumed that all dissolved
P was bioavailable. Converting the P flux into carbon uptake
using the Redfield C:P ratio of 106, the dissolved P was found to
be responsible for the fixation of 0.6 Tg C y−1, which is within the
range proposed by Kanakidou et al. (2020)46. Assuming an
annual new production for the eastern Mediterranean47 on the
order of 7 Tg C y−1 according to the above calculation, the
atmospheric deposition of dissolved P may contribute as much
as 9% to the new primary production in the eastern Mediterra-
nean. With recent observations and modeling studies predicting
a decrease in primary productivity due to warming climate48,
causing an enhancement in stratification, atmospheric deposi-
tion of dissolved P could play a more important role in the future
especially for a low production area like the eastern Mediterra-
nean Sea.

Table 1. Estimated annual deposition fluxes of organic carbon,
organic nitrogen and phosphorus originating from PLs compounds
quantified in this study in East Mediterranean atmosphere.

Annual μmol C m−2 μmol N m−2 μmol P m−2

PCs 350.6 8.3 8.3

PEs 28.7 0.7 0.7

PG 50.9 – 2.0

Total 430.2 9.0 11.0

Fig. 3 Annual deposition fluxes of P species. Estimation of the
annual deposition fluxes (in Gg P year−1) of phosphorus species and
their distribution to different sources over the eastern Mediterra-
nean during one-year period (2016–2017) for total suspended
particles. Total P was calculated to be 21.5 Gg P year−1.
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METHODS
Sampling site
Sampling was conducted on the island of Crete, Greece, for a one-year
period starting in October 2016 (Supplementary Fig. 1). A high-volume
TSPs sampler (TISCH) was used to collect atmospheric particles on
precombusted (450 °C for 6 h) 20 × 25 cm quartz filters (Pall, 2500QAT-
UP). The sampling resolution was 48 h, at a flow rate of 85m3 h−1.
Sampling was carried out on the north side of the Department of
Chemistry building, University of Crete (35° 18′N, 25°45′E), located at a
semirural site approximately 6 km from the city of Heraklion.

Chemicals and reagents
Ultrapure water (Milli-Q system, 18 MΩ.cm) was used to prepare all
aqueous solutions. Acetonitrile and ammonium acetate were purchased
from Sigma Aldrich (LC-MS grade). 1,2-Dimyristoyl-sn-glycero-3-phospho-
choline (Sigma Aldrich: P2663) and 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine (Sigma Aldrich: P5693) were used as standards for the
quantification of phosphatidylcholines (PCs) and phosphatidylethanola-
mines (PEs), respectively. Phosphatidylglycerol (PG) was quantified using
the standard (10:0):1,2-didecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(sodium salt) (840434, Avanti Polar Lipids Inc).

Analysis of PLs
Part of each quartz filter (~40 cm2) was extracted with 5ml of MeOH by
sonication for 20min. Then, the suspended particles were removed by
centrifugation at 5000 g for 5 min. The supernatant was transferred to glass
pipets in injection vials for analysis. All glassware was combusted at 450 °C
for 5 h to eliminate organics. Chemical analyses were performed by an
Agilent LC-ESI-Q-TOF/MS system equipped with an LC system (Agilent
1290 Infinity) coupled with a Q-TOF (Agilent 6530 Accurate-Mass).
Chromatographic separation (Supplementary Fig. 2) was performed with
a Luna-HILIC (Phenomenex) column (100mm, 2 mm I.D., 3 μm particle
size). Gradient chromatographic separation was achieved by using H2O as
the mobile phase with 5mM ammonium acetate (A) and acetonitrile with
5mM ammonium acetate (B). The gradient elution was 1) 10% (A) from
0–2.5 min, 2) 50% (A) from 2.5–10min, 3) 50% (A) from 10–12min 4) 10%
(A) from 12–14min, and 5) 10% (A) from 14–17min. The flow rate was set
at 100 μl min−1. The column temperature was set at 25 °C, and the
injection volume was 2 ul. Ionization was performed in positive mode
using the following operational parameters: capillary voltage, 3500 V;
drying gas, 8 L min−1; nebulizer pressure, 35 psig; gas temperature, 350 °C;
sheath gas temperature, 300 °C; sheath gas flow, 11 L min−1; nozzle
voltage, 1000 V; fragmentor voltage, 160 V; skimmer voltage, 65 V; and
octopole RF, 750 V. The full scan MS data were recorded at a rate of
1 spectra s−1 in the range of m/z 50–1700 at 2 GHz. All the MS data were
recorded with Agilent Mass Hunter Data Acquisition (B.05.00) and
processed by Agilent Mass Hunter Qualitative Analysis (B.05.00). MS/MS
experiments were carried out with a medium isolation width (∼4 amu) and
a fixed collision energy of 50 eV for all the compounds. The instrument was
calibrated daily before starting the analysis using the calibration solution
provided by the manufacturer.

PLs quantification
The chemical characterization of PLs was performed based on the
identification of specific ions, recorded as [M+H]+, [M+Na]+ and [M+
K]+ adducts for PCs; [M+ H]+, [M+ Na]+ for PEs; and [M+ Na]+ for PG
(Supplementary Table 1; Supplementary Fig. 3). PCs were identified from
the MS/MS spectra as the protonated ion [M+ H]+ at m/z 184.0733. PEs
were identified by the neutral loss of fragments at m/z 141.0191. PG was
identified by the loss of fragments at m/z 189.5026 as phosphoglycerol
with an NH4

+ adduct. For the quantification of phosphatidylcholines (PCs),
the protonated ion [M+ H]+ at m/z 184.0733 from MS/MS spectra was
integrated. Phosphatidylethanolamines (PEs) were quantified from full
scan mode spectra with the extracted ion fragments referred to in
supplementary Table 1. PG was quantified from full scan mode spectra
with the extracted ion fragment at m/z 577.5026 by using the PG standard
(10:0). The matrix effect was eliminated significantly by diluting the
samples 10 times with MeOH prior to injection. The detection limits were
0.3, 3.0, and 4.0 pg for PC, PE, and PG, respectively, for a 2 μl injection
volume.

Analysis of main ions
Part of each quartz filter (~1.5 cm2) was extracted with 4ml of ultrapure
water (Milli-Q system, 18 MΩ.cm) by sonication for 45min. The extraction
efficiency of this method was higher than 98% for all the above ions.
Extracted samples were stored in the dark until analysis after the addition
of chloroform (100–150 μl). The main anions (Cl−, NO3

−, SO4
2−, HPO4

2−,
C2O4

2−) in the aerosol extractions were analyzed by ion chromatography
(IC) after separation on a Dionex AS4A-SC column. All the anions were
determined with isocratic elution at 1.5 mLmin−1 with Na2CO3/NaHCO3

eluent, and an ASRS-300 4 mm suppressor in autosuppression mode was
used. For the cations (Na+, NH4

+, K+, Mg2+, and Ca2+), a CS12-SC column
with a CSRS-300 4mm suppressor was used. Separation was achieved
under isocratic conditions with methanesulfonic acid (MSA) eluent (20 mM)
and a flow rate of 1.0 mLmin−1. The detection limit ranged from 1 to 5 ppb
for the main anions and cations and was 3 ppb for phosphate ions. The
blanks were always below the detection limits.

Trace metals and total phosphorus analysis
Part of each quartz filter (~8 cm2) was digested with 5 ml of HNO3 by using
a microwave digester and analyzed for Al, Ca, Mn, Fe, trace metals (V, Cr, Ni,
Cu, Zn, Cd, and Pb), and total phosphorus (TP) with a high resolution
inductively coupled plasma mass spectrometer (HR-ICP-MS; ELEMENT XR,
Thermo). A microwave digestion system (Anton Paar Multiwave 3000) with
Teflon vessels and concentrated distilled nitric acid (puriss. p.a., Fluka Prod.
No. 84380) was used. The heating program applied was two steps of
30min heating at 180 °C and 999W of microwave power followed by a
third step of 20min heating at 100 °C and 800W of microwave power.
After cooling to room temperature, the digested solution was transferred
to acid-cleaned polyethylene tubes and stored in the freezer prior to HR-
ICP-MS analysis. The instrument was calibrated externally using standard
solutions, and indium was used as an internal standard. Quality control of
the digestion procedure and of the HR-ICP-MS measurements was
performed by determining the element concentrations of certified
reference materials (MESS-4, SLRS-5, SLEW3 and CASS-5). The recoveries
obtained for certified reference materials ranged from 90 to 104% for all
studied elements except Al (60%), which was corrected accordingly. The
detection limit, defined as three times the standard deviation of the blank
value, was below 3 ppt.

Phosphorus speciation
The speciation of P in atmospheric particles was determined according to
the analytical protocol described by Violaki et al. (2018)45. TP was
measured after the acid digestion of samples by HR-ICP-MS, and the TP
recoveries obtained with the use of certified reference materials (MESS-4)
ranged from 98 ± 12%. The dissolved inorganic phosphorus was deter-
mined to be phosphate ions by IC, while the total acid hydrolyzed
inorganic phosphorus (TIP) was determined after mild oxidation of the
filter sample (pH= 1.6) with sulfuric acid (0.02 M). The total organic-bound
phosphates (org-P) were determined by subtracting TIP from TP. The
condensed phosphates (pyro-, meta-, and other polyphosphates), called
CP, were determined by subtracting phosphate ions from TIP.

Sugars analysis
Part of each quartz filter (~ 40 cm2) was extracted with 5ml of ultrapure
water (Milli-Q system, 18 MΩ.cm) by sonication for 45min. The chemical
analysis of sucrose, mannitol and anhydrosugars (the sum of levoglucosan,
manosan and galactosan) was performed with the same LC-ESI-Q-TOF/MS
system. Chromatographic separation was performed with a Luna-HILIC
(Phenomenex) column (100mm, 2 mm I.D., 3 μm particle size). Gradient
chromatographic separation was achieved by using H2O with 5mM
ammonium acetate (A) as the mobile phase and acetonitrile with 5mM
ammonium acetate (B). The gradient elution program was 1) 40% (A) from
0–3.5 min, 2) 50% (A) from 3.5–8min, 3) 90% (A) from 8–10min, and 4)
40% (A) from 10–12min. The flow rate was set at 100 μl min−1. The column
temperature was set at 25 °C, and a 5 μl volume injection was used.
Ionization was performed in positive mode using the following operational
parameters: capillary voltage, 3500 V; drying gas, 12 Lmin−1; nebulizer
pressure, 40 psig; gas temperature, 250 °C; sheath gas temperature, 250 °C;
sheath gas flow, 11 L min−1; nozzle voltage, 1000 V; fragmentor voltage,
100 V; skimmer voltage, 65 V; and octopole RF, 750 V. The full scan MS data
were recorded at a rate of 1 spectrum min–1 in the range of m/z 100–1700
at 2 GHz. All the MS data were recorded with Agilent Mass Hunter Data
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Acquisition (B.05.00) and processed by Agilent Mass Hunter Qualitative
Analysis (B.05.00). The sugars were detected as [M+ Na]+ adducts at
typical fragments of m/z 365.1054, m/z 185.0420, and m/z 205.0693 for
sucrose, levoglucosan and mannitol, respectively, with detection limits at
17, 22, and 24 pg, respectively, for a 5 μl injection volume.

Positive matrix factorization (PMF)
The goal of receptor models such as PMF is to solve the chemical mass
balance (CMB) equation between the measured species concentrations
and the source profiles, as shown in the following equation:

X ¼ G ´ F þ E

In the field of atmospheric science, if the X matrix is the concentration of
species at a given receptor site, the G matrix is the contribution of a
“source” factor, the F matrix is the chemical profile of this factor, and E is
the matrix of the residuals, i.e., the unexplained part of X.
The U.S. Environmental Protection Agency (US-EPA) PMF5.0 software49

was used in the present study to perform source apportionment for the P
compounds, following the general recommendation guidelines of the
European Joint Research Centre50. A range of solutions with different
numbers of factors (2–10) was examined here, and 7 factors were the
maximum number of factors corresponding to meaningful sources
(Supplementary Fig. 4, Supplementary Fig. 5, Supplementary Fig. 6). The
characteristic tracers for the identification of the PMF factors are presented
in Supplementary Table 8. If the factors were increased, some profiles were
split, creating profiles with no physical meaning. The selection of input
variables was based on the availability of the species in the highest
number of samples (n= 67) and the value of the signal-to-noise ratio (S/N)
for each species. Values lower than the detection limit (d. L.) were set to d.
L./2, with uncertainties equal to 5/6 × d. L., following Polissar et al. (1998)50.
The extra modeling uncertainty was adjusted to 10%. The uncertainties
were calculated according to the equation Unc= √[(error fraction ×
concentration)2+ (0.5 × d.L)2]. In the current study, the variables mass,
CP, org-P, PG, nss-K, Pb, and V were set as “weak”51. There were no “bad”
values. The statistical representativeness of the solution was evaluated
using a bootstrap test (BS), Displacement (DISP), and BS-DISP (Bootstrap+
Displacement) for 100 successive iterations of the model and for a
minimum correlation r2 of 0.6 (Supplementary Table 9). Additionally, the
evolution of the ratio Qtrue/Qrobust (<1.5) was performed; here, the
solution has a Qtrue/Qrobust ratio of 1, indicating zero impact of outliers
on the results. The unexplained mass from PMF model was 3%. The
weighted residuals for most of the species had a normal centered
distribution, indicating an overall good modeling of most variables.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon request.
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