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Characterization of coastal aerosols is important to the study of the atmospheric input of nutrients to the
adjacent marine and the ocean ecosystems. Over a land–ocean transition zone, however, aerosol composition
could be strongly modified by anthropogenic emissions and transport processes. This work focuses on
examining aerosol properties, in particular chemical composition, particle-size distributions and iron (Fe)
solubility, over the US East Coast, an important boundary for the transport of continental substances from
North America to the North Atlantic Ocean. Fourteen sets of bulk aerosol samples and three sets of size-
segregated aerosol samples were collected in southern New Jersey on the US East Coast during 2007 and 2008.
Sampleswere analyzed by IC, ICP-MS andUV spectroscopy. Themajor chemical componentswere nitrate, non-
sea-salt sulfate (NSS-sulfate), ammonium, sodium and chloride, accounting for ∼70% of the total mass. A
typical bimodal mass-size distribution was observed, with the major peak from 0.36 µm to 0.56 µm and the
minor one from 3.6 µm to 5.6 µm in diameters. Different individual components showed different mass-size
distributions. Pollution-derived substances, such as vanadium and NSS-sulfate of non-biogenic origin, were
mostly in the fine mode, while crustal elements, such as aluminum and iron, were mainly in the coarse mode.
At this location, the concentrations of soluble ferrous species (Fe(II)s) in aerosols ranged from 50 to
518 pmol m−3, accounting for ∼17% of the total Fe (FeT) mass in bulk samples. The average Fe solubility
observed at this location was 18%, higher than those over remote oceans. Fe solubility showed an inverse
correlation with FeT concentrations, which could be the result of different particle sizes. In addition, high Fe
solubility was associatedwith highmolar ratios of NSS-sulfate to FeT and oxalate to FeT, indicating that inorganic
and organic acidic components and anthropogenic emissions may highly affect Fe solubility in this region.
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1. Introduction

Aerosols over the coastal regions are important for understanding
the transport of atmospheric substances from the continents to the
ocean, the major pathway of nutrient delivery to the remote ocean
(Duce and Tindale, 1991; Fung et al., 2000). In addition, atmospheric
deposition plays an important role in nutrient input to certain coastal
regions (Hutchins and Bruland, 1998), and aerosol measurements at
coastal sites can assist in estimating atmospheric fluxes of nutrients to
a particular coastal ecosystem, supporting mass balance studies
(Yaaqub et al., 1991; Chester et al., 1993; Kane et al., 1994). On the
other hand, the composition of aerosols over the coastal regions is
complicated, as aerosols of continental origin could be modified
significantly before they are transported to the remote ocean by both
anthropogenic and natural processes, such as interactions with air
pollutants and intensive meteorological events (Whelpdale and
Moody, 1990). For example, atmospheric pollutants from anthropo-
genic emissions, such as organic acids, may affect aerosol size
distributions (de Gouw et al., 2005; Brock et al., 2008) and properties
of certain trace elements, such as Fe solubility, and consequently
influence trace metal bioavailability (Spokes et al., 1994).

The US East Coast is an important boundary between North America
and the North Atlantic Ocean. Aerosols from different sources trans-
ported over this region could be modified significantly before reaching
the remote Atlantic. There have been a number of studies of aerosol
characteristics on the US East Coast, including the total aerosol mass
(Novakov et al., 1997; Castanho et al., 2005), tracemetal concentrations
(Church et al., 1990; Malm and Sisler, 2000; Pike and Moran, 2001),
water-soluble ion concentrations (Tolocka et al., 2001; Song et al., 2001;
Zhao and Gao, 2008) and mass-size distributions (Brock et al., 2008;
Zhao and Gao, 2008). High anthropogenic signatures associated with
aerosols were found in this region (Malm and Sisler, 2000), such as high
concentrations of nickel, vanadium, lead and zinc from oil combustion,
nitrate from motor vehicles (Song et al., 2001), and sulfate and
ammonium from industrial and power generation facilities (Brock
et al., 2008). As the atmosphere is the major pathway for the input of
certain elements to the ocean, such as iron (Duce et al., 1991) and anti-
mony (Cutter, 1993), anthropogenic influences on aerosols may
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consequently affect coastalmarine ecosystems, aswell as exert potential
effects on oceanic ecosystems (Jickells, 1998; Doney et al., 2007).

Iron is an important element relevant to marine biogeochemical
cycles, as it is a limiting nutrient in phytoplankton growth (Martin,
1990; Duce et al., 1991; Falkowski et al., 1998; Morel and Price, 2003).
The bio-uptake of Fe may depend on Fe solubility and speciation, in
particular the dissolved formsof ferrous Fe, knownas Fe(II)s, as Fe(II)s is
believed to be more readily used by phytoplankton (Sunda, 2001),
although Fe(II) may not always be bioavailable (Visser et al., 2003) and
Fe(III) could be used bymarine organisms aswell (Barbeau et al., 2001).
Aerosol Fe properties over coastal regions adjacent to large urban and
industrial centers could be strongly affected byhuman activities, such as
intensive combustion (Hoffmann et al., 1996) and interactions with
anthropogenic pollutants (Chen and Siefert, 2004; Sedwick et al., 2007;
Buck et al., 2008a). In addition, complex meteorology conditions
favoring photochemical reactions and cloud cycling over the coastal
regions may also modify Fe properties (Zhu et al., 1992; Jickells and
Spokes, 2001; Desboeufs et al., 2001). Therefore, Fe properties over
coastal regions deserve more attention. With increased concerns about
anthropogenic emissions and their effects on Fe solubility and
deposition over both the remote oceans and coastal regions (Luo
et al., 2008), the study of Fe properties in polluted coastal marine
atmospheres is critically needed.

To characterize aerosol properties including Fe solubility and
speciation on the US East Coast, sampling of both bulk and size-
segregated aerosol particles was carried out during spring 2007 and
summer 2008 at a coastal site in southern New Jersey. In this paper, we
discuss the chemical composition of aerosols along with their possible
sources and present mass-size distributions of aerosols from different
sources. We also discuss factors controlling Fe solubility. Results from
this workwill be valuable for quantifying coastal aerosol properties and
filling the data gap for this region. The in situ data generated from this
work will also be useful for modeling Fe deposition fluxes to both the
coastal and the open oceans.
Fig. 1. Map of the sam
2. Methodology

2.1. Aerosol sampling

The sampling site was located at Tuckerton (39°36′N, 74°20′W),
housed at the Rutgers University Marine Field Station in southern New
Jersey on the US East Coast (Fig. 1). Two series of samples were taken in
spring 2007 and summer 2008. During March 2007, fourteen diel
sampleswere collected onWhatman-41filters (Whatman International
Ltd., England) by a High-Volume sampler, Model 500EL(Aquaero Tech,
Miami, FL). In June 2008, three sets of size-segregated samples were
taken using a non-rotating 10-stage Micro-Orifice Uniform Deposit
Impactor (MOUDI) (MSP Corporation, Shoreview,MN) (Table 1), with a
Teflon filter (Pall Corporation, 1.0 µm pore size) as the sampling
medium. The 50% cut-off mass median aerodynamic diameters
(MMAD) of MOUDI are 0.056, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6,
10 and 18 µm. Our tests on non-rotating MOUDI samples collected at
another site in New Jersey indicate that the relative differences in trace
metal concentrations from duplicate MOUDI samples varied from 5.1%
to 17%, with an average value of 11%. We note that numbers of samples
collected are limited, due to financial restrictions; we hope more
sampling work could be done in the near future to allow us to expand
the effort at this location.

As shown in Table 1, there were differences in meteorology
conditions between the two sampling periods. In March 2007, the
ambient temperatures varied from −3.3 °C to 25 °C with an average
of 8.3 °C; the relative humidity ranged from 24% to 93%. During this
period, two rain events took place: light rain on March 11 and rain
from March 15–17. In June 2008, the average ambient temperature
was 21 °C, higher than that in March 2007, varying between 15 °C and
32 °C, and the averaged relative humidity was 85%. In addition, the
surface-level winds in March 2007 were more from the ocean sector
and stronger compared with those in June 2008 (Fig. 2); while results
of air-mass back trajectories at altitude of 500 m, 1000 m and 2000 m
pling locations.



Table 1
Sampling information.

Sample type Sample ID Samplinga (starting date (h)) Temperature (°C) Relative humidity (%) Precipitation (mm h−1)

Bulk samples 1 03/09/07 (25) 5.1 (−3.3–14) 74 (53–93) 0
2 03/10/07 (N14) 8.6 (6.1–10) 81 (68–90) 0.067
3 03/11/07 (D10) 11 (6.1–14) 38 (28–59) 0
4 03/11/07 (N11) 0.50 (−1.7–5.0) 64 (49–72) 0
5 03/12/07 (D11) 8.6 (−2.2–12) 42 (24–75) 0
6 03/12/07 (N13) 4.2 (2.2–6.1) 70 (53–82) 0
7 03/13/07 (D10) 12 (5.6–16) 53 (39–73) 0
8 03/13/07 (N14) 9.5 (8.3–12) 74 (64–77) 0
9 03/14/07 (D9.4) 16 (11–18) 58 (50–74) 0
10 03/14/07 (N14) 13 (12–15) 72 (62–80) 0
11 03/15/07 (D10) 19 (13–25) 51 (39–67) 0
12 03/15/07 (N14) 5.4 (3.3–11) 82 (63–89) 1.0
13 03/16/07 (D8.4) 3.0 (2.8–3.3) 88 (86–89) 1.9
14 03/16/07 (18) 0.30 (−2.2–3.3) 85 (70–92) 0.83

Size-segregated samples I 05/30/08 (94) 19 (15–25) 81 (56–98) 1.4
II 06/04/08 (119) 20 (15–32) 91 (61–100) 0.45
III 06/09/08 (121) 23 (19–29) 82 (60–94) 0

a N refers to nighttime sampling duration (mostly between 7 pm–8 am); D refers to daytime sampling duration (mostly between 8 am–7 pm).
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indicated that the MOUDI samples in 2007 were affected more by air
masses of inland origins (Fig. 3). The different conditions between the
two sampling periods could contribute to the observed concentration
differences between these two types of samples.

2.2. Chemical analysis

2.2.1. Water-soluble ions
The analysis ofwater-soluble ions in aerosol sampleswas carried out

by an Ion Chromatography System (ICS-2000, Dionex) at the atmo-
spheric chemistry laboratory at Rutgers University atNewark, following
the procedures in Zhao and Gao (2008). Briefly, a portion of the
Whatman-41 filter and Teflon filter were cut and put into an acid-
cleaned test tube, and extracted with Milli-Q water (18 MΩ cm−1)
(Milli-Q Academic System, Millipore Corporation) in an ultrasonic bath
for 30 min at room temperature. Then the leachatewas filtered through
a PTFE syringe filter (Fisher brand, 0.4 µm pore size) before being
injected into the IC system. An AS11 analytical column (2×250 mm2,
Dionex), KOH eluent generator (EGC II KOH, Dionex) and 100 µl sample
loopwere employed for the determinations of selected anions (fluoride,
acetate, propionate, formate, methanesulfonate, chloride, nitrate,
succinate, malonate, sulfate and oxalate). Selected cations (sodium,
Fig. 2. Wind speed and direction: (a) bulk sampling during spring
potassium, ammonium, magnesium and calcium) were determined by
the same IC system with a CS12A analytical column (2×250 mm2,
Dionex), methanesulfonic acid (MSA) (EGC II MSA, Dionex) as the
eluent and a 25 µl sample loop. The method detection limit for major
anions, including sulfate, nitrate, chloride, oxalate, malonate, and
succinate, is<9 µg l−1. The recovery falls in the range of 78–101%,
and the precision of the analytical procedures is ∼1%.

2.2.2. Trace metals
The concentrations of aluminum(Al), antimony (Sb), cadmium(Ca),

chromium (Cr), cobalt (Co), copper (Cu), iron, lead (Pb), manganese
(Mn), nickel (Ni), scandium (Sc) vanadium (V) and zinc (Zn), were
determinedby Inductively CoupledPlasmaMass Spectrometry (ICP-MS,
FinniganTM ELEMENT2, Thermo Scientific) at the Institute ofMarine and
Coastal Science, Rutgers University. Portions of the Whatman-41 filter
and Teflon filter were cut and digested with 0.857 ml concentrated
HNO3 (Optima A460-500, Fisher Scientific) and 12 µl concentrated HF
(Optima A463-250, Fisher Scientific) in a Microwave Accelerated
Reaction System (MARs, CEM Corporation). There were three steps in
the digestion process: (1) heating to 170±5 °C in 5.5 min, (2)
remaining at 170±5 °C for 30 min for the completion of digestion,
and (3) cooling down for 20 min. Then, digested solutions were diluted
2007; and (b) size-segregated sampling during summer 2008.



Fig. 3. Air-mass back trajectories (AMBTs) were calculated from the National Oceanic and Atmospheric Administration (NOAA) GDASmeteorology database using the Hybrid Single-
Particle Langrangian Integrated Trajectories (HY-SPLIT) program. AMBTs were performed at 500, 1000 and 2000 m height levels over the sampling location, and started at noon of
each examined daywith backward 5 days. Panels a, b, and c are for bulk samples: fromMarch 9 toMarch 10, air masses weremore fromNNW; fromMarch 11 toMarch 13, air masses
were more from NW; and starting from March 14, the SW air mass was dominant. Panels d, e, and f are for size-segregated samples.
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with Milli-Q water to reach a solution acidity of ∼4% before injection
into the ICP-MS system. To quantify the digestion recovery, Reference
MaterialsNo. SRM2783 (National Instituteof Standard andTechnology)
were digested in the sameway as the samples. The results showed that
the recoveries of Al, Cu, Fe, Pb, V, Zn, Co, and Cr ranged from91% to103%.
The detection limits for all trace metals were less than 1 ppt and the
precision of themethodwas∼2%. The overall average blank levels were
4% for Whatman-41 filters and 2% for Teflon filters relative to samples.
All numbers for samples were obtained after subtraction of their appro-
priate blank values.
Table 2
The concentrations of chemical components in bulk and size-segregated samples.

Bulk samples
(2007 March)

Size-segregated
samples (2008 June)a

Species Unit Nb Mean (range) Nb Mean (range)
2.2.3. Soluble ferrous (Fe(II)s)
The concentrations of Fe(II)s in aerosols were measured by absorp-

tion spectroscopy at 562 nm using a UV-1700 system (Shimadzu,
Columbia, MD) at the atmospheric chemistry laboratory at Rutgers
University at Newark, following methods by Stookey (1970), Zhu et al.
(1997) andXu andGao (2008). The detailed procedure is shown in Fig. 4.
Briefly, for size-segregated samples collected on Teflon filter: Half of the
filter from each samplewas cut and placed into a 50 ml acid-cleaned test
tube and leached with 45 ml 1 M NaCl solution. After 4 h, an 8 ml 5 M
buffer solution made of ammonium acetate and 1.2 ml 0.05 M ferrozine
solution were added into a 20 ml filtered leaching solution. Then, the
complex of Fe(II)s and ferrozine was measured. For bulk samples
collected on Whatman-41 filter: an eighth of filter was cut and placed
into the same leaching solution for 5 min, followed with the same
procedures for Teflon filter samples. In this study, the leaching solution,
NaCl (1 M), was acidified to pH=1.0 by HCl (Optima A466-250, Fisher
Scientific), because high relative humidity condition at this location as
indicated in Table 1 could induce a high ionic strength and pH as low as
1.0 in theaerosol (Zhuet al., 1992). Thedetection limit of themethodwas
∼30 nMusing 10 cm length glass cells. The total dissolved Fe (Fe(II)+Fe
(III)) wasmeasured by the samemethod after reduction of the Fe(III) by
adding a reducing reagent, hydroxylamine hydrochloride. Soluble Fe(III)
was determined as the difference between the total soluble iron and
Fe(II). As Fe(II)s accounted for more than 99% of the total soluble Fe,
we operationally defined Fe solubility as the percentage of Fe(II)s
over the total Fe (FeT).
Fig. 4. Fe(II)s experimental procedure. Size-segregated samples collected on Teflon
filter: Half filter was cut into a 50 ml acid clean test tube and leached by 45 ml 1 M NaCl
solution (pH was adjusted to 1 by HCl). After 4 h, 8 ml 5 M buffer solution and 1.2 ml
0.05 M ferrozine solution were added into filtrated 20 ml extracted solution. Then, the
complex of Fe(II)s and ferrozine was measured by the absorption at 560 nm. Bulk
samples collected on Whatman-41 filter: An eighth of filter was cut and sunk into the
same leaching solution for 5 min, and then followed all the same procedures tomeasure
Fe(II)s.
3. Results and discussion

3.1. Chemical composition

Table 2 shows the average concentrations of chemical components
in both bulk and size-segregated aerosol samples. In this study, the
sum of 10 individual size concentrations from a MOUDI set was used
as one segregated sample; chemical components include 13 trace
metals, 11 anions and 5 cations. The concentrations of non-sea-salt
(NSS) sulfate were calculated by subtracting sea-salt sulfate from the
total sulfate using the typical sulfate-to-sodium mass ratio 0.25 in
seawater (Millero and Sohn, 1992). We note that direct comparison
between bulk and size-segregated samples may not be appropriate, as
different collection periods and samplers may contribute to the
variability of the observed concentrations between bulk and MOUDI
samples (Buck et al., 2008b).

Tracemetals accounted for∼1.0% of the total aerosolmass (sumof all
chemical components measured), with Fe and Al being the major
contributors. Aluminum is an indicator for mineral dust, comprising
∼8.0% of crustal material in general (Taylor and McLennan, 1985). The
total Al concentrations ranged from 107 to 10,490 pmol m−3 at this
location, which was lower than those observed in some other coastal
regions on the US East Coast, such as in New Castle, NH, and a coastal
region in China (Gao et al., 1992; Pike and Moran, 2001) and was also
lower than in the northwest Pacific Ocean and the north Atlantic Ocean
where the dust influence was relatively strong (Arimoto et al., 1995;
Bucket al., 2006, 2008a). At this location, several tracemetals, suchasPb,
V and Zn, were likely from anthropogenic emissions. Vanadium
concentrations in bulk samples ranged from 9.0 to 146 pmol m−3, with
an average of 69 pmol m−3, lower than other coastal regions where the
average concentrations of V were from118 pmol m−3 to 392 pmol m−3
Al pmol m−3 14 2694 (108–10,490) 3 3580 (2524–4527)
Cd pmol m−3 14 0.80 (0.25–1.7) 3 0.60 (0.54–0.69)
Co pmol m−3 14 1.4 (0.090–2.8) 3 2.4 (1.4–4.4)
Cr pmol m−3 13 7.6 (2.8–15) 3 64 (28–89)
Cu pmol m−3 13 29 (4.2–67) 3 48 (43–56)
Fe pmol m−3 14 1464 (113–3537) 3 2356 (1809–2804)
Mn pmol m−3 – 3 57 (54–63)
Pb pmol m−3 14 21 (1.6–39) 3 18 (12–27)
Sb pmol m−3 14 4.0 (0.11–7.5) 3 25 (23–27)
Sc pmol m−3 12 0.26 (0.065–0.70) 3 0.34 (0.25–0.42)
V pmol m−3 14 69 (9.0–146) 3 53 (36–64)
Zn pmol m−3 13 148 (13–299) 3 272 (121–540)
Na+ nmol m−3 14 102 (7.0–241) 3 43 (27–75)
NH4

+ nmol m−3 14 101 (22–204) 3 186 (149–212)
K+ nmol m−3 14 3.7 (0.81–8.3) 3 2.9 (1.8–3.8)
Mg2+ nmol m−3 14 12 (0.98–30) 3 6.0 (3.8–10)
Ca2+ nmol m−3 14 5.1 (2.5–13) 3 3.6 (2.6–4.6)
F− nmol m−3 14 0.21 (0.12–0.38) 3 0.20 (0.13–0.33)
Cl− nmol m−3 14 102 (8.3–269) 3 28 (16–51)
NO3

− nmol m−3 14 48 (3.3–95) 3 11 (6.5–17)
SO4

2− nmol m−3 14 37 (12–83) 3 50 (33–61)
NSS-SO4

2− nmol m−3 14 31 (4.3–71) 3 48 (31–56)
HCOO− nmol m−3 14 0.63 (0.21–2.9) 3 2.4 (2.3–56)
CH3COO− nmol m−3 14 0.46 (0.17–1.8) 3 1.7 (1.5–1.9)
C2H5COO− nmol m−3 14 0.18 (0.052–0.60) 3 0.29 (0.25–0.32)
CH3SO3

− nmol m−3 14 0.24 (0.017–0.80) 3 0.96 (0.77–1.2)
(COO)2− nmol m−3 14 4.7 (2.1–9.7) 3 6.1 (4.8–6.9)
CH2(COO)2− nmol m−3 14 3.4 (1.4–7.1) 3 4.6 (3.8–5.3)
C2H4(COO)2− nmol m−3 14 5.9 (1.6–15) 3 5.8 (3.3–7.7)

–: Element Mn in 2007 samples was not measured.
a The concentrations of size-segregated samples in 2008 are the summation of

concentrations from all 10 size stages.
b N is the numbers of valid samples.



Fig. 5. Crustal enrichment factors of bulk and size-segregated samples with standard
deviation.
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(Hopper and Barrie, 1988; Gao et al., 1992; Pike andMoran, 2001). As a
major source for anthropogenic V is oil combustion (Nriagu and Pacyna,
1988; Nriagu, 1989; Juichang et al., 1995), lower V concentrations
observed at this coastal sitemay suggest less influence from oil industry
than at other coastal regions. However, the concentrations of V at this
site were much higher than those over the Atlantic Ocean, for example
an average of 2.56 pmol m−3 found by Johansen et al. (2000), indicating
that this locationwasmore affected by pollution emissions than remote
oceanic regions. Similar situations generally existed with other
elements in particular Pb, Zn, and Cd: their average concentrations
were lower than certain coastal sites (Gao et al., 1992; Pike and Moran,
2001) but higher than in the Atlantic Ocean (Church et al., 1990;
Johansen et al., 2000).

For water-soluble ions, NSS-sulfate, ammonium, nitrate, chloride
and sodium accounted for up to 70% of the total ions measured in bulk
samples, and NSS-sulfate and ammonium were dominant components
in the size-segregated samples. The concentrations of NSS-sulfate
ranged from 4.3 to 71 nmol m−3 in bulk samples and from 31 to
56 nmol m−3 in size-segregated samples. NSS-sulfate was positively
correlated with MSA (in bulk samples: R2=0.73; in size-segregated
samples: R2=0.74), suggesting that similar ambient conditions may
affect their characteristics, although both could come from marine
biogenic sources, such as the oxidation of dimethylsulfonate (DMS)
(Andreae et al., 1986; Bates et al., 1987; Leck and Rodhe, 1991). Our
further data analysis indicated that both NSS-sulfate and MSA had high
correlationswith temperature andwind speeds with all R2 values being
∼0.7. In addition, both NSS-sulfate and MSA were accumulated in fine-
modeparticles, and the similar sizedistributions couldalso contribute to
their high correlations. On the other hand, the mass ratios of NSS-
sulfate/MSA ranged from 70 to 479 in bulk samples and from 41 to 60 in
size-segregated samples, significantly higher than 19, the average mass
ratio in remote oceans (Arimoto et al., 1996; Allen et al., 1997), implying
that only a small portion of the NSS-sulfate at this location came from a
marine biogenic source. Air-mass back trajectories shown in Fig. 3
confirmed that this location was strongly impacted by air masses of
continental origins during the sampling period in this study. The much
higher mass ratios in bulk samples indicated stronger anthropogenic
fingerprint, which may be caused by more intensive local emissions or
more air-mass originated from polluted regions. The concentrations of
nitrate in size-segregated samples were lower than those in bulk
samples. One possible reason could be the effect of higher ambient
temperature in summer during the MOUDI sample collection (Table 1)
that could cause the nitrate loss due to evaporation (Schaap et al., 2004).
On theotherhand, the cellulosefilter used inbulk sample collectionmay
result in overestimation of nitrate due to absorption of nitric acid gas
(Savoie and Prospero, 1982; Schaap et al., 2004), and this may also
contribute to the observed concentration differences between the size-
segregated and bulk samples.

The Na/Cl mass ratio in seawater is 0.56 and often serves as an
indicator of a marine origin (Broecker and Peng, 1982). The mass ratio of
Na/Cl found in bulk samples in this studywas 0.65, suggesting thatmarine
aerosol contributed to the total aerosol mass. However, the mass ratio of
Na/Cl found in size-segregated samples was 1.0, almost double the
seawater ratio andhigher than that inbulk samples. ThehigherNa/Cl ratio
observed in size-segregated samples could be attributed to the higher
ambient temperature duringMOUDI sampling in summer comparedwith
the temperature in March when bulk sample collection took place
(Table 1), as higher ambient temperature could promote a larger extent of
chloride depletion from aerosol particles. A simple calculation based on
the equation in Zhuang et al. (1999) showed that Cl depletionwas 44% in
bulk samples and 64% in size-segregated samples. These results were
consistentwith those foundbyZhaoandGao(2008a,b) in the sameregion
as this study, that high percentages of chloride loss from aerosols were
associated with high ambient temperatures.

Organic acidsmeasured at this location accounted for 8.0–9.0%of the
total ionic mass (the sum of all anions and cations measured), and
among them succinate, oxalate and malonate were the major
components, accounting for 90% of the total mass of organic acids.
This was different from both urban and rural areas, where the
concentrations of dicarboxylic acids are lower (Falkovich et al., 2005;
Zhao and Gao, 2008) and oxalate is the dominant species followed by
malonate and succinate (Kawamura et al., 1995, 1996; Khwajia, 1995;
Pakkanen et al., 2001; Falkovich et al., 2005; Zhao and Gao, 2008).
Organic acids could come from both biogenic (Keene and Galloway,
1986; Talbot et al., 1988; Fehsenfeld et al., 1992) and anthropogenic
emissions (Kawamura et al., 1985; Kawamura and Kaplan, 1987; Talbot
et al., 1988). The higher concentrations of organic acids observed at this
location may imply the influence of the coastal salt marsh ecosystem,
where the estuarine plants and soils might be sources of certain organic
acids (Mucha et al., 2005; Sannigrahi et al., 2005; Graber and Rudich,
2006; Duarte et al., 2007). As organic acids play significant roles in
atmospheric chemistry (Chebbi andCarlier, 1996;Warneck, 2003), such
as affecting metal solubility through complexation (Faust and Zepp,
1993; Xu and Gao, 2008), more investigations are needed for a better
understanding of organic acids in the chemistry of the coastal marine
atmosphere.

3.2. Enrichment factors

As a first step of source identification for certain trace elements,
enrichment factor analysis was used to distinguish trace metals from
crustal and non-crustal sources and marine and non-marine sources
(Zoller et al., 1974;Duce et al., 1975). Crustal abundance fromTaylor and
McLennan (1985) was used as a reference, with Al being the crustal
tracer. By convention, a crustal Enrichment Factor (EF) valueof<10was
taken as an indication that a trace metal in an aerosol has a significant
crustal source, whereas a crustal EF value of >10 was considered to
indicate that a significant proportion of an element has a non-crustal
source (Chester et al., 1999). The same rule applied to the oceanic EF
with sodiumas the oceanic tracer and the oceanic abundance fromKaye
and Laby (1986).

Fig. 5 shows the enrichment factors for both bulk and size-
segregated samples. The results indicated that the patterns of aerosol
elemental composition at this location were constant relative to the
crustal source strength, although the aerosol samples were collected in
different years. Aluminum, Sc, Fe, K, Ca, and Co can be grouped as crustal
elements, and Cu, V, Na, Pb, Zn, Sb, Cd were non-crustal elements.
However, EFs of most trace metals were higher for the bulk samples
than those for size-segregated samples. Particularly the median values
of crustal EFsofNa,Mg,K, andCawerehigher inbulk samples than those
in size-segregated samples, and thismaypartly bedue to thedifferences
inwinddirectionsduring the sampling periods between2007 and 2008.
As shown in Fig. 2, stronger winds from the ocean sectors occurred in
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2007 that could bring in more influences of marine source during bulk
sample collection. On the other hand, the winds from the inland
directionswere also stronger in 2007 than in 2008, which could explain
the fact that V, Pb and Cd in bulk samples were more enriched in 2007,
indicating the influences of anthropogenic sources such as heavy oil
combustions (Nriagu and Pacyna, 1988). The elements, Cr and Sb,
showed higher EFs in size-segregated samples, attributed to their
enrichment in fine-mode particles, which contributed 78% of Cr EFs and
88% of Sb EFs. These two elements could be derived primarily from coal
combustion, sewage sludge incineration (Nriagu and Pacyna, 1988) and
vehicular traffic (Iijima et al., 2008). Therefore, the varying strength of
different sources may contribute to the different EFs.

3.3. Mass-size distributions

The mass-size distributions of the three MOUDI samples showed
typical bi-modal distributions (Fig. 6). Thefirst peakwasat 0.18–0.56 µm,
accounting for 70–80% of the total mass concentration. However, the
secondpeaks in the three sample setswere different: the second peak for
the first set was at 1.0–3.2 µm, and ranged from 3.2 to 5.6 µm for the
second and third sets. The size distribution patterns at this site are similar
to those measured at an urban site in the same region (Zhao and Gao,
2008), although the total mass concentrations at this coastal site were
almost 10 times less than that in the urban area. Total mass-size distri-
butions were contributed by different species, and each species
contributed differently in the fine and coarse modes. In this work,
1.0 µm was used as the cut-off size to separate the fine and coarse
particles. In fine particles, NSS-sulfate and ammonium were the major
components, accounting for 79% of the total mass of PM1.0 (particulate
matter with a diameter less than 1.0 µm). This was different from results
from urban areas, where sulfate and nitrate were dominant components
(Zhuang et al., 1999; He et al., 2001; Lin, 2002; Zhao and Gao, 2008). On
the other hand, dicarboxylic acids, mainly oxalate and succinate, were
secondary major components at this location, accounting for 13% of the
total fine particle mass, which was much higher than that in the urban
area (1.9±0.9%) (Zhao and Gao, 2008). As the C2–C4 dicarboxylic acids
are relatively abundant in remote oceanic regions (Mochida et al., 2003;
Kawamura et al., 2007), they could be common in coastal areas as well.
Possibly, the wide salt marsh ecosystem in the study region could be
another source of organic acids.

In coarse particles, Na and Cl were major contributors, followed by
nitrate and minor sea-salt sulfate. Coarse Na and Cl were mainly from
sea-salt spray (Harrison and Pio, 1983; Herner et al., 2006) and
coarse-mode nitrate was mainly formed through the reactions of
nitric acid onto existing coarse particles, such as sea salt (Wu and
Okada, 1994; Pakkanen, 1996; Anlauf et al., 2006). In addition, Zhao
and Gao (2008a) found that temperature could affect size distribu-
tions of nitrate, resulting in the shift of the dominant nitrate peak from
Fig. 6. Total aerosol mass-size distributions of three set MOUDI samples.
fine mode to coarse mode when the temperature is higher than 17 °C.
Observations at this location were consistent with the above result.
During MOUDI sample collection, the ambient average temperatures
for all three samples were above 19 °C, and the dominant peaks for
nitrate in these samples appeared in coarse mode, suggesting that
high temperature may promote the formation of coarse-mode nitrate.

Chemical components from different sourcesmay display different
mass-size distributions. Sodium is a typical element in marine
aerosols, showing mass accumulation in the coarse mode (Fig. 7a),
consistent with previous studies (Li-Jones and Prospero, 1998). The
dominant peaks for Na were at 1.8–3.6 µm for set one, and 3.6–5.6 µm
for sets two and three, and the same patterns were found for Cl
(Fig. 7b). Sodium and chloride were the major contributors to the
coarsemode, and their distribution patterns controlled the total mass-
size distributions. In addition to sea salts, Na and Cl could also come
from anthropogenic emissions such as waste incineration (Kaneyasu
et al., 1999) and secondary aerosol formation processes (Spurny,
2000), but therewas little indication of anthropogenic influence on Na
and Cl based on the observed size distributions of both elements.

Iron and aluminum, as typical crustal elements, were found to have
multiple peaks at this location (Fig. 7c and d). The size distributions of Fe
were bi-modal, with themajor peak ranging from 3.6 to 5.6 µm, and the
minor peak at 0.36–0.56 µm, consistent with previous work (Infante
and Acosta, 1991; Lyons et al., 1993; Horvath et al., 1996; Allen et al.,
2001). The percentages of Fe mass concentrations in coarse mode in
each of three MOUDI sample were 68%, 54% and 63%, respectively. Iron
in the coarse mode is mainly derived from soil or road dust, and its fine
particles can originate from anthropogenic emissions, such as fly ash
(Gao et al., 2007; Anderson and Hua, 2008). Aluminum showed four
peaks at 0.056 µm, 0.18–0.32 µm, 0.56–1.0 µm, and 3.2–5.6 µm, with
the coarsemode accounting for∼68–84% of the total Almass in all three
samples. Aluminum in the coarse mode is mainly of crustal origin, and
its finemode could come from different anthropogenic sources, such as
motor vehicles (Kleeman et al., 2000) and metallurgical activities and
coal combustion (Gao et al., 1997; Hlavay et al., 1998). Hence, chemical
components consisting of both coarse and fine modes could originate
from both crustal and anthropogenic sources.

Nitrate accumulated in the coarsemodewith a small peak in the fine
fraction (Fig. 7e). The formation of coarse-mode nitrate could be from
the reaction of HNO3 or NOx with coarse particles, such as sea salt (Wu
and Okada, 1994; Pakkanen, 1996; Anlauf et al., 2006). This reaction
could be the major formation pathway for nitrate in coastal areas
(Zhuang et al., 1999). This mechanism was supported by the similar
mass-size distribution patterns of Na and nitrate observed at this
location. Theminor peak at 0.32–0.56 µm for nitrate could be caused by
the involvement of Ca with nitrate, as the minor peak of Ca overlapped
with the nitrate peak. Anthropogenic NSS-sulfate was calculated by
total NSS-sulfate minus DMS source NSS-sulfate (DMS source NSS-
sulfate=MSA×19) (Arimoto et al., 1996), and it showed a dominant
mode at 0.36–0.56 µm (Fig. 7f). The formation of submicrometer NSS-
sulfate results from gas-particle conversion reactions (Charlson et al.,
1987; Li-Jones and Prospero, 1998) and in-cloud processes (John et al.,
1990; Meng and Seinfeld, 1994; Kerminen and Wexler, 1995).

3.4. Fe characteristics

The FeT concentrations observed at this location ranged from 113
to 3537 pmol m−3. They were lower than other US East Coast areas,
such as New Castle, NH, US (Pike and Moran, 2001), and were also
lower than open ocean where the dust influence is strong (Table 3)
(Church et al., 1990; Buck et al., 2006, 2008a,b), suggesting that the
dust influence at this location was low. The Fe(II)s concentrations
from bulk samples ranged from 50 to 518 pmol m−3, and were higher
than open ocean regions in general (Table 3). In addition, Fe solubility
observed ranged from 11% to 44% with an average of 18%, higher than
reported results from oceanic regions (Baker et al., 2006; Sedwick



Fig. 7.Mass-size distributions of different chemical components: (a) Na; (b) Cl; (c) Fe; (d) Al; (e) nitrate (f) anthropogenic NSS-sulfate, calculated by NSS-sulfate minus DMS source
NSS-sulfate, and DMS source NSS-sulfate concentration was calculated from the mass ratio of NSS-sulfate/MSA (Arimoto et al., 1996).
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et al., 2007; Buck et al., 2008a,b) (Table 3). Therefore, the relatively
high iron solubility and low iron concentrations observed at this site
suggest that anthropogenic emissions are more important than dust
to affect atmospheric Fe in this region. A number of factors may
contribute to Fe solubility, such as particle size, interaction with
certain acidic components, etc. (Spokes and Jickells, 1996; Jickells and
Spokes, 2001; Desboeufs et al., 2001), and we briefly discuss some of
them below based on the results found at this location.

3.4.1. Effect of aerosol particle size
Aerosol particle size may play an important role in controlling Fe

solubility (Baker and Jickells, 2006; Buck et al., 2008b; Ooki et al., 2009).
In this study, Fe solubility was higher in the fine mode than that in the
coarse mode (Fig. 8), consistent with previous observations (Siefert
et al., 1999; Johansen et al., 2000; Chen and Siefert, 2004; Baker and
Jickells, 2006; Ooki et al., 2009). The high and low values of Fe solubility
were clearly separated by the 1.0 µm cut-off diameter, with fine
particles having solubility higher than 50% and coarse particle solubility
less than 20%. In addition, the concentration of Fe(II)s in fine-mode
particles accounted for ∼60% of the total Fe(II)s.

The high Fe solubility was primarily associated with the low FeT
concentrations (<1000 pmol m−3) as shown in Fig. 9a, consistent
with other studies (Buck et al., 2006; Sedwick et al., 2007; Sholkovitz
et al., 2009), although some of these studies did not conclude with a
simple inverse relationship between FeT load and Fe solubility in
aerosols (Buck et al, 2008b). The observed relationship between Fe
solubility and FeT concentration in this study could be the result of
different particle sizes affected by different aerosol sources. Fe of
anthropogenic origin could be associated more with fine particles and
have higher solubility (Guieu et al., 1997; Jickells and Spokes, 2001;
Johnson, 2001; Sedwick et al., 2007; Sholkovitz et al., 2009). Our
results of EFs calculations (Fig. 5) clearly demonstrated that the



Table 3
Comparison of FeT concentrations, Fe(II)s concentrations and Fe solubility in different locations.

Locations FeT (pmol m−3) Fe(II)s (pmol m−3) Fe(II)s/FeT (%) Leaching pH Citations

North Pacific 180–2680 90–2410 11–100 <1.0 Zhuang et al. (1992a, b)
170–1370 0.70–95 0.1–4.5 8.1 Buck et al. (2006)

0.10–0.91a DI water Chuang et al. (2005)
North Atlantic 10,700–89,280 500–2680 34–64 <1.0 Zhuang et al. (1992a, b)

437–15,000 11–150 0.20–6.5 1.0 Zhu, et al. (1997)
29–17,600 2.1–304 0.30–5.1 4.5 Chen and Siefert (2004)
25–74,643 1.0–26a 5.6 Buck et al. (2008a)
50–27,804 0.4–19a 5.5 Sedwick et al. (2007)
946–42,500 17.5–91 0.05–2.4 4.2 Johansen et al. (2000)
100–1600 1.4–54a 4.7 Baker et al. (2006)

Indian Ocean <1.6–84 <4.0 4.2 Siefert et al. (1999)
Urban 2140–3750 4.0–11 <1.0 Zhuang et al. (1992a,b)

320–380 4.6 4.3 Majestic et al. (2006)
US East Coast 113–3537 50–518 11–44 1.0 This work

a Fe solubility=100 total soluble Fe/FeT.
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aerosol mass at this location was impacted by a variety of pollution
sources. In addition, long range transport may carry fine-mode
particles to a long distance while coarse-mode particles may settle
along the transport pathway (McTainsh andWalker, 1982; Duce et al.,
1991). As shown in Fig. 3, with the air-mass transport distances being
at least 2400 km, the residence time of these small aerosols in the
atmosphere was relatively long before being sampled and that could
be in favor of fine-mode particle accumulation. Therefore, the lower
concentration of aerosol mass, corresponding to the lower concen-
tration of FeT, may contain more fine particles and consequently show
higher Fe solubility. However, there were several exceptions found in
this study. For example, the last stage (0.056 µm) of the second set of
MOUDI samples showed low FeT loading (150 pmol m−3) as well as
relatively low Fe solubility (17%) (Fig. 9b). Similar results were also
reported in some studies (Chen and Siefert, 2004; Buck et al., 2008b).
This may indicate that, besides particle size, other factors may also
control Fe solubility, such as mineralogy (Journet et al., 2008) or
surface reactions with other air components, such as sulfate and
oxalate.

3.4.2. Effect of inorganic acidic components
An acidic environment can enhance Fe solubility in aerosols (Zhu

et al., 1992; Spokes et al., 1994). However, measuring aerosol acidity is
challenging, and several indicators have been used to address this
issue, such as NSS-sulfate or nitrate (Chen and Siefert, 2004; Buck et
al., 2006, 2008a), molar ratio of ammonium to NSS-sulfate (Hand et
al., 2004), and potential acidity (Baker et al., 2006). In this study, the
molar ratio of NSS-sulfate to FeT was used as an acidity indicator to
explore the effect of the acidity of NSS-sulfate on Fe solubility, since
NSS-sulfate is the major inorganic acidic species in aerosols. Fig. 10a
Fig. 8. Size distributions of Fe solubility.
and b showed positive correlations between Fe solubility and molar
ratio of NSS-sulfate to FeT in both bulk and size-segregated samples.
However, NSS-sulfate acidity could be neutralized by basic species,
such as ammonium. In both bulk and size-segregated samples, the
average molar ratios of ammonium to NSS-sulfate were higher than
Fig. 9. Correlations between Fe solubility and FeT concentration: (a) correlation in bulk
samples (The plot included the high point (113 pmol m−3, 44%); if without that point,
the plot's R2 is 0.76 and the equation is y=50.053 x−0.275.). The averaged Fe solubility in
bulk samples is 19% with standard deviation of 8.1%; (b) correlation in size-segregated
samples. The Fe solubility uncertainties of bulk samples plotted on (a) were calculated
by the summation of sampling uncertainty (10%), Fe(II)s measurement uncertainty
(four time repeated measurement for each), and FeT measurement uncertainty (2.1%).
The Fe solubility uncertainties of size-segregated samples were not ploted on (b), as the
limitation offilters, every sample has the sameuncertainty (24%=sampling uncertainty
(5%)+Fe(II)s measurement uncertainty (14%)+FeT measurement uncertainty (5.3%).
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2.0, indicating that NSS-sulfate has been totally neutralized (Pathak
et al., 2004; Hand et al., 2004). Therefore, the positive correlations
between Fe solubility and molar ratio of NSS-sulfate to FeT may reflect
that interaction with more NSS-sulfate during aerosol transport could
transfer more Fe into soluble species, rather than indicate the
relationship between aerosol acidity and Fe solubility during sampling
periods.
3.4.3. Effect of oxalate
The molar ratios of oxalate to FeT also showed a positive correlation

with Fe solubility for bulk and size-segregated samples (Fig. 10c and d).
The highest value of the oxalate to FeT molar ratio in bulk samples was
from the sample collected on March 16th from 9:00 to 17:00, when a
precipitation event took place. FeT concentrations decreased from
873 pmol m−3 during the previous night to 113 pmol m−3 on this
day, while oxalate concentration increased from 2.1 nmol m−3 for the
previous night to 7.4 nmol m−3 on this day. As the concentration of
certain species also increased during this precipitation event, such as
malonate from2.2 to 5.3 nmol m−3, we considered the Fe concentration
during this period not to be an outlier. This positive correlation between
Fe solubility and oxalate to FeT molar ratio may be caused by the
influence of oxalate on Fe solubility (Jickells and Spokes, 2001; Xu and
Gao, 2008) throughphotoreactive complexation (Zuo andHoigné, 1992;
Erel et al., 1993; Pehkonenet al., 1993; Sedlak andHoigné, 1993; Saydam
and Senyuva, 2002; Kieber et al., 2005). The correlation observed in this
work is comparable with the result from Chen and Siefert (2004),
although a similar correlation was not observed in other studies (Buck
et al., 2008a). In size-segregated samples, coarse particles have a lower
Fig. 10. Inorganic and organic acidic components effecting Fe solubility: (a) and (b) correlatio
and (d) correlations between Fe solubility and the molar ratio of oxalate to FeT (in c, witho
regression of fine particles, and the dash–dot lines are linear regression of coarse particles.
oxalate concentration aswell as lower Fe solubility comparedwith those
associated with fine particles. However, due to limited number of size-
segregated samples in this study, the detailed relationship between
oxalate and Fe solubility needs further investigation.
3.4.4. Effect of photochemical reactions
Results from samples separately collected between day and night

in 2007 showed that the Fe(II)s concentrations varied slightly
between these two periods (Fig. 11a), with the Fe(II)s concentration
being slightly lower during nighttime compared with that in the
following daytime samples. However, Fe(II)s showed the same
concentration variation as did FeT (Fig. 11c). Thus the “diel” change
of Fe(II)s concentration between nighttime and the following daytime
could be caused by the continuous increase and accumulation of FeT as
well as total aerosol concentration. The diel variation of Fe solubility
may occur during photochemical processes that transfer Fe(III) to
Fe(II) and increase Fe solubility (Zuo and Hoigné, 1992; Pehkonen
et al., 1993; Siefert et al., 1994; Zuo, 1995; Saydam and Senyuva,
2002). However, this pattern has not been observed at this location
(Fig. 11b). Previous field works were not consistent with one another.
Zhu et al. (1997) reported this diel variation of Fe solubility at
Barbados, while in the Pacific Ocean no similar trend was found (Buck
et al., 2006). In Fig. 10c and d, Fe solubility varied along with oxalate/
FeT, with higher Fe solubility associated with higher molar ratios of
oxalate to FeT in the fine fraction. Therefore, as discussed in Section
3.4.3, the existence of oxalate in this studymay play an important role
in controlling Fe solubility through photochemical reactions (Kieber
et al., 2005).
ns between Fe solubility and themolar ratio of NSS-sulfate to FeT concentration; and (c)
ut the highest Fe solubility point, R2=0.735). In (b) and (d), the solid lines are linear



Fig. 11. The diel variation (N is night and D is day) before March 16th: (a) FeT concentration and Fe(II)s concentration; (b) Fe solubility and the ratio of oxalate to FeT.
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3.4.5. Effect of anthropogenic emissions
Anthropogenic emissions may enhance Fe solubility (e.g. Chuang

et al., 2005). There could be two ways to increase Fe solubility: more
soluble Fe is emitted directly from anthropogenic sources, and Fe in
aerosols interactswith anthropogenic pollutants, increasing its solubility.
To investigate the first possibility, crustal EFs of Fe were used to explore
the extent of anthropogenic influence on atmospheric Fe solubility.
Fig. 12a showedno significant correlations betweenFe solubility andEFFe
in both bulk and size-segregated samples. For bulk samples, when EFFe
changed from 1.2 to 9.5, the Fe solubility only increased from 11.4% to
13.6%. In size-segregated samples, although more fine particles showed
high Fe solubility, their EFs varied in a broad range from 1.1 to 43. In this
study, V normalized by Alwas also used as an indicator of anthropogenic
emissions (Sedwick et al., 2007; Sholkovitz et al., 2009). However, the
ratios of 100 V/Al in both bulk and size-segregated aerosol samples did
not show correlationswith Fe solubility (Fig. 12b) as strong as theywere
found by Sholkovitz et al. (2009), suggesting that the ambient
atmospheric system is more complicated at this location. The low
correlations betweenV/Al andFe solubility in aerosols found in this study
may suggest that anthropogenic emissions are not a direct major source
of Fe solubility enhancement at this location, although Fe from
anthropogenic emissions is more easily exchangeable than in mineral
dust (Chester et al., 1993; Spokes et al., 1994; Guieu et al., 1997). How-
ever, as the atmospheric system is complex, and correlation is not a
cause-and-effect relationship, there might be other mechanism to cause
the low correlation. On the other hand, based on higher correlations
between the molar ratio of NSS-sulfate to FeT and Fe solubility (Fig. 10a
and b) than the ones between V/Al and Fe solubility, the anthropogenic
influence on Fe solubility may be more efficient through the interac-
tionsof Fewith acidic air pollutants, possibly throughheterogeneous and
cloud processes.

4. Conclusion

Themajor components in coastal aerosols at this locationwere NSS-
sulfate, nitrate, ammonium, sodium and chloride, accounting for ∼70%
of the total mass, followed by dicarboxylic acids, accounting for ∼10% of
the total mass. NSS-sulfate, ammonium and dicarboxylic acids were
mainly associated with fine-mode particles and nitrate, sodium and
chloride were associated with the coarse mode. Because of their dom-
inant roles in aerosol total mass, they significantly controlled the mass
concentration and mass-size distribution of coastal aerosols.

Aerosols at this location showed a typical bi-modal mass-size
distributionwith themajor peak ranging from 0.36 µm to 0.56 µm and
a minor one in the coarse mode. Two fold higher aerosol mass
concentrations in the fine mode, compared with the coarse mode,
may indicate a strong anthropogenic effect from adjacent urban areas.
The total mass-size distribution was a result of different individual
components. Elements from the ocean, such as sodium and chloride
and from the crust, such as Al and Fe, showed a major peak in the
coarse mode. Trace metals from anthropogenic emissions, such as V
and Sb, weremainly associated with fine-mode particles. On the other
hand, components which could be in the gas phase or be active in gas–
aqueous reactions, such as sulfate and nitrate, could be associated
with both fine and coarse particles, depending on the initial aerosol
properties and atmospheric environment.

Iron solubility at this location was ∼18% in bulk samples and ranged
from 9.0% to 84% in size-segregated samples. Soluble Fe in aerosols over



Fig. 12. (a) Correlations between Fe solubility and EFs of Fe in both bulk samples (solid
line: y=15.9+0.749 x, R2=0.0399) and size-segregated samples (dash–dot line is
coarse particles: y=24.7−0.651 x, R2=0.0029, and dashed line is fine particles:
y=48.3+0.299 x, R2=0.0650); (b) correlations between Fe solubility and 100 V/Al in
both bulk samples (solid line: y=11.8+0.971 x, R2=0.327) and size-segregated
samples (dash–dot line is coarse particles: y=20.6+5.34 x, R2=0.0286, and dashed
line is fine particles: y=47.3+0.119 x, R2=0.138).
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coastal regionsmay contribute to the soluble Fe input to the downwind
North Atlantic Ocean. High Fe solubility was correlated with fine
particles and low FeT concentrations and associated with high molar
ratios of NSS-sulfate to FeT and oxalate to FeT, indicating that particle
size, aerosol acidity and organic components may have a strong impact
on Fe solubility. Anthropogenic emissionsmay also strongly influence Fe
solubility through interactions with acidic air pollutants.
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