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ABSTRACT

Atmospheric deposition contributes potentially significant amounts of the nutrients iron, nitrogen, and phosphorus (via mineral dust and
anthropogenic aerosols) to the oligotrophic tropical North Atlantic Ocean. Transport pathways, deposition processes, and source strengths
contributing to this atmospheric flux are all highly variable in space and time. Atmospheric sampling was conducted during 28 research cruises
through the eastern tropical North Atlantic (ETNA) over a 12-yr period, and a substantial dataset of measured concentrations of nutrients and
trace metals in aerosol and rainfall over the region was acquired. This database was used to quantify (on a spatial and seasonal basis) the
atmospheric input of ammonium, nitrate, soluble phosphorus, and soluble and total iron, aluminum, and manganese to the ETNA. The magnitude
of atmospheric input varies strongly across the region, with high rainfall rates associated with the intertropical convergence zone contributing to
high wet deposition fluxes in the south, particularly for soluble species. Dry deposition fluxes of species associated with mineral dust exhibited
strong seasonality, with the highest fluxes associated with wintertime low-level transport of Saharan dust. Overall (wet plus dry) atmospheric inputs
of soluble and total trace metals were used to estimate their soluble fractions. These also varied with season and were generally lower in the dry
north than in the wet south. The ratio of ammonium plus nitrate to soluble iron in deposition to the ETN A was lower than the N:Fe requirement for
algal growth in all cases, indicating the importance of the atmosphere as a source of excess iron.
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1. Introduction

Atmospheric deposition accounts for approximately
70% of the input of iron (Fe) to the open ocean (Jickells
et al. 2005) and is also an important source of fixed re-
active nitrogen (N) (Duce et al. 2008; Krishnamurthy
et al. 2007; Zamora et al. 2011) and soluble phosphorus
(P) (Bristow et al. 2010; Mahowald et al. 2008; Ternon
et al. 2011). This deposition has been shown to directly
affect ocean biogeochemistry and primary production
(Moore et al. 2009; Okin et al. 2011) with fundamentally
different surface water biogeochemical regimes in the
north and south tropical Atlantic as a result of dust de-
position and its impact on the euphotic zone phyto-
plankton community. The eastern tropical North Atlantic
(ETNA) is of interest because of its proximity to the
Sahara Desert and Sahel region and also to the atmo-
spheric transport pathway from North Africa and Eu-
rope, making it a region of particularly high atmospheric
deposition. The flux of Saharan dust to the North Atlantic
alone is estimated at 100-220 Tgyr~ ' (Duce and Tindale
1991; Kaufman et al. 2005; Prospero et al. 1996) and is the
predominant source of iron to the ETNA. In addition, a
proportion of the nitrogen- and phosphorus-containing
aerosols over the ETNA derive from the biomass
burning products that are cotransported with Saharan
dust (Chou et al. 2008; Crutzen and Andreae 1990; Real
et al. 2010) and aerosols transported from Europe or
northwest Africa (Savoie et al. 1989). However, the
deposition of Saharan dust to and across this region
varies on several different time scales from individual
dust storms (on a time scale of days), through season-
ality in dust production and transport, to interannual
variability related at least in part to climate in dust
source regions (Prospero et al. 2014). The nature of dust
transport, and hence deposition, also varies seasonally.
For example, maximum dust deposition to the Cape
Verde Islands during the winter is associated with dust
transport toward South America at lower levels in the
atmosphere (Chiapello et al. 1995; Pye 1987), while peak
Saharan dust transport to the Caribbean occurs during
the summer months and is associated with transport
above the marine boundary layer (Prospero and Lamb
2003; Prospero et al. 2012). This variability makes dust
deposition, and therefore the atmospheric flux of ni-
trogen, phosphorus, and trace metals including iron to
the ETNA, difficult to constrain.

Estimation of the atmospheric supply of nutrients to
large oceanic areas, such as the ETNA, and prediction of
future changes in this parameter generally requires the
use of dust generation and atmospheric transport
models (e.g., Luo et al. 2005; Mahowald et al. 2005). A
great deal of information is required to validate these
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models. Satellite remote sensing can provide good
measurements of aerosol mass transport and size dis-
tribution (Ben-Ami et al. 2009; Kaufman et al. 2005) but
provides very little information on the chemical com-
position of the aerosol and deposition rates.

Records of aerosol and rainfall chemical composition
have been obtained at several island sites, some over
long time periods [e.g., Barbados (Prospero et al. 1996),
Bermuda (Tian et al. 2008), and the Cape Verde Islands
(Fomba et al. 2013; Fomba et al. 2014)]. However, the
spatial coverage provided by such island sites is rather
limited. Sampling from ships provides much better res-
olution over a larger spatial scale than island monitoring
sites. However, shipboard sampling inevitably provides
much poorer temporal resolution with relatively smaller
numbers of samples than are possible at island sites, and
this can make the use of ship data to derive deposition
fluxes rather difficult.

Baker et al. (2010) and Baker et al. (2013) resolved this
problem of representation by collating results obtained
from aerosol and rainfall collection during multiple basin-
scale cruises conducted over a 5-yr period to estimate
climatological average atmospheric deposition of N, P, Fe,
aluminum (Al), and manganese (Mn) to the whole At-
lantic Ocean. They combined characteristic concentra-
tions for aerosols originating from the major source
regions around the basin with a climatology of airmass
arrivals from those source regions to produce weighted
average dry deposition fluxes to five broad areas of the
Atlantic. For wet inputs, the available rainwater con-
centrations in each of those broad areas were pooled
to produce volume-weighted mean concentrations, and
these were used with climatological rainfall rates to esti-
mate wet deposition. Baker et al. (2010) argued that
seasonality in source emissions for N was likely to be low,
and they therefore estimated annual average atmospheric
inputs despite the nonuniform distribution of their sam-
pling cruises through the year. However, Baker et al.
(2013) recognized that this was unlikely to be the case for
trace metals because mineral dust transport is strongly
seasonal (e.g., Chiapello et al. 1995; Prospero and Lamb
2003; Pye 1987). They therefore restricted their estimates
for Fe, Al, and Mn to the periods for which they had
observations (April-June and September-November).

In this work, we use a unique database of aerosol and
rain samples collected during 28 research cruises over a
12-yr period to estimate atmospheric inputs of N, P, and
trace metals, including Fe, to the ETNA. This very large
database allows us to quantify the seasonal and spatial
distribution of wet and dry deposition to an ocean region
with a biogeochemistry that is profoundly influenced by
atmospheric deposition (Schlosser et al. 2014; Ussher
et al. 2013).
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FIG. 1. Boundaries of the north and south regions of the ETNA
(solid lines) and their subregions (A —H; dashed lines). Locations
for which airmass back trajectories were obtained to define the air
history for each subregion are shown with black dots.

2. Method

The procedures we have used to estimate atmospheric
inputs to the ETNA are based on those we used in our
earlier estimates of N and P (Baker et al. 2010) and trace
metal (Baker et al. 2013) inputs to the wider Atlantic
Ocean. Here, we consider the ETNA to be the area 5°S—
35°N, 14°-38°W. The northern half of this region experi-
ences very low rainfall rates, while rainfall rates in the
southern half are much higher because of the influence of
the intertropical convergence zone (ITCZ). The relative
importance of wet deposition in the north and south of the
ETNA is therefore expected to be rather different, and we
make separate atmospheric input estimates for these two
areas. As detailed below, we pool the available aerosol
and rainwater concentration data for the periods March—
May (MAM), June-August (JJA), September—November
(SON) and December-February (DJF) into the north and
south areas in order to assess seasonal variability. We
further subdivide these areas each into four smaller boxes
(see Fig. 1) and use these subregions to describe the vari-
ations in atmospheric transport pathways and dry and wet
deposition rates on a finer spatial scale. We calculate at-
mospheric inputs for these subregions (see below) and sum
these to produce the estimates for the north and south
regions presented here.
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Below we give an overview of the observational data-
base used as the basis for our work and brief details of
the sample collection and analysis methods used. Fur-
ther details of sampling and analysis methods for indi-
vidual cruises are given in the supplemental material
and our previous publications.

a. Collection and analysis of samples

Between September 2000 and October 2011 we col-
lected aerosol and rain samples during a total of 28 cruises
in or through the ETNA region. Table 1 lists the dates and
the number and type of samples collected within our study
region for each cruise. Cruise tracks through the region
with sampling locations for aerosol and rain samples are
shown in Figs. 2 and 3, respectively. Further details of the
cruises are given in Table S1 of the supplemental material
for this article.

Aerosol samples were generally collected onto What-
man 41 (occasionally glass fiber) filters using high-volume
aerosol samplers (flow rate: 1 m®>min~') for periods of
around 24 h, with the ship facing into the wind to avoid
contamination from the ship. Samples were either col-
lected using Sierra-type cascade impactors, with sepa-
ration into coarse- (aerodynamic particle diameter > 1 um)
and fine-mode (<1 uwm) particles, or using a single bulk
filter (see supplemental material;, Baker et al. 2006,
2010, 2013, 2007). Aerosol samples were always stored
at —20°C immediately after collection. For all 28 cruises,
aerosol samples were analyzed for soluble major ions (MI),
including nitrate (NO;3) and, in most cases, ammonium
(NHY). During 24 of the cruises, samples were collected
for trace metal (TM) analysis. We report results for iron,
aluminum, and manganese here. Soluble TMs were
determined in all of these samples, and total TMs were
determined for samples collected during 18 cruises.
We also determined soluble phosphorus (SP) in the
samples collected during 19 cruises. Total sample num-
bers were 348, 307, 304, 224, and 209 for NO5, NH{,
soluble TMs, total TMs, and SP, respectively.

Rain samples were collected during 12 cruises using 28-
or 40-cm-diameter polypropylene funnels attached to
low-density polyethylene (LDPE) bottles. Two rain fun-
nels were deployed simultaneously during each rain event:
one for the collection of MI samples and the other for the
collection of TM samples. The funnels were covered when
not sampling to avoid contamination from the passive dry
deposition of aerosols. Sampling and sample preservation
methods are described by Baker et al. (2007). Total
sample numbers were 45, 43, 8, and 41 for NO3, NH,
soluble TMs (samples filtered immediately after collec-
tion), and total TMs (unfiltered samples), respectively.
Where precipitation samples were filtered, this was done
immediately after collection. All precipitation samples
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TABLE 1. Sample collection summary for the cruises used in this study. Samples are divided into two types: bulk (b; single filter) and size-
segregated (ss) samples. All aerosol analytes include NO3, NH,, soluble TM (s-TM), total TM (t-TM), and SP. All rain (All-R) analytes

include NO3, NHy, and total TM (t-TM).

Aerosol samples

Rain samples

Cruise Dates within ETNA No. Type Analytes No. Analytes
ANT18/1 Sep-Oct 2000 4 b, ss NOs;, s- and t- TM, SP 1 NOsg, s- and t-TM
JCR Sep-Oct 2001 8 ss All 1 NO;, NHy
PEL Oct 2002 12 b NOs, NHy, s- and t-TM — —
M55 Oct-Nov 2002 20 ss All 8 All-R, s-TM
AMTI12 May—Jun 2003 12 ss All 5 All-R
AMT13 Sep-Oct 2003 10 ss All 5 All-R
24N Apr-May 2004 10 b NOs, NH,, SP — —
AMT14 Apr-Jun 2004 12 ss All 5 All-R
FEEP Apr-May 2004 8 b All — —
AMT15 Sep-Oct 2004 11 ss All 6 All-R
AIM Mar-Apr 2005 11 b All — —
AMTI16 May-Jun 2005 5 b All — —
AMT17 Oct-Nov 2005 11 ss All 6 All-R
ANT23/1 Oct-Nov 2005 8 b All — —
P332 Jan-Feb 2006 23 ss All 1 NO3, t-TM
M68/3 Jul-Aug 2006 20 ss All — —
P348 Jan-Feb 2007 11 b All — —
RMB May 2007 14 ss NOs3, NH4 — —
INSPIRE Nov-Dec 2007 18 b NOs, NH, — —
D326 Jan-Feb 2008 27 ss All 1 NO;, t-TM
ANT24/4 Apr—May 2008 9 b NOs, NH,, SP — —
AMT18 Oct-Nov 2008 9 ss NOs, NHy, s-TM, SP — —
ICON Apr—-May 2009 22 b NO3, s-TM — —
AMT19 Oct-Nov 2009 11 ss NO;, NHy, s-TM — —
P399 Jun 2010 13 b NOs;, s-TM — —
AMT20 Oct-Nov 2010 12 ss NO;, NHy, s-TM — —
D361 Feb-Mar 2011 22 ss NOs3, NHy, s- and t-TM 5 All-R
AMT21 Oct 2011 13 ss NOs, NHy, s-TM 2 NOs;, NH,

were stored at —20°C prior to analysis. Precipitation
samples for TM analysis were thawed and acidified to
15.8mM Aristar HNOj at least 10 days before analysis.
No SP analysis was performed on rain samples.

Sample analysis was generally by ion chromatography
(NO3 and NHY), inductively coupled plasma-optical
emission spectrometry (ICP-OES; soluble TMs), in-
strumental neutron activation analysis (INAA; total
TMs) and the molybdenum-blue spectrophotometric
method (SP). For full details, see supplemental material
and Baker et al. (2010, 2013).

b. Dry deposition climatology

Asin our previous studies (Baker et al. 2010,2013), we
estimated atmospheric inputs via dry deposition by us-
ing our observations to characterize the chemical sig-
nature of the various source regions around the ETNA
and by determining the frequency of occurrence of air
originating from these source regions within each sub-
region of the ETNA.

The source region affecting individual aerosol samples
was assigned based on 5-day airmass back trajectories

from the NOAA HYSPLIT trajectory service (Draxler
and Rolph 2003). We used the same source regions con-
sidered in our earlier studies (Baker et al. 2010, 2013).
Those relevant for the ETNA were as follows: North
American (NAM), remote North Atlantic (RNA), Eu-
ropean (EUR), Saharan (SAH), Southern African (SAF),
Southern African with a biomass burning signal (SAB),
and remote Southern Atlantic (RSA). SAF and SAB air
masses were distinguished on the basis of differences in
their back trajectories at 1000m (see Baker et al. 2006,
2010). Samples of the SAB type had non-sea-salt K™
concentrations > 1nmolm > (Baker et al. 2006). Air
masses classified as RNA or RSA had not had contact with
continental landmasses for 5 days prior to observation.
Representative concentrations for each source type
were taken to be the median of all the observations of
that source type in the north or south region for the
season in question (see Table 2). Although we have a
substantial observational database, we did not have
enough data to define median concentrations for all
source types in all regions and at all seasons. In such
cases, we substituted values based on the available data
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FIG. 2. Approximate cruise tracks and aerosol sample start locations used in this study, separated (top left to lower
right) according to season. Symbol shapes are defined in the legend. Symbol colors indicate the time period of
sample collections: 2000-02 (blue), 2003-04 (green), 2005-06 (red), 2007-08 (cyan), 2009-10 (magenta), and 2011-12
(yellow). Cruise tracks shown as solid lines occurred entirely within the ETNA; meridional transect cruises that
passed through the region are shown as dashed lines. Only samples within the large black rectangle were included in

this study.

for the same source type aerosols in adjacent regions or
at other seasons. Details of these substitutions are also
given in Table 2. Following Baker et al. (2010) and
Baker et al. (2013), relative uncertainty values were
assigned to these median concentrations based on the
number of samples available to calculate each median.
These relative uncertainties were as follows: 30% un-
certainty for number of samples (n) between 5 and 10
and 15% for n > 10. In cases where we had 5 or fewer
observations, we used substitute concentrations and
assigned relative uncertainty values of 50% where we
substituted concentrations for the same source type

from a different region in the same season and 75% for
all other substitutions.

Aerosol deposition fluxes were calculated from the
median fine- and coarse-mode concentrations for each
source type (i) using

0= 2 CM (1)

I
where Ffi is the dry deposition flux, Cfl’m is the atmo-
spheric concentration of aerosol, v//is the deposition
velocity, and m refers to the fine- or coarse-size mode.
As in our previous studies (Baker et al. 2010, 2013), we
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FIG. 3. Start locations of rain samples used in this study, separated according to (top left to lower right) season of
collection. Symbol shapes and colors are as in Fig. 2.

artificially split concentration data for samples collected
or analyzed as bulk aerosol into fine and coarse con-
centrations (see supplemental material). This was done
using the same observations of median fine—coarse dis-
tributions used in those earlier works. Deposition ve-
locities used were derived from the Ganzeveld et al.
(1998) model, which depends on both particle mass

median diameter (MMD) and wind speed. We used the
same MMD values as used in our previous work (Baker
et al. 2010, 2013): 0.6 wm for all fine-mode species, 5 um
for coarse-mode TMs, and 7 um for coarse-mode N spe-
cies and SP. The seasonally averaged wind speed for
each subregion was determined using climatological
wind speed data from the European Centre for Medium
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TABLE 2. Median fine plus coarse aerosol concentrations (nmol m ) of NO3, NHJ , SP, and soluble and total TMs in air from different
origins collected in the north and south regions of the ETNA. Airmass origin codes are defined in the text. Corresponding fine- and coarse-
mode concentrations can be found in Tables S4 and S5, respectively, and fine plus coarse concentration ranges and numbers of obser-

vations can be found in Table S6.

Season Region Air mass Substitutions® NH, NO3 SP s-Fe s-Al s-Mn t-Fe t-Al t-Mn
MAM North NAM S1
EUR S2 31.5 48.7 0.029 0.076  0.29 0.017 1.56 4.17 0.034
RNA 7.6 15.3 0.023 0.058 0.34 0.011 1.12 1.97 0.017
SAH 16.6 325 0.070 0.220 1.50 0.085 9.26 34.0 0.160
South RNA S3 1.1 2.5 0.012 024 0.016 0.76 2.12 0.019
RSA S4 43 4.2 0.014 0.035 0.23 0.011 1.46 422 0.027
SAB S5
SAF S2 53 8.1 0.027 0.052 045 0.033 2.97 9.91 0.052
SAH 14.7 19.5 0.058 0.095 0.71 0.055 5.54 20.4 0.111
JJIA North NAM S1
EUR S2 33.8 0.052 0.22 0.009
RNA 16.1 15.0 0.037 0.078  0.59 0.020 3.09 11.9 0.060
SAH 40.9 27.9 0.104 0.233 1.48 0.080 18.0 63.4 0.294
South RNA S3 20.2 8.6 0.018 0.027 0.11 0.005 0.8 227 0.014
RSA S4
SAB S5
SAF S2 8.9 13.9 0.040 0.009  0.06 0.004 1.70 6.35 0.038
SAH 0.8 20.6 0.019 0.078 0.72 0.064 11.8 2.3 0.206
SON North NAM S1
EUR S2 443 11.8 0.013 0.060  0.001
RNA 4.0 10.7 0.009 0.011 0.076 0.002 0.26 0.55 0.008
SAH 13.0 20.4 0.059 0.168 1.61 0.117 11.5 37.5 0.17
South RNA S3
RSA S4
SAB 8.9 10.2 0.032 0.020 0.154 0.009 0.70 2.28 0.017
SAF 10.8 8.8 0.025 0.033 0.176 0.009 0.83 1.90 0.017
SAH 11.0 16.2 0.052 0.156 1.40 0.104 13.1 46.9 0.218
DIJF North NAM S1
EUR S2 9.1 21.7 0.039 0.066  0.081 0.012 1.55 0.78 0.019
RNA 6.2 7.5 0.029 0.026  0.133 0.007 0.44 0.88 0.010
SAH 38 15.9 0.073 0464  4.86 0.369 54.6 177 0.867
South RNA S3 22 52 0.009 0.027 0.168 0.005 0.76 2.35 0.011
RSA S4
SAB S5
SAF S2
SAH 10.5 31.1 0.117 0412 332 0.390 40.1 162 0.718

# Substitution types are as follows: used concentration for RNA type in same region, same season (S1); used median concentration of all
values available for the type (S2); used concentration for RNA type in the north region, same season (S3); used concentration for RSA
type from region 4 (southeast Atlantic) from Baker et al. (2010, 2013) (S4); used concentration for this type from SON (S5).

Range Weather Forecasting (ECMWF) Interim reanalysis
dataset for data spanning 1999-2009 (ECMWF 2010). The
resultant average wind speeds and dry deposition ve-
locities are shown in Table 3.

The probability (w') of air from each source area oc-
curring in each subregion of the ETNA was then used to
calculate weighted average fluxes for each species using

2z . .
F,= Y Fow'. ()
0
These probabilities were determined using 5-day

airmass back trajectories for every 12h between
14 March 1999 and 14 March 2009 using ECMWF

archive data obtained from the British Atmospheric
Data Centre (BADC). Each of these trajectories was
assigned to a source type according to its location at 3
and 5 days, as described by Baker et al. (2010), and
probabilities for each source type were calculated as
the cumulative number of back trajectories assigned
to that type, divided by the total number of trajecto-
ries. Source type probabilities for each subregion in
each season can be found in Table 4. Uncertainties in
median atmospheric concentration for each category
were propagated using the same calculation in order
to estimate uncertainty in the average aerosol de-
position flux.
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TABLE 3. Mean wind speed (u), dry deposition velocities (v,) for
particles with diameters of 0.6, 5, and 7 um and mean precipitation
rates (P) for each subregion in the seasons MAM, JJA, SON,
and DJF.
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TABLE 4. Percentage occurrence (w') of air masses from the
source regions affecting the ETNA for each subregion in the sea-
sons MAM, JJA, SON, and DJF. Source region codes are defined
in the text.

u vy (ms™h) P Airmass source

Season Subregion (ms') 0.6um Sum 7um (mday ') Season Subregion NAM EUR RNA SAH SAF SAB RSA
MAM A 6.8 0.0002 0.0063 0.0085  0.0012 MAM A 50 09 855 86

B 6.6 0.0002 0.0059 0.0081 0.0006 B 3.0 6.2 703 205

C 7.4 0.0002 0.0076 0.0095  0.0003 C 02 02 618 378

D 7.6 0.0002 0.0076 0.0095 0.0002 D 0.2 21 372 60.6

E 7.7 0.0002 0.0080 0.0099  0.0010 E 10.7 89.3

F 54 0.0002 0.0044 0.0067  0.0017 F 3.9 0.1 96.0

G 52 0.0002 0.0042 0.0064 0.0078 G 38 235 32 554 141

H 4.5 0.0002 0.0036 0.0055 0.0065 H 02 21.5 13.0 643 09
JJA A 6.2 0.0002 0.0055 0.0077  0.0003 A A 02 01 931 6.6

B 6.6 0.0002 0.0059 0.0081 0.0002 B 0.4 1.1 843 142

C 6.9 0.0002 0.0067 0.0088  0.0003 C 03 403 3594

D 8.1 0.0002 0.0084 0.0102  0.0005 D 0.9 254 737

E 71 0.0002 0.0067 0.0088  0.0067 E 30.8 29.0 40.2

F 4.7 0.0002 0.0038 0.0058  0.0081 F 16.7 552 28.1

G 41 0.0002 0.0034 0.0050  0.0025 G 212 120 66.6 02

H 4.1 0.0002 0.0034 0.0050 0.0013 H 139 443 416 02
SON A 5.1 0.0002 0.0040 0.0061  0.0022 SON A 2.1 1.7 83 139

B 6.6 0.0002 0.0059 0.0081 0.0011 B 1.2 7.5 701 212

C 7.6 0.0002 0.0076 0.0095  0.0017 C 02 1.0 365 623

D 7.4 0.0002 0.0076 0.0095 0.0008 D 1.6 142 842

E 4.9 0.0002 0.0040 0.0061  0.0080 E 0.1 289 19.0 521

F 4.4 0.0002 0.0036 0.0055 0.0064 F 9.8 222 68.0

G 6.4  0.0002 0.0059 0.0081  0.0026 G 103 240 652 0.5

H 5.8 0.0002 0.0047 0.0071 0.0018 H 0.1 11.8 427 446 09
DIJF A 5.7 0.0002 0.0047 0.0071  0.0020 DIJF A 88 21 674 216

B 5.9 0.0002 0.0051 0.0074  0.0013 B 41 77 536 345

C 6.5 0.0002 0.0059 0.0081  0.0010 C 06 08 420 565

D 7.2 0.0002 0.0072 0.0092  0.0006 D 0.4 1.6 205 775

E 53 0.0002 0.0042 0.0064  0.0024 E 7.0 0.1 92.9

F 3.6 0.0002 0.0031 0.0046  0.0016 F 0.9 99.1

G 6.8 0.0002 0.0063 0.0085  0.0060 G 0.7 16.5 682 14.6

H 6.0  0.0002 0.0051 0.0074  0.0038 H 20.9 769 22

c. Wet deposition climatology

We used data from the rain samples collected in the
north or south regions to calculate volume-weighted mean
(VWM) concentrations (Cy) for each species using

>(CV)
CV =- (3)

2
i

where C; are the individual sample concentrations,
and V; the individual collected sample volumes. Simi-
larly to the approach used for our dry deposition esti-
mate, we then combined these with precipitation rates
for each subregion to estimate the wet deposition flux
(see below). Rainfall rates in the north region are ex-
tremely low (Table 3), and we were only able to collect
five rain samples there. We have calculated a VWM

concentration for each species based on all these sam-
ples and used these concentrations to estimate wet de-
position in each of the seasons. In the south region, we
have more substantial sample numbers in MAM and
SON and have calculated seasonal VWM concentra-
tions for those periods. For JJA and DJF, we have used
values of Cy calculated from all of the available rain
samples in the south. Similar to our previous work
(Baker et al. 2010), we assign relative uncertainties to
these VWM concentrations based on the number of
samples collected during each period. The values used
for the south were 20% in SON (n > 25),30% in MAM
(n > 10), and 40% in JJA and DJF (for which we used
substitute values; see Table 5). In the north, we
assigned a relative uncertainty of 60% because of the
low number of samples and the lack of effective seasonal
information available.
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TABLE 5. Volume-weighted mean rainfall concentrations (nmol L") of NH{, NO3, and soluble and total TMs for samples collected in
the north and south regions of the ETNA.

Region Season NH, NO;3 s-Fe s-Al s-Mn t-Fe t-Al t-Mn n
North All 957 7590 26 186 25 394 1430 34 5
South MAM 1690 6140 22 100 14 326 774 19 12
JIA 0
SON 5940 4510 21 133 16 492 1280 24 29
DIJF 0
All 5220 4780 21 129 16 470 1210 23 41

As was the case for our earlier estimate for the Atlantic
(Baker at al. 2013), although total TM concentrations were
measured for all samples, there were very few rain samples
for which soluble TM concentrations had been mea-
sured. As before, we used median soluble fraction
values for Fe, Al, and Mn in Atlantic rainwater to
calculate soluble trace metal concentrations for sam-
ples lacking a direct measurement of this parameter.
The soluble fraction values used were 6.7%, 13%, and
74% for Fe, Al, and Mn, respectively. The value used
for Fe was recalculated from that given by Baker et al.
(2013) to include the data of Sedwick et al. (2007).
Volume-weighted mean concentrations for each spe-
cies are listed in Table 5.

The wet deposition flux was calculated from VWM
concentration and the precipitation rate (Baker et al.
2010, 2013) using

Fy,=C,P, 4

where Fyy is the wet flux and P is the precipitation rate.
Precipitation rates for each subregion were calculated from
monthly mean values obtained from the CPC Merged
Analysis of Precipitation data (Xie and Arkin 1997) for the
period August 1998 to July 2008. The values of P given in
Table 3 demonstrate the low precipitation in the north of
the ETNA and the migration of the ITCZ between ~15°N
during July and ~5°S during January (Pye 1987).

3. Results and discussion

a. Observational database: Aerosol signature
concentrations of source regions

As can be seen from Table 4, the majority of aerosol
transported to each subregion is dominated by just one
or two source types in any given season. Overall, the
northern half of the ETNA is most strongly influenced
by the RNA and SAH source regions, while, in the
southern half, the relative importance of SAH, SAF,
SAB, and RSA source types varies with season. The
seasonal chemical signatures for source types for which we
have the most complete seasonal record of observations
are represented in Fig. 4, and a summary of median

concentrations for all observed source types is provided
in Table 2.

The concentrations of nitrate and ammonium do not
vary significantly between seasons, aside from higher
concentrations of NHJ in the SAH and RNA airmass
types during JJA in the northern half of the region. This
broadly confirms the assumption made by Baker et al.
(2010) that seasonality in nitrogen sources is low, at least
for the ETNA. The majority of the other source types
had too few samples to reliably assess their seasonality
(see Table S4).

Buck et al. (2010) measured nitrate concentrations
through the ETNA region in July/August 2003, finding
median concentrations of 19.0, 25.3, and 21.6 nmolm >
for North Atlantic maritime, Saharan, and tropical
Atlantic maritime source regions respectively. These
values are in good agreement with the median concen-
trations we report for the RNA, SAH, and SAF source
types in JJA (Table 2). Johansen et al. (2000) measured
concentrations of NOj3 of less than 3.9-21.3nmolm >
and NHJ concentrations of 3.8-16.6nmolm > for a
cruise across the tropical Atlantic during March and
April, which also show good agreement with our results.
The 5-year median aerosol concentrations for NO5; and
NH; at the Cape Verde Atmospheric Observatory
(CVAO) were 16.1 and 2.8 nmol m >, respectively (Fomba
et al. 2014), which are both in relatively good agreement
with the median concentrations for the northern half
of the region. Fomba et al. (2014) reported maximum
NHJ concentrations at the CVAO during spring
and early summer and suggested that this might result
from a marine biogenic source. Interestingly, JJA
NHJ concentrations appear to be elevated in both the
RNA and SAH source types in the north of the
ETNA. The source of these higher NH; concentra-
tions is unclear.

In contrast to the nitrogen species, the concentrations
of soluble and total trace metals in the SAH source type
in both the north and south are particularly high during
DJF. Similar patterns were observed for SP. These re-
sults are in line with observations by Chiapello et al.
(1995) and Fomba et al. (2013), who reported maximum
dust concentrations at the Cape Verde Islands during
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FIG. 4. Box-and-whisker plots showing the seasonal variation in
the aerosol concentrations in selected airmass types for (left) north
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winter. Strong winter deposition of dust from trade
winds has also been observed in sediments from the
eastern equatorial Atlantic (Stuut et al. 2005). In JJA,
high-level transport in the Saharan air layer carries large
amounts of dust across the Atlantic to the Caribbean
and North America (Prospero et al. 2014). However, our
results suggest that little of this material is found at the
surface of the ETNA covered by our study. The rela-
tively low concentrations of TMs we observed (with
respect to those observed in DJF) are consistent with
satellite-borne lidar observations, which show that most
dust transported over our study region in JJA occurs
above the marine boundary layer (Adams et al. 2012).

Fomba et al. (2013) report mean aerosol concentra-
tions of 0.11 and 0.002 nmol m * for total Fe and Mn in
air with origins over the remote North Atlantic. Addi-
tionally, the aerosol samples collected by Buck et al.
(2010) over the ETNA had median July—August con-
centrations for North Atlantic maritime origin air of
0.077, <0.25, and 0.008 nmolm > for total Fe, Al, and
Mn, respectively; 4.35, 11.2, and 0.080 nmolm 3 for the
Saharan source region type; and 0.339, 0.823, and
0.016nmolm > for tropical Atlantic maritime airmass
types. These all lie broadly within the range of concen-
trations presented in Table S4.

b. Observational database: Volume-weighted mean
rain concentrations

Table 5 shows the volume-weighted mean rainfall con-
centrations used to calculate the wet deposition fluxes.
Concentrations of most species were slightly higher in
the north than in the south, although with so few samples
available for the north it is not clear whether this differ-
ence is representative.

There are not many published rainwater concentrations
for nutrients or trace metals for this area, but Buck et al.
(2010) report rainwater concentrations during June and July
within the southern half of the ETNA of 18.2-159 nmol L "
for s-Fe, 132-419nmol L™ for t-Fe, 74.4-523nmol L ™! for
s-Al, and 413-1400 nmol L™! for t-Al, which is in broad
agreement with the values in Table 5. Kim and Church
(2002) also report rainwater Fe concentrations of 590—
2150nmol L ™! and Mn concentrations of 25-130nmol L ™"
for the south of the ETNA in June 1996. Helmers and
Schrems (1995) reported Fe, Al, and Mn concentrations of
150-1140, 330-4860, and 8.3-62nmol L™, respectively, in
rainfall from the ITCZ in October 1990.

c. Climatology: Wet and dry deposition fluxes to the
ETNA

The seasonal atmospheric deposition fluxes of NHJ,
NOgs, soluble Fe, and total Fe for the ETNA are shown
in Fig. 5. Flux rates for all species are summarized in
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TABLE 6. Dry (D), wet (W), and total (D + W;italic) deposition fluxes (umolm 2d ') of NO3, NH; , SP, and soluble and total TMs to the
north and south regions of the ETNA.

Season Region Mode NH; NOs3 SP s-Fe s-Al s-Mn t-Fe t-Al t-Mn
MAM North D 1.1 15.1 0.014 0.034 0.24 0.016 1.5 5.1 0.03
\W% 0.5 4.1 0.014 0.10 0.013 0.2 0.8 0.02

D+W 1.6 19.2 0.049 0.34 0.029 17 5.9 0.04

South D 0.8 8.4 0.011 0.016 0.12 0.012 1.0 3.8 0.02

w 7.2 26.3 0.094 0.43 0.061 1.4 33 0.08

D+W 8.1 34.7 0.110 0.55 0.073 24 7.1 0.10

JJA North D 2.6 13.7 0.021 0.048 0.37 0.023 3.5 13.2 0.06
w 03 2.4 0.008 0.06 0.008 0.1 04 0.01

D+WwW 2.9 16.1 0.056 0.43 0.030 3.7 13.6 0.07

South D 0.6 5.0 0.006 0.007 0.06 0.005 0.8 3.0 0.02

W 24.1 48.9 0.097 0.60 0.073 2.2 5.6 0.11

D+W 24.8 54.0 0.104 0.66 0.078 3.0 8.6 0.12

SON North D 0.8 10.1 0.011 0.028 0.22 0.025 2.2 7.4 0.03
w 1.4 10.9 0.038 0.27 0.036 0.6 2.1 0.05

D+wW 2.1 21.0 0.066 0.49 0.060 2.8 9.4 0.08

South D 0.8 5.4 0.009 0.010 0.09 0.009 1.0 35 0.02

W 27.9 21.2 0.098 0.63 0.075 2.3 6.0 0.11

D+W 28.7 26.6 0.107 0.71 0.084 3.3 9.5 0.13

DIJF North D 1.4 73 0.016 0.078 0.77 0.065 9.3 31.1 0.16
w 1.2 9.2 0.032 0.23 0.030 0.5 1.7 0.04

D+wW 2.5 16.6 0.111 1.00 0.096 9.8 32.8 0.20

South D 1.0 9.0 0.024 0.045 0.36 0.048 4.7 19.3 0.09

w 17.9 36.4 0.072 0.44 0.054 1.6 4.2 0.08

D+W 19.0 454 0.117 0.81 0.102 6.3 234 0.17

Table 6, with total atmospheric inputs for each season
given in Table 7. The differing precipitation rates in the
north and south of the ETNA appear to have a major
impact on the mode, magnitude, and seasonality of the
atmospheric deposition of nutrients and trace metals.

Wet deposition is the dominant mode (>80% of total)
for most species in the south, and dry deposition rates
are lower there than in the north. Higher precipitation
rates, lower dry deposition velocities (caused by lower
wind speeds), and slightly lower aerosol concentrations
in the south may all contribute to this. In the north, the
wet deposition contributes 15%-50% of the total NO5
flux, with the highest dry—wet ratio being observed
during JJA. Similar dry-wet ratios were observed for
ammonium. In contrast, in the south, the wet flux of
NO;5; was 76%-91% of the total, with corresponding
values of 90%-97% for NH; . The importance of wet
deposition is much lower for total Fe and Al. In contrast,
wet deposition makes a larger contribution to the flux of
total Mn in the south (>75% in most seasons). This ef-
fect results in the preferential removal of total Mn in wet
deposition (as compared to total Al and Fe), and this
implies that at least a fraction of Mn is not internally
mixed with Fe and Al in dust aerosol. We have pre-
viously noted similar behavior for the Atlantic as a
whole and suggested that the effect is probably related
to the higher solubility of Mn (Baker et al. 2013).

For most species, atmospheric fluxes are higher to the
south throughout the year, again because of the influ-
ence of wet deposition there. There is very little sea-
sonality in deposition fluxes of N species to the north but
more variability in wet fluxes to the south (Fig. 5). To
some extent, the variations in NHS and NO3 oppose
one another (e.g.,in SON), but the total inorganic N flux
to the south in MAM is ~56% of the equivalent flux in
SON. The dry deposition fluxes of the dust-associated
species (SP, Fe, Al, and Mn) all show strong seasonality,
primarily driven by low-level dust transport in DJF
(Chiapello et al. 1995). In the north, these species also
exhibit relatively high fluxes in JJA, probably as a result
of dust deposited from the high-level Saharan air layer
transport (Prospero et al. 2014).

Assuming dust contains 8% by mass Al, our results
indicate that the north and south of the ETNA receive
on average ~10.1 and 8.8 Tg dust yr ', respectively.

In Table 8, we illustrate the effect that uncertainty in
characteristic aerosol concentrations and rainwater VWM
concentrations (see sections 2b and 2c¢) introduces into
our calculations. Although we assigned relative un-
certainties in our dry deposition calculation of up to
75% for poorly sampled aerosol source types, the over-
all uncertainty in the dry deposition flux (or input) cal-
culations was below 20% in most cases. This indicates
that the climatologically most important aerosol source
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TABLE 7. Dry (D), wet (W), and total (D +W; italic) atmospheric input (Gmol region ™' season ') of NO3, NH , SP, and soluble and total
TMs to the north and south regions of the ETNA for the seasons MAM, JJA, SON, and DJF.

Season Region Mode NH; NO3 SP s-Fe s-Al s-Mn t-Fe t-Al t-Mn
MAM North D 0.5 7.5 0.007 0.017 0.12 0.008 0.7 2.5 0.01
\W% 0.3 2.0 0.007 0.05 0.007 0.1 04 0.01

D+W 0.8 9.5 0.024 0.17 0.014 0.8 2.9 0.02

South D 04 4.6 0.006 0.009 0.06 0.006 0.6 2.0 0.01

w 3.9 14.3 0.051 0.23 0.033 0.8 1.8 0.04

D+W 44 18.8 0.059 0.30 0.040 1.3 3.8 0.06

JJA North D 1.3 6.8 0.011 0.024 0.18 0.011 1.7 6.5 0.03
w 0.1 1.2 0.004 0.03 0.004 0.1 0.2 0.01

D+W 1.4 7.9 0.028 0.21 0.015 1.8 6.7 0.04

South D 0.3 2.7 0.003 0.004 0.03 0.003 0.4 1.6 0.01

W 13.1 26.5 0.052 0.32 0.040 1.2 3.0 0.06

D+W 134 29.3 0.056 0.36 0.042 1.6 4.6 0.07

SON North D 04 4.9 0.006 0.014 0.11 0.012 1.1 3.6 0.02
w 0.7 53 0.019 0.13 0.017 0.3 1.0 0.02

D+W 1.0 10.2 0.032 0.24 0.030 1.4 4.6 0.04

South D 04 2.9 0.005 0.005 0.05 0.005 0.5 1.9 0.01

W 15.0 11.4 0.052 0.34 0.040 1.2 32 0.06

D+W 154 14.3 0.058 0.38 0.045 1.8 5.1 0.07

DJF North D 0.7 35 0.008 0.038 0.37 0.032 4.5 15.0 0.08
w 0.6 4.5 0.016 0.11 0.015 0.2 0.8 0.02

D+wW 1.2 8.0 0.053 0.48 0.046 4.7 15.9 0.10

South D 0.5 4.8 0.013 0.024 0.19 0.025 2.5 10.2 0.05

w 9.5 19.3 0.038 0.24 0.029 0.9 2.2 0.04

D+W 10.1 24.1 0.062 0.43 0.054 3.4 124 0.09

types (see Table 4) are well represented in our obser-
vational database in most cases. Notable exceptions to
this occur in the south in JJA, where we have relatively
few observations for any of the species (Fig. 2). Simi-
larly, the high relative uncertainty (60% ) we assigned to
the rainwater VWM concentrations in the north had
relatively little impact on the overall (dry plus wet) un-
certainty in that region because of the low precipitation
rates there. Overall, uncertainties using these approaches
were in the range 14% (t-Al in the south in SON) to
40% (NHJ in the north in SON).

We have also examined the influence of variability
in source-type aerosol concentrations on the magni-
tude of our dry deposition estimates. To do so, we
repeated our dry flux calculations using lower- and
upper-quartile aerosol concentrations for each species
and source type, instead of the median values used in
our baseline calculations. In Table S7, we compare,
on a regional and seasonal basis, the results of these
calculations to our baseline estimates (Table 6) and
the dry flux uncertainty calculated on the basis of num-
bers of samples collected (Table 8). We also represent
the uncertainty in dry inputs to the whole ETNA using
both methods in Fig. S1. For some species, notably
NOj and SP, the two uncertainty estimates are simi-
lar, but for the trace metals, and in particular the total
trace metals, the uncertainty estimated using the in-
terquartile range is higher by at least a factor of two

(Table S7). As indicated above, the impact of these
higher dry uncertainties will be greater in the north
than in the south.

In addition to the factors discussed above, there are a
number of sources of uncertainty in our estimates of dry
and wet deposition to the ETNA. For dry deposition,
these include the following: the representativeness of
the aerosol samples collected (in terms of their expected
frequency of occurrence for a given air source type and
their spatial distribution within the ETNA), dry de-
position velocities, and the effects of our choices of
mean particle diameters and fractions of total aerosol
concentrations in the coarse and fine mode (where these
were not directly measured) on calculated dry deposi-
tion fluxes. For wet deposition, sources of uncertainty
include the spatial distribution and numbers of rain
samples, as well as the estimates of precipitation rates
used to calculate wet deposition fluxes. We have dis-
cussed these factors in detail in our earlier studies (Baker
et al. 2010, 2013) and direct the interested reader to
those works.

Of those factors, we consider uncertainty in the ab-
solute accuracy of estimated dry deposition velocities
and poor characterization of rainfall composition as a
result of limited sampling (particularly in the north) to
dominate the uncertainty in dry and wet deposition
estimates, respectively. Duce et al. (1991) estimated
that the uncertainty in dry deposition velocities was
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TABLE 8. Relative uncertainties (%) arising from uncertainties in representative concentrations used to characterize dry, wet, and total
(italic) atmospheric deposition flux/input of NO3, NHJ, SP, and soluble and total TMs to the north and south regions of the ETNA for

the seasons MAM, JJA, SON, and DJF.

Season Region Mode NH; NOj3 SP s-Fe s-Al s-Mn t-Fe t-Al t-Mn
MAM North D 22 18 26 16 16 16 28 29 29
w 60 60 60 60 60 60 60 60
D+W 24 19 21 21 29 26 26 30
South D 42 28 43 35 36 34 34 32 33
W 30 30 30 30 30 30 30 30
D+W 27 24 26 25 26 22 22 25
JIA North D 16 16 15 15 15 15 17 18 18
w 60 60 60 60 60 60 60 60
D+W 15 16 16 15 19 17 17 17
South D 71 79 91 40 40 45 62 66 67
w 40 40 40 40 40 40 40 40
D+W 39 37 37 37 37 34 35 36
SON North D 25 18 16 16 15 15 15 15 16
w 60 60 60 60 60 60 60 60
D+W 40 32 35 33 36 17 18 35
South D 22 20 22 17 16 16 16 16 17
w 20 20 20 20 20 20 20 20
D+W 19 16 18 18 18 15 14 17
DJF North D 23 20 20 15 15 15 15 15 15
w 60 60 60 60 60 60 60 60
D+W 30 35 21 18 22 15 15 17
South D 43 30 38 18 18 17 17 16 17
w 40 40 40 40 40 40 40 40
D+W 38 33 26 23 23 16 15 21

approximately a factor of 2-3. The significance of this
uncertainty varies markedly across the ETNA. For ex-
ample, in the north in JJA, doubling the dry deposition
velocity increases the overall atmospheric input by
73%-97%, depending on species, whereas the same in-
crease in the south would increase the overall atmo-
spheric input by only 2%-35% in the same season.

d. Trace metal soluble fraction

Overall percentage soluble fractions [(100 X dry plus
wet input of soluble TM) + (dry plus wet input of total
TM)] for Fe, Al, and Mn are shown in Table 9. As we
have noted previously (Baker et al. 2013), these values
take account of the input of material from multiple
sources, via both dry and wet deposition, and over time
periods comparable to the residence times of TMs in
surface seawater (Croot et al. 2004). They therefore
more accurately represent the environmental behavior
of atmospheric inputs to the ETNA than measurements
made on individual aerosol or rainwater samples.

Soluble fractions were generally higher in the south,
driven by the higher TM solubility in rainwater than
aerosol and the high rainfall rate there. In both the north
and south, the lowest soluble fractions for all the TMs
were observed in DJF when (lower solubility) dry dust
deposition was at its highest. For all the TMs, there
appears to be a weak relationship between overall

soluble fraction and the percentage of total TM in wet
deposition [(100 X wet input) <+ (dry + wet input)];
relationship not shown]. For Fe, soluble fraction varies
from 1%-1.5% at ~5% wet deposition of total Fe to
3%—-4% at ~70% wet deposition.

e. Nitrogen to iron ratios

Our concurrent estimates of NH; , NOj5, and soluble
Fe inputs to the ETNA allow us to determine the (in-
organic) N:s-Fe ratio of atmospheric deposition to the
region (Fig. 6). Further atmospheric input of N to the
ETNA will occur as a result of deposition of other spe-
cies, such as aerosol and rainwater organic N (e.g.,
Lesworth et al. 2010) and gas phase NH3; and HNO3, so

TABLE 9. Overall soluble fractions (%) of Fe, Al, and Mn in
atmospheric deposition to the north and south regions of the
ETNA for the seasons MAM, JJA, SON, and DJF.

Season Region Fe Al Mn
MAM North 2.9 5.7 65.3
South 4.5 7.7 69.6
A North 1.5 32 41.5
South 35 7.7 63.3
SON North 2.4 52 72.6
South 33 7.5 64.5
DIF North 1.1 3.0 48.0
South 1.8 34 60.0
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FIG. 6. Variation with season of the overall (wet + dry) atmo-
spheric deposition ratio of N (NHf + NO3) to s-Fe in the north
(open) and south (solid) of the ETNA.

the N:s-Fe ratios we quote are lower limits. For most of
the year, this ratio is higher in the south than the north
because of the high rates of wet N deposition in the
south. In the north, N:s-Fe is extremely low in the DJF
dusty period. We compare these values to the N:Fe
quota for algal growth under Fe-replete conditions
(11600 mol mol ~'; Sunda 1997) and note that the at-
mospheric input to the ETNA is considerably enriched
in Fe, relative to these requirements, throughout the
year. While algal productivity in much of the ETNA is
likely to be limited by N availability, atmospheric de-
position has the potential to supply external Fe to meet
the requirements of nitrogen-fixing primary producers
there (Mills et al. 2004). Note, however, that in waters
that receive abundant supplies of mineral dust, such as
the ETNA, dissolution of Fe from atmospheric de-
position is likely to be controlled by the Fe saturation
state of the receiving seawater (Baker and Croot 2010).
This effect is likely to reduce the extent of Fe dissolution
upon deposition to the ETNA and therefore lead to
higher N:s-Fe ratios for the atmospheric input than
calculated here.

4. Conclusions

Using results obtained from the analysis of ~350
aerosol and ~45 rain samples collected during 28 re-
search cruises, we have estimated the average atmo-
spheric inputs of NH;, NO3, SP, and the trace metals
Fe, Al, and Mn to the ETNA. Total inputs of the nu-
trients NH;, NO3, SP, and soluble Fe to the ETNA
were 48, 122, 0.058, and 0.37 Gmolyrfl, respectively
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(with the SP estimate being for dry deposition only).
Note that our estimates for NH; do not directly include
the influence of air-sea gas exchange of NH; (Johnson
et al. 2008). Our study reveals the spatial and seasonal
variations in atmospheric deposition to the ETNA and
highlights the significant roles played by the distribution
of, and variations in, rainfall (particularly in the ITCZ)
and the source strength and altitude of atmospheric
transport of mineral dust generated in the Sahara/Sahel
region. This dynamic atmospheric deposition regime
has a major impact on the biogeochemistry of the ETNA
(Schlosser et al. 2014).

Our deposition estimates allow us to calculate overall
soluble fractions for the trace metals and the N:s-Fe
ratio of the atmospheric input. The former appear to
increase with the percentage of TM deposited by wet
deposition, while the latter implies a large excess (rela-
tive to algal requirements) of atmospheric Fe supply to
the ETNA.
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