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Abstract

We report results from the first deployment of a buoy-mounted aerosol sampler on the Bermuda Testbed Mooring

(BTM) in the Sargasso Sea, in which a time-series of 21 aerosol samples were collected over the period May 5–September

29, 2004. These aerosol samples were analyzed for iron and soluble sodium (as a proxy for sea salt). Also analyzed was a

time-series of 22 aerosol samples collected over the same period at the Tudor Hill atmospheric sampling tower on

Bermuda. The buoy sampler worked as intended and successfully collected a time-series of aerosol samples, thus

demonstrating that moored buoys can be used as oceanic observatories to provide information on the temporal (weekly,

monthly and seasonal) variability in the concentration of aerosol iron (and other trace elements) over the surface ocean.

The magnitude and time variation of aerosol Fe concentrations calculated from the BTM buoy samples are in close

agreement with the corresponding aerosol Fe record from the Tudor Hill tower, which is located approximately 80 km

northwest of the mooring site. Both the BTM and Tudor Hill samples record periods of high aerosol iron loadings in late

June and late July 2004, reflecting the transport of soil dust from North Africa, with the highest concentration of aerosol

iron at the BTM site (0.83 mgm�3) measured in late June. Concentrations of sea-salt aerosol calculated from the BTM

samples are comparable to values measured over the Sargasso Sea and for samples collected at the Tudor Hill tower. Sea-

salt aerosols do not appear to impede the collection of mineral aerosols by the buoy-mounted sampler.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

John Martin’s ‘‘Iron Hypothesis’’ has carried the
element iron (Fe) into the mainstream of oceano-
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graphy (Martin and Fitzwater, 1988; Martin, 1990;
Martin et al., 1991), and research focusing on iron
as a limiting nutrient is now an important compo-
nent of chemical and biological oceanography
(Falkowski et al., 1998; Johnson et al., 2002). Iron
deficiency has been shown to limit the growth of
phytoplankton in the high-nutrient low-chlorophyll
regions of the Equatorial Pacific, the Southern
.
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Ocean, and the subarctic North Pacific (e.g., Coale
et al., 1996, 2004; Boyd et al., 2000, 2004; De Baar
et al., 2005). In addition, iron is potentially a
limiting nutrient for nitrogen-fixing autotrophs such
as Trichodesmium, which represent an important
component of primary production in the subtropi-
cal and tropical oceans (e.g., Capone et al., 1997,
2005; Karl, 2000; Deutsch et al., 2001; Lenes et al.,
2001). Consequently, a quantitative knowledge of
the sources and sinks of iron in the surface ocean is
required for the development of global and regional
models of carbon cycling, the marine ecosystem,
and climate change (Lefevre and Watson, 1999;
Archer and Johnson, 2000; Arimoto, 2001; Moore
et al., 2002, 2004; Ridgwell, 2002; Parekh et al.,
2004; Jickells et al., 2005).

A major source of iron to the open ocean is the
atmospheric transport and deposition of iron-
bearing soil dust (mineral aerosol) from the arid
regions of North Africa, central Asia and Australia
(Duce and Tindale, 1991; Duce et al., 1991; Gao et
al., 2001; Jickells and Spokes, 2001; Fung et al.,
2000; Jickells et al., 2005). Hence, atmospheric
deposition of dust-borne iron to the ocean and the
subsequent release of this Fe to sea water are
processes of critical importance to marine primary
production. The chemical and biological response of
the upper ocean to natural dust events has thus
received increased study in recent years. A number
of studies have confirmed that the deposition of
mineral dust carried from Asia and Africa leads to
elevated concentrations of dissolved Fe in surface
waters of the Pacific and Atlantic Oceans (e.g., Wu
and Boyle, 2002; Johnson et al., 2003; Sarthou et al.,
2003; Boyle et al., 2005; Sedwick et al., 2005).
However, it has proven more difficult to establish a
direct link between the deposition of mineral dust
and increased phytoplankton growth, given the
highly episodic nature of dust deposition and the
complex biogeochemistry of Fe. Gabric et al.
(2002), Bishop et al. (2002), Erickson et al. (2003)
and Cropp et al. (2005) have presented circumstan-
tial evidence of this link, while the sediment trap
studies of Jickells et al. (1998) and Neuer et al.
(2004) suggest that deposition of African dust is not
accompanied by elevated levels of primary produc-
tion or export production off Bermuda and the
Canary Islands, respectively.

Given the relevance of atmospheric iron deposi-
tion to the ecology and biogeochemistry of the
oceans, technological advances in the measurement
of mineral aerosol deposition to the ocean are an
important priority for future research on this topic
(Johnson et al., 2002). This need is particularly
acute for the remote open ocean, for which there
have been few direct measurements of aerosol
concentration and composition over extended time
periods. Toward this goal, we present the first
results from a buoy-mounted aerosol sampler that
was deployed over the period early May to late
September 2004 on the Bermuda Testbed Mooring
(BTM). This instrument worked as intended and
successfully collected a time-series of aerosol sam-
ples, thus demonstrating that moored buoys can be
used as oceanic observatories to provide informa-
tion on the temporal (weekly, monthly and seaso-
nal) variability in the concentration of aerosol iron
(and other trace elements) over the surface ocean.
These concentration data can then be used to
estimate dry deposition fluxes of iron to the ocean.

This paper focuses specifically on the time-series
records of aerosol iron and sea-salt concentrations
obtained from this maiden open-ocean deployment
of the buoy-mounted aerosol sampler. We compare
these aerosol records with those based on samples
collected concurrently at the Tudor Hill tower on
the island of Bermuda.

2. Background: quantifying atmospheric iron over

the open ocean

The deposition of soil dust to the ocean is
extremely episodic, with large variations in mineral
aerosol concentrations occurring over periods ran-
ging from days to seasons to decades (Duce and
Tindale, 1991; Duce et al., 1991; Prospero, 1996a,b;
Arimoto et al., 1992, 1995; Gao et al., 2001;
Prospero and Lamb, 2003; Sedwick et al., 2005).
This high level of temporal and spatial variability
represents a sampling challenge. Three types of
‘‘observation platforms’’ have previously been used
to determine the atmospheric concentrations of
aerosols over the open ocean, from which aerosol
dry deposition fluxes may be estimated: (1) research
ships; (2) island-based atmospheric sampling
towers; and (3) earth-orbiting satellites. This paper
introduces a fourth platform, the buoy-mounted
aerosol sampler. The idea of using buoys as
platforms to sample mineral aerosols sprang from
the observation of reddish brown dust adhering to
the meteorological sensors of a buoy moored in the
ocean off northwest Africa (Sholkovitz et al., 1998).
Dust recovered from this buoy was used to
characterize the organic and inorganic composition
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of aerosols over the eastern subtropical Atlantic
Ocean (Eglinton et al., 2002).

With regard to quantifying aerosols over the
ocean, there are inherent advantages and disadvan-
tages in each of the above-mentioned observation
platforms. Ships are poorly suited to obtain time-
series records of the aerosol concentrations over the
oceans, since aerosol sampling from a ship requires
heading into the wind for prolonged periods—a
situation that is rarely practical. Aerosol sampling
from island-based towers, on the other hand, is well
established through past research programs such as
SEAREX and AEROCE. Sampling from towers on
Bermuda, Barbados, Enewetak and Midway, for
example, has produced detailed records of mineral
aerosol loadings over time scales of days to decades
(e.g., Uematsu et al., 1983; Arimoto et al., 1992,
2003; Prospero, 1996a,b; Prospero et al., 2003).
However, islands are not always located in suitable
positions with respect to specific research questions.
In addition, there is the potential for artifacts
associated with sampling marine aerosols from
island-based towers, most notably the potential for
contamination from local (island) and nearshore
sources. This typically necessitates collection of
aerosols under conditions of restricted wind speed
and direction, which in turn restricts—and poten-
tially biases—the samples collected at island loca-
tions.

Data from satellites have provided tremendous
insights into the temporal and spatial evolution of
dust storms and the subsequent transport of soil
dust over the oceans (e.g., Husar et al., 1997, 2001;
Cakmur et al., 2001; Prospero et al., 2002; Moulin
and Chiapello, 2004; Mahowald and Dufresne,
2004; Cropp et al., 2005; Kaufman et al., 2005).
Satellite-derived images of aerosol distributions
over the world ocean, updated daily, can now be
accessed on internet sites maintained by NASA and
the US Naval Research Laboratory (see http://
toms.gsfc.nasa.gov/aereosol/aerosols_v8.html and
http://nrlmry.navy.mil/aerosol). However, measure-
ments of aerosol optical depth do not provide
accurate information on the concentration and dry
deposition of mineral dust at the air–sea boundary,
hence it is difficult to relate satellite data to aerosol
deposition fluxes. The last decade has also seen
significant advances in the development of numer-
ical models that simulate the transport and deposi-
tion of soil dust to the ocean (e.g., Ginoux et al.,
2001; Colarco et al., 2003; Mahowald et al., 2003;
Luo et al., 2003; Boyle et al., 2005). However, these
complex models use a number of poorly constrained
parameters and assumptions to estimate mineral
aerosol and iron deposition fluxes to the oceans,
which leads to considerable uncertainties in the
model results.

As an aerosol observation platform, an autono-
mous sampler mounted on a buoy has several
significant advantages over ships, island-based
towers and satellites. On a buoy, aerosol samples
can be collected close (2–3m above) to the air–sea
boundary, where deposition is actually occurring.
Unlike ships, buoys can stay on station for months
to years, providing a cost-effective ocean platform
for time-series studies of aerosols at sea. And, unlike
islands, which fall under various government
jurisdictions, scientists have free access to buoys
in the open ocean. There are also a number of
challenges and disadvantages associated with buoy-
mounted equipment. The relentless pounding of the
ocean means that buoys are highly unstable plat-
forms on which to deploy samplers and instruments.
Electrical power is limited, and there is no technical
support once the instrument is deployed. And
finally, high wind speeds lead to high concentrations
of sea spray aerosols from whitecaps and braking
waves, which can potentially corrode and clog an
aerosol sampling device.

In this paper, we focus on aerosol concentration
data, which can be used to estimate the dry
deposition of aerosol iron (Fd) using a variety of
deposition models (Lewis and Schwartz, 2005). The
simplest of these models, which has been used in
previous aerosol studies dealing with the dust
deposition to the ocean (e.g., Arimoto et al.,
2003), calculates Fd according to:

Fd ¼ Ca � Vd,

where Ca is the aerosol Fe concentration and Vd is
the so-called dry deposition velocity of the Fe-
bearing aerosol particles. As noted by Arimoto et al.
(2003), there is a significant uncertainty in this
estimate, since Vd increases by 30-fold going from
sub-micron particles (Vd�0.1 cm s�1) to mineral
dust (Vd�1 cm s�1) to large sea-salt particles
(Vd�3 cm s�1), with appropriate values of Vd for
each of these particle size ranges only known to
within a factor of 2–3 (73 for Fe-bearing mineral
dust particles). Hence, dry deposition fluxes esti-
mated from aerosol iron concentrations using this
simple model are uncertain by at least a factor of 3.
It should also be noted that wet deposition is an
important carrier of aerosol iron to the oceans. As

http://toms.gsfc.nasa.gov/aereosol/aerosols_v8.html
http://toms.gsfc.nasa.gov/aereosol/aerosols_v8.html
http://nrlmry.navy.mil/aerosol
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Fig. 1. Photograph of the WHOI buoy-mounted aerosol sampler

on the Bermuda Testbed Mooring in May 2004. Three main

components of the aerosol sampler are shown: (1) the filter-

holder housing (see Fig. 2 for more details), (2) the aerosol inlet

and motorized closure, and (3) the air pump and flow meter

housing. For scale, the buoy float has a diameter of 2.5m.
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with dry deposition, there are likely to be large
temporal and spatial variations in the wet deposi-
tion of Fe to the ocean. Estimates of wet deposition
of iron require a knowledge of both precipitation
flux and the concentration of Fe in rainwater over
extended time periods; consequently, there are few
robust estimates of the wet deposition of Fe to the
ocean, with published estimates spanning a range of
�30–95% (Jickells and Spokes, 2001; Hand et al.,
2004; Jickells et al., 2005). We recognize that wet
deposition may account for a significant fraction of
the atmospheric Fe flux to the Sargasso Sea,
although further consideration of wet deposition is
beyond the scope of this paper.

3. Study sites

The Woods Hole Oceanographic Institution
(WHOI) buoy-mounted aerosol sampler had its
maiden deployment in the open ocean from early
May to late September 2004 on the BTM, which is
located in the Sargasso Sea approximately 80 km
southeast of Bermuda (31141.80N, 64110.50W). The
BTM is located near the sites of two major
oceanographic time-series programs, the Bermuda
Atlantic Time-series Study (BATS; Steinberg et al.,
2001) and the Oceanic Flux Program (OFP; Conte
et al., 2001). Previous studies at this location have
shown that the deposition of mineral aerosols
originating in North Africa leads to elevated
concentrations of dissolved and particulate Fe in
surface water and deep-water sediment traps (Jick-
ells et al., 1990, 1998; Sedwick et al., 2005). The
BTM is a heavily utilized platform for a variety of
research in the Sargasso Sea (e.g., Dickey et al.,
1996, 1997; Gilboy et al., 2000; Bell et al., 2002;
Conte et al., 2003; Babin et al., 2004). Deployment
and recovery of the BTM buoy is carried out on the
R/V Weatherbird by the WHOI buoy group (John
Kemp and colleagues) and the University of
California Santa Barbara buoy group (Tommy
Dickey and colleagues). The BTM buoy is taken
out of the water in April and October, when it is
returned to the Bermuda Biological Station for
Research (BBSR) for servicing. The tower frame on
the buoy was modified to hold the WHOI aerosol
sampler during the April 2004 service period.

During deployment of the buoy-mounted aerosol
sampler, aerosol filter samples were also collected at
the Tudor Hill atmospheric sampling tower on
Bermuda. This tower is located on the southwest
coast of Bermuda at 321160N, 641520W. The Tudor
Hill aerosol sampler is located atop a 23-m high
aluminum tower, which is situated on the side of a
hill approximately 28m above sea level. Hence, the
aerosol samples at Tudor Hill were collected
approximately 50m above sea level. The sampling
tower was erected in 1988 for the AEROCE project,
for which daily sampling carried out until August
1998 (e.g., Arimoto et al., 1992, 2003; Prospero,
1996a,b). In early 2003, the tower was refitted with
new meteorological sensors and sampling controller
system. This system allows aerosol samples to be
collected under specified conditions of wind speed
and direction, in order to avoid contamination from
local aerosol sources.

4. Sampling methods

The basic information for the aerosol samples
collected at the BTM buoy and Tudor Hill tower
can be found in the web site named in Section 4.1.
As discussed in this section, there were a number of
significant differences between the aerosol sampling
protocols used at the BTM and the Tudor Hill
tower. The buoy-mounted aerosol sampler uses a
low-flowrate air intake system, whereas the Tudor
Hill tower sampler uses a high-flowrate system.
There are also significant differences in the config-
urations of the aerosol sampling inlets and filter
supports, and in the material and nominal porosities
of the aerosol filters used for the BTM and Tudor
Hill sites.

4.1. Bermuda Testbed Mooring buoy

Fig. 1 is a photograph of the WHOI buoy-
mounted aerosol sampler deployed on the BTM in
May 2004. Three main components are indicated:
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the aerosol inlet on top of the frame, the housing for
the filter holders, and the housing for the air pump
and two mass flow meters. A full description of this
instrument can be found in Sholkovitz et al. (2001),
and at www.whoi.edu/science/MCG/dept/facilities/
sea_aer/index.html. The heart of this sampler is a
24-place filter-holder carousel that rotates successive
sample filters under the aerosol inlet. Fig. 2 shows a
photograph of the carousel with all 24 filter holders
loaded, as well as three ‘‘field filter blanks’’ that are
positioned in the center on the carousel and which
remain in the sampler during the entire deployment
period. These blank filters were analyzed along with
the aerosol-laden sample filters. The sampler has
two motors: one rotates the filter holders into
position under the aerosol inlet for sequential
sampling, while the other moves the active filter
holder vertically so that it forms a seal with the
aerosol inlet.

The main features of the buoy-mounted aerosol
sampler include:
(1)
Fig.
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Up to 24 sequential aerosol samples are
collected on 25-mm diameter filters.
(2)
 Sample and blank filters are stored for return to
the laboratory for analysis.
(3)
 Microprocessors and software are used to run
the sampler, set filtering time parameters, and
record the volume of air passed through each
sample filter.
2. Photograph showing inside of the buoy-sampler filter

sing after the 5 month deployment. Shown are the 24 filter

ers for time-series aerosol samples and the three field filter

ks around the center of the carousel. The tubing connecting

lters holder to the pump can be seen in the lower left corner.

brown colored filter sample (filter #7) corresponds to a

d of elevated mineral aerosol loading in late June. For scale,

outer diameter of the Ti filter holders is 4.2 cm.
(4)
 Key meteorological parameters are measured
and recorded during deployment.
(5)
 Autonomous remote operation is powered by
batteries.
(6)
 All parts contacting with air and aerosols are
fabricated from titanium or plastic.
(7)
 Construction is rugged and watertight.

(8)
 A motorized valve on the aerosol inlet protects

samples and sampler from rain/spray.
The sampling protocol for the buoy-mounted
aerosol sampler is as follows. Isopore polycarbonate
membrane filters (Millipore Corporation), 25-mm
diameter and 1.2-mm pore size, were used to collect
aerosols. This pore size was chosen as a compromise
between a reasonable flowrate (10–16 Lmin�1) and
a pore size small enough to retain the majority of
dust and sea-salt aerosols in the Bermuda region,
where these particles typically fall in the 1-10 mm
size range (Arimoto et al., 1997; Maring et al.,
2003). While sampling was not restricted for wind
direction, pumping was paused and the inlet valve
was shut when it was raining and/or when the wind
speed exceeded 10m s�1 for more than 5min. The
latter sampling restriction was intended to limit the
amount of sea spray entering the filtering system.

To measure the volume of air passed through
each sample filter, two mass-flow meters were
placed in series. This provided a redundant system,
in case one flow meter failed, as well as two separate
flowrate measurements for each sample. The aver-
aged flowrate from the two meters was used to
calculate the aerosol concentrations presented here.
The flow meters were not calibrated during their 5
month deployment on the buoy.

The aerosol sampler was programmed to start
collecting the first sample (filter #0) on April 15,
2004; however, inclement weather delayed deploy-
ment of the buoy until May 4, 2004, at which time
sampling commenced when the sampler was pow-
ered up. Since it was not possible to reprogram
the sampler to collect an initial sample on May 4,
the actual time-series sampling commenced with the
third filter in the carousel (filter #2). In addition, the
buoy was recovered a week earlier than planned,
which meant that the time-series sampling ended
before the last filter in the carousel (filter #23) was
used. Hence, the time-series of aerosol samples
collected on the BTM contains 21 out of a possible
maximum of 24 filter samples.

Prior to deployment, the sampler was pro-
grammed so that aerosols were filtered for a

http://www.whoi.edu/science/MCG/dept/facilities/sea_aer/index.html
http://www.whoi.edu/science/MCG/dept/facilities/sea_aer/index.html
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maximum of 3 days within an allotted ‘‘window’’ of
sampling time. For example, BTM filter #7, which
captured the largest dust loading in late June
(Fig. 3), collected aerosols for 3 days out of a 7-
day sampling window. If sampling was not paused
due to rain or high wind speed, then aerosol
sampling was completed during the first 3 days of
the allotted sampling-time window. These pre-set
time windows ranged from 10 days for filters #0–6
(collected mid-April to late May), to 7 days for
filters #7–11 (collected late May to late July), to 5
days for filters #12–18 (collected late July to late
August), then back to 7 days for filters #19–23
(collected September). The shorter sampling-time
windows were intended to coincide with higher
atmospheric dust loadings, which were anticipated
during late July and August in our study region
(e.g., Prospero, 1996a,b; Arimoto et al., 2003). A
total time limit of 3 days of filtration was imposed
for each sample, in order to conserve battery power
for the air pump.

Over the 5 month deployment, most of the
samples represent filtration for more than 60% of
the allotted 3-day maximum filtration time. Of the
21 samples collected, 10 completed the maximum 3
days of filtering. Two of the samples (filters #3 and
#22) filtered for only small percentages (10% and
7%, respectively) of the maximum filtration time,
due to the rain control. Over the entire deployment,
sampling was paused for only 2% of the time due to
the high wind speed (410m s�1) control; this was
only significant for filter #13 (August 3–7), for
which filtration was paused for 12% of the 5-day
sampling window. The percentage of rain-control
paused time over the entire deployment was 53%.
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Fig. 3. Time-series record of the total iron aerosol concentrations

at the BTM buoy. Total refers to the sum of two acid dissolutions

(1N HCl and concentrated HNO3–HF). The mid-point of the air

filtering date is used as the time point on the x-axis.
This rain-control time is inconsistent with meteor-
ological records of rainfall at Bermuda during the
deployment, and we suspect that this inconsistency
reflects a technical problem with the rain detector,
such as sea spray or condensation providing a false
‘‘rain’’ signal. Despite this problem, which is
currently being investigated, a complete time-series
of aerosol samples was collected by the buoy-
mounted sampler at the BTM.

Averaged flow rates for each filter sample ranged
from 10.4 to 15.7 Lmin�1, although most of the
samples were collected within a narrower range of
flow rates (11–14Lmin�1). Flow rates did not
decrease for filters that collected higher loadings of
mineral aerosol and/or sea salt. Therefore, we
conclude that sea salt did not significantly clog the
filters, nor hamper the ability of the buoy-mounted
sampler to record dust events at sea. Wind speeds
were not high during the deployment of the sampler,
exceeding 10m s�1 for only 2% of the total sampler
deployment time, and rarely exceeding 15m s�1.
Hence, from the results of this deployment, we
cannot gauge the effectiveness of the 10m s�1 wind
speed control in reducing the sea-salt loading of the
sample filters. The average volume of air that passed
through the filters ranged from a 32 to 62m3, with
the exceptions of filters #3 and #22, for which the
rain control resulted in extended periods of non-
sampling time.

4.2. Tudor Hill atmospheric sampling tower

Aerosol samples were collected at the Tudor Hill
atmospheric sampling tower over time periods of
approximately 1 week. Samples were collected using
high-flowrate filtration system whereby air is pulled
through large (�400 cm2) Whatman-41 filters at
flowrates of around 1000Lmin�1 (Uematsu et al.,
1983; Arimoto et al., 1992). These filters are widely
used by atmospheric chemists; their fibrous cellulose
structure makes them effective filters for collecting
micron and submicron aerosols. Sampling details
for the aerosol samples collected at Tudor Hill
between April 28, 2004 and October 5, 2004 can be
found in the web site named in Section 4.1. The
timing and sampling intervals are generally similar
to those used for the BTM buoy-mounted sampler.
The sampling-time windows for each of the Tudor
Hill filters ranged from 5 to 9 days. The sector-
control was set so that air sampling only proceeded
under conditions of onshore (marine-air) wind
direction (2101–3151). Filtering was also paused
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when wind speed was less than 1m s�1, or in the
presence of rain, or when humidity exceeded 95%.

Pumps were on for periods ranging from 4% to
81% of each sampling-time window, which were set
by the timing of weekly service visits to the tower
site. Two exceptions are filters #17 and #21, for
which sampling lasted only several hundred minutes
in total. The typical flow rates and filter area of the
Tudor Hill sampling system are around 100 times
greater than those for the BTM buoy-mounted
aerosol sampler. Excluding filters #17 and #21, total
air volumes of 400–8300m3 were filtered for the
Tudor Hill aerosol samples. In contrast, the
maximum volume of air filtered by the BTM
buoy-mounted sampler (for filter #6) was 62.2m3.

5. Sample treatment and analytical methods

A simple, three-step dissolution method was
applied to both the BTM and Tudor Hill aerosol
filter samples. Analysis of solutions from this
dissolution scheme yields three operationally de-
fined pools of aerosol Fe; in this paper, we will
mainly consider the total concentration of iron that
was rendered soluble during the three dissolution
steps. Dissolutions were carried out in series, using
sealed Teflon vials. All equipment used in the
dissolution procedure was acid cleaned and rinsed
with Milli-Q deionized water before use. All acids
used in the dissolutions were prepared from reagent
grade acids by sub-boiling distillation in Teflon. The
entire polycarbonate filters from the BTM buoy
sampler were used in the dissolution steps, whereas
only a small portion (�1/100 of the active filter
area) of the Tudor Hill cellulose filters were used,
for which each portion was weighed to quantify the
fraction of the total filter area. Given that the
aerosol samples were collected and stored for 2–8
months prior to dissolution and analysis, the
leaching protocol was not designed to specifically
address questions concerning the oxidation state
and solubility of the aerosol iron.

The aerosol-laden filters were first soaked in 4 g of
Milli-Q water (initial pH �5.5) for 1 day, with the
objective of dissolving the sea-salt component. Thus
defined soluble sodium concentration, which pro-
vides a proxy for calculating sea-salt aerosol
concentrations (Arimoto et al., 2003), was deter-
mined in a small aliquot of the Milli-Q leach
solutions using atomic emission spectroscopy. The
filtered material was next leached in 1N HCl at
room temperature for 1 day; the 1N HCl solution
was produced by adding concentrated HCl to the
Teflon vials containing the filters in the Milli-Q
leach solutions. The rationale for the choice of a 1N
HCl leach solution is that such a solution was
expected to dissolve the less-refractory iron-bearing
phases in the aerosol samples, such as iron oxides.
After removing all of the dilute HCl leach solution
for analysis, 1.8mL of a 3:1 mixture of concentrated
HNO3 and HF was added to each filter residue in
the Teflon vial. The tightly sealed vials were then
placed in an oven at 50 1C for 36 h. This last
dissolution step is assumed to have dissolved most
of the lithogenic mineral particles; no attempt was
made to dissolve any highly refractory mineral
particles remaining after the HNO3–HF treatment.

Iron was measured in each of the leach solutions
using the colorimetric ferrozine method of Stookey
(1970). A reductant (10% by weight hydroxylamine
hydrochloride in 6N HCl) was added to reduce all
dissolved iron to Fe(II). This step typically involved
adding 0.2mL of the reductant to 2.0mL of 10-fold
dilutions of the 1N HCl and HNO3–HF leach
solutions, followed by heating in an oven at 60 1C
for 1 h to facilitate reduction of ferric iron. Hence,
total dissolved iron was determined in each of the
leach solutions. The ferrozine method, as employed
here, had a detection limit equivalent to an aerosol
iron concentration of �0.015 mgm�3. Iron was also
measured in three types of blanks: (1) the acid leach
matrices, (2) leaches of new Isopore and Whatman-
41 filters, and (3) leaches of the Isopore and
Whatman-41 ‘‘field blank’’ filters. All of the blank
leach solutions contained negligible or low iron
concentrations (equivalent to arerosol concentra-
tions of �0.015 mgm�3) that have been subtracted
from the aerosol concentrations. The dissolved Fe
concentrations of the Milli-Q leach solutions were
too low to be reliably quantified using the ferrozine
method; these samples were subsequently analyzed
using inductively coupled plasma mass spectro-
metry, as part of a larger analysis of the BTM
aerosol samples (data not shown).

6. Results and discussion

6.1. Aerosol sample color

When the filter holder housing of the buoy-
mounted sampler was opened after the 5-month
deployment, the color of the filters indicated that
the sampler had captured at least one period of high
mineral aerosol loading. The reddish brown color of
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BTM filter #7 (see http://www.whoi.edu/science/
MCG/dept/facilities/sea_aer/maintextpg.html) and
corresponding Tudor Hill sample #A9, collected in
late June, stood out in comparison with the other
filters. Aerosols of this color are typical of soil dust
transported from North Africa to Bermuda in the
summer (Tomza et al., 2001; Arimoto et al., 2002).
As discussed below, sample filters #7 and A9 yielded
the highest concentrations of aerosol iron. With the
exception of samples collected during ‘‘dusty’’
periods in June and July, the colors of the BTM
filter samples were indistinct. The aerosols collected
on our Tudor Hill filter samples, which had higher
mass loadings, displayed colors ranging from light
gray to distinctly red-brown, consistent with the
descriptions of Tomza et al. (2001). The former were
mostly associated with samples collected in April
and May, prior to the high aerosol loadings.
Samples collected in September were very light
brown to gray in color.
6.2. Aerosol iron concentrations

The time-series of aerosol iron concentrations
from the BTM buoy and Tudor Hill tower are
presented in Figs. 3 and 4. The concentration data
are presented in units of mg of aerosol iron per m3 of
air, which has been calculated from the mass of iron
on each filter divided by the total volume of air
passed through that filter. Fig. 3 shows only the
BTM aerosol Fe time-series, and Fig. 4 compares
the time-series of aerosol Fe calculated from the
BTM and Tudor Hill samples. Figs. 3 and 4 show
‘‘total’’ aerosol Fe concentrations, as calculated
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Hill tower.
from the sum of the iron concentrations in the HCl
and HNO3–HF leach solutions. The aerosol Fe
concentrations, calculated from the separate ana-
lyses of the HCl and HNO3–HF leach solutions, can
be found in the web site named in Section 4.1.

These data show that the BTM buoy-mounted
sampler captured two periods of elevated aerosol Fe
loading (Fig. 3), with the highest concentration of
total aerosol iron (�0.83 mgm�3) associated with
sample filter #7, collected between June 24 and June
30, 2004. A second, smaller, peak in total aerosol Fe
concentration (�0.25 mgm�3) is associated with
filter #12, collected during the period July 29–
August 2, 2004. While the two peaks in aerosol Fe
concentrations are the most outstanding features of
the BTM time-series, it is important to note that
these two high-dust periods are defined by more
than one datum. In each case, the actual periods of
elevated aerosol Fe loadings span about 2 weeks, or
3–4 sample filters. The limited temporal resolution
of the BTM aerosol sampler—3 days of filtering
over periods of 5, 7 and 10 days—may mean that we
failed to sample even higher aerosol iron loadings at
this location. Indeed, large day-to-day variability in
mineral dust concentration has been documented in
aerosol samples collected at the Tudor Hill tower
(Arimoto, 2001; Arimoto et al., 1995, 2003).

The major fraction of aerosol Fe in the BTM
samples is contained in the more refractory materi-
al, that which was dissolved in the concentrated
HNO3–HF mixture. The only substantial concen-
tration of aerosol iron in the 1N HCl leach solution
(12% of the total Fe) was associated with BTM
sample filter #7, which records the highest total
aerosol Fe loading of the time-series (Fig. 3); this
same feature is observed in the Tudor Hill aerosol
Fe record (filter #A9). As already noted, Fe
concentrations in the Milli-Q leach solutions were
too low to be reliably quantified using the ferrozine
method. Subsequent analysis by ICP-MS revealed
that less than 4% of the total aerosol Fe in BTM
sample filter #7 was rendered soluble in the Milli-Q
deionized-water leach, a finding that is consistent
with other studies of aerosol-iron solubility (e.g.,
Jickells and Spokes, 2001; Hand et al., 2004).

The Tudor Hill tower samples record the highest
concentration of total aerosol Fe (�0.59 mgm�3)
between June 24 and July 1, 2004. The timing of this
concentration maximum almost exactly matches the
late June peak (�0.83 mgm�3) recorded by the BTM
buoy-mounted sampler (Fig. 4). The Tudor Hill
tower samples also record a second peak in late

http://www.whoi.edu/science/MCG/dept/facilities/sea_aer/maintextpg.html
http://www.whoi.edu/science/MCG/dept/facilities/sea_aer/maintextpg.html
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July–early August, with a maximum aerosol Fe
concentration (�0.24 mgm�3) nearly equal to that
recorded by the BTM samples. In addition, both the
BTM and Tudor Hill samples record small maxima
in aerosol Fe loadings in early and mid-September,
with higher concentrations recorded at the Tudor
Hill site (Fig. 4).

When the time-series records of total aerosol Fe
from BTM and Tudor Hill sites are compared, only
one substantial difference is apparent. As noted
above, both time-series samples record high dust
loadings during the last week of June. However, the
next sample collected at the BTM (July 1–7) also
has a relatively high aerosol Fe loading of
�0.47 mgm�3, but this is not the case for the
corresponding Tudor Hill sample (July 1–8), which
records a total aerosol Fe concentration of only
0.07 mgm�3. Some of this discrepancy may be
explained by small differences in sampling times
and/or trajectories of airborne dust carried over the
two sites. However, a more likely explanation is that
air sampling was paused at the Tudor Hill site
during much of this period. The Tudor Hill sampler
filters air when wind direction is in the range
2101–3151 (i.e., SSW through NW winds). During
summer, however, when plumes of North African
dust are carried over the Sargasso Sea, winds often
blow from the southeast quadrant—‘‘out-of-sector’’
for Tudor Hill. Indeed, meteorological data from
the Tudor Hill tower show that the wind direction
was out-of-sector for 53% of the time from July 1 to
July 8. In contrast, for samples collected either side
of this time period, wind direction was out-of-sector
for only about 20% of the time. This comparison
highlights an important advantage of the buoy-
mounted aerosol sampler over an island-based
tower; namely, the aerosol samples collected on a
buoy are not constrained or aliased by wind
direction. The inventories of total aerosol Fe
integrated over the entire sampling periods for the
BTM and Tudor Hill sites differ by only 22%. Most
of this difference may be attributed to the lower
aerosol Fe concentration in the one filter sample
collected at Tudor Hill for the period July 1–8, as
discussed above (Fig. 4).

Since North African mineral aerosols contain
around 4% Fe by mass (Jickells and Spokes, 2001),
the maximum aerosol Fe concentration at BTM in
late June 2004 is equivalent to a mineral dust
concentration of �20 mgm�3. This maximum dust
concentration falls in the low to mid-range of
maximum summer dust concentrations reported
for Tudor Hill (Arimoto, 2001; Prospero, 1996a,b).
A more direct comparison can be made between our
BTM Fe data and the historical time-series record
of total aerosol iron at the Tudor Hill tower, derived
from neutron-activation analysis of aerosol samples
collected during 1988–1994 as part of the AEROCE
program (Arimoto, 2001; Arimoto et al., 1995,
2003). In comparison with this long-term record, the
highest aerosol Fe concentration recorded by the
BTM buoy sampler (0.83 mgm�3, filter #7) is similar
to the highest Fe concentrations recorded at Tudor
Hill over the summers of 1990, 1991 and 1994. In
contrast, our BTM Fe maximum is only �20–30%
of the average maximum aerosol Fe concentration
for the summers of 1988, 1989, 1992 and 1993.
Hence, the 2004 BTM aerosol Fe record represents
a ‘‘low-dust’’ year in the Sargasso Sea. We can also
compare our 2004 aerosol Fe data from the BTM
sampler with the results of Sedwick et al. (2005),
who collected aerosols in the BATS region aboard
R/V Weatherbird II in July–August 2003. These
authors report total aerosol iron concentrations
averaging 0.56 mgm�3—quite similar to our max-
imum BTM value—for the period July 24–August 5,
2003, with a maximum daily concentration of
1.55 mgm�3.
6.3. Sea-salt aerosol concentrations

The time-series records of sea-salt aerosol con-
centrations from the BTM buoy sampler and the
Tudor Hill tower are shown together in Fig. 5,



ARTICLE IN PRESS
E.R. Sholkovitz, P.N. Sedwick / Deep-Sea Research I 53 (2006) 547–560556
presented as mg sea salt per m3 of air. These values
are calculated from the Na concentrations in the
Milli-Q leach solutions and the Na/salinity ratio
(0.306) of seawater. The full concentration range
of the BTM samples is small (2–6 mgm�3), with
the majority of samples falling in the range of
3–5 mgm�3. The time variations in sea-salt aerosol
concentrations display no obvious cyclicity nor any
relationship with aerosol Fe loadings. The calcu-
lated sea-salt content of the Tudor Hill samples
suggests a wider range in sea-salt aerosol concentra-
tions than do the BTM samples; most of the Tudor
Hill samples indicate aerosol concentrations within
the range of the BTM samples, although five of the
Tudor Hill samples record significantly higher sea-
salt aerosol concentrations of 7–9 mgm�3 (Fig. 5).
This difference may be due to the wind speed
restriction of the BTM sampler, which paused
sampling when wind speed exceeded 10m s�1.
However, given that sampling was paused for only
2% of the entire BTM deployment time due to high
wind speed (see Section 4.1), the higher sea-salt
loadings at Tudor Hill may also reflect (1) spatial
differences between the two sampling sites (particu-
larly elevation above the sea surface), (2) aerosols
produced by surf on the barrier reef that is upwind
of the Tudor Hill site, and (3) the use of different
types of filters for the two sites. The range in sea-salt
aerosol loadings estimated from our BTM and
Tudor Hill samples are similar to the historical sea-
salt aerosol data from Tudor Hill in late spring and
summer (Arimoto et al., 1992, 1995). Our BTM sea-
salt aerosol concentrations are also similar to both
measured and modeled values for the Sargasso Sea
(e.g., Erickson et al., 1986; Gong et al., 1997).

An important conclusion that emerges from a
comparison of the BTM and Tudor Hill records is
that sea salt does not hamper the ability of the
buoy-mounted sampler to provide a time-series
record of mineral aerosol concentrations over the
open ocean, at least for wind speeds below 10m s�1.
There are two pieces of evidence to support this
assertion. First, the flow rates for the BTM sample
filters remained within a narrow range (12–14L
min�1) and showed no significant decrease during
the periods of elevated dust or salt loadings. Second,
the aerosol Fe records from the BTM and Tudor
Hill sites are similar, even though the former uses a
low-flowrate system and the latter uses a high-
flowrate system, with different inlet configurations
and filter types used at each site. The results of
previous studies indicate that the large filters used
for the high-flowrate Tudor Hill sampling system
were not appreciably clogged by sea salt (e.g.,
Savoie et al., 2002).
6.4. Buoys vs. islands as aerosol sampling platforms

One fundamental question that our observations
can address concerns the lateral scale over which
buoy- and island-based measurements can be extra-
polated to estimate aerosol concentrations over the
adjacent ocean. The results shown in Fig. 4 indicate
that both the magnitude and time variation of
mineral aerosol concentrations were very similar for
the BTM and Tudor Hill sites during the buoy-
sampler deployment period. These sites are sepa-
rated by approximately 80 km of open ocean, and
use aerosol sampling systems which have several
significant differences. Although this agreement
may be fortuitous, our results suggest that both
sampling systems were equally efficient in sampling
mineral aerosols from laterally homogeneous air
masses. However, this conclusion applies to average
aerosol concentrations integrated over periods of
several days or more; we cannot resolve short-term
variations over time scales of a day or less. Our
results are consistent with the numerical simulations
of dust transport described by Mahowald et al.
(2003), for which there is a strong correlation
between mineral aerosol concentrations for open-
ocean locations separated by less than 100 km, as
well as satellite observations of aerosols over the
North Atlantic (Chiapello et al., 1999; Kaufman
et al., 2005).

Our results suggest that mineral aerosol concen-
trations estimated from samples collected at the
Tudor Hill tower provide a robust indication of
aerosol loadings over the BTM and the BATS
region, �80 km to the southeast of Bermuda. This
implies that aerosol samples collected at other
island-tower sites are likely to be representative of
the adjacent ocean region over distances of
�100 km; for example, observations made at the
Bellows Beach tower on O’ahu are likely to be
representative of conditions at ocean station ALO-
HA (Hawaii Ocean Time-series site), some 100 km
to the north. This does not mean, however, that
buoy-mounted samplers are redundant at mooring
sites such as the BTM or station ALOHA; here the
buoy sampler has an advantage over island-based
towers in that it can collect samples in any wind
direction, whereas sampling of uncontaminated
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marine air from island-based towers is limited
according to wind direction.
7. Conclusions

The WHOI buoy-mounted aerosol sampler suc-
cessfully collected a time-series of 21 aerosol
samples during its a 5-month (May–September
2004) deployment on the Bermuda Testbed Moor-
ing. Measurements of iron concentrations show that
the buoy sampler recorded the passage of two
plumes of mineral aerosol from North Africa: a
large dust event in late June, and a smaller dust
event in late July. The buoy-mounted aerosol
sampler is now ready to enhance ocean–atmosphere
research, through its ability to function as an
autonomous, sea-surface aerosol observatory over
periods of many months. This instrument is well
suited for the sampling of aerosols in remote areas
of the open ocean, since island-based aerosol
measurements are unlikely to reflect aerosol load-
ings over scales of more than �100 km (Mahowald
et al., 2003). In combination with modern oceano-
graphic sampling and observation methods, the
buoy-mounted aerosol sampler offers to advance
our understanding of the effects of atmospheric
deposition on the concentration and speciation of
trace elements in the upper ocean, and on biological
processes in ocean surface waters.
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