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Abstract Atmospheric mineral dust deposition is an important source of nutrients for ocean and tropical
island ecosystems. Direct deposition measurements are generally more reliable at local scale than dust
deposition models, even those based on aerosol concentration measurements. Whatever the scale, relevant local
observations are necessary for model evaluation. We present here the results obtained by direct measurement of
atmospheric aerosols and total atmospheric deposition using a 14-month time series from the Caribbean region.
Total deposition velocity, lifetime, and scavenging ratio of major and trace elements were determined.
Comparing total deposition fluxes of aluminum (dust proxy) and sea-salt sodium (sea-salt proxy) with
Community Atmosphere Model (CAMO6) outputs shows that the modeled total deposition rate is underestimated
by a factor of two for dust and by a factor of eight for sea salt, while model aerosol concentration is larger than
concentration measured near ground level. This result is due to wet deposition being underestimated in the
model. The scavenging ratio (w/w) of Saharan dust elements ranges from 95 to 1,390, with a median of 530,
close to the geometric mean value of 513. Sea salt presents a greater range of scavenging ratio values, from 325
to 2,355, with a median of 1,180, close to the geometric mean value of 1,030. The lead isotope ratio 206py,207py,
clearly highlights differences in lead origin between aerosols and deposits, revealing that aerosol samples are
enriched by anthropogenic sources.

Plain Language Summary Atmospheric aerosols are particles suspended in the air, from sea spray
(sea salt), from dry soil (dust), volcanoes (ash), plants (e.g., pollen), and human activity (pollution). Dust is
transported by wind, then falls to the ground (dry deposition) or is brought down by rain (wet deposition). Based
on 14 months of measurements in the Guadeloupe Islands (Lesser Antilles), we describe the relationship
between the aerosols suspended in the air and their deposition, both dry and wet. The models describing the
behavior of atmospheric aerosols predict high concentrations in the air and a fairly slow total deposition rate,
especially in the form of dry deposition. The results of our study demonstrate the opposite: in the case of the
tropical island of Guadeloupe, the total atmospheric deposition fluxes are predominantly governed by wet
deposition, leaving a very short residence time for atmospheric aerosols traveling close to the ground before they
are brought down. We therefore measure low aerosol concentrations remaining in the air close to ground level.
We highlight little-known phenomena of atmospheric aerosol scavenging close to the ground.

1. Introduction

Aerosols contribute to the Earth's radiation budget (Bellouin et al., 2020) and also to biogeochemical cycles; both
these factors impact the Earth's climate. Biogeochemical studies from around the world have suggested that
aerosol particles bring significant nutrients into ecosystems once deposited on land (Abouchami et al., 2013;
Chadwick et al., 1999; Dessert et al., 2015, 2020; Kennedy et al., 1998; McClintock et al., 2015, 2019; Pett-Ridge,
Derry, & Barrows, 2009; Pett-Ridge, Derry, & Kurtz, 2009; Yu et al., 2015). Dessert et al. (2020) and Xu-Yang
et al. (2022) emphasize the crucial role that atmospheric particles (including Saharan dust and marine aerosols)
play in fertilizing tropical rain forests. Dust deposited in oceans also has a strong potential impact on biogeo-
chemical processes, as shown in Cipolloni et al. (2024) and Dassié et al. (2022) for floating holopelagic
Sargassum and in Pabortsava et al. (2017) and Guerreiro et al. (2017, 2023) for plankton, with Fe as the most
important limiting nutrient for open ocean biota (e.g., Jickells, 2005; Mahowald et al., 2011).
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Dust models are widely used to study dust transport at a global scale (e.g., Jickells, 2005; Mahowald et al., 2006).
Measured data points can be complemented by model-based deposition maps to provide continuous spatial
coverage (Vet et al., 2014). Large differences exist between models because of large differences in emission,
transport, and deposition processes within the models (Huneeus et al., 2011; Shao et al., 2011). Models are
generally evaluated by comparison with various types of measured data, which can serve to test specific model
modules (Mahowald et al., 2006). As measuring atmospheric deposition is difficult, very few data are available;
models are therefore rarely checked against deposition flux data. For this reason, models are often tested using
indirect measurements, including aerosol optical depth measured by satellite (Holben et al., 2001), but are rarely
tested with direct field data (Prospero et al., 2010). Total atmospheric deposition is thus computed using dry
deposition velocity to calculate dry deposition flux, while scavenging ratio is used to calculate wet deposition flux
(Duce et al., 1991; Mahowald et al., 2006, 2011, 2014; Vet et al., 2014). Scavenging ratios and deposition ve-
locities are critical parameters in atmospheric transport models, while lifetime is an important diagnostic value
that can be calculated from model output (Mahowald et al., 2014). The scavenging of particles, including their
chemical constituents, has so far been rarely documented worldwide (Kulshrestha et al., 2009). Scavenging ratio
postulates that the partition between the suspended aerosol and the precipitating water is constant (e.g., Galloway
et al., 1993; Kulshrestha et al., 2009; Tegen & Fung, 1994). The wet deposition flux is therefore proportional to
the aerosol load in the atmospheric column that can be scavenged during each rain event; it also depends on the
vertical distribution of rain versus that of dust (Tegen & Fung, 1994). Aerosol lifetime is used to estimate how fast
aerosols are removed from the atmosphere; it is closely related to deposition velocity. Wet deposition of aerosols
is associated with precipitation, whereas dry deposition includes diffusion, turbulent collision of aerosols with the
surface, and gravitational settling. Many uncertainties are linked to these processes, resulting in large un-
certainties in model estimates of aerosol lifetimes (Mahowald et al., 2011). Deposition fluxes predicted by
different models have been shown to vary by one order of magnitude because of discrepancies between these
parameters (Huneeus et al., 2011). Furthermore, using surface dust concentration to infer atmospheric dust
deposition can introduce large uncertainties, even though the near-surface concentration of dust is correctly
measured (e.g., Giardina & Buffa, 2018; Klug & Communities, 1992; Mahowald et al., 2006). For example, when
aerosols are carried above the boundary layer, aerosol particles contained in rainwater originate from high altitude
and not from near the surface, as identified in the Kerguelen Islands (Southern Ocean) by Heimburger
et al. (2012). In this case, surface aerosols are not representative of aerosols scavenged by rain.

Previous studies have been published on Saharan dust aerosols and deposits collected across the equatorial North
Atlantic, below the dust plume core, based on subsurface sediment traps for deposition collection and shipboard
aerosol collection (Korte et al., 2016, 2017, 2020; Van Der Does et al., 2018, 2020, 2021). A downwind change in
the mineralogical composition, radiogenic isotopes, trace and major elemental compositions have been observed
in Saharan dust collected by sediment traps along this Atlantic Ocean transect (Korte et al., 2016, 2017; Van Der
Does et al., 2018). Chemical composition differences between aerosols and deposition are reported across the
equatorial North Atlantic Ocean (Van Der Does et al., 2018). However, synchronous time series directly linking
aerosol and deposition have never been studied in the Tropical North Atlantic Ocean. In this article, we present the
results of a 14-month experiment (from March 2017 to May 2018) in the Guadeloupe Islands, where total at-
mospheric deposition fluxes and atmospheric aerosol concentrations were measured synchronously on a weekly
basis. We address two major questions: (a) How do scavenging ratio, lifetime, and deposition velocity vary? (b)
How do our results compare with previous studies conducted on aerosols in the Tropical North Atlantic Ocean
region?

2. Material and Method
2.1. Sampling

Total atmospheric deposition and aerosols were sampled continuously during an integration period ranging from
5 to 15 days at the remote site of OVSG (Observatoire Volcanologique et Sismologique de Guadeloupe,
Gourbeyre, Guadeloupe, 15°58'50”N, 61°42"13”W, altitude: 411 m; Figure 1). Total atmospheric deposition was
sampled from 02 March 2015 to 03 August 2018, on the roof of a building, 8 m above the ground. Details on
deposition sampling are provided in Xu-Yang et al. (2022).

Atmospheric aerosols were sampled simultaneously in the vicinity of the deposition collector by aspiration of
ambient air through a membrane filter (47 mm diameter, 0.45 pm porosity) from 27 March 2017 to 28 May 2018.
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Figure 1. Sampling site in Guadeloupe. (a) Dust event observed between 19 June 2017 and 28 June 2017, showing Guadeloupe inside the transatlantic dust plume. Color
scale corresponds to the estimated averaged dust concentration during this period, calculated using satellite measurements and the MERRA-2 model proposed by
Giovanni NASA EarthData (https://giovanni.gsfc.nasa.gov/giovanni/, Beaudoing et al., 2020) (b) Isohyet map of Basse-Terre Island, Guadeloupe. (c) Photos of the
sampling systems. Total atmospheric deposition (left), aerosol filtration (middle), and view of aerosol filtration from below (right).

Only the 14-month period during which aerosols and deposition were sampled simultaneously is discussed in this
article. Membrane filters were washed with ultrapure diluted hydrochloric acid solution and rinsed with ultrapure
water prior to the sampling campaign. Two types of filters were used (both Whatman™): mixed cellulose ester at
the beginning of the time series and polycarbonate at the end, because some of the previously washed mixed
cellulose filters lost their mechanical properties in the hot and humid tropical atmosphere of Guadeloupe. Air was
drawn through a filter for approximately 7 days using a pump with a flow rate of 11 L min~". The volume of air
that passed through each filter was recorded using a Gallus 2000 (Schlumberger™) volumetric gas meter con-
nected to the outlet of the pump. The open-face filter holder was placed facing downwards 2 m above the flat roof
of the building, protected by a section of PVC tube, 80 mm in diameter. All filter manipulations were protected
either by a box under a flow of ultraclean air (HEPA 14 filter) in the field, or by the ISO-5 cleanroom in the
laboratory.

To assess contamination in the field, field blanks (aerosol filters and deposition bottles) were prepared following
the same protocols.

The filter used to collect aerosols was generally renewed more frequently than the bottle used to collect total
deposition. One deposition sample can therefore be paired with the pooled aerosol sample by merging the filters
collected during the corresponding deposition sampling period.

2.2. Digestion of Aerosol Samples

All the sampling materials used in this study were carefully cleaned with acid and Milli-Q water in order to
minimize possible contamination from the devices. After sampling, the filters coated with collected aerosols were
brought back to the laboratory for complete digestion using PTFE vessels, in a mixture of sub-boiled HNOs/HF
(9:1), on a heater plate at 125°C for 18 hr, and then evaporated at the same temperature. The evaporation residue
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was dissolved using 3 mL of 30% nitric acid solution and diluted to 60 mL with ultrapure water for analyses (see
Xu-Yang et al. (2021), for details). To assess contamination during digestion, digestion blanks were prepared
following the same digestion protocol.

2.3. Chemical Analysis of Trace and Major Elements

Major and minor elements (Al, Ba, Ca, Fe, Li, Mg, Mn, P, S, Sc, Sr, and Ti) were determined using an ARCOS
(Spectro-Ametek) ICP-AES, equipped either with a CETAC ultrasonic nebulizer, or with a concentric nebulizer
coupled to a cyclonic chamber. The ICP-AES was calibrated by measuring a set of multi-elementary solutions,
with concentrations between 0 and 500 pg L™". The calibration intercept was computed as the average of eight
blank replicates. Trace elements (As, Be, Cd, Co, Cu, Mo, Ni, Pb, Rb, Se, Tl, U, V, and Rare Earth Elements
[REEs]) were determined using a Thermo Element 2 (FS-HR-ICP-MS), equipped with a concentric micro-
nebulizer coupled to a cyclonic chamber. High-resolution analysis avoids polyatomic interference for elements
lighter than arsenic, and also for REEs (Heimburger et al., 2013). The FS-HR-ICP-MS was calibrated with
fourteen blank replicates and five replicates of a 1 pug L™' multi-elementary solution. Flame photometry
(ColeParmer 360) was used for Na and K measurement, with linear calibration between 0 and 50 mg L™ for K,
and polynomial (2nd degree) calibration between 0 and 50 mg L™" for Na, to take into account auto-absorption of
Na atoms for the higher concentrations.

Each detection limit (analytical, digestion, and field) was calculated as three times the standard deviation of the
respective blanks. The median values for blank aerosol filters were under the analytical detection limit for Li, Sc,
Mn, Be, Mo, Cd, T1, U, Se, Sm, Eu, Tb, Ho, Tm, and Lu in the polycarbonate filters; and for Li, Sc, Be, Cd, U, Tm,
YD, Lu in the mixed cellulose ester filters. For all these elements, as the digestion and field detection limits were
equal to the analytical detection limit, no field blank correction was applied. For each of the other elements, a field
blank correction was applied by subtracting the median quantity measured in the field blank filters (Table A1).

Elemental analysis of total deposition samples is detailed in Xu-Yang et al. (2022). The three detection limits were
obtained in the same way as the aerosol detection limits. The median quantities found in field blanks were under
the detection limit for Li, Mn, Sc, Sr, Be, Mo, Cd, Sb, Tl, U, Ni, Se, Gd, Tb, Ho, Tm, Lu, so that no blank
correction was made for these elements. For these elements, the two other detection limits are equal to the
analytical detection limit. For each of the other elements, a blank correction was applied by subtracting the median
quantity found in field blanks; the field detection limit was used instead of the analytical detection limit.

The elemental concentrations in air, [X] (ng m™), were calculated by dividing the quantity of element X found on
a filter, Oy (sample) (ng), possibly corrected from field blanks, Qy(blank), by the volume of air, V,;, (m?), that
passed through the filter during the sampling, using Equation 1.

_ Ox(sample) — Ox(blank)

[X] e

(1

For each sample, the elemental total deposition fluxes, F(X),,,,, for an element X were calculated by dividing the
measured quantity of element X, Qx(sample), possibly corrected from field blanks, Qx(blank), by the aperture
area of the funnel, Sg,,,,,; = 0.0113 m?, and by the exposition time, T pxposure (d), using Equation 2.

F(x),, = Qx(sample) — Ox(blank) @

Sﬁmnel X Texposu re

2.4. Lead Isotope Analysis

Lead isotopes 2°°Pb and *°’Pb were measured using the Element 2 FS-HR-ICP-MS. A loss of linearity was
observed for counting rates higher than 600,000 cps, corresponding to a lead concentration of 1 pg L™". Samples
where the lead concentration was too high were diluted to around 0.5 pg L™ before analysis. A correction was
applied to raw measured ratios using the NBS 981 lead isotope standard (1.0933 for 2°°Pb/>°’Pb), verified by
MAG-1 and STM-1 geostandard measurements (Table A3).

The median lead quantity in field blanks was equal to 0.4 ng for cellulose nitrate filters, 1.8 ng for polycarbonate
filters, and 0.5 ng for total deposition samples. As the quantity of lead in the cellulose nitrate filter blanks and total
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deposition blanks was always less than 1% of the total quantity of lead measured in the respective sample series,
correcting their isotope ratios from the blanks was not necessary. As the quantity of lead in the polycarbonate filter
blanks was higher, the isotope ratio had to be corrected from the blanks. The measured average “*°Pb/2*’Pb ratio
was 1.169; for the 19 aerosol samples collected on polycarbonate filters, the maximum blank correction of 0.003
was applied to 1 sample, a correction equal to or less than 0.0002 was applied to 10 samples, with no correction for
the other 8 samples.

2.5. Determination of Saharan Dust and Sea Salt

The total deposition mass flux of Saharan dust, F(dust),,,;, was estimated assuming a pure Saharan origin of
aluminum, using Equation 3:

F (Al)mtal

F(Al)total = F(duﬂ)mml X Wt%Al,Crust model F(dMSl)total = 0/
wt OAl,crust model

3)

where Wt%a; crust moder 15 the aluminum model composition equal to 8.15%, as in Rudnick and Gao (2014). The
Saharan dust concentration in air was calculated in the same way, using aluminum concentration in air, instead of
aluminum flux.

The total deposition mass flux of sea salt, F(sea salt),,,, was estimated using the model proposed in
Brewer (1975), assuming that sea salt and dust were the only sources of the sodium deposition flux. Sea-salt
sodium was first deduced from total sea salt using Equation 4, as proposed by Rahn (1976):

Na
Nasea salt = Natotal - Nacusral = Nalotal —Al (ﬁ) (4)
crust model
and then sea-salt flux was calculated using Equation 5:
F(N
Flsea salf) = — O seaat) )

Wt%Na,sea salt model

where Wt%p, seq salr moder 1 €qual to the sodium mass fraction in sea salt: 30.6%. The concentration of sea salt in air
is calculated in the same way.

2.6. Deposition Velocity, Scavenging Ratio, and Lifetime Calculation
The total deposition flux of X, F(X),,,» is expressed as the product of air concentration, [X],;,, times deposition

velocity, v(X), with Equation 6:

F (X )tutal

F(X)t()tal = [X]air X V(X) => V(X) = [X] :

(©)

As proposed for example, in Heimburger et al. (2012), wet deposition was calculated by subtracting dry depo-
sition from total deposition. The dry deposition flux F(X)y,, of a species X was deduced from dry deposition
VelocCity Vg geposirions and surface aerosol concentration of X in air [X],;,, with Equation 7.

F(X)dry = [X]air X Vdry deposition (7)

We assumed a dry deposition velocity of 0.3 cm s, as proposed by L. Li et al. (2022) for our location; this value
is also consistent with values estimated for Saharan dust in Florida (Prospero et al., 2010).

The wet deposition fluxes for element X were deduced by subtracting computed dry deposition from observed
total deposition, with Equation 8:

F(X)wet = F(X)mtal - F(X)dry (8)
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The wet deposition of a chemical species X is often parameterized with a dimensionless number, the scavenging
ratio, W,,..(X), which represents the partitioning of X between the same mass of rainwater and near-surface air, as
in Equation 9:

W00 = s ©)

air Pwater

where [X] and [X]
expressed in the same unit, and p,,,,, and p,;,., the densities of water and air, respectively, equal to 1,000 and

rain water . are the concentrations of the species X, respectively, in rainwater and in air,

1.225 kg m>. Wet deposition flux was therefore expressed as a function of scavenging ratio W,,,.(X) and
precipitation rate, PR (Equations 10 and 11):

FOOu0r = [Xair X Wi (X) x 2207 5 PR (10)

arr

wet T

giving

F(X)tmal - F(X)dry % Pair

W, X) =
mass( ) [X]uir PR Pwater

an

Note that if [X],;, is expressed in pg m™, fluxes in pg m~2 d~", PR should be expressed in m d~' to comply with
the expression of W,,,.(X). As assumption of dry deposition velocity is uncertain, consequently affecting dry
deposition flux calculation, the scavenging ratio was not calculated if the assumed dry deposition flux was larger
than 40% of the measured total deposition flux. Among the 37 paired samples, no more than 3 were discarded for
all the elements, except for phosphorus. This element was often below the aerosol detection limit, so only 3 paired
samples could be retained for scavenging ratio calculation.

Lifetime for species X depends on the thickness of the atmospheric layer taken into account. Lifetime was
deduced from deposition velocity v(X), and the thickness of the layer above the ground A, using Equations 12
and 13:

Lifetime(X) = % (12)
giving
Lifetime(X) = F[();])air X h (13)
total

2.7. Compositional Data Analyses (CoDA): Perturbation Diagram

Appropriate mathematical tools must be used to handle compositional data. Briefly, the suitable sample space of
any compositional vector x, representing a D-part subset of a whole X = [x,,...,xp], is the simplex S, as
defined in Aitchison (1982, 1986). It is particularly well adapted to situations where elemental ratios are more
relevant than absolute values.

Letx = [xf,...,xp] andy = [y,, ,yD] denote two compositional vectors in S”. Then z, corresponding to the

perturbation of x by y, in S” is given by Equation 14:
Z=X@Y=C[X1Y1,--~,XD)’D] (14)
with C the closure-to-unity operation defined as

Cx] = |- .. o (15)

Z?:] Xi Zﬁl Xi
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The neutral element of the perturbationise = C[1,...,1] = [ R %] ,and x = x @ e, while the perturbation

1
Do
vector expressing compositional change from y to X, noted xOy, is equal to x@®y~!, with
y~' = C[yr'.....yp'| . This representation is particularly relevant for showing REE profiles because no external

normalization is necessary to conclude about the variability of these profiles.

Perturbation plots were made using the “compositions” package of R software (R Core Team, 2018), which was
specifically designed to analyze compositional data (van den Boogaart & Tolosana-Delgado, 2013). More details
on perturbation diagrams and compositional data analysis (CoDA) applied to atmospheric aerosol measurements
are presented in Xu-Yang et al. (2021).

2.8. Model

Simulations of dust transported to Guadeloupe were conducted using the Community Atmosphere Model
(CAMO), part of the Community Earth System Model (Danabasoglu et al., 2020). The model includes a modal
description of aerosols (Liu et al., 2012, 2016). In such models, dust aerosols are generated in dry, unvegetated
areas with strong winds, and then transported and deposited within a 3-dimensional transport framework (Albani
etal., 2014; Kok et al., 2014; L. Li et al., 2022; Zender, 2003). A new dry deposition scheme was used for this set
of simulations (L. Li et al., 2022; Petroff & Zhang, 2010). The model framework for this study was compared to
available observations in several studies (Brodsky et al., 2023; L. Li et al., 2022; Mahowald et al., 2024). Models
have difficulty matching the available AOD (Aerosol Optical Depth), concentration, and deposition data (Albani
et al., 2014; Huneeus et al., 2009), and this model works in a similar way to other dust models.

3. Results and Discussion
3.1. Aerosol Concentration and Total Atmospheric Deposition Flux Measurement

Figure 2 shows atmospheric concentration and total atmospheric deposition flux variations for aluminum (dust
proxy) and sea-salt sodium during the field experiment period. Aluminum atmospheric concentration varies
between 0.02 and 5.45 pg m™> (median value of 0.43 pg m™>), with a higher concentration in summer (May—
September 2017) revealing seasonal variation. Sea-salt sodium atmospheric concentration, calculated using
Equation 4, varies between 0.8 and 5.2 pg m~>, with the median value equal to 2.8 ug m~>, with no obvious
seasonality. In the same way, a seasonally higher total deposition rate is observed during summer for dust, while
much less seasonal variability is visible for the total deposition rate of sea salt (as already shown in Xu-Yang
et al. (2022)). No systematic similarities are observed between the aerosol concentration and total deposition
flux patterns, whether for dust or sea salt. In the Caribbean region, the vertical distribution of dust was similar to
the Saharan Air Layer transport (Dulac et al., 2001; Grof et al., 2016; Reid et al., 2003; Weinzierl et al., 2017). In
the study of a single dust event in February at the same latitude over the Cape Verde Islands, Dulac et al. (2001)
observed that 90% of the dust is transported at high altitude, above the marine boundary layer. At 950 m in
altitude, the dust concentration may be 20 times higher on average than at ground level. During June and July
2000 in Puerto Rico, the maximum concentration of dust was observed at an altitude of 4,500 m (Reid
et al., 2003). This is consistent with other recent studies conducted between June and July 2013 in Barbados,
where dust concentration was found to be twice as large at an altitude of 2,800 m than at ground level (Grof3
et al., 2016; Weinzierl et al., 2017). The concentrations of other aerosol species have also been found to be
variable at different altitudes (GroB et al., 2016; Weinzierl et al., 2017). Concentration measurements at surface
level are thus not truly representative of the total atmospheric column nor of the marine boundary layer. Using
aerosol concentration to estimate total deposition flux is therefore not straightforward.

3.2. Deposition Velocity and Lifetime for Saharan Dust, Sea Salt, and Elements

We computed the total deposition velocity (Figure 3), lifetime (for 2 = 66 m, Figure 3), and scavenging ratio
(Figure 4), for each period and each measured element (Section 2.6). Both deposition velocity and lifetime for the
paired samples (aerosol/deposit) vary substantially. This result shows that the deposition flux could not be
accurately calculated by multiplying the aerosol concentration by a constant deposition velocity value.

The median values for total deposition velocity are very close for all the elements measured. The highest median
deposition velocity is observed for sea salt (6.0 cm s™") and sodium (5.8 cm s™'). The lowest median deposition
velocity is observed for phosphorus (0.1 cm s™') and selenium (1.5 cm s™"). Most of the remaining elements have
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Figure 2. Atmospheric concentration and total deposition flux during the field experiment, for aluminum (a, dust proxy), and
for sea-salt sodium (b, sea-salt proxy). Six aerosol samples were lost: 26 June 2017 to 28 June 2017, 24 October 2017 to 06
November 2017 and 18 December 2017 to 20 December 2017 (power outage), 18 September 2017 to 09 October 2017
(Maria storm), 05 June 2017 to 12 June 2017 and 19 June 2017 to 26 June 2017 (torn filters).

a median deposition velocity between 2 and 5 cm s™', in good agreement with the bulk deposition velocity of
2,400 m day™"' (2.8 cm s™') proposed in Kadko et al. (2015) for northern tropical oceans. Phosphorus has the
lowest deposition velocity (median value equal to 0.1 cm s™") probably due to its local biogenic origin, as pointed
out by Xu-Yang et al. (2022). Phosphorus is carried by insects, vegetable debris, and pollen, which are locally
emitted and therefore with higher concentrations at ground level. For example, Raynor (1974) and Dong
et al. (2019) measured a deposition velocity around 0.1 cm s for pollen and vegetable debris, which is consistent
with the observed range of deposition velocity for phosphorus.

For all elements except phosphorus, the total deposition velocity (between 2 and 5 cm s™!) is much larger than the
estimated dry deposition velocity (0.3 cm s™'), implying that wet deposition is the major atmospheric deposition
pathway. Consequently, the wet deposition lifetime is much shorter than the dry deposition lifetime.

3.3. Scavenging Ratio

Factors known to affect the scavenging ratio include the size of the particles being scavenged, their chemical
composition, and cloud properties (including droplet size, temperature, and cloud type), with particle size dis-
tribution being the most important factor influencing the scavenging ratio (Cheng et al., 2021; Mahowald
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etal., 2011, 2014). Aerosol scavenging is produced by a complex combination of numerous processes. However,
many models estimate wet aerosol scavenging using the scavenging ratio as a simple parameter ranging between
400 and 1,000. Scavenging ratios computed with the field measurements (as described in Section 2.6) are plotted
in Figure 4. The scavenging ratio for aluminum ranges from 95 to 1,390, with a geometric mean value of 513 and a
median value of 530. Sodium levels range from 327 to 2,190, with a geometric mean value of 1,030 and a median
value of 1,160. For most of the elements, scavenging ratios and the range of their variation measured during this
study are consistent with values in the literature (Cheng et al., 2021) from other parts of the world.

The measured scavenging ratios are systematically higher for marine elements (sea salt) than for crustal elements
(dust). Elements with high solubility present in coarse particles tend to have a higher scavenging ratio than el-
ements with low solubility in fine particles (Cheng et al., 2021). As the sampling site is situated in the sea-salt
emission zone, sea-salt particles are expected to be of coarser size than long-range transported dust particles
(Kandler et al., 2018). A large proportion of the sodium, calcium, strontium, and magnesium is associated with the
soluble, rather coarse sea-salt particles (Kandler et al., 2018; Xu-Yang et al., 2022); these elements therefore have
a higher scavenging ratio than the other elements (Murphy et al., 2019). Scandium and aluminum are mainly
associated with the poorly soluble dust particles, which are smaller in size than the sea-salt particles. As shown in
Xu-Yang et al. (2022), phosphorus is associated with locally produced biogenic debris, which explains the low
scavenging ratio observed. Selenium can be found in the gas phase in marine environments (Amouroux
et al., 2001), explaining its low scavenging ratio, a result consistent with other studies (e.g., around 300 in Slinn
et al. (1978)).

There is great variation in scavenging ratios from one sampled event to another. For all the measured elements, the
median value of scavenging ratios ranges from 500 to 1,000, close to the constant value of the scavenging ratio
used in simple deposition models (W, = 750; e.g., in Tegen et al. (2002) and Luo et al. (2003)). Thus, in the
Guadeloupe Islands, an average total deposition flux of dust over long periods could be obtained with reasonable
accuracy using such simple models. However, because of the strong variability observed, the constant value of the
scavenging ratio cannot be used for a single event or for a short period, where the averaging effect cannot be
invoked. In such cases, it is necessary to use models including more physically based parameterizations to
calculate wet deposition, based on the vertical distribution of dust concentration and precipitation formation
(Rasch et al., 2001).

3.4. Model Outputs and Comparisons

It is well known that precipitation, cloudiness, and fog strongly impact the process of aerosol removal and thus
lifetimes (Mahowald et al., 2014; Tegen & Fung, 1994). In model estimates of lifetimes, gravitational settling lets
the dust move down into the layers where wet deposition (clouds, precipitation, and fog) removes particles from
the atmosphere (Mahowald et al., 2014, 2024). In the Southern Ocean, around the Kerguelen Islands, Heimburger
et al. (2012) already observed that aerosols are almost totally scavenged in the lower atmospheric layers,
including the boundary layer. The precipitation rate used by the model for the Guadeloupe sampling site is
475 mm yr~'. The precipitation rate measured on-site in Guadeloupe for 2016 was 1,800 mm yr™"', four times
higher than the rate in the model, while the precipitation rate measured for 2017 was 3,600 mm yr~', 8 times
higher. The precipitation recorded on-site during this study is consistent with long-term observations published by
Chaperon et al. (1985). As pointed out by Albani et al. (2014), the model overestimates near-ground dust and sea-
salt aerosol concentration (Table 1), because it underestimates precipitation. The model also overestimates dry
deposition flux because it overestimates aerosol concentration. The wet deposition lifetime is therefore much
larger (x10) in the model than the observed value, while the total deposition flux is underestimated by a factor
of two.

Models do not accurately take into account the vertical motion in the lower layers over islands, where turbulence
is much higher than over the open ocean (Albani et al., 2014; Cécé et al., 2014). Turbulence can enhance the
downward vertical motion of aerosols and the upward vertical motion of water; the orographic effect can produce
fog and cloud condensation by adiabatic cooling. Cloud droplets interact strongly with atmospheric aerosols and
enhance their scavenging (J. Li et al., 2017). These small-scale phenomena associated with islands are normally
neglected by global models, which generally give the same prediction for the Guadeloupe Islands and the open
ocean. In the CAM simulations used here over Guadeloupe, cloud and fog events in the bottom model layer are
rare, while frequent fog events are observed almost every day at the sampling site. The Guadeloupe Islands are
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Figure 3. Deposition velocity (cm s™') and lifetime (day), with a 66 m atmospheric layer thickness for elements, dust
(identical to Al), and sea salt (identical to sea-salt sodium).

situated in the storm tracks (Mahowald et al., 2011), thus enhancing the vertical movement of air, resulting in
rapid removal of aerosols.

In conclusion, tropical islands such as Guadeloupe are characterized by thermal and orographic forcing, which
may generate micro-scale air mass circulations, resulting in enhanced vertical motion, cloudiness, and precipi-
tation. Thus, dust and sea salt are washed out more efficiently, resulting in a lower quantity of atmospheric
aerosols compared to the predictions of global models.

3.5. Compositional Difference Between Aerosols and Total Deposition

The perturbation diagram between aerosols and total deposition is plotted in Figure 5, with all major and trace
elements, except P, Sc, Be, T, and U, for which values lower than the detection limit were found for some
samples, preventing a compositional data calculation with these elements. Marine elements, such as Na and Mg,
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are more enriched in total deposition samples than in aerosols, while crustal elements are more enriched in aerosol
samples than in total deposition samples. This compositional shift exactly reflects the observed scavenging ratio
variations. The elements with the highest scavenging ratio are enriched in the deposition samples, while the
elements with the lowest scavenging ratio, such as Se, are depleted.

A second perturbation diagram is calculated and plotted for REEs, showing that REE profiles are not perturbed
between paired aerosol and deposition samples (Figure 6). Aerosols cannot be differentiated from deposition in
the REE profiles. This result implies that the dust deposition process did not lead to a shift in REE composition.

3.6. Lead Isotope Differences Between Aerosols and Deposit

Figure 7 shows the cumulative distribution of 2°°Pb/?’Pb isotope ratios for all the aerosol and total deposition
samples. The 2°°Pb/>°7Pb ratio in the distribution of aerosol samples is less radiogenic than in the distribution of
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Table 1

Comparison Between Model Output and Measured Results

Parameters Model output Measured
Precipitation rate (mm day ") 1.30 5.45

Dust scavenging ratio 750 (400-1,000) 513 (geometric mean)
Dust lifetime (day) 0.171 0.034 (median)

Dust dry deposition velocity (cm s~ ') 0.3 0.3 (using the model value)
Dust deposition velocity (cm s™") - 2.6 (median)

Dust surface concentration (g m™) 24.5 9.6 (weighted mean)
Dust dry deposition flux (ug m~2 day™") 9,500 2,500 (weighted mean)
Dust wet deposition flux (pg m~> day™") 2,070 20,990 (weighted mean)
Dust total deposition flux (ug m~2 day™") 11,580 23,490 (weighted mean)
Sea salt scavenging ratio 750 (400-1,000) 1,080 (geometric mean)
Sea salt lifetime (day) 0.165 0.013 (median)

Sea salt dry deposition velocity (cm s™) 0.3 0.3 (using the model value)
Sea salt deposition velocity (cm s™') - 6.0 (median)

Sea salt surface concentration (pug m~>) 13.47 9.29 (weighted mean)
Sea salt dry deposition flux (ug m~2 day™") 5,600 2,400 (weighted mean)
Sea salt wet deposition flux (ug m~2 day™") 985 50,700 (weighted mean)
Sea salt total deposition flux (ug m~2 day™") 6,580 53,100 (weighted mean)

the total deposition samples, and thus more anthropogenic. An exact two-sample Mann-Whitney test calculated

with R software (R Core Team, 2018) provides evidence of this visual observation, giving a p-value of 0.0005 for
the hypothesis that the 2**Pb/?°’Pb isotopic ratio is greater in the total deposition than in the aerosol. Therefore the
aerosol is more anthropogenic than the total deposition in the lower atmospheric layer. This result could be due to
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Figure 5. Perturbation diagram for trace elements. The dashed green horizontal line represents zero perturbation (no
disturbance). Marine elements are indicated in blue, crustal elements in red, and other elements in pink.
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Figure 6. Perturbation diagram of Rare Earth Element profiles. The dashed green horizontal line represents zero perturbation
(no disturbance).

a lower deposition velocity and scavenging ratio for anthropogenic lead, which has a larger fraction in fine mode
than natural lead. This difference could also be attributed to the vertical heterogeneity of lead in aerosols, with an
enrichment in anthropogenic lead locally emitted in the lower atmospheric layer.

4. Conclusion

Over the Guadeloupe Islands, total deposition fluxes are not proportionally correlated with surface aerosol
concentration, and the elemental composition of atmospheric deposition is not the same as the atmospheric
aerosol composition measured near ground level. Different lifetimes are observed for dust and sea-salt aerosols.
This result suggests that aerosol concentration gradients may exist between the measurement location at ground
level, and locations at higher altitudes in the atmosphere, where aerosols are incorporated into precipitation.

Thermal and orographic forcing may generate microscale atmospheric circulation, resulting in the enhanced
vertical movement of air, high cloudiness, and higher precipitation rate compared to the nearby open ocean. The
result may be the more efficient washout of suspended aerosols by wet deposition, which is not well captured by
global aerosol models. Values used in models or median values measured in this study for event-dependent
parameters are not appropriate to estimate deposition flux during single events or short periods. Averaged
scavenging ratio values highlight a more efficient washout of locally emitted sea-salt aerosols compared to long-
range transported Saharan dust and anthropogenic aerosols. Consequently, when compared to suspended aero-
sols, total deposition samples are more enriched in elements of marine origin and less enriched in anthropogenic
lead. The REE composition is found to be the same in total deposition and aerosol samples, implying that both the
deposited and suspended dust aerosol particles have the same origin and that deposition processes do not change
REE composition.

Parameters often used by global models to study aerosol deposition, such as deposition velocity, lifetime, and
scavenging ratio were measured and tested during the current study. The median values of these parameters
measured in the Guadeloupe Islands are in good agreement with values used by global models, and can therefore
be used in long-term studies to estimate the deposition flux of aerosols for long periods, if precipitation rate and
surface aerosol concentration are correctly assessed. However, both aerosol concentration and precipitation rate
are not well assessed by the model for the sampling site presented here. As wet deposition is found to be the main

XU-YANG ET AL.

13 of 20

5U01T SUOWILIOD BAIR81D 3|edt|dde a3 Aq pauseAoh ae sapie YO ‘esn Jo Sajnt 10} ARiq i aUtuQ AS|IAN UO (SUO I IPUOD-pUe-SWLIBY WO A3 | IM" AReIq 1 U1 {UO//SANY) SUOIPUOD puUe SWiB | 3Y} 88S *[G202/70/90] Uo ARiqiauluQ 8|1 ‘9ouelH aueiyoo) Aq Z89Zr0ary202/620T OT/I0p/wod A8 |1m Arelq 1 puljuosgndnfe//sdny wo.j papeojumod ‘/ ‘S20Z ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/202471D042682

100%

e ACTOSO|

— Deposit

75%

o | My N
A e vV

Anthropogenic

Saharan dust
25%

cumulative distribution frequency

0%

1.160 1.180 1.200
206Pp/207Pp

Figure 7. Cumulative distributions of lead isotope ratios °Pb/**’Pb for aerosol and deposition samples. The lead isotope
ratios of anthropogenic sources range from 1.10 to 1.16 (Bollhofer & Rosman, 2000, 2001; Monna et al., 2000) while those
from the crustal Saharan source range from 1.16 to 1.22 (Guinoiseau et al., 2022).

pathway of aerosols from atmosphere to ocean and tropical island, as previously shown by Van Der Does
et al. (2020), an underestimation of the total deposition flux for sea salt as well as for dust is observed in model
outputs. This result is caused by the underestimation of wet deposition velocity in the model.

More comprehensive observational data from field sampling at different locations in the Caribbean region,
including precipitation rates, vertical profiles, and the separation of dry versus wet deposition, would lead to
better understanding of the specific mechanisms involved in atmospheric deposition. Similar measurements from
marine environments could also further complement the observational data sets presented here.

Appendix A: Validation of Analytical Methods
Al. Detection Limits

The detection limits for both total deposition and aerosol measurements and for each element are calculated and
listed in Table A1. The following blanks were prepared: laboratory blanks (27 for ICP-MS, and 23 for ICP-AES
with acid attack only), 7 field blanks for aerosol samples (4 cellulose ester pristine filters and 3 polycarbonate
filters, cleaned following the super-clean procedure) and 17 field blanks for deposition samples.

The 17 field blanks were used to check the memory effect of the sampling system by rinsing the funnel a second
time with 50 mL of a 3% v:v HCI water solution after sampling.

A2. Validation of Analysis Method Using Geostandard Measurements

Nine finely ground geostandards (MAG-1, SCO-1, STM-1, SDC-1, BHVO-1, LKSD-2, BE-N, QLO-1, and
BHVO-1 from USGS) were also prepared following the same digestion procedure as the deposition samples or
aerosol samples to validate the digestion procedures. Geostandards were hand-crushed for 30 min in an agate
mortar to approximate aerosol grain size. The powders produced were digested with or without the filter at the
smallest amount that can be weighed, around 10 mg, to obtain a mass as close as possible to field aerosol samples.
The results for recovery rate are listed in Table A2. Taking into account all the geostandards, the median value and
average value of recovery rate for each element range from 80% to 120%, except for Tm (median value 79%) and
Yb (median value 78%).

The perturbation diagram for REE profiles is plotted in Figure A1, showing the compositional difference between
measured REE composition and the generally accepted REE composition in the literature. An application of
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AND SPACE SCIENCES
Table A1
Field Detection Limits (LD), PC Is Polycarbonate, CN Is Cellulose Nitrate
Elements Al Ba Ca Fe K Li Mg Mn
Method AES AES AES AES Flame AES AES AES
LD deposition pg m?> day ™' 35 2 204 16 69 0.01 11 0.3
LD aerosol (PC) ng m™3 4.1 0.1 15 2.3 824 0.01 6.5 0.04
LD aerosol (CN) ng m™> 2.5 0.2 24 3.5 518 0.01 23 0.1
Elements Na P S Sc Sr Ti Zn Be
Method Flame AES AES AES AES AES AES MS (LR)
LD deposition pg m* day ™ 54 48 14 0.05 0.12 9.03 1.15 0.002
LD aerosol (PC) ng m™ 721 67 25.6 0.03 0.1 0.1 0.7 0.002
LD aerosol (CN) ng m™> 274 76 308.6 0.03 0.1 0.7 24 0.002
Elements Rb Mo Cd Sb Tl Pb U v
Method MS (LR) MS (LR) MS (LR) MS (LR) MS (LR) MS (LR) MS (LR) MS (MR)
LD deposition pg m* day™"  0.039 0.05 0.005 0.074 0.0004 0.051 0.003 0.06
LD aerosol (PC) ng m™> 0.155 0.054 0.006 0.309 0.000 0.027 0.003 0.009
LD aerosol (CN) ng m™> 0.066 0.007 0.001 0.010 0.0001 0.009 0.003 0.05
Elements Cr Co Ni Cu As Se La Ce
Method MS (MR) MS (MR) MS (MR) MS (MR) MS (HR) MS (HR) MS (HR) MS (HR)
LD deposition pg m* day ™" 0.1 0.02 0.009 0.7 0.1 0.01 0.03 0.08
LD aerosol (PC) ng m™ 0.1 0.005 0.008 0.04 0.01 0.01 0.002 0.004
LD aerosol (CN) ng m™> 3 0.009 0.6 0.1 0.008 0.006 0.001 0.002
Elements Pr Nd Sm Eu Gd Tb Dy Ho
Method MS (HR) MS (HR) MS (HR) MS (HR) MS (HR) MS (HR) MS (HR) MS (HR)
LD deposition pg m* day™'  0.01 0.04 0.01 0.002 0.008 0.002 0.007 0.001
LD aerosol (PC) ng m™> 0.0005 0.001 0.001 0.00002  0.0004  0.00001  0.0003  0.00002
LD aerosol (CN) ng m™> 0.0004 0.002 0.0003 0.0001 0.0003  0.00005  0.0004  0.00007
Elements Er Tm Yb Lu
Method MS (HR) MS (HR) MS (HR) MS (HR)
LD deposition pg m* day~'  0.003 0.001 0.003 0.0004
LD aerosol (PC) ng m~3 0.0001 0.0001 0.0002 0.00002
LD aerosol (CN) ng m~> 0.0001 0.009 0.0002 0.00002
Table A2
Median Recovery Rates of Geostandard Measurements: 4 MAG-1¢ Samples, 6 SCO-1¢ Samples, SDC-1°, STM-1°,
3 BHVO-1* Samples, BE-N"" LKSD-2"%", QLO-1°, SLRS-4°, SLRS-5*¢, and SLRS-6"
Elements Al Ba Ca Fe K Li Mg Mn
Method AES AES AES AES Flame AES AES AES
Median RR 90% 94% 93% 91% 103% 132% 94% 100%
Elements Na P S Sc Sr Ti Zn Be
Method Flame AES AES AES AES AES AES MS (LR)
Median RR 105% 109% 96% 102% 90% 86% 107% 94%
Elements Rb Mo Cd Sb Tl Pb U \Y
Method MS(LR) MS(@LR) MS(@R) MS(@LR) MS@LR) MS(@LR) MS@LR) MS MR)
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Table A2
Continued
Median RR 101% 83% 132% 91% 98% 87% 97% 114%
Elements Cr Co Ni Cu As Se La Ce
Method MS(MR) MS(MR) MS(MR) MS(MR) MS(HR) MS®HR) MS@HR) MS HR)
Median RR 101% 121% 116% 100% 102% 89% 98% 102%
Elements Pr Nd Sm Eu Gd Tb Dy Ho
Method MS@MHR) MS@EHR) MS@HR) MS@HR) MS@HR) MS@HR) MS@HR) MS HR)
Median RR 105% 104% 99% 95% 98% 81% 83% 80%
Elements Er Tm Yb Lu
Method MS (HR) MS (HR) MS (HR) MS (HR)
Median RR 80% 79% 78% 80%

“Gladney and Roelandts (1988). ®Govindaraju (1994). “Yeghicheyan et al. (2001). “Yeghicheyan et al. (2013). “Heimburger
et al. (2013). rYeghicheyan et al. (2019). #Shaheen and Fryer (2011). "Jochum et al. (2016). 'Hall and Pelchat (1997).
JLeybourne et al. (2007).

compositional data analysis using perturbation diagrams is presented in Xu-Yang et al. (2021). A systematic shift
can be observed between measured values and expected values. This discrepancy could be explained by the fact
that we used a high-resolution ICP-MS (Element II), which eliminated for example, the polyatomic interferences
of "1pPr!®0t or 138Ba'®0t, 199Nd!%0™, 15%Sm!°0t, 197Gd 90", 1*Tb'°0™ on the measurement of '>’Gd, '*°Er,
73Yb, and ' Lu.
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Figure Al. Measured © published values of Rare Earth Elements (REEs) (n = 18). The dashed green horizontal line
represents no disturbance. The REE theoretical values come from Gladney and Roelandts (1988) for MAG-1, SCo-1, SDC-1,
STM-1, BHVO-1, and QLO-1; from Govindaraju (1994) for LKSD-2 and BE-N. In LKSD-2, values of Pr, Gd, Ho, Er, and
Tm come from Shaheen and Fryer (2011) because these values are absent from Govindaraju (1994).
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Table A3

Validation of Pb Isotope Ratio (**’Pb/”°°Pb)

Geostandard MAG-1? STM-1°
Measured *°’Pb/**Pb 0.829 0.799
Published **’Pb/**Pb 0.830 0.801

“Nagender Nath et al. (2009). "Weis et al. (2005).

A3. Validation of Lead Isotope Ratio Measurements

Two geostandards (MAG-1 and STM-1) were analyzed in the same way as the samples to check the lead isotope
ratio measurements. Results are reported in Table A3, showing good accuracy for the °’Pb/*°°Pb measurements
presented here.
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