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Air mass transport and phosphorus speciation

ABSTRACT: Phosphorus (P) is essential for marine ecosystems, . sy
particularly in nutrient-poor regions of the Northeastern and Southeastern !
Tropical Atlantic (NETA/SETA). However, P deposition and bioavail-

ability remain poorly understood, limiting predictions of its role in marine
productivity. To address this, P speciation, including organic, inorganic,

and soluble contents in aerosol particles, was analyzed over 19 months at

the Cape Verde (CVAO) and Namib Desert (NDAQO) Atmospheric —cuurcmo
Observatories. P concentrations at NDAO (56.1 + 62 ng/ m®) were 47% Eemwwe
higher than those at CVAO (29.8 + 76 ng/m’) with dominant coarse =™
mode contents and fine-to-coarse ratios (PM,,/PM;,) of 0.42—0.57 at

NDAO and 0.17—0.32 at CVAO. Phosphorus sources at both sites include

mineral dust and biomass burning with additional biogenic aerosols at

NDAO. Organic P made up 19% and 39% of total P at NDAO and CVAO,
respectively. Soluble P was 20% more abundant at NDAO, linked to higher biomass burning source provenance and aerosol acidity,
confirming previous reports that atmospheric processing enhances P solubility. P solubility was lower during Saharan and Namib
dust events, indicating comparatively reduced solubility from mineral-dust sources. This first report of annual deposition fluxes from
these regions reveals somewhat higher average values in the SETA (2.05 + 2.8 ymol/m*d at NDAO) than the NETA (1.3 + 3.4
umol/m*d at CVAO), with pronounced differences in the austral winter months. Elevated dissolved inorganic nitrogen to dissolved
inorganic P ratios at CVAO indicated a smaller contribution of atmospheric P deposition in mitigating nutrient limitation in the
nearby waters. These findings offer new insights into atmospheric P solubility and fluxes, crucial for improving ocean-atmosphere
models and understanding its ecological impacts in the tropical Atlantic.

Percantage Contribution

KEYWORDS: phosphorus speciation, phosphorus solubility, atmospheric processing, Saharan dust, ocean fertilization,
Benguela marine ecosystem

1. INTRODUCTION hydroxyapatite [Cas(PO,);(OH)] and fluorapatite
Phosphorus (P) is an essential element for all living organisms [Cas(PO,)3(F), FAP], volcanic ash, and anthropogenic
and plays a critical role in primary production in marine sources of mineral fertilizer. It also originates from biogenic
ecosystems.' " P is a critical component of plant and particles, P manufacturing plants, and combustion processes,
phytoplankton structure and function, contributing to including biomass burning.lz_14 These aerosol particles are
processes such as protein synthesis, lipid metabolism, and often a combination of inorganic (such as iron/calcium-

sugar storage’ associated with primary production. P
availability also influences species distribution and ecosystem
structure, carbon sequestration, the carbon cycle, and the
biological carbon pump.”*~® However, P concentrations in
surface waters and other marine ecosystems can be lower than
the classical Redfield stoichiometric ratios required for

bounded P) and organic P (such as diesters and monoesters or
plant-containing P complexes) that are present in both fine (<1

um) and coarse (>1 pm) particle fractions depending on the

5,15

emission processes.” ” Their transport to different regions

optimum marine productivity, leading to reduced primary Received: December 30, 2024
production rates due to phytoplankton growth limitation or Revised: ~ May 22, 2025
colimitation”"” and shifts in species composition and diversity Accepted:  May 22, 2025

within phytoplankton communities."" Published: June 10, 2025

Ambient aerosol P can be sourced from soil-suspended dust
particles containing P minerals, including apatite, both
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subsequently affects local P budgets in terrestrial ecosystems
but also plays an important role in fertilizing the ocean.

P in the ocean primarily originates from river inputs through
weathering of rocks and minerals, anoxic shelf sediments, and
atmospheric deposition.”*'°”'” While river inputs are
significant along coastal continental margins, atmospheric
deposition and anoxic shelf sediments in oxygen minimum
zones are important P sources for open ocean ecosystems.
Studies have reported P colimitations in surface waters in the
North Atlantic and Red Sea.”'®* Additionally, P concen-
trations in surface waters have shown strong correlations with
atmospheric inputs in the Mediterranean Sea, where
atmospheric deposition accounts for a significant increase in
primary productivity.”'~>* Studies in the Baltic Sea have
highlighted its practical importance alongside riverine inputs
by emphasizing the underestimation of atmospheric P
deposition in models.**

Although the total P mass is important in terms of supply, it
is not the decisive biogeochemical parameter that is essential
for marine and terrestrial ecosystems, but rather the
bioavailable fraction that can be readily taken up by the
metabolisms of organisms. P bioavailability is thought to be
dependent on its solubility, with orthophosphate often
considered the most soluble form of P.>> Although mineral
dust is a significant source, other sources also provide soluble
content,12’26’27 with combustion-related aerosol, in particular,
revealing higher soluble contents.'” In addition, the con-
densation of acidic species on surfaces containing P particles
leads to interactions that modify the solubility of P particles
and are dependent on particle size with smaller particles having
a larger surface-to-volume ratio. Currently, the role of these
interactions in the atmospheric processing of P-containing
aerosol particles is still not well understood, with various
parametrizations being tested and implemented in models for
more accurate predictions of solubility,zg’29 making it difficult
to predict the fate and impact of atmospheric P deposition.”””"

As apatite minerals are the main source of P, with low photo
reactivity, and as Ca does not strongly bond with organic
ligands, Stockdale et al.** highlighted that acid processing of
aerosols that largely consist of dust particles is the most
dominant process that increases soluble P fraction. They found
that acid dissolution is controlled by proton ion concentration,
with low proton ion to dust ratio (H" < 10™* mol/g of dust)
already able to dissolve 1—10% of the total P that is surface-
bound and higher ratios resulting in even higher P release.
Although calcite may reduce the P dissolution due to acid
buffering, this did not significantly affect the dissolution of
apatite-P minerals dominant in dust particles.”> Applying a
simple relationship between atmospheric acidity and bioavail-
able P forms, Herbert et al.** showed that acid processing of
aerosol particles may be important for P availability in the
Mediterranean Sea and the Northeast Atlantic Ocean.

In the Northeastern and Southeastern Tropical Atlantic
(NETA and SETA) Ocean regions, significant amounts of
different types of mineral dust with varying P content (0.02
Tg/yr, North Atlantic; 0.005 Tg/yr, South Atlantic) are
annually deposited into surface waters from nearby deserts.”
However, our understanding of this process is limited due to a
lack of available data. Previous studies that quantified the
temporal variability of P budgets in these regions were based
on short-term campaigns, thus providing snapshots of
concentrations dominated by abrupt emissions, but unable to
characterize long-term fluxes and sources.””** To bridge this
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knowledge gap, we focused on targeted sampling at two
locations: (i) the Cape Verde Islands, representative of
continental inputs into the NETA from West and North
Africa, including Saharan dust, and (ii) a near coastal location
in Namibia, representative of P inputs into the SETA of Namib
Desert dust and particulate matter (PM) from industries and
biomass burning in the southern African interior. Although
these are specific sampling locations, these sites provide
valuable insights into the dynamics of nutrient and P source
variations and subsequent fluxes into the oceans.

The primary objectives of this work are to provide a
comprehensive data set on the concentrations, size distribu-
tions, solubility, and speciation of atmospheric P inputs to the
NETA and SETA regions. In particular, the factors controlling
the speciation of soluble and total P for these regions, as well as
the role of atmospheric processing on P bioavailability are
explored. The identification and categorization of the sources
of P and its seasonal variation, influenced by meteorological
conditions, are presented.

2. EXPERIMENTAL SECTION

2.1. Aerosol Sampling. This study involved the
simultaneous long-term sampling of aerosol particles at two
sites: the Cape Verde Atmospheric Observatory (CVAO) in
Cabo Verde and the Namib Desert Atmospheric Observatory
(NDAO) located at the Gobabeb Namib Research Institute in
Namibia (Figure 1). While the CVAO (16.8640° N, 24.8675°

Bulk and
Size resolved aerosol

\ =
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Figure 1. (A) Map indicating sampling sites and pictures of the sites
and the samplers at (B) CVAO (16.8640° N, 24.8675° W) and (C)
Gobabeb, NDAO (23.5603° S, 15.0404° E).

W) is exclusively located in the tropical North Atlantic about
900 km off the west African continent, the NDAO (23.5603°
S, 15.0404° E) is located about 60 km inland from the
southern African tropical coastline boundary (23.5° S) of the
Atlantic. Sampling was done at these two sites considered to be
representative of aerosol particles in the NETA and SETA
regions, respectively, from the Sth of May 2018 to the 31st of
December 2019. Continuous bulk PM,, aerosol samples were

https://doi.org/10.1021/acsearthspacechem.4c00411
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Figure 2. (a) Time series of TP concentrations and (b) monthly variations between 2018 and 2019 at CVAO and NDAO.

collected over 72 h at CVAO and NDAO by using a high-
volume PM collector (DIGITEL DH80, Riemer, Germany)
with preheated quartz fiber filters (Munktell, MK 360,
Germany). During intensive field studies, each lasting 4—6
weeks in January and February 2019 at CVAO and July 2019
at NDAO, similar bulk samples were collected over a 24-h
routine. In addition, during the intensive field studies, size-
resolved PM samples were collected with a PM,, five-stage
Berner Impactor (Hauke, Gmunden, Austria) with cut-offs at
50—140 nm, 420 nm, 1.2 pm, 3.5 pum, and 10 ym on
polycarbonate and aluminum foils (Wicom, Heppenheim,
Germany). After collection, all samples were frozen and
transported to TROPOS for laboratory analysis. For the
quality control of the samples from both sampling instruments,
field blank samples were collected and treated in the similar
way as the samples. Field blanks are filters that were inserted
into the samplers for the same sampling duration as the filter
samples, 72 and 24 h for bulk and size-resolved samples,
respectively, but no air sucked through them.

2.2. Chemical Analysis. Aerosol samples were analyzed
for various P contents, including total, inorganic, organic, and
soluble P. In addition, the samples were analyzed for their
chemical compositions, including the quantification of water-
soluble ions and organic compounds.

2.2.1. Phosphorus Analyses. For size-resolved samples,
total phosphorus (TP) was quantified using a total X-ray
fluorescence (TXRF) technique on particles collected on
polycarbonate foils. Here about 0.25 cm” area of the foil is cut
out and placed on a TXRF carrier, which was thereafter spiked
with § uL of gallium/yttrium internal standard mixture in
concentrated nitric acid (69%, supraquality, ROTIPURAN,
Roth, Germany) and allowed to dry on a hot plate. After
cooling, the carrier was analyzed with the TXRF instrument
(PICOFOX, Bruker Germany); details can be found in the
literature.”> PM, bulk samples were analyzed differently.

For the TP quantification of PM,, bulk aerosol samples,
three 16 mm sections were punched out of the quartz filters,
combusted at 500 °C for 2 h, and extracted in 3 mL of 35%
concentrated HCl (supra-quality, ROTIPURAN, Roth,
Germany).>® For the total inorganic phosphorus (TIP), a 16
mm filter punch was directly extracted in 1 M HCI for 2 h by
shaking at room temperature, and thereafter the extracts were
quantified.***’
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The extracts for the TP and TIP were quantified using the
molybdenum blue method.”® Here 5 mL of each sample
extract was incubated with 1 mL reagent containing sulfuric
acid, ascorbic acid, potassium antimonyl tartrate trihydrate,
and ammonium molybdate. The free phosphate reacts with the
molybdenum species to form a molybdophosphoric acid
compound, which is reduced by ascorbic acid to form a
phosphor—molybdenum blue complex that is stabilized with
antimony. The resulting blue complex was quantified using a
UV—vis spectrometer (TIDAS, J&M Analytics, Germany) at
710 nm. To enhance the sensitivity of detection of the blue
complex, a 100 cm Liquid Waveguide Capillary Cell (LWCC,
World Precision Instruments, Germany) absorption cell was
used. The limit of detection (LOD) was at 0.01 ug of P/L.

Soluble phosphorus (SP) was analyzed using ion chroma-
tography (IC) as well as the molybdenum blue method. A S
cm filter punch was extracted in 20 mL of deionized water for
2 h by shaking at room temperature, filtered through a 0.45 ym
syringe, and measured with either IC or colorimetry. The
remaining extracts were used for pH and sugar analysis. The
results from both techniques were in good agreement and
within an error range of 5%. Thus, the soluble P was routinely
quantified by IC.

The filter blank values of SP (<0.09 ng/m?) and TP (<0.5
ng/m®) were very low, and the P retention capacity of the
quartz filters were also low, with SP recoveries from 1 ppm
spiked P standard solution on 16 mm quartz filter sections,
ranging between 94 and 105% for a sample set of five filters.

Total organic phosphorus (TOP), was determined as the
difference between TP and TIP. The uncertainties of the TOP
concentrations were less than 6.5%, which was obtained from
error propagation of the uncertainties of TIP (5%) and TP
(4%) taken from replicates of blank filter measurements.

2.2.2. Analysis of Other Chemical Compounds. Water-
soluble ions including dissolved nitrogen species (NH,*,
NO,~, and NO;™) as well as SO,>~, K*, Na*, and Ca** were
quantified from the sample extracts in deionized water with an
IC using reported procedures.’” The nonsea salt (nss) fraction
of a water-soluble ion was estimated as the difference between
the measured ion concentration and the sea salt (ss)
contribution to the ion concentration. Specifically, for SO,*~
and Ca?, the sea salt contributions, ss-SO,*~ and ss-Ca**, were
calculated as 0.25[Na*] and 0.04[Na*], respectively. This was
done under the assumption that sea salt was the only source of

https://doi.org/10.1021/acsearthspacechem.4c00411
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Na*. For organic and elemental carbon (OC/EC) analysis, we
used a thermo-optical method following the EUSAAR II
protocol to quantify the OC/EC of the quartz filters. The
aerosol pH was determined from the water extracts of the
samples using a Sartorius PP-20 pH meter. Anhydrous sugar
compounds including levoglucosan, arabitol, and mannitol,
were measured from the same SP extracts via anion-exchange
chromatography using a high-performance anion-exchange
chromatography coupled with a pulsed amperometric
detection instrument ICS 3000 (Thermo Fischer).*’

2.3. Air Mass Back-Trajectories. Air mass back-
trajectories were determined using the NOAA HYSPLIT
model*' for 96 h using meteorological input data from the
Global Data Assimilation System (GDAS, 1°), and a receptor
height of 500 m above ground level. The trajectories were
calculated every 4 h within the sampling period and were
grouped into 4 clusters using the K-means algorithm
approach®™** as well as geographical origin and trajectory
path using the trajCluster script in the R-Studio Openair
package.”> The P chemical components of the samples were
combined with the assigned clusters of the samples. The
combination of the clusters and the different P concentrations
provided the relative contribution of the different air mass
origins to the various P forms. Further details of the method
have been published elsewhere.**’

3. RESULTS AND DISCUSSION

3.1. Phosphorus Concentrations. The time series of TP
concentrations at NDAO and CVAO are presented in Figure
2a. At NDAO, TP concentrations ranged between 2 and 413
ng/m? with an annual mean of 62.8 + 28.2 ng/m’ for the
sampling period. The TP showed a strong temporal variation,
particularly during March and May of 2019, characterized by
frequent concentration maxima and minima, likely associated
with dynamic weather patterns such as dust storms and strong
winds (>8 m/s) that increases ambient crustal material
abundance. In comparison to similar measurements in
southern Africa, the mean TP concentrations were higher
than the 31 ng/rn3 mean P reported in neighboring
Zimbabwe,”*** and the 10 ng/m? at the coastal Henties Bay
observatory in Namibia.”” The concentrations were, however,
similar to those reported from other tropical regions such as
Rondonia in Brazil, 67 ng/ m>>*%° The baseline concentrations
(considered as the fifth percentile of the concentrations) of P
in this region was about 12 ng/ m®. At CVAO, similar strong
temporal variations as at NDAO were observed, with
concentrations ranging from 0.2 to 650 ng/ m? and an annual
mean of 29.8 + 76 ng/m3 for the observational period.
Frequent peak observations were attributed to air mass influx
from the Saharan/Sahel regions. The baseline concentrations
at CVAO (1.2 ng/ m> ) were much lower than at NDAO. Apart
from occasional spikes in the time series, the average
concentration at NDAO was higher than at CVAO (Figure
2a), suggesting a greater contribution of atmospheric P sources
in the SETA compared to the NETA regions. However,
although these differences are eminent, the effective flux into
the open ocean in the SETA region would be eventually lower
than those observed at the NDAO due to its location on land
compared to the CVAO site.

Table SI compares the results of this study with those
observed in other marine, coastal, and inland regions. The
yearly average concentrations for TP observed at CVAO are
higher than those reported for Miami, USA (11.8 + 9.7 ng/m?;
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380 + 312 pmol/m?®)** during Saharan dust episodes, and the
range is about 2 orders of magnitude higher than those
reported during ship cruises along the Atlantic with a range of
only 0.1-5.6 ng/m>® The CVAO mean concentrations are
also higher than those reported in the South China Sea,”! the
Western North Pacific, and the Arctic Oceans’> but similar to
those of many studies in the Mediterranean region.”® These
differences may be due to the proximity of the CVAO to the
Sahara Desert in comparison to other sites located far away
from prominent dust sources. The NDAO concentrations were
marked by influence of air masses from the southern African
interior during biomass burning episodes and were lower than
coastal sites in China, such as (lingdao,>4 but much higher
than those reported during the fall at Cayenne (15—154 ng/
m®) by Barkley et al.”

The seasonal trends in TP at NDAO (Figure 2b) showed on
average higher concentrations during austral summer months
(DJF) compared to fall (MAM) despite sporadic peaks in the
fall months caused by intermittent sandstorms.’® The highest
ambient P loads were observed in January, and the minimum
in May. Excluding the sudden peaks, the concentration range
in May and June is relatively low, between 2 and 32 ng/m’.
During the austral winter months, the concentrations are the
lowest with a slight increase in August toward the end of
winter, which on average is still lower than the summer
months. These first observations of seasonal ambient P trends
in this arid region suggest that regions close to the desert may
not be solely influenced by local resuspension but can be
strongly affected by regional wind patterns and other long-
range transported air masses. The slight increase in TP in
August was not always correlated with an increase in PM mass
(Figure S1), suggesting that the PM mass was not mainly
indicative of P abundance. Thus, long-range transport and
mesoscale meteorology may play a more significant role in
nutrient transport throughout the year than local emission
patterns. However, the strong easterly transport that was
observed in the summer and spring months from back-
trajectories was accompanied by high loads of suspended dust
particles, which could account for the higher observed summer
TP concentrations.

At CVAO, the seasonal pattern revealed the highest
concentrations in December to February (boreal winter)
driven by the dust transport pattern in this region,”’ with
February and April being the months of highest and lowest
concentrations, respectively. The lowest concentrations are
observed during the boreal spring, with a TP concentration
range between 0.9 and 13 ng/ m® from March to May.
Comparing the concentrations observed at the two sites, the
monthly TP concentration ratios (NDAO to CVAO) varied
between 0.6 and 50, with the highest difference observed in
April and the lowest in February. In February at CVAO,
episodes of high Saharan dust are often observed, leading to
elevated P concentrations compared to the other months and a
lower ratio. Likewise, the higher ratio in April results from the
lower background concentration of P at CVAO during this
month, in contrast to relatively higher concentrations at
NDAO. In general, the monthly average values at NDAO were
often higher than those at CVAO due to different source
regions, proximity to source regions, stronger influence of local
winds and thus elevated resuspension at NDAO in comparison
to a stronger reliance on long-range transport at CVAO.

3.2. Temporal Variation of TIP, TOP, and SP. Total
inorganic, organic, and soluble P contents were quantified at

https://doi.org/10.1021/acsearthspacechem.4c00411
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Figure 3. (a) Time series of TIP, TOP, and SP at CVAO and NDAO. (b) Monthly trends of the P components.

both sites. The time series of these components are shown in
Figure 3a and their monthly trends in Figure 3b. Inorganic P
(TIP) dominated the TP composition with concentrations
ranging from 1 to 381 ng/m3 and from 0.1 to 540 ng/m3 at
NDAO and CVAO, respectively, and showing strong
correlation with TP concentrations at both sites (r* > 0.9; p
< 0.05). Peaks in TIP were observed during periods of high TP
concentrations and the seasonal trends were similar. At CVAO,
there was a strong coincidence between TIP and TOP peaks
which was not observed at NDAO indicating that the sources
of TIP and TOP at NDAO were not always the same.

In general, TOP concentrations reached up to 221 and 370
ng/m® at NDAO and CVAO, respectively, with TOP
concentrations often lower than TIP and higher TOP observed
at CVAO. On average, TOP was 19% of the TP at NDAO and
about 39% at CVAO, indicating a higher contribution of
particles containing organic P compounds at CVAO. These
particles could be sourced from biogenic emissions of plant
debris transported from Africa or Europe to CVAO,*® while on
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the contrary, the arid location of NDAO is not privy to such
particle sources.

Soluble P (SP) also exhibits a strong temporal trend with
higher values observed at NDAO (<94.2 ng/m*) compared to
CVAO (<61.4 ng/m?). However, the days of high SP did not
always coincide with days of higher TP at both sites, suggesting
different source contribution influences.

The seasonal patterns of these P forms (Figure 3b) reveal
similar trends between TIP and TOP, with peaks observed in
the boreal winter and early fall and the lowest concentrations
observed in the boreal spring at CVAO. However, the SP trend
showed the highest concentrations in the boreal summer,
specifically in August and September at CVAO. This indicates
that high TP content does not necessarily imply a high soluble
fraction of P, which is critical for primary productivity in
marine and terrestrial ecosystems.

Similarly, at NDAO, the seasonal trends for TIP and TOP
were similar, with peaks in early fall and spring and low
concentrations in the Winter months. However, SP concen-
trations peaked in the Winter and Spring months, in contrast

https://doi.org/10.1021/acsearthspacechem.4c00411
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to the TIP and TOP trends. This discrepancy in the seasonal
trend is linked to different activities and emission sources.
During the winter and early spring months, peak levoglucosan
(a marker for biomass burning) concentrations (Figure S2) are
observed in July and August indicating high combustion
activities, especially from biomass burning. This suggests that
aerosols from combustion carry more soluble P than other
aerosol sources during other months, leading to the strong
winter peaks of SP.

In comparison to other studies (Table S1), the SP
concentration at NDAO (10.5 + 9.3 ng/m®) is higher than
those in Miami (3.1 + 2.8 ng/m®) and Barbados (2.6 + 1.3
ng/m3)33) but similar to that at the Gulf of Aqaba (12.4 + 6.2
ng/m3).59 The SP value at CVAO (3.3 + 6.4 ng/m’) was
similar to those reported for Miami. The SP concentrations at
both sites were lower than that reported for Qingdao in China
(21.8 + 21.4 ng/m?).>* These results highlight the importance
of long-term measurements in comparison to snapshot
observations to assess seasonal patterns and processes that
affect long-term P fluxes to the oceans.

3.3. Size Distribution of TP. During intensive field studies
at NDAO in July 2019, and January and February 2019 at
CVAQ, the size distribution of P was quantified using TXRF
on size-resolved aerosol samples collected with a S-stage
Berner Impactor.”” TP concentrations were highest in the
coarse mode fraction at both sites (Figure S3). Higher coarse
mode abundance was observed at the CVAO compared to the
NDAO likely due to the sampling seasons, with higher Saharan
dust influence in February at the CVAO compared to
Namibian dust influence in July at the NDAO. However, the
fine-to-coarse mode ratio (PM,;,/ PM,,) of the particles
ranged between 0.14 and 0.61 with an average of 0.39 + 0.17
at NDAO and between 0.07 and 0.29 with an average of 0.15
+ 0.05 at CVAO with the lowest ratios typically observed
during dust events. The fine mode fraction was elevated for
particles between 420 and 1200 nm in size and represented
20% and 35% of the TP at CVAO and NDAO, respectively.
This indicates that a significant amount of fine-mode particles
contributed to the P budget. Typically, fine-mode particles
often originate from combustion, which supports our
interpretation above about the role of biomass burning and
particle size in influencing the soluble P content. Studies have
also reported correlations between P solubility and the specific
surface area of aerosol particles, with solubility increasing with
decreasing size of dust particles.”
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3.4. P Solubility. The solubility of P (SP/TP) was
evaluated and its relationship with TP was examined. The
solubility showed an inverse relationship with the PM,,
concentrations at both sites (Figure S4a).

Figure 4a) illustrates the fractional solubility plotted against
the TP of samples during different austral seasons at NDAO
(months abbreviated in brackets) with the color of a sample
representing its pH. The strong inverse relationship between
the solubility and TP indicates that the P solubility is higher for
samples with lower TP and lower for samples with higher TP.
Similar inverse relationship was also observed for samples
collected at the CVAO (Figure S4b). During intensive
campaign periods when size-resolved measurements were
conducted, the fine-to-coarse mode ratio was frequently higher
on days with lower TP, suggesting that fine particles
contributed to the enhanced solubility observed during these
periods. In austral spring (September, October, and
November), a linear relationship was observed between the
aerosol pH and P fractional solubility (Figure 4b), suggesting
that other processes than TP content alone contribute to P
solubility. Generally, whenever the pH of the particles was less
than S$.8, the solubility was typically above 40% (0.4), which
often occurred during the austral winter and spring seasons.
Similar inverse relationships were observed between total iron
and its fractional solubility®"®* and fractional solubility of P
and total aluminum, used as a marker for dust mass
concentration in Asian dust particles.”*

Atmospheric processing at the surface of P-containing
particles likely affects P solubility through interactions between
the particles and acidic species leading to a release of labile P.
The observed relationship is likely driven by smaller particles
with a higher surface area-to-volume ratio, which are known to
dominate surface reactive processes. According to previous
laboratory studies, the solubilization of P and its subsequent
release from dust particles can depend on the concentration of
hydrogen ions (acidity) in the surrounding aqueous layer.*”
High P and calcium solubility, was observed at lower pH,
suggesting a reaction between the acidic centers of the
phosphate and OH™ or F~ groups of apatite minerals at the
surface that weakens the calcium bonds and enhances the
mobilization of P from the crystal structure into the solution.
Our results (Figure 4b) suggest a similar explanation especially
since these processes may be further enhanced at high
temperatures typical for combustion processes.

https://doi.org/10.1021/acsearthspacechem.4c00411
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During combustion, organic matter and soil particles are
emitted into the atmosphere, including trace gases such as SO,
and nitrogen oxides (NO,), Wthh can be further oxidized to
form sulfuric and nitric acids.”® These acids can readily be
adsorbed by the aqueous film at the surface of the particles,
creating an acidic shell over the particles that stimulate
chemical reactions. At lower pH, a higher content of anions
(nss-sulfate and nitrate ions) is observed, and soluble P
showed a good correlation with these ions. Figure SS illustrates
the relationship between P solubility and the molar ratios of
acidic species (sum of nss-sulfate and nitrate) to TP, revealing
a good linear correlation (R* = 0.67; p < 0.05) between TP,
acidic species, and P solubility despite the high scattering
observed especially in the spring data (Figure SS). This
correlation is particularly evident during seasons of enhanced P
solubility (e.g., spring), suggesting that acidic precursors of
these species play a role in enhancing the mobilization of P
from its matrix and substantiating the results for pH
dependence (Figure 4b).

The aerosol pH and acidic content may also be influenced
by aerosol cloud interactions during the long-range transport
of particles.”* In principle, during aqueous—phase reactions in
cloud droplets, secondary organics including organic acid
precursors and sulfates are formed, which can accumulate on
particles after the evaporation of cloud droplets, enhancing the
chemical and acidic content of aerosol particles.*>%*~
Although cloud occurrences are not frequent at NDAO,
greater seasonal occurrences during the austral spring
(September to November) were reported by Andersen et
al,®” which suggests that cloud dissipation might have also
contributed to enhanced particle acidity and the more
pronounced P-solubility observed during these months.

Nevertheless, in addition to the influence of aerosol acidity
on P solubility, the sources of the particles and their sizes also
play a significant role in the fate of these particles, due to the
forms in which the respectwe P compounds are available.
According to Mahowald et al,*® mineral dust particles are
generally less soluble compared to PM from other sources such
as combustion, traffic, or industrial plants, which are often fine.
Likewise, Shi et al.>* showed that P from anthropogenic
sources often have elevated solubility to those of mineral dust
particles, as they loosely associate with PM particles and can
dissolve more readily in comparison to P in minerals, thereby
reacting more easily with acidic precursors to provide more
soluble P 23516970

A time series plot (Figure S) explored the interrelationship
between solubility and combustion and other nonmineral dust
P sources by examining the fractional solubility alongside
levoglucosan and aribitol, which are markers for biomass
burning and fungal spores, respectively.””*’ Periods of high P
solubility at NDAO coincided with increases in levoglucosan
and arabitol concentrations in the samples, thereby suggesting
that biomass burning may serve as a source of phosphorus
and/or enhance its solubility.

The enhanced availability of acid precursors and their
subsequent condensation on dust particles in association with
higher combustion temperatures may favor the dissolution and
mobilization of labile P at the surface of dust particles from
their source minerals, thereby increasing the soluble fraction.
In addition, particles emitted due to combustion tend to be
finer, hence increasing their solubility due to their increased
surface-area-to-volume ratio and abundance in the 0.45 pm
sample extracts. It has been observed that biomass burning in

1471

2
=]

y (%)

P_Solubilit
m
w

Levoglucosan [ngim®]

T T T T

- B
th S

Arabitol [ng/m?]
o o

Wl Ww%m

o o o .\
\?55‘ ; 3‘>‘ ?:* - ;
Qo Q o o 2

[=]

\\ '.\ _',

5 ,?g?"-‘ \O" ’\Qd Qc'n
d
Figure 5. Temporal variation of P solubility, levoglucosan, and
arabitol at NDAO.

Africa could significantly contribute to high levels of soluble
phosphorus, with strong impacts on the Amazon rainforest,
with African sources accounting for about half of the annual
phosphorus deposition in the Amazon.” It indicates that
biomass burning has a greater role in the local biogeochemical
system as it increases the solubility of P in ambient particles.

The correlation between higher P solubility and arabitol
emphasizes the role of biogenic sources and emissions on P
solubility. Diao et al.” highlighted the role of primary biological
aerosol particles containing P as an important source of
bioavailable P, while SP flux calculations from Myriokefalitakis
et al.”® assumed that 50% of fungal spores were soluble. These
studies highlight the role of fungal spores in enhancing P
solubility at NDAO site. The good coincidence between the
variations in aribitoal and levoglucosan further suggests the
role of biomass burning in transporting fungal spores,7
highlighting its dual influence on P solubility.

3.5. Sources of Phosphorus. We employed air mass
trajectory and correlation analyses to identify the potential
sources and source regions that contributed to the observed
concentrations of P species.

3.5.1. Influence of Air Masses. Back-trajectories were
clustered based on the frequencies of air mass passage over
specific geographical areas to provide an average representation
of trajectory groups with distinct geographic patterns. The
openair gackage of the R software was used for this clustering
process.”” Parts a and b of Figure 6 show the main origins of
air masses at the CVAO and NDAO during the study period,
while parts ¢ and d of Figure 6 show the contributions of these
air masses to the total, soluble, and organic P budgets observed
at the respective sites. At NDAO, 61% of the air masses
originated from the southern oceans and traversed the length
of the coastal Namib Desert Sand Sea before arriving at the site
(Figure 6b). The southern African interior, which typically
carried high elemental carbon and levoglucosan from biomass
burning and PM from industrial activities, transport, and
intensive agricultured'9 accounted for 17% of the air masses,
while 16% originated from the central South Atlantic Ocean
(western inflow) crossing coastal cities before arriving at the
site, and 6% of the air masses had south and northwest inflow
characteristics. These four clusters described the general air

https://doi.org/10.1021/acsearthspacechem.4c00411
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mass inflow during the study period at NDAO. The southern
air masses contributed about 32% to the TP (Figure 6d), while
the air masses from the west and the continental interior from
the east contributed about 26% and 23% to the TP,
respectively. This indicates that TP is strongly influenced by
oceanic and coastal factors, including influences from coastal
anthropogenic activities and the dunes along the Namibian
coastlines.

At CVAO (Figure 6a), most of the air masses originate from
the Canary Island region, accounting for about 56% of the total
air masses observed, followed by air masses from continental
North Africa (26%), often laden with Saharan dust particles.

Air masses originating from coastal West Africa through
Cabo Verde or from the Central North Atlantic Ocean only
account for about 4% and 14% of the total air masses,
respectively. Most of the TP at CVAO originated from
continental Africa (52%), predominantly during periods of
Saharan dust outbreaks when TP concentrations increased
about 10-fold compared to the baseline concentrations
typically observed during coastal African and North Atlantic
air mass influences. Air masses from Europe, crossing the
Canary Islands to CVAO and those from coastal Africa, also
carried significant TP 13% and 24%, respectively, from
anthropogenic activities (Figure 6c).

The SP and TOP contents also showed strong variations
with the air mass origins. While TP and TOP concentrations
were higher during the inflow of continental air masses from
the Sahara and North Africa at CVAO, SP concentrations were
higher (39%) in air masses originating from coastal western
Africa that crossed over the Cape Verde Islands before arriving
at the sampling site (Figure 6c). The highest SP was associated
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with such air masses as the TP content was typically low.
These air masses contained higher concentrations of
combustion markers such as nonsea salt potassium and
elemental carbon (levoglucosan was not analyzed for all
these samples). When mineral dust (identified by high nonsea
salt calcium content) was mixed with aerosols derived from
combustion, the SP content was also elevated. Consequently,
air masses from continental North Africa ranked second in
terms of SP content.

At NDAO, the SP and TOP patterns were similar for
dominant air masses (Figure 6d). However, air masses
originating from the southern African interior, which also
traversed regions with large industrial centers and high-density
rural and urban populations that typically use wood biomass
for energy before reaching NDAO, transported higher levels of
SP. These air masses from the east contributed approximately
39% of the observed SP and accounted for about 61% of
levoglucosan occurrence at the site. The average pH of the
particles associated with these air masses was the lowest at
about pH 6.01, indicating their weak acidic nature. These
results confirm that combustion sources and processes
contribute significantly to the soluble P observed in this
region. In summary, we conclude that continental air masses
carrying particles from sources of biomass or wood combustion
typically carry high SP content and have higher particle acidity,
resulting in greater P solubility than air masses from dust
events that carry mostly minerals rich in P with high TP
content but lower solubility.

3.5.2. Organic and Inorganic Phosphorus. To assess the
influence of mineral dust on the TOP content in the samples,
we compared the TOP: Ca ratios with the TOP: OC ratios.

https://doi.org/10.1021/acsearthspacechem.4c00411
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There was a good correlation between these ratios (> = 0.8; p
< 0.05), especially during the Austral spring (SON) and
summer (DJF) periods, indicating that elevated levels of
organic phosphorus were associated with dust transport,
particularly at NDAO. The correlation of TOP with
levoglucosan, indicative of biomass burning, was weak,
suggesting that biomass burning was not a significant source
of TOP. However, TOP was also detected during periods of
marine air mass inflow, suggesting that marine aerosol particles
could contribute to the TOP content.

It is worth noting that the P content in sea spray particles is
typically low. However, marine aerosol particles can be
released into the atmosphere from the sea surface microlayer,
a known habitat for marine life including bacteria and other P-
containing organic compounds’” derived from processes such
as phytoplankton cell lysis.”> During aerosol formation
processes such as bubble busting or wave breaking, these
materials can be incorporated into the aerosol particles,
thereby contributing to the atmospheric P budget. Phosphine
has also been reported to contribute to P concentrations in
other marine environments.”* Although we cannot conclude
that these processes contributed to the P budget at the
sampling sites, they could account for TOP content in marine
air masses. Furthermore, studies have identified the presence of
soil microorganism in mineral dust particles, which may
contain phosphorus in their structures, contributing to the
organic phosphorus budget of dust particles.”>”

TIP was correlated with nonsea salt calcium (nss-Ca), to
assess its association with mineral dust particles. The
correlations with fluoride and nss-Ca (Figure 7), with
regression coefficients (r*) of about 0.8, indicate a strong
correlation between these species.
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Figure 7. Correlation plots between TIP and nonsea salt calcium and
fluoride at NDAO during September, October, and November.

The strongest correlation was found during the austral
spring at NDAO. This robust correlation between TIP, nss-Ca,
and fluoride suggests the presence of FAP [Cas(PO4),F]
minerals in the aerosol particles of this region. A recent study
on aerosols at Henties Bay, coastal Namibia, also found
elevated fluoride concentration in Namibian dust supporting
the observations of this study.”” The influence of crustal
minerals, particularly apatite, on the inorganic P content has
been observed in other regions, such as the Saharan and
Middle East regions.”’® In this study, we confirmed a similar
association in the Namib Desert region. A similar trend in the
correlation between TIP and nss-Ca was also found at CVAQO,
suggesting a similar influence of apatite minerals originating
from mineral dust, in both sampling regions.

3.6. Deposition Fluxes. The time series of TP deposition
fluxes (Figure 8) at CVAO and NDAO were estimated using
the approach of Stokes et al.” In this method, the deposition
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flux Fy is given as Fg = (C¢ X 2.0) + (C; X 0.1), where C and
C; are the concentrations of TP in the coarse and fine fractions
and 2.0 and 0.1 cm/s are their respective depositional
velocities. These literature values were chosen as their
application meets with spokes et al.”’ assumptions for particles
>1 ym and deposition less than 1000 km from the land.
However, these values may change with size fraction, hence,
where possible, measured values should be considered in place
of these given values. The mean coarse-to-fine mode ratio of P
was about 0.61 at NDAO and about 0.85 at CVAO, which
were used to estimate the fluxes. We also evaluated the
depositional flux of dissolved inorganic nitrogen (DIN) and
soluble phosphorus (DIP) to quantify the DIN:DIP ratios.
Here, the mean depositional velocities of 0.23 cm/s for
ammonium and 1.54 cm/s for nitrite and nitrate, were
estimated based on their coarse-to-fine mode ratios during
the intensive campaigns and the value for DIP was 1.14 cm/s.
The values were similar to those reported in the literature.*’
The average values used have uncertainties (variations) of up
to 60% driven by the temporal variation of the size distribution
of the chemical components. However, the values of these
studies are still comparable with other studies, since similar
temporal variations are experiences in long-term observations.
The depositional fluxes at NDAO exhibited stronger
variation throughout the year than those at CVAO. The TP
fluxes ranged from 0.001 to 14.5 pmol/m?>d, with an annual
average of 2.0 + 2.2 ,umol/mz‘d, at NDAO and from 0.007 to
22.8 umol/mz-d, with an average annual flux of 1.0 + 2.7
umol/m?*d, at CVAO. Similarly, the DIP fluxes at NDAO were
<1.1 umol/m?>d with an average of 0.14 + 0.11 pmol/m*d
and at CVAO <0.70 ﬂmol/mz'd with an average of 0.04 & 0.07
,umol/mz-d. DIN fluxes ranged from 2.4 to 50.2 ,umol/m2~d
and from 3.7 to 53.3 umol/m>d at NDAO and CVAO,
respectively. The TP fluxes at CVAO followed a strong
seasonal pattern with maximum deposition in the boreal
winter. In contrast, at NDAO, the austral spring and fall were
the seasons of highest P deposition. The deposition of P in the
NDAO region was generally higher compared to the CVAO
region due to more frequent enhanced P concentrations
throughout the year. In contrast, at CVAO, most of the P
deposition occurred during dust storms that were dominant in
the winter season. The TP depositional fluxes at CVAO are
higher than those reported in the North Atlantic (0.064 mmol/
m*yr) in Miami and Barbados (0.25—0.56 pmol/m?*d)***!
but lower than those (<3.13 mmol/m*yr) observed in the
Mediterranean region.go The average DIP fluxes at CVAO
were similar to those reported in Miami and Barbados (0.02—
0.10 umol/m*d)* but lower than at NDAO and those
reported at Mt. Gongga (28 mg/m>yr).”” The NDAO values
were comparable to those found in Finokalia (0.08 mmol/m?*
yr), but lower than those at Erdemi (0.22 mmol/m?yr).*"*
Likewise the NDAO values were similar to those reported in
the Bay of Bengal (2.3 + 0.9 ymol of P/m*d) but higher than
those reported in the Arabian Sea (0.6 + 0.2 umol of P/m?
d).** These differences are related to the different P sources
and their respective relative contributions in various regions.
3.7. Implication for Marine Productivity. Optimum
marine productivity is expected when marine waters have a
N:P ratio of about 16:1, according to the Redfield ratio, with
further requirements for micronutrients such as iron and
cobalt.** Deviation from the Redfield ratio may indicate a
limitation of one of the (micro-) nutrients. Nitrogen-fixing
bacteria, such as cyanobacteria, convert atmospheric nitrogen

https://doi.org/10.1021/acsearthspacechem.4c00411
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Figure 8. Time series of deposition fluxes in TP, DIP, and DIN at CVAO and NDAO.

to ammonia, through nitrogenese enzymes, if they have a
sufficient supply of P and iron.*> Atmospheric deposition of P,
therefore, plays a crucial role in this process.86 The molar
atmospheric DIN:DIP ratios at NDAO exhibited strong
fluctuations, ranging from 19 to 576, with an average of 191
+ 115 and a baseline of about 52. The high ratios suggest that
atmospheric deposition of P in this region is insufficient to
reduce its deficiency relative to nitrogen and that P limitation
will increases due to enhanced N input. The monthly average
(Figure S6) highlights the seasonal variability, with lower
DIN:DIP ratios in July-September (57—72) compared to June
(147). At CVAO, ratios ranged from 60 to 486, averaging 249
+ 84 with the lowest ratios observed in May (82) and the
highest in January (271). The ratios at both sites are within the
range reported in the Mediterranean (49—286) and China’s
Coastal Seas (>100)% but higher than those recorded on the
island of Crete (152).*> The ratios are, however, lower than
those in some coastal regions including Barbados (>500)** and
Erdemli (261).*

Assuming the DIP and DIN fluxes become bioavailable for
primary production and applying the Redfield stoichiometry
for optimal biological productivity (C:N = 106:16 and C:P =
106:1), the theoretical new primary production from
depositional fluxes of DIP and DIN in the Benguela marine
ecosystem near NDAO will range from <1.4 mg of C/m*-d and
0.19—3.98 mg of C/m*-d, respectively, and from <0.89 mg of
C/m”-d and 0.29—4.21 mg of C/m>d at CVAO, respectively,
assuming insufficient P and N supply from other sources.
Upwelling of nutrient-replete subsurface waters along the coast
of Namibia increases DIN and DIP concentrations in the
Benuela, but insufficient iron limits phytoplankton growth
close to the coast and a gradual shift toward nitrogen limitation
in the South Atlantic gyre with its nitrate-depleted waters.**
Atmospheric inputs supplying iron would therefore benefit
primary productivity in near-shore waters, and further offshore
with nitrogen supply. The Benguela marine ecosystems will not
necessarily benefit from the atmospheric P supply as
atmospheric deposition would contribute less P and trigger
less additional productivity than the rivers and upwelling
inputs in this region. Atmospheric deposition, however, can be
critical in the open oceans far from the shore or coastal areas
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with rare fluvial inputs, such as the Benguela ecosystem in the
NDAO region.

In contrast, the atmospheric inputs to the waters in the
North East Atlantic directly benefit from both the atmospheric
N and P inputs as the surface waters are depleted in nitrate and
phosphate to nanomolar levels, which limits primary
productivity and nitrogen fixation (in the case of phosphate
availability).””*>** This indicates that atmospheric nutrient
deposition can alter and benefit the local ecosystems by
providing the required P for primary production and nitrogen
fixation away from the NDAO and CVAO sampling sites.

In addition, as the NDAO is situated in an arid region, the
varying DIN:DIP ratio would also affect nutrient balance in the
surrounding terrestrial ecosystems, which may change
terrestrial productivity, especially for arid plants, as well as
variations in trophic interactions and ecosystem dynamics.*’
Unbalanced N:P ratios have been shown to negatively affect
plant biomass, leaf area, and nutrient concentration in tissues
of alpine species, indicating the considerable impact that
atmospheric deposition may have on terrestrial ecosystems.”
This effect would be negligible in agricultural fields as fertilizer
treatments provide higher concentrations than those derived
from atmospheric deposition. These likely effects on ecosystem
productivity highlight the significance of long-term monitoring
of biogeochemical fluxes in the atmosphere to enhance the
predictability of the role of atmospheric deposition for
validation of various models to improve the reliability of
long-term forecasts in these regions of the Atlantic Ocean and
elsewhere.

4. CONCLUSIONS

This study presents the first comprehensive analysis of P
speciation including TP, TIP, TOP, and SP, across the
Northeastern and Southeastern tropical Atlantic regions,
particularly the important West African and Benguela marine
ecoregions at CVAO and NDAO, respectively. Seasonal trends,
source contributions, atmospheric processes influencing P
solubility, and potential implications on ocean fertilization on
adjacent marine ecosystems were investigated by quantifying
the annual and seasonal fluxes of P in these two oceanic
regions. The results show higher mean P concentrations at
NDAO (56.1 + 62 ng/m*) compared to CVAO (29.8 + 76

https://doi.org/10.1021/acsearthspacechem.4c00411
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ng/m?) with different seasonal trends. These differences were
linked to air mass trajectories from source regions and
proximities to their locations. Despite the high dust levels
and the influence on P concentrations, the values of these
study were still lower than those reported in many regions in
China likely due to higher pollution from biomass burning and
other industrial activities. While the main source of P in the
Northeastern Atlantic region at CVAO was Saharan dust, a
combination of Namib dust and anthropogenic biomass
burning sources from the continental interior of southern
Africa contributed to the P abundance at NDAO. Organic P
could account for 19% and 39% of the total P in the NDAO
and CVAO, respectively. The higher organic P content at
CVAO was likened to its proximity to the ocean and frequent
inflow of air masses from terrestrial regions. Soluble P was
higher at NDAO (10.4S + 9.3 ng/m?) in comparison to the
CVAO (3.3 + 6.4 ng/m?) driven by the stronger influence of
anthropogenic sources and biomass burning. The good
correlation between soluble P and levoglucosan, a biomass-
burning marker, as well as between soluble P and pH
highlighted the role of combustion and atmospheric processing
in enhancing P solubility. A significant source of P in both
regions was mineral apatite as strong correlations were
observed between P and apatite constituents. At CVAO, dry
deposition could contribute to additional primary production,
with estimated carbon fixation of up to 4.21 mg of C/m”d,
which is important for marine biogeochemistry in the nitrate-
and phosphate-depleted waters of the Northeast Atlantic and
marine productivity in the West African Marine Ecoregion. At
NDAO, due to its distance from the ocean, aerosol deposition
also affects arid terrestrial ecosystems by contributing to
nutrient balance and carbon budgets.

The study emphasizes the need for long-term monitoring of
atmospheric nutrient fluxes to refine biogeochemical models
and advance our understanding of their effects on marine and
terrestrial ecosystems, thereby improving the predictability of
their impacts.
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