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• Soluble reactive P was measured online
with a time resolution of a few minutes.

• Saharan dust is an important primary
source of bioavailable P.

• The acid dust enhances the dust aerosol
contribution to the soluble reactive P.

• Biomass burning contributes significantly
to soluble P in the area during summer.
⁎ Corresponding authors at: Laboratory of Atmospheric P
Lausanne 1015, Switzerland.

E-mail addresses: kalliopi.violaki@epfl.ch (K. Violaki), at

http://dx.doi.org/10.1016/j.scitotenv.2022.154263
0048-9697/© 2022 The Authors. Published by Elsevi
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 14 November 2021
Received in revised form 2 February 2022
Accepted 27 February 2022
Available online 02 March 2022

Editor: Pavlos Kassomenos
The importance of dust and biomass burning episodes on the atmospheric concentration of water-soluble reactive
phosphate (SRP) was determined in the eastern Mediterranean. SRP was measured with a new rapid real-time auto-
mated analytical system with a time resolution of a few minutes per sample and with an extremely low detection
limit. The average atmospheric concentration of SRP during the sampling campaignwas estimated at 0.35±0.25 (me-
dian 0.30) nmol P m−3. The maximum concentration of SRP (3.08 nmol P m−3) was recorded during an intense dust
episode, and was almost ten times higher than the campaign average, confirming that Saharan dust was an important
primary source of bioavailable P to the eastern Mediterranean, especially during the spring period when 60% of the
events occurred. Predicted increases in the frequency and intensity of dust storms in the area will enhance the role
of the atmosphere as a source of bioavailable P for the Mediterranean marine ecosystem. During the warm period,
whenNortherly winds prevailed, biomass burning processes contributed significantly to soluble phosphorus delivered
fromatmospheric sources to the easternMediterranean. These inputs duringwarmperiods are especially important for
the Eastern Mediterranean, where biological productivity is strongly limited by nutrient availability.
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1. Introduction
K. Violaki et al.
The link between phosphorus (P) availability, marine net primary pro-
ductivity, oceanic carbon uptake and climate have motivated considerable
interest into the study of orthophosphate abundance and dynamics, since it
is the most bioavailable form of P (Karl and Björkman, 2015). Orthophos-
phate is readily soluble in water and can promote phytoplankton growth,
especially in phosphorus-limited marine environments (Okin et al., 2011).
The atmosphere is considered an important pathway for supplying primary
phosphate ions to the surface aquatic systems (Guerzoni et al., 1999; Herut
et al., 2002), with mineral dust the principal phosphate source globally,
contributing 48% of the total P supply to the oceans (0.115 Tg P a−1)
(Mahowald et al., 2008). Additionally, recent study showed that apart
from the dust, bioaerosols consist an important source for phosphate ions
(Violaki et al., 2021).

Observations suggest that the labile fractions of nutrients, such as P, are
higher during atmospheric transport, at least in part, due to exposure to
acidic (i.e., low pH) conditions in aerosol or cloud waters (Baker et al.,
2021). The acid-driven P solubilization due to dust acidification could sig-
nificantly enhance the bioavailable P deposition (Nenes et al., 2011;
Stockdale et al., 2016). The phosphorus cycle is also modulated by
combustion-related emissions, providing more soluble P and impacting pri-
mary production in marine ecosystems (Wang et al., 2015; Barkley et al.,
2019).

The East Mediterranean Sea (EMS) is a crossroads of air masses with
vastly different influences. It receives significant amounts of mineral aero-
sol from the Sahara desert and polluted air masses from northern Europe
which are rich in both oxidants, inorganic and organic acids. The mixture
of these air masses in different proportions is expected to show a range of
different phosphate ions sources. Furthermore, the EMS is P limited in the
winter and N, P co-limited for phytoplankton in summer (Krom et al.,
2016; Pitta et al., 2017). The results of microcosm bioassay manipulations
with EMS surface water on which acidified Saharan dust was added sug-
gested that the acid processes in the atmosphere will increase the amount
of labile P (Krom et al., 2016).
Fig. 1. Heraklion (35°30′ N, 25°13′ E) and Finok
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Most atmospheric phosphate ions data reported for the EMS (Markaki
et al., 2003; Nenes et al., 2011) is based on filter sampling, with time reso-
lution of typically 1 to 3 days. However, such long sampling durations could
introduce artifacts, like mixing of aerosol from different sources on the fil-
ter, and possible reactions on the filter that would promote additional dis-
solution of P. Furthermore, the low temporal resolution does not allow
the detection of phosphate solubility changes during the evolution of a
plume, which hampers a full understanding of how acidification impacts
the flux of soluble P in each plume transition event.

To address these issues, we developed a rapid real-time automated ana-
lytical system to measure the soluble reactive phosphate (SRP) in atmo-
spheric particles with a time resolution of a six minutes per sample and
with detection limit of 0.4 nM P (Violaki et al., 2016). Here we present re-
sults of the first long-term deployment of the SRP measurement system,
during an eight-month operational period in 2016 at a location in the center
of the EMS (Crete, Greece). During the sampling period, a number of Sahara
dust outbreaks and biomass burning episodes (BB) were sampled. The
events were compared in terms of the contribution to overall atmospheric
pool of SRP, while the role of acidification as a modulator of SRP dissolu-
tion was investigated. The biogeochemical implications of the events are
discussed and the contribution of dry deposited phosphate to the new pro-
duction in the EMS is estimated.
2. Material and methods

2.1. Sampling area

The sampling was operated during a period of eight months (January–
April and June–September 2016) on the roof of University of Crete at
Heraklion, Greece and three days (May 11–13, 2016) at the Finokalia sam-
pling station. The Finokalia station (35o 20′N, 25o 40′ E, 250masl) is away
from direct urban influence (Fig. 1) and is representative of background
measurements in the eastern Mediterranean, with air masses most com-
monly originating from continental Europe and northern Africa (Sahara
alia sampling stations (35°20′ N, 25°40′ E).
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desert), especially during spring and autumn.More details on Finokalia and
the prevailing site climatology can be found at http://finokalia.chemistry.
uoc.gr/ and Mihalopoulos et al. (1997). The sampling site in Heraklion
(Fig. 1) was at the northern part of the Department of Chemistry, University
of Crete, (35°18′ N, 25°45′ E) located in a rural area approximately 6 km
from Heraklion and 54 km from the Finokalia station.

2.2. PILS-LWCC system and PM2.5 aerosol sampling

The PILS-LWCC system consists of one Particle-Into-Liquid Sampler
(PILS), two peristaltic pumps (8-channel and 4-channel from ISMATEC), a
250 cm long path length Liquid Waveguide Capillary Cell (LWCC), and
two two-position fluid valve processors (Alltech, Inc.). The concentration
of phosphate in the sample is determined by measuring the absorbance of
the phosphomolybdenum blue complex in the LWCC at 690 nm using
light from a dual deuterium and tungsten halogen light source (DT-Mini-
2, Ocean Optics). More details for the on-line measurement of SRP, the
chemical reaction and the reagents are available in Violaki et al. (2016).
The detection limit (DL) of the system estimated by three times the stan-
dard deviation of the measurement blanks (n = 15), was 0.4 nM P,
which is equivalent to 0.03 nmol P m−3 in atmospheric particles under
the given sampling conditions. The standard uncertainty of the blank was
4%. This method measures the dissolved (i.e., which passes through a
0.45 μm pore size filter) phosphate and it is called hereafter “soluble reac-
tive phosphate” (SRP).

PM2.5 aerosol filter samples were collected in Heraklion (n= 362) and
in the Finokalia sampling station (n = 37). The samples were collected on
Teflonfilters (PALL, Zerfluor, 2 μmpore size, 47mmdiameter) using an au-
tomated sampler (PNS 16Τ-3.1, Gomde-Derenda) with air flow rate of 2.3
m3 h−1. The sampling was performed once a week following the sampling
of the on line PILS-LWCC system and focused on sampling the dust events
during spring season and biomass burning episodes during summer. The
resolution time of sampling was 3 h. Upon collection, the filters were stored
at−18 °C until analysis, which was performed no longer than one month
after collection.

2.3. Analysis of main ions and Total Phosphorus (TP)

Half of the teflon filter (PALL, 47 mm) was extracted with 10 mL of ul-
trapurewater (Milli-Q system, 18MΩ.cm) by sonication for 45min. The ex-
tracted samples were filtered with a 0.45 μm Sartorious polypropylene
syringe filter (25 mm diameter) and then analyzed with ion chromatogra-
phy (IC). The main anions (chloride, nitrate sulfate, phosphate, and oxa-
late) in aerosol extracts were separated with a Dionex AS4A-SC column.
All the anions were determined with isocratic elution at 1.5 mL min−1 of
Na2CO3/NaHCO3 eluent and an ASRS-300 4 mm suppressor in auto-
suppressionmode. For the cations (sodium, ammonium, potassium,magne-
sium, calcium) a CS12-SC columnwas usedwith a CSRS-300 4mm suppres-
sor. Separationwas achieved under isocratic conditions withMSA (20mM)
eluent and flow rate of 1.0 mL min−1. The reproducibility of the measure-
mentswas better than 2% and the detection limit ranged from1 to 5 ppb for
the main anions and cations. The detection limit of HPO4

2− was 3 ppb and
blanks were always below the detection limits. Dissolved (<0.45 μm) phos-
phate ions measured with the IC will hereafter be referred to as the opera-
tional term “phosphate”.

TP in PM2.5 aerosol samples collected during the dust event on 23th
March 2016 was determined according to the analytical protocol in Violaki
et al. (2018). TP was measured with persulfate digestion method, converting
all P forms to PO4

3− and measured colorimetrically as PO4
3− at 690 nm using

the stannous chloride method. TP recoveries obtained by the use of certified
reference materials (MESS-3) were found to be 98 ± 12%.

2.4. AMS instrument

The chemical composition of the non-refractory submicron particulate
mass was measured in real-time by an Aerodyne high resolution time-of-
3

flight-aerosol mass spectrometer (HR-ToF-AMS) only in Finokalia sampling
station. The concentrations of the major PM1 components were measured
every 3 min using both mass spectrum (MS) and particle time of flight
data (pToF). In this study only V-mode data were obtained. The heater
was operating at 600 °C for the aerosol thermal desorption and the tungsten
filament for electron ionization was at 70 eV. All HR-ToF-AMS data were
analyzed using the standardAMS software toolkit (SeQUential Igor data Re-
tRiEvaL; SQUIRREL v1.56D), while the high-resolution data were proc-
essed using the Peak Integration by Key Analysis (PIKA v1.15D, available
at: http://cires1.colorado.edu/jimenez-group/wiki/index.php/High_
Resolution_ToFAMS_Analysis_Guide) software, within Igor Pro 6 (Wave
Metrics). A time-dependent collection efficiency has been applied to our
HR AMS data during the campaign. This collection efficiency was calcu-
lated according to the algorithm of Kostenidou et al. (2007), which com-
bines the AMS PTOF mass distributions and the SMPS volume
distributions and was on average 0.64.

2.5. Calculation of aerosol acidity

The ISORROPIA-II thermodynamic model (https://isorropia.epfl.ch/;
Nenes et al., 1998; Fountoukis and Nenes, 2007) was used to constrain
the levels of bulk aerosol acidity. This model calculates the composition
of aerosol in equilibrium with the surrounding gas phase, including the
transformations taking placewhen freshly emitted dust ismixedwith acidic
pollution. The model takes as input the amount of “aerosol precursor” so-
dium, potassium, ammonium, sulfate, magnesium, calcium, chloride, ni-
trate, relative humidity and temperature. The concentrations (in μg m−3)
of these precursors refer to the total amount in the gas and aerosol phases.
Based on this input the model predicts, at thermodynamic equilibrium, the
phases present in the aerosol particles (aqueous, solid, or both), the amount
and chemical composition of each phase, and, the concentrations of semi-
volatile species in the gas phase (NH3, HNO3, HCl). Here, ISORROPIA-II
was run in the “forward mode” assuming a metastable aerosol state, in
which known quantities are temperature, relative humidity and the total
(i.e., gas+aerosol) concentrations of NH3, H2SO4, HCl andHNO3. The equi-
librium assumption applies well to submicron (fine) aerosol but introduces
errors when applied to coarsemode aerosol (Capaldo et al., 2000; Pye et al.,
2020). Nevertheless, it can still provide a good indicator of changes in acid-
ity – as is done here. The particle pH calculated here is based on the calcu-
lated equilibrium particle hydronium ion concentration in the aerosol and
does not account for the organic aerosol liquid water content.

3. Results

3.1. High resolution measurements of SRP in Heraklion

The temporal variability of SRP concentration measured with the PILS-
LWCC at campus of University of Crete (Heraklion, Greece) during
January–April and June–September 2016 is presented in Figs. 2a & 3a, re-
spectively. The system measured almost each week for two or three days
continuously, performing in total 5062 measurements with 6 min time res-
olution. The total average concentration of SRP during the sampling cam-
paign was estimated at 0.35 ± 0.25 (median: 0.30, n = 5062) nmol P
m−3, with standard uncertainty of 0.3%. These levels of SRP agree with
previous filter-based phosphate measurements (median 0.23 nmol m−3)
in the same area (Markaki et al., 2003) but also in Erdemli (0.45 ±
0.43 nmol m−3 median 0.37 nmol m−3) for bulk aerosols (Koçak et al.,
2010).

The sampling period could be separated in two seasons; the season of
high dust influence (Jan.-April) and the season with high biomass burning
events (June–September). The temporal variation of SRP together with
PM10mass during the season of high dust influence is shown in Fig. 2a. Dur-
ing the intense dust episode recorded on 23th ofMarch (Fig. 2b& c) we ob-
served the maximum recorded concentration of non-sea salt (nss)‑calcium
(16.94 μg m−3, Fig. S1), which was 14 times higher than the background
levels (1.22 ± 1.56 μg m−3, Koulouri et al., 2008), and also the maximum

http://finokalia.chemistry.uoc.gr/
http://finokalia.chemistry.uoc.gr/
http://cires1.colorado.edu/jimenez-group/wiki/index.php/High_Resolution_ToFAMS_Analysis_Guide
http://cires1.colorado.edu/jimenez-group/wiki/index.php/High_Resolution_ToFAMS_Analysis_Guide
https://isorropia.epfl.ch/;


Fig. 2. a) The temporal variation of SRP concentrations measured with the PILS-LWCC system from January to April 2016, in parallel with the PM10 mass at campus of
University of Crete (Heraklion, Greece), b) the satellite picture depicts the transportation of Saharan dust peaked on 23th of March 2016; the picture was downloaded
from “NASAWorldview” (https://worldview.earthdata.nasa.gov/), c) Total P (TP) during the dust event on 23th of March 2016 along with SRP and nss-calcium, d) the sol-
ubility of phosphate (ratio phosphate: TP) during the dust event with pH in PM2.5 particles (pH-PM2.5) and the pH in PM1 particles (pH-PM1), nss‑calcium and wind speed
(km h−1). pHwas calculated by the ISORROPIA-II thermodynamic model (Fountoukis and Nenes, 2007) using the observed ionic composition, while the pH in PM1 particles
was calculated based on size segregated results obtained during similar dust event in the area (Table S6).
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PM10 mass (1218 μg m−3) which was 24 times higher than the annual av-
erage PM10 levels for Heraklion (51 ± 33 μg m−3, Gerasopoulos et al.,
2006). The duration of that dust event was about 24 h and the variation
of SRP could be resolved during this event since an online measurement
was recorded every 6 min (Fig. 2c). The maximum concentration of SRP
(3.08 nmol P m−3) was recorded during this dust event, being almost ten
times higher than the campaign average (0.35 ± 0.25 nmol P m−3).
Total Phosphorous (TP) was measured on Teflon filters that were collected
only during that dust event (Fig. 2c). The average TPwas 2.75±1.97 nmol
P m−3, being a maximum (6.62 nmol P m−3) at the peak of nss‑calcium.
This average is a typical value for an intense dust event in the area
(Longo et al., 2014; Violaki et al., 2021).

Nine biomass burning events were recorded during the June–September
period. During biomass burning events high concentrations of nss-potassium
were observed, often concurrently with dust (when the concentration of
nss‑calciumwas higher than 1 μg m−3). The co-occurrence of nss‑potassium
and nss‑calcium makes it difficult to differentiate the contribution of bio-
mass from dust to phosphate concentration. Two biomass burning events,
however, were recorded without dust influence and with low concentration
of nss‑calcium; the first was on 17th Aug. 2016 with nss‑calcium: 0.07 ±
0.02 μg m−3 (Fig. 3c) and the second was on 26th Aug. 2016 with
nss‑calcium:0.08±0.02 μgm−3 (Fig. 3d). Themaximum recorded SRP con-
centration during those events was 1.46 and 0.98 nmol P m−3, respectively,
being 3 to 4 times higher than the campaign average (0.35 ± 0.25 nmol P
m−3), suggesting that biomass burning could be an important source of
phosphate over East Mediterranean, especially during periods where dust
is absent (i.e., Northern winds called Etesians are prevalent, Fig. S2).
4

3.2. High resolution measurements of SRP and ancillary parameters in Finokalia
sampling station

During the sampling period at Finokalia (from 11th to 13th May
2016), an AMS system measuring PM1 SO4

2−, along with NH4
+, NO3

−

and Cl− (with a temporal resolution of 3 min) was deployed in parallel
with the PILS system. The temporal variability of both parameters is pre-
sented in Fig. 4, along with PM10 mass and pH, calculated by the
ISORROPIA-II model (Fountoukis and Nenes, 2007). Over these two
days sampling at high resolution, we had the opportunity to compare
the two primary sources of SRP over EMS; anthropogenic activities and
the Saharan dust. The daily average of sulfate concentration recorded
during 11th May was higher (4.44 ± 0.93 μg m−3) comparing with
the daily average on the 12th May (0.48 ± 0.28 μg m−3). This is proba-
bly attributed to anthropogenic activities, since during that day the wind
origin was from the North and Northeast Europe (Fig. 4), while the cal-
culated acidic pH (1.6 ± 1.3) was driven by the aerosol sulfate. The tem-
poral variation of SRP on 11th May (peaking at 0.85 nmol P m−3) is in
line with the sulfate trend. The peak on 12th May (1.00 nmol P m−3) fol-
lows the temporal trends of PM10 (Fig. 4) and nss‑calcium (Fig. S3) sug-
gesting that dust could be the source of the second observed maximum of
SRP. The dust event is also confirmed by the air mass back trajectories
(Fig. 4), while the average pH was calculated at 7.2 (owing to a surplus
of calcium, presumably in the form of carbonates). Although the sam-
pling period was short, these measurements suggest that anthropogenic
activities could be a comparable source of SRP to a low intensity dust
event.

https://worldview.earthdata.nasa.gov/


Fig. 3. a) Temporal variation of SRP concentration measured with the PILS-LWCC system during June to September 2016; nss‑calcium and nss‑potassium were measured in
PM2.5 aerosol filters sampled in parallel at campus of University of Crete (Heraklion, Greece), b) the biomass burning episode on 26–27th August 2016 in Chios island, which
recorded from satellite; the picture was downloaded from “NASAWorldview” (https://worldview.earthdata.nasa.gov/) on 26th August 2016, c) focus on the temporal var-
iation of SRP concentration, nss‑calcium and nss‑potassium and pHduring the biomass burning episode on 17–18th August 2016 in Kefalonia island, d) focus on the temporal
variation of SRP concentration, nss‑calcium and nss‑potassium and pHduring the biomass burning episode on 26–27th August 2016 in Chios island. The pHwas calculated by
the ISORROPIA-II thermodynamic model (Fountoukis and Nenes, 2007), using the ionic composition.
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4. Discussion

4.1. The seasonal influence of air mass origin to the phosphate ions and atmo-
spheric pH

The average concentration of various parameters, including pH and SRP
for different seasons and main air mass origin for species transported to the
sampling site is summarized in Table 1. The average pH in PM 2.5 atmo-
spheric particles during dust events in winter, spring and summerwas calcu-
lated at 7.26 ± 0.05 (median: 7.3), consistent with a surplus of calcium in
the form of carbonates. In autumn, no dust events were recorded during
the sampling period. Significant correlation was found in dust events be-
tween phosphate and nss‑calcium (r = 0.64, p < 0.0001, Table S1),
nss‑magnesium (r = 0.65, p < 0.0001, Table S1) and chloride (r = 0.64, p
< 0.0001, Table S1), suggesting the transport of phosphate with Saharan
dust (Mahowald et al., 2008) in boundary layer over theMediterranean Sea.

The atmospheric particles are considerablymore acidic with pH at 3.72±
2.76,when the anthropogenic influence is dominantwithwinds blowing from
central Europe during summer. Particles are even more acidic when originat-
ing from countries bordering the Black Sea,with pH at 1.70±2.15 during the
same season. Those air masses were associated with the highest average con-
centration of phosphate over the East Mediterranean, especially during the
spring (0.84 ± 0.42 nmol P m−3) and summer periods (0.52 ± 0.36 nmol
Pm−3). The Black Sea wind sector is characterized not only by strong anthro-
pogenic emissions (Koçak et al., 2016), but also from biomass burning emis-
sions (Sciare et al., 2008); the highest concentration of nss-sulfate ions (4.35
5

± 2.00 μg m−3) and nss‑potassium (0.35 ± 0.21 μg m−3) originated from
that sector (Table 1).

4.2. The role of acid processing of dust on the levels of phosphate ions

Dust events are an important primary source of bioavailable phosphorus,
but when the dust is acid processed, it could produce considerable amounts
of secondary phosphate anions from the dissolution of apatite, which can in-
crease inorganic P by 10 times (Nenes et al., 2011; Stockdale et al., 2016).
To investigate the effect of dust acidification on phosphate levels, we esti-
mated the “phosphate solubility” (molar ratio PO4

3−: TP) during the intense
dust event recorded on 23th of March 2016 (Fig. 2b). Indeed, we see that
pH drops at the edge of the plume (Fig. 2d) and corresponds to amuch higher
solubility (82%) compared to the peak of the event with average solubility
30% and pH = 7 (Fig. 2d). This pattern is consistent with the expectation
that smaller amounts of dust occurring at the edge of the event are efficiently
mixed with anthropogenic pollution, leading to much higher acid exposure
(and reduced pH) compared to the peak of the plume. The higher acid expo-
sure at the flanks of the dust plume leads to higher phosphate solubility, com-
pared to within the center or peak of the plume. This process seems to be
facilitated by the low wind speed, which was recorded at the beginning of
the event, supporting long processing timeswith acids, increasing the acid sol-
ubilization of dust (Fig. 2d). It is expected that pH varies with particle size
(Kakavas et al., 2021) especially during dust episodes. For this reason, during
periods where ISORROPIA yields high pH (indicative of a surplus of non-
volatile cations (NVCs) e.g., Na, Ca,Mg, K,which cannot be fully “neutralized”

https://worldview.earthdata.nasa.gov/


Fig. 4. Concentration of SRP measured with the PILS-LWCC system in PM2.5 atmospheric particles, sulfate measured with AMS in PM1 atmospheric particles and PM10 mass
during the sampling in Finokalia (11th–13th May 2016). The pH was calculated by the ISORROPIA-II thermodynamic model (Fountoukis and Nenes, 2007). The air mass
back trajectories on a) 11th May 2016 and b) 12th May 2016 were calculated for 1000 m and 3000 m with 6 h step by using the HYSPLIT Model (Stein et al., 2015).
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by anions), it would be useful to assess whether smaller particles are more
acidic and their associated P subject to solubilization. For this, we estimate
the fraction of NVCs in PM1, considering the size segregated measurements
of NVCs during dust events occurred in the area (Table S6). The estimated
fraction of the species in PM1 was applied to the PM2.5 data and was used to
6

estimate the pH in PM1 particles using ISORROPIA-II (Fig. 2d). The lower
pH in PM1 particles (pH= 1.61) at the begging of event implies that the sol-
ubilization of dust was likely complete in the fine particles, while the modest
variability in pH in PM1 particles during the dust episode indicate an underly-
ing acidification that may be underway. Nevertheless, a lack of more size-



Table 1
Average concentration of various parameters including pH and phosphate ions distributed to the main air masses origin in the area. All concentrations are in μg m−3, except
phosphate ions in nmol m−3. All parameters were measured in PM2.5 teflon filters. The pH was calculated by the ISORROPIA-II thermodynamic model (Fountoukis and
Nenes, 2007), using the ionic composition. The molar ratio PO4

3-: nss-Ca2+ also presented. Note that winter define here from January to February, spring is defined by the
period from March to May, summer is the period from June to August and in autumn is included only September.

pH-PM2.5 nss-Ca2+ NH4
+ NO3

− nss-SO4
2− nss-K+ PO4

3− PO4
3−: nss-Ca2+

Winter Dust (n = 23) 7.26 ± 0.05 0.61 ± 0.42 0.18 ± 0.13 0.54 ± 0.39 0.34 ± 0.31 0.17 ± 0.12 0.32 ± 0.30 0.02
Acid dust (n = 3) 3.88 ± 0.27 0.24 ± 0.05 0.08 ± 0.03 0.70 ± 0.16 0.28 ± 0.03 0.09 ± 0.08 0.18 ± 0.11 0.03
Cent. Europe (n = 28) 3.81 ± 2.93 0.26 ± 0.12 0.36 ± 0.28 0.76 ± 0.57 1.53 ± 1.38 0.31 ± 0.18 0.33 ± 0.29 0.05
Black Sea (n = 2) 0.85 ± 1.39 0.16 ± 0.00 0.86 ± 0.79 1.32 ± 0.36 3.47 ± 0.23 0.22 ± 0.17 0.19 ± 0.00 0.05
Marine (n = 1) 7.26 0.39 0.08 0.33 0.12 0.08 0.41 0.04

Spring Dust (n = 44) 7.27 ± 0.06 4.13 ± 3.89 0.54 ± 0.49 1.95 ± 1.73 2.47 ± 1.43 0.28 ± 0.18 0.88 ± 0.54 0.01
Acid dust (n = 32) 3.27 ± 1.27 0.76 ± 0.45 0.83 ± 0.35 1.40 ± 0.76 2.86 ± 1.22 0.28 ± 0.14 0.55 ± 0.37 0.03
Cent. Europe (n = 6) 3.70 ± 1.27 0.52 ± 0.53 0.82 ± 0.86 1.34 ± 0.91 2.50 ± 1.90 0.39 ± 0.09 0.47 ± 0.28 0.04
Black Sea (n = 5) 1.72 ± 0.26 0.57 ± 0.21 1.14 ± 0.33 1.48 ± 1.23 3.28 ± 1.19 0.31 ± 0.14 0.84 ± 0.42 0.06
Marine (n = 12) 3.74 ± 2.27 0.46 ± 0.30 0.73 0.41 0.87 0.64 1.68 ± 1.03 0.27 ± 0.16 0.53 ± 0.34 0.05

Summer Dust (n = 7) 7.18 ± 0.06 2.67 ± 2.44 0.68 ± 0.11 0.91 ± 1.14 1.67 ± 1.70 0.34 ± 0.43 0.36 ± 0.25 0.01
Acid dust (n = 6) 2.73 ± 1.33 0.92 ± 0.28 1.01 ± 0.17 0.48 ± 0.27 3.60 ± 1.01 0.28 ± 0.14 0.38 ± 0.33 0.02
Cent. Europe (n = 36) 3.72 ± 2.76 1.24 ± 1.07 0.57 ± 0.48 0.77 ± 0.51 2.93 ± 1.68 0.22 ± 0.15 0.69 ± 0.40 0.02
Black Sea (n = 73) 1.70 ± 2.15 0.82 ± 1.46 0.92 ± 0.70 0.55 ± 0.32 4.35 ± 2.00 0.35 ± 0.21 0.52 ± 0.36 0.03
Marine (n = 1) 6.11 1.74 0.79 1.53 3.59 0.12 0.25 0.01

Autumn Dust (n = 0) – – – – – – –
Acid dust (n = 4) 1.82 ± 0.48 1.21 ± 0.39 1.34 ± 0.59 0.61 ± 0.43 5.00 ± 1.98 0.26 ± 0.19 0.38 ± 0.25 0.01
Cent. Europe (n = 22) 1.07 ± 1.23 0.44 ± 0.63 0.79 ± 0.70 0.59 ± 0.40 4.41 ± 2.60 0.25 ± 0.22 0.55 ± 0.44 0.05
Black Sea (n = 8) 0.65 ± 1.00 0.32 ± 0.17 1.04 ± 0.55 0.68 ± 0.65 4.55 ± 1.24 0.24 ± 0.16 0.30 ± 0.17 0.04
Marine (n = 1) −0.14 0.53 0.83 0.46 3.45 0.08 1.94 0.15
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resolved data cannot conclusively show this, so we refer to future work for
constraining much better the size-resolved pH and further the solubility of
phosphate.

A 5-year climatology study (Kalivitis et al., 2007) in the area showed
that Saharan dust arrives over Crete in three possible ways: a) vertically ex-
tended transport, where dust between 1000 m and 3000 m is transported
b) free tropospheric transport where, dust is transported at altitudes of
3000 m and above, and, c) boundary layer transport where, dust is
transported at altitudes up to 1000 m. The dust events occurring in the
area during this study (n = 74, Table 1) having an average pH at 7.24 ±
0.05, were transported mostly between 1000 m and 3000 m with over
60% of these recorded in spring. However, 45 dust events were acidified
(acid dust) with average pH at 2.93± 0.87 with over 71% of those also re-
corded in spring. In 90% of these acidified dust events, the dust was
transported either from the free troposphere or over Europe and return
back to the East Mediterranean (Figs. S4 & S5). In 85% of those events
the wind speed was less than 10 km h−1 (Fig. S6), indicating that the low
wind speed could be enabled long processing times that increase the acid
solubilization of dust. Significant correlation of phosphatewith nss‑calcium
(r=0.30, p< 0.05, Table S2) supports the coexistencewith acid dust, while
the significant correlation with nitrate (r=0.38, p < 0.01, Table S2) imply
that maybe nitric acid is important for the dust acidification.

The annual average concentration of nss‑calcium during the acid dust
events in spring was 0.76 ± 0.45 μg m−3 (Table 1, pH = 3.27 ± 1.27),
which is lower comparing with the annual average of dust event observed
during the same season (Table 1, nss‑calcium 4.13 ± 3.89 μg m−3, and
pH = 7.27 ± 0.06). Despite the difference in nss‑calcium concentrations,
the phosphate concentrations between acid dust events (0.55 ±
0.37 nmol P m−3) and intense dust events (0.88 ± 0.54 nmol P m−3)
were comparable. This suggests that the secondary phosphate fraction pro-
duced during dust acidification in the low intensity dust events could be
equally important with intense dust events, occurring mainly in the spring
season. Furthermore, themolar ratio PO4

3−: nss-Ca2+ (Table 1) for the acid-
ified dust is three times higher than the non-acidified dust and comparable
with pollution transported from central Europe.
4.3. Relative importance of dust and biomass burning events on bioavailable P
flux to the marine ecosystem

Atmospheric deposition of phosphate is an important nutrient source to
the oligotrophic marine ecosystem of the East Mediterranean, especially
7

during the dry seasonwhen the surfacewaters are strongly nutrient limited.
In order to understand the relative importance of dust (acidified and not)
and biomass burning events as a source of bioavailable P, the inputs from
these sources are estimated.

The flux is calculated by: F=−Vd C, where F is the SRP flux in mol m−2

s−1,C is the atmospheric concentration of SRP inmolm−3 andVd is the depo-
sition velocity in m s−1, which depends on the size distribution of the aerosol
(Spokes et al., 2001) containing the SRP but also can be dramatically influ-
enced by pollution or the dust (Koçak et al., 2016). Since 80% of SRP in the
area is associated with supermicron-sized particles during dust events
(Markaki et al., 2003), a Vd of 0.02 m s−1 was used for the calculation of
the SRP deposition during the strong dust event recorded on 23th March
(Fig. 2c). With an average SRP of 1.68 ± 0.56 nmol m−3, the deposition
flux was calculated at 2.90 ± 0.97 μmol P m−2 for that event, considering
the dust as an important bioavailable P source in the spring period when
60% of the events occur (Table 1). Acid processed dust events are generally
low intense dust events, having an average concentration of nss‑calcium of
0.78± 0.41 μg m−3, and during the most intense acid dust event an average
concentration of SRP of 0.64± 0.16 nmol m−3 was recorded; the deposition
flux of SRP was calculated at 1.11 ± 0.28 μmol P m−2 per event.

During biomass burning episodes was used the Vd of 0.012 m s−1,
adopting the approach of Koçak et al. (2016), which represent a polluted at-
mosphere of East Mediterranean. The daily average concentration of SRP
recorded on the event of 26th Aug. (Fig. 3) was at 0.84 ± 0.24 nmol
m−3, the deposition flux of SRP was calculated at 0.87 ± 0.25 μmol P
m−2 per event, establishing that biomass events are an important source
of bioavailable phosphorus in the area, especially in the summer period
when the East Mediterranean surface waters are nutrient starved.

Dust storms in the Mediterranean and the Atlantic are anticipated to be
more frequent and intense and further exacerbated from the effects of an-
thropogenic climate change. Also, the observed trend towards warmer
and drier conditions in southern Europe is projected to continue in the
next decades, possibly leading to increased risk of large fires (Turco et al.,
2018). Increases in the number of fires (Tang et al., 2021) and the dust
storms, would potentially enhance the atmosphere as a nutrient source of
bioavailable P for the Mediterranean marine ecosystem.
5. Conclusions

During this study, a real-time automated PILS-LWCC systemwith a time
resolution of six minutes per sample was used to measure the SRP in
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atmospheric particles over the eastern Mediterranean. With that high-
resolution sampling, the evolution of SRP concentration in dust aerosols
during the event was recorded but also its temporal variation during bio-
mass burning episodes. The results revealed that the Saharan dust is an im-
portant primary source of bioavailable phosphorus, while the acid dust
enhances further the contribution of dust aerosol to the SRP. During the
warm period, when Northerly winds prevailed, biomass burning episodes
contributed significantly to soluble phosphorus delivered from atmospheric
sources to the eastern Mediterranean. These inputs are comparable with
acid processed dust events and are especially important for the area during
the summer period, when biological productivity is strongly limited by nu-
trient availability.
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