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1. Introduction 

Constraining the supply of iron (Fe) to the ocean euphotic zone is of critical importance due to 

the role of Fe as an essential trace nutrient for ocean primary productivity. Changes in the supply of Fe 

to the surface ocean modify ocean uptake of CO2, impacting global climate through modulation of 

atmospheric CO2 levels. Inputs of new Fe can be supplied to the ocean by advection from continental 

margin sediments, riverine inputs, and hydrothermal fluxes (Boyd and Ellwood, 2010 and references 

therein), although in many remote ocean regions, the primary input of new Fe to the euphotic zone is 

deposition of atmospheric aerosols (Duce and Tindale, 1991; Jickells et al., 2005; Krishnamurthy et al., 

2010). This exchange between the atmosphere and the ocean must be better constrained in order to 

accurately model the biogeochemical cycling of biologically-important trace metals in the ocean and its 

feedbacks on global climate. 

Estimates of dust deposition and associated Fe flux to the open oceans made from 

measurements of dust flux at coastal and island-based sampling sites have greatly informed our 

knowledge of ocean dust deposition rates and have constrained atmospheric sources of trace metals to 

the upper ocean (Duce and Tindale, 1991; Duce et al., 1991). However, direct measurement of dust flux 

on spatial and temporal scales necessary to fully characterize aerosol dust inputs to the open ocean and 

their sensitivity to changing global climate is logistically infeasible. To address this challenge, upper-

ocean distributions of various trace metal species have been employed as chemical tracers of integrated 

atmospheric dust deposition on the ocean over timescales of weeks to years, including dissolved Al 

(Measures and Brown 1996; Measures and Vink, 2000), dissolved Ti (Dammshäuser et al., 2011), and 

particulate Al, Fe, and Ti (Bory and Newton, 2000; Barrett et al., 2012; Dammshäuser et al., 2013). 

In the North Atlantic, mineral dust aerosols are the dominant source of Fe to the euphotic zone 

in open-ocean regions, supplied by atmospheric deposition of dust from the Saharan and Sahel deserts 

transported across the Atlantic basin by prevailing easterly winds (Jickells et al., 2005; Ussher et al., 

2013; Conway and John, 2014). In 2003, a coupled ocean-atmosphere trace-metal sampling program 

was carried out as part of the CLIVAR/CO2 Repeat Hydrography Program occupation of section A16N in 

the eastern North Atlantic (Measures et al., 2008a; Buck et al., 2010a,b; Barrett et al., 2012, 2014). 

Sampling along A16N was repeated in 2013, which to our knowledge represents the completion of the 

first repeat high-resolution, basin-scale trace metal section, providing the opportunity to examine how 

ocean trace metal inventories have responded to both short-term variability and decadal-scale trends in 

dust deposition. Here, we compare the measured concentrations of dissolved Al and particulate Al and 

Fe along A16N in 2003 and 2013 to determine how features in oceanic trace-metal distributions have 
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changed between the two occupations of the section; because of the distinct biogeochemical cycling of 

dissolved Fe in the upper ocean, discussion of dissolved Fe concentrations are beyond the scope of this 

paper and will be the subject of a separate, future manuscript. We examine changes in aerosol dust 

loading over the North Atlantic reported from satellite observations and model output to determine 

how changes in ocean trace metal inventories are related to trends in the atmospheric dust cycle and to 

better understand the relative importance of dust generation, atmospheric transport patterns, and 

deposition processes in controlling the delivery of trace metals to the North Atlantic. Repeat 

observations of upper-ocean trace metal distributions have important implications for the use of dust 

transport models to predict future trends in Fe deposition on the oceans and for validation of model 

representations of dust transport and deposition processes under changing dust conditions. 

2. Methods 

2.1. Sample collection 

The trace metal data used in this analysis were collected during two sampling efforts along 

CLIVAR/CO2 Repeat Hydrography section A16N from Reykjavik, Iceland to Natal, Brazil (Fig. 1) that took 

place from 20 June to August 7 2003 and from 3 August to 3 October 2013. Trace metal sampling was 

done at 60 and 63 stations in 2003 and 2013, respectively, with typical spacing of ~60 nm, or ~1 degree 

of latitude between stations (Fig. 2). Seawater was collected from the surface to depths of 

approximately 1000 m using 12 L GO-FLO bottles on a trace metal-clean rosette. GO-FLO bottles were 

sub-sampled in a clean laboratory van equipped with a HEPA filtered air system (see Measures et al. 

2008b for details). Sub-sampling protocols and dissolved and particulate trace metal analyses have been 

described previously for the 2003 dataset (Measures et al., 2008a; Barrett et al., 2012) and were 

repeated in 2013. Briefly, subsamples for dissolved trace metal analysis were collected by pressure-

filtering seawater (<55 kPa filtered, compressed air) through acid-washed, 0.4 μm polycarbonate track-

etched filters in polypropylene filter holders. Suspended particulate-matter samples collected on the 

filters were rinsed with deionized water (adjusted to pH 8 with ammonium hydroxide) while on the filter 

holder with a low vacuum applied. Mixed cellulose ester backing filters were used to ensure even 

sample loading. Filtration was started ~30 to 60 minutes after sample collection and was generally 

completed within 1 hour. The average sample filtration volume was 8.0 + 2.2 and 8.9 + 2.1 L in 2003 and 

2013, respectively. Although the sampling protocol should minimize any effects of particle settling by 

virtue of the shallow cast depths and short times between sample collection and filtration, losses from 

particle settling are not quantified and both the 2003 and 2013 datasets could underestimate actual 
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particulate trace metal concentrations. In 2003, sampling depths were limited to the upper 750 m 

between 62 and 27°N due to problems with the load-handling ability of the winch. 

One change to sample collection in 2013 was the addition of a piece of acid-cleaned Teflon 

tubing to the interior of the GO-FLOs that attached to the stopcock and curved down to fit against the 

opposite side of the bottle with a beveled edge, as described by Cutter and Bruland (2012) and 

Planquette and Sherrell (2012). The modification was made to facilitate draining of the entire bottle 

during particle sampling, including the small volume below the level of the stopcock. However, we must 

consider potential sampling artifacts introduced by addition of the tubing. If particle settling in the 

bottle was significant, the Telfon tubing could have allowed collection of particles at the bottom of the 

GO-FLO that would not have been captured during sampling in 2003. However, previous studies have 

concluded that this GO-FLO modification does not significantly counteract effects of particle settling 

(Planquette and Sherrell, 2012). Additionally, we would expect particle settling effects to be greatest in 

mid- and high-latitude surface waters where high seasonal biological production would lead to large, 

rapidly-sinking aggregates. As will be discussed below, no significant increases in particulate trace metal 

concentrations were observed in these regions in 2013 compared to 2003. Instead, the largest changes 

were observed at low latitudes where particle disaggregation and degradation processes dominate and 

likely result in a pool of small suspended particles (Barrett et al., 2012; 2014). Thus, it is improbable that 

the differences in particulate trace metal distributions between 2003 and 2013 could be the result of a 

sampling artifact introduced by modification of the GO-FLO bottles. 

2.2. Analytical methods 

Subsamples of filtered seawater (<0.4 μm) were collected into acid-washed 100 mL LDPE 

bottles, acidified to 0.024M HCl, and analyzed for dissolved Al concentrations using the flow injection 

method of Resing and Measures (1994). The method had a detection limit of 0.5 nM with a precision of 

3.0% in 2003 and a detection limit of 0.3 nM with a precision of 3.0% in 2013. Three SAFe and two 

GEOTRACES reference standards were run regularly and compared to consensus values for quality 

assurance and control in 2013 (Table 1). 

The trace metal composition of suspended particulate matter samples was determined by 

energy-dispersive X-ray fluorescence (ED-XRF) at NOAA/PMEL on a Thermo Fisher Quant’X equipped 

with a Rhodium Target X-Ray tube and an electronically cooled, lithium-drifted solid state detector using 

thin-film principles under a vacuum atmosphere. The ED-XRF protocol follows the methods of Feely et 

al. (1991) and has been described previously by Barrett et al. (2012). Analytical accuracy of the ED-XRF 
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analysis is confirmed by analysis of certified reference material NIST SRM 2783, air particulate on filter 

media, which shows good agreement (+/- 8%) between certified and measured values for Al and Fe 

(Barrett et al., 2012). Minimum detection limits for in situ seawater concentrations of particulate Al and 

Fe are 0.54 nM and 0.03 nM, respectively, given an average sample filtration volume of 8 L. Minimum 

detection limits are determined from a standard of known concentration and are defined as: 

MDL = (3 ∙ √Ib) / (Ip / c) 

where Ib is the background intensity, Ip is the peak intensity, and c is the concentration of the standard. 

Method-blank values of 11.0 and 2.1 ng/cm2 for Al and Fe, respectively, were determined from analysis 

of acid-cleaned filter blanks and subtracted from measured sample values (Barrett et al., 2012). 

Precision of the XRF analyses was typically 3–11% for particulate Al and 4–8% for particulate Fe. 

To account for differences in both station and depth spacing in the sampling plans for the two 

occupations of A16N, concentrations of particulate Fe, particulate Al and dissolved Al were subjected to 

a linear interpolation onto an evenly-spaced grid to compare the trace metal distributions between the 

2003 and 2013. Difference plots were restricted to regions of sampling overlap between the two cruises 

at latitudes 2°S to 62°N. To determine average trace metal concentrations in features of interest along 

the transect, a Monte-Carlo type simulation (n=1000) was performed by randomly varying the sample 

data within the bounds of individual measurement uncertainties and calculating an average 

concentration for the region of interest in each interpolated concentration field. The non-parametric 

Kolmogorov-Smirov test (Massey, 1951) was applied to determine the significance of differences 

between the distribution of means calculated for each region by the Monte-Carlo approach for 2003 and 

2013. 

3. Results and discussion 

3.1 Changes in particulate Al and Fe concentrations along A16N 

3.1.1 Distributions of particulate Al and Fe in 2003 and 2013 

The distributions of particulate Al (pAl) and particulate Fe (pFe) in the upper 1000 m along 

CLIVAR A16N in 2003 and 2013 are shown in Fig. 2. The major features of both the pAl and pFe 

distributions that were reported in 2003 (Barrett et al., 2012) were also observed along the section in 

2013, and are briefly described below. 
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163 At high-latitude stations, high pAl concentrations in surface waters result from mixing with river 

164 outflow from southern Iceland that carry high sediment loads. Re-suspension of sediments from shallow 

bottom depths over the Icelandic shelf can be seen in the deep pAl maxima in vertical profiles at these 

166 stations. Surface pAl concentrations are also elevated by scavenging of dissolved Al onto biogenic 

167 particles in productive coastal waters and, in 2003, in mid-latitude surface waters (~40–55°N) following 

168 the spring bloom in the North Atlantic. Concentrations of pAl are relatively low throughout the 

169 subtropical gyre, reflecting low rates of dust deposition on surface waters. In the tropical North Atlantic 

between ~10 and 20°N, pAl concentrations in surface waters are high (6–11nM) due to intense seasonal 

171 aerosol dust deposition. Shipboard daily-integrated aerosol samples collected in 2003 (Buck et al., 

172 2010a) and 2013 (Shelley, unpublished data) show peak concentrations of aerosol Al over a similar 

173 latitudinal range. Spatial patterns in the transport of aerosol dust across the tropical North Atlantic are 

174 largely controlled by the migration of the Intertropical Convergence Zone (ITCZ) and the distribution of 

peak surface-ocean pAl and aerosol Al flux observed in both A16N occupations is consistent with the 

176 northerly shift in aerosol transport expected in Northern hemisphere summer (Husar and Prospero, 

177 1997). The most prominent feature in the pAl distribution is a large subsurface region of elevated pAl 

178 concentrations (up to 20 nM in 2003 and 31 nM in 2013) that extends from 200 m down to maximum 

179 sampling depths (1000 m) between the equator and 20°N. This subsurface pAl maximum develops as 

aerosol dust particles deposited on surface waters settle through the upper water column and lithogenic 

181 particulate Al is released at depth during disaggregation and degradation of large sinking particles and 

182 biological aggregates. The spatial extent of this feature spans the full annual latitudinal range of peak 

183 dust transport from the African continent to the North Atlantic (Husar and Prospero, 1997). There is no 

184 evidence of sedimentary influence on trace metal concentrations at this distance from the African 

continent. Tracers of sedimentary inputs such as dissolved Mn and 228Ra are confined to regions within 

186 ~500 km of the coast (Hatta et al., 2014) and mineralogical assessment of particles has demonstrated 

187 that dust is the principal source of lithogenic material to the upper water column at these latitudes 

188 (Ohnemus and Lam, 2014). 

189 Generally, concentrations of pFe along A16N (Fig. 2d,e) have a distribution similar to pAl as both 

trace metal species are supplied largely from the same lithogenic sources (primarily aerosol dust) and 

191 are subject to similar removal processes (aggregation and sinking) in the upper water column of the 

192 North Atlantic. High concentrations of pFe introduced to surface waters from fluvial sources and at 

193 depth from shelf and bottom sediments can be seen in high-latitude pFe profiles. Maximum surface-
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ocean pFe concentrations at low latitudes (~10–20°N) result from intense seasonal deposition of 

Saharan dust and are consistent with shipboard estimates of the location of maximum aerosol Fe 

concentrations during A16N in both 2003 and 2013 (Buck et al., 2010a; Shelley, unpublished data). The 

pFe distribution also indicates the presence of a large subsurface particulate plume at low latitudes that 

develops, in part, from export of dust deposited on overlying surface waters. However, unlike Al, Fe also 

undergoes strong biological cycling in the upper water column with uptake of dissolved Fe in the surface 

ocean and remineralization below the euphotic zone. At low latitudes (0–20°N) along A16N, dissolved Fe 

released by remineralization of sinking organic matter accumulates at depth in poorly-ventilated, low-

oxygen waters below the euphotic zone. These waters are depleted in dissolved Fe relative to nitrate 

and remineralized carbon as inferred from AOU, suggesting relatively strong removal of dissolved Fe by 

scavenging onto particles (Measures et al., 2008a; Hatta et al., 2014). Hence, in addition to the vertical 

transport of dust particles, scavenging of the dissolved Fe pool likely also contributes to the high 

concentrations observed at depth in pFe profiles under the Saharan dust plume. 

3.1.2. Differences between 2003 and 2013 particulate Al distributions along A16N 

Differences in the distributions of pAl in the upper water column between 2003 and 2013 are 

primarily due to changing lithogenic inputs to the open ocean, largely aerosol dust fluxes, and variability 

in processes that control particle dynamics in the ocean interior. We focus on two regions where 

differences in measured pAl concentrations between the 2003 and 2013 occupation of A16N are 

greatest: surface waters in the productive mid-latitudes and in the equatorial region under the 

atmospheric outflow of Saharan dust. 

First, as shown in Fig. 2c, pAl concentrations in mid-latitude surface waters (~40–50°N) were 

lower (typically by > 5nM) than measured in 2003. While most pronounced in the surface ocean, pAl 

concentrations were also lower throughout the upper 1000 m in this region. In 2003, sampling occurred 

shortly after the onset of the North Atlantic spring bloom at these latitudes (Henson et al., 2009), where 

high concentrations of biogenic particles, primarily diatoms, are known to scavenge the surface-ocean 

dissolved Al pool accumulated from dust deposition over winter months (Kremling and Hydes, 1988; 

Moran and Moore, 1988). This seasonal scavenging of dissolved Al is the probable source of the high pAl 

concentrations (up to 12.2 nmol L-1) observed in surface waters in 2003 (Barrett et al., 2012), as well as 

elevated pAl at depth as biogenic particles are exported out of the surface ocean (Fig. 2a). The absence 

of this pAl feature in 2013 (Fig. 2b) is most likely due to the difference in the timing of sampling (~6 

weeks later in the year) compared to the 2003 occupation of A16N.  Rapid sinking rates for POC (100– 
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160 m d-1; Lochte et al., 1993) and diatom aggregates (~75 m d-1; Briggs et al., 2011) have been observed 

following the spring bloom in the subpolar North Atlantic during the 1989 JGOFS North Atlantic Bloom 

Experiment (NABE) and North Atlantic Bloom 2008 experiment (NAB08), respectively. By the time 

sampling commenced along A16N in 2013 (early August), high seasonal, bloom-induced pAl 

concentrations had likely already dissipated due to bloom decay and particle export. As shown in Fig. 3 

for a repeat station at 45°N, an intense surface-ocean particulate Si maximum (>350 nM) in 2003 

coincides with elevated pAl concentrations in the surface ocean (up to 8 nM) and at depth (>4 nM). 

Differences in the behavior of particulate Si and Al with depth reflects their differential remineralization 

(e.g., Measures et al., 2014). In contrast, low surface ocean particulate Si concentrations (<50 nM) in 

2013 suggests absence of bloom activity and low pAl concentrations are observed throughout the water 

column (<2 nM). 

The largest differences in pAl between 2003 and 2013 were observed in the subtropical and 

equatorial North Atlantic (Fig. 2c). Here, upper water column pAl distributions primarily reflect 

deposition of aerosol dust from the deserts of northern Africa (Buck et al., 2010a). In 2013, increased 

pAl concentrations were observed within the broad subsurface (>200 m) particulate plume at low 

latitudes that results from vertical transport of aerosol dust particles through the upper water column. 

At depths >200 m between 0 and 20°N, the average pAl concentration increased by 1.6 nM (14%) from a 

calculated mean of 11.5 + 0.2 nM in 2003 to 13.1 + 0.6 nM in 2013 (two-sample Kolmogorov-Smirov 

test, α<0.01). 

A residence time of 1–4 years for this subsurface particulate feature can be calculated using 

average ocean pAl concentrations (Barrett et al., 2012 and this work), concentrations of total aerosol Al 

measured along A16N (Buck et al. 2010a; Shelley, unpublished data), an aerosol Al solubility of 10% for 

Saharan aerosols (Buck et al., 2010a), and an average aerosol deposition velocity of 1.2 cm s-1, which is 

close to the estimate of Duce et al. (1991). Estimates for aerosol deposition velocities are not well 

constrained and this value adds uncertainty to our estimate of pAl residence time. For example, a recent 

study by Niedermeier et al. (2014) measured mean aerosol deposition velocities of  0.2 cm s-1 for 1–10 

μm mineral dust particles in the tropical northeast Atlantic, similar to the distribution of particle size in 

the A16N Saharan aerosol samples (Buck et al., 2010b). Using the aerosol deposition velocity measured 

by Niedermeier et al. would increase residence times by up to a factor of 6 and thus our calculations are 

likely a conservative estimate. 
-1)Climatological estimates of dust flux to the surface ocean at these latitudes (2–20 g dust m-2 yr 

(Zender et al., 2003; Jickells et al., 2005; Mahowald et al., 2005) combined with an aerosol Al content of 
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8.0% (Wedepohl, 2005) generate similar estimates of residence time (<1 to 3 years). Multi-year 

residence times for pAl in the upper 1000 m is likely an effect of small particle size. This region is a zone 

of intense remineralization as evidenced by a high AOU, nitrate, and dissolved Fe (Measures et al., 2008; 

Hatta et al. 2014). Small lithogenic particles delivered by aerosol deposition, typically are likely released 

at depth to the suspended matter pool as aggregates are subjected to remineralization and degradation 

processes. A decrease in the mean lithogenic particle size over the decade interval could increase the 

residence time of suspended particulate matter and result in the observed increase in ocean pAl 

concentrations. However, studies of the properties of Saharan aerosols over our study period show no 

indication that the mean particle size of lithogenic inputs to this region has decreased (Ryder et al., 

2013). Thus, observed pAl concentrations in the subsurface maximum at low latitudes represent a multi-

year average signal of annual dust deposition and the increase in average pAl concentrations in this 

large-scale feature suggests an increase in dust deposition to surface waters in this region between 2003 

and 2013. 

Concentrations of pAl reach maximum concentrations in equatorial surface waters (10.9 nM in 

2003 and 11.2 nM in 2013) at latitudes under the Saharan dust outflow (~0–20°N). If aerosol deposition 

to surface waters in this region increased between the two occupations of A16N as suggested from 

changes observed in the large particulate plume deeper in the water column, it may be expected that 

surface-ocean pAl concentrations would also be higher in 2013. However, the differences in average pAl 

concentrations between 2003 and 2013 in the mixed layer are less robust (typically <0.5nM), which is 

likely a result of the variability in dust deposition and the very short residence times expected for 

particles in the surface layer. A residence time for surface-ocean particulates in the equatorial North 

Atlantic can be calculated from surface inventories (<50 m) of pAl in both 2003 and 2013 and the 

measured and climatological aerosol input parameters described above. Resulting residence times are 

generally 1–5 weeks, although estimates range up to a maximum of 43 weeks due to the high degree of 

variability in aerosol deposition events. At the lower end, our estimate is comparable to previous work 

reporting residence times of 3–22 days for pAl in the equatorial North Atlantic from upper water column 

pAl concentrations and climatological dust fluxes (Dammshäuser et al., 2013) and a lithogenic particle 

residence time of 10–40 days in the subtropical North Atlantic using sediment trap data (Bory and 

Newton, 2000). This short residence time implies that surface-ocean particulate trace metal 

concentrations will be strongly influenced by the highly episodic nature of dust transport over the North 

Atlantic. 
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3.1.3. Differences between 2003 and 2013 particulate Fe distributions along A16N 

Similar to the changes in pAl distributions along A16N between the two occupations, the largest 

differences in the pFe distribution between 2003 and 2013 were also observed in the subsurface 

particulate maximum in the equatorial North Atlantic (Fig. 2f). Between the equator and 20ºN at depths 

below 200 m, average pFe concentrations increased by 0.9 nM (27%) from a calculated mean of 3.4 + 

0.02 nM in 2003 to 4.3 + 0.02 nM in 2013 (two-sample Kolmogorov-Smirov test, α <0.01). 

Inputs of pFe and pAl are expected to be closely coupled in this region given the strong 

atmospheric source common to both metals. Considering pAl as a proxy for lithogenic dust inputs, the 

increase in pFe (+27%) relative to pAl (+14%) between 2003 and 2013 suggests that vertical transport of 

dust particles would account for approximately half of the observed increase in pFe concentrations. The 

excess pFe at depth observed in 2013 could be due to increased scavenging of the high concentrations 

of subsurface dissolved Fe in this region (up to 2 nM in 2003; Measures et al., 2008a). We observe a 

significant increase in Fe:Al molar ratio of particles in the subsurface plume (0.29 + 0.01 in 2003 and 0.32 

+ 0.3 in 2013; p<0.01), implying changes in the internal cycling of Fe in the equatorial North Atlantic. For 

example, scavenging is known to be important in controlling the partitioning of remineralized Fe 

between dissolved and particulate phases in subsurface waters this region (Measures et al., 2008; Hatta 

et al., 2014) and could contribute to the changes in pFe observed been 2003 and 2013. Increased 

scavenging pressures could result from higher lithogenic particle loads in 2013. Likewise, average 

particulate P concentrations in this region more than doubled in 2013 compared to 2003 

(supplementary data Fig. S1), indicating a higher concentration of biogenic particles, which are also 

efficient at scavenging dissolved Fe (Balistrieri et al., 1981). While we cannot yet compare dFe 

distributions along A16N between 2003 and 2013, maximum dFe concentrations observed in the top 

1000 m in 2003 (Measures et al., 2008) are typically higher (1.26–2.02 nM, 13 stations) than those 

observed in 2008 (0.98–1.47 nM, 6 stations; R/V Oceanus OC 449-2) by Fitzsimmons et al. (2013) in 

regions of sampling overlap, (6–18°N, 25–31°W), which would be consistent with an increase in 

scavenging rates. 

It is unlikely that a change in the composition of aerosol sources between 2003 and 2013 could 

explain the increase in the Fe:Al ratios of ocean particulate matter. Analysis of aerosol samples collected 

daily along A16N suggests that the Fe:Al ratio of aerosol dust inputs to this region may have declined 

between the two occupations (0.32 + 0.05 in 2003 and 0.27 + 0.2 in 2013, p<0.01; Buck et al., 2010; 

Shelley, unpublished data). Given the highly episodic nature of aerosol transport and the short collection 

time for these samples, this difference may or may not accurately reflect long-term trends in aerosol 

10 

https://0.98�1.47
https://1.26�2.02


 
 

       

  

           

      

      

           

        

         

   

    

         

     

      

          

     

    

  

    

   

       

         

      

   

    

        

     

       

     

         

         

  

        

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

composition, but these samples provide no evidence for an increase in the Fe:Al ratio of source aerosols 

that would explain the changes observed in the chemistry of ocean particulate samples. 

In efforts to compare our A16N timepoints to other datasets , we also consider particulate Al 

and Fe data collected during the 2010/2011 GEOTRACES North Atlantic Zonal Transect, between our two 

occupations of A16N (Ohnemus and Lam, 2014; Twining et al., 2014). The intersection between these 

two transects in the region of interest in the equatorial North Atlantic occurs at approximately 19°N and 

29°W, a location with high spatial gradients in dust transport and deposition, and at the interface 

between two distinct water masses at intermediate depths (supplementary data Fig. S5); these factors 

may introduce additional variability to particulate trace metal measurements (supplementary data Fig. 

S2). Additionally, methodological differences in sample collection further complicate data comparison. 

Particulate sampling by Ohnemus and Lam (2014) employed a 0.8 μm minimum filter size as compared 

to the 0.4 μm filter used during both A16N occupations. We note the significant differences between 

particulate Al concentrations at depth (>200 m) at open-ocean stations in the eastern North Atlantic 

from 0.8 μm filter samples and 0.45 μm filter samples collected during the GEOTRACES section (Twining 

et al., 2014; supplementary data Fig. S3). Hence, we conclude that methodological differences preclude 

meaningful comparison of these two datasets. 

3.2 Changes in dissolved Al concentrations along A16N 

3.2.1. Distribution of dissolved Al 

The distribution of dissolved Al (dAl) in the upper 1000 m of the water column along A16N in 

2013 is broadly similar to that observed a decade earlier (Fig. 4; Measures et al., 2008; Barrett et al., 

2012); these general features are briefly described below. 

Surface-ocean dAl concentrations reflect input of Al from the deposition and partial dissolution 

of atmospheric aerosols and removal by particle scavenging processes. The dAl surface maxima 

observed at low latitudes (~0–10°N) result from intense seasonal deposition of aerosol dust on the 

surface ocean in the equatorial North Atlantic. Outside of the equatorial region, surface concentrations 

of dAl are much lower, reflecting reduced dust inputs. At mid-latitude stations, scavenging of dAl onto 

biogenic particles following the spring bloom in the North Atlantic (see discussion in section 3.1.2) leads 

to strong removal of dAl from surface waters as Al is transferred to the particulate phase; thus dAl 

profiles exhibit minimum values at the surface. There are two subsurface features in the dAl distribution 

that result from subduction of Al-rich surface waters. The first is the local maximum in dAl 

concentrations (>23 nM in 2003 and >25 in 2013) centered at depths of ~300 m in subtropical waters 
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(20–35°N). This signal originates from the subduction of dust-imprinted waters in the western basin that 

form the Atlantic subtropical mode waters. Similarly, deposition of Saharan dust on the Mediterranean 

basin leads to Al-rich surface waters that are subducted and transported through the Strait of Gibraltar 

as Mediterranean outflow water (MOW). The CLIVAR A16N section transects the MOW at 35–41°N 

where elevated dAl concentrations were observed at depths below ~700 m during both occupations, as 

indicated by the local salinity maximum (Measures et al., 2008a). At more northerly stations along A16N 

(>40°N), minimum dAl values at the surface and increasing dAl with depth reflect the strong removal of 

dAl from the surface mixed layer by seasonal scavenging pressures from high concentrations of biogenic 

particles as described in section 3.1.2. 

3.2.2. Differences between 2003 and 2013 dissolved Al distributions 

Similar to the changes observed in pAl and pFe, increased concentrations of dAl were observed 

in 2013 in regions heavily impacted by delivery of aerosol dust from low-latitude continental sources in 

surface waters in the tropical North Atlantic (0–20°N) and where A16N intersects subtropical mode 

waters (Fig. 4c). 

The largest differences in the dAl distribution between the two occupations of A16N are found 

in North Atlantic equatorial surface waters (0–20°N) where high rates of dust deposition and the partial 

dissolution of aerosol Al lead to local maxima in surface-ocean dAl concentrations (Measures et al., 

2008a). Maximum dAl concentrations observed in this region increased from 36 + 1.1 nM in 2003 to 42 + 

1.3 nM in 2013 and average dAl concentrations in the upper 50 m increased by 3.1 nM (16%) from 19.5 

+ 0.02 nM in 2003 to 22.6 + 0.2 nM in 2013. Atmospheric dust transport across the equatorial North 

Atlantic is controlled spatially by the seasonal shift in the ITCZ, which is centered approximately 

between the equator and 10°N during boreal winter and farther north between 10 and 20°N during 

summer (Husar and Prospero 1997). The residence time of surface-ocean dAl in the eastern tropical 

North Atlantic has been estimated to be on the order of several months from both seasonal 

observations and modeling work (Helmers and van der Loeff, 1993; Dammshäuser et al., 2011; van 

Hulten et al., 2013). Due to its relatively short residence time, dAl accumulates in surface waters from 0 

to 10°N in the winter then slowly decays in this region over the summer as the location of maximum 

dust deposition shifts north, as can be seen in the seasonal observations of Helmers and van der Loeff 

(1993). Comparison of dAl profiles at 19°–21°N with dAl data of Measures et al. (2014) collected at 

similar latitudes during winter months on the 2011 GEOTRACES NAZT also illustrates the response of 

surface-ocean dAl concentrations to the seasonality of dust inputs to this region (supplementary data 
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Fig. S4); subsurface features in these dAl profiles reflect local boundaries between intermediate-depth 

water masses (supplementary data Fig. S5). 

Because of the lag of ~6 weeks between the timing of sampling in 2003 and 2013, dAl surface 

concentrations between 10–20°N in 2013 could be higher due to extended exposure to summertime 

aerosol deposition. However, if aerosol inputs were constant between 2003 and 2013, dAl 

concentrations over 0–10°N would be expected to be lower in 2013 due to a longer time for particle 

scavenging to remove dAl from surface waters after local inputs ceased. Instead, comparison of the 

2003 and 2013 dAl distributions shows an increase in average surface concentrations over 0–10°N as 

well (3 nM). It is unlikely that reduced scavenging pressures could explain the persistence of the dAl 

signal given the increased particulate trace metal loading discussed above. Hence, the increase in 

average dAl concentrations observed in 2013 compared to 2003 in surface waters (>50 m) between the 

equator and 20°N is most likely the result of increased atmospheric dust deposition in 2013 compared to 

2003. Due to the relatively short residence time of surface-ocean dAl in this region, concentration 

differences can be attributed solely to inter-annual variability in dust deposition (Prospero and Lamb, 

2003). However, the sign and magnitude of the observed change is consistent with the long-term trend 

of increasing dust deposition across the equatorial North Atlantic suggested by the particulate Al and Fe. 

Increased dAl concentrations between 2003 and 2013 are also observed along potential density 

surfaces σθ = 26.5 to 26.9 (approximately 200–400 m) in the core of the subtropical mode water along 

A16N between 25 and 35ºN (Fig. 5). Increased dAl concentrations in these mode waters suggest that 

dust deposition to surface waters may have been higher in the western North Atlantic during mode 

water formation. Long-range transport of Saharan dust across the North Atlantic is a major contributor 

to atmospheric aerosol loading over the western North Atlantic (Li et al., 1996; Prospero and Lamb, 

2003; Prospero and Mayol-Bracero, 2013) and Saharan dust deposition is a major source of trace metals, 

notably Al, to subtropical surface waters in the western Atlantic basin (Jickells 1999). The average 

increase in dAl in the subtropical mode water signal (1.0 nM, 5%) is smaller than the relative increases in 

particulate (+14%) and dissolved (+16%) Al observed in the equatorial region along the A16N transect, 

which result from local dust deposition in the eastern basin rather than transit of dAl-imprinted water 

masses. This variation could be due to real differences between the dust transport pathways or 

deposition processes in the eastern and western Atlantic. Although the residence time of subtropical 

mode waters in the North Atlantic is relatively short (~4 years; Trossman et al., 2012), the transit time of 

subducted mode waters from their origin in the western basin could contribute to differences between 

dAl inventories of local and advected water masses. Additionally, the residence time of surface-ocean 
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dAl in the region of mode water formation in the western basin is likely at least twice as long as the 

residence time of either the dAl or pAl signal in the eastern basin; thus subtropical mode water dAl may 

also reflect changes in dust deposition over the longer integration period in mode water source regions. 

In regions of the western Atlantic where formation of North Atlantic subtropical mode water occurs 

(Hanawa and Talley, 2001; Kelly and Dong, 2013), model output estimates the residence time of surface-

ocean dAl to be 4–20 years (Gehlen et al., 2003; Han et al., 2008). After subduction in the western 

basin, dAl in this water mass is subject to greatly reduced particle scavenging pressures, leading to semi-

conservative behavior of dAl in subsurface waters (Orians and Bruland, 1986; Measures and Edmond, 

1990). 

Elevated dAl concentrations are also observed in the high-salinity Mediterranean outflow water 

(MOW) at ~700–1100 m between 35 and 41°N along A16N during both occupations. Due to restrictions 

on sampling depth at these stations, the 2003 occupation sampled the upper portion of this water mass 

but missed the core of the signal, making potential changes in the dAl concentrations in this water mass 

difficult to discern. In 2013, dAl concentrations in the core of the MOW (800–1000 m) reached a 

maximum of 29.5 nM. Concentrations of dAl in the MOW during the 2013 occupation of A16N are 

comparable to previous observations of dAl maxima in the MOW in the eastern subtropical North 

Atlantic (Fig. 6). The variability in dAl concentrations between the A16N data and previous studies likely 

primarily reflects spatial differences in sampling sites and the dilution of MOW with low-Al North 

Atlantic Central Water as it moves along northern and westward flow branches through the eastern 

North Atlantic (Lozier et al., 1995). Satellite observations of aerosol distributions and aerosol sampling at 

ground-based sites throughout the Mediterranean basin indicate that Saharan dust inputs vary 

temporally and spatially on relatively short timescales, largely controlled by changes in atmospheric 

circulation patterns with robust correlation with the summer North Atlantic Oscillation index (Moulin et 

al., 1998; Dayan et al., 2008). Previous studies have reported that dust transport to the Mediterranean 

decreased between the mid-1980s to the late 1990s, increased from the late 1990s to the mid-2000s, 

and shows a negative trend from the mid-2000s to 2011 (Ridame et al., 1999; Antoine and Nobileau, 

2006; Pey et al., 2013). However, these trend reversals in dust deposition to the Mediterranean have 

occurred on much shorter periods than the timescale of deep water circulation in the Mediterranean 

basin, which is on the order of several decades (Chou and Wollast, 1997) and controls dAl 

concentrations in the MOW. Hence, the long residence time of Al-enriched water in the Mediterranean 

basin would, to a large extent, likely integrate any variability in aerosol Al input to Mediterranean 

surface waters. 
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3.3. Trends in atmospheric dust transport over the equatorial North Atlantic Ocean 

In Fig. 7, the trace metal data from the subsurface particulate plume at low latitudes (pAl and 

pFe), surface waters in the tropical North Atlantic (dAl), and North Atlantic subtropical mode waters 

(dAl) are plotted for both 2003 and 2013, showing the increase in both mean and maximum trace metal 

concentrations observed for each region. Table 2 summarizes estimated residence times for pAl, pFe, 

and dAl features in equatorial and subtropical North Atlantic heavily impacted by the deposition of 

atmospheric dust from the deserts of northern Africa and the average change in trace metal 

concentrations observed for each feature between 2003 and 2013. Increased inventories of these trace 

metal species suggest that dust deposition to the eastern tropical North Atlantic increased between 

2003 and 2013. These differences reflect a combination of inter-annual variability and the decadal trend 

in dust deposition that will vary with the residence time of the trace metal signal considered. 

Because of the importance of atmospheric aerosols and their feedbacks in the climate system, 

observational efforts have greatly expanded over the last several decades and have resulted in 

availability of records of global aerosol distributions from various satellite products (e.g., MODIS, 

AVHRR, SeaWiFS, EOS, TOMS, MISR) and ground-based aerosol sampling networks (e.g., AERONET, 

IMPROVE) (Chin et al., 2013). The changes in the average global aerosol loading over the last several 

decades detected from satellite products are small relative to the total aerosol loading and recent 

analyses have disagreed on the size and direction of change in average global aerosol transport 

(Mishchenko et al., 2007; Zhang and Reid, 2010; Hsu et al., 2012). However, many analyses have found 

robust regional trends in aerosol optical depth (AOD) due to changing local natural and anthropogenic 

sources. There is significant agreement among studies employing various satellite, ground-based 

sampling, and modelling products that dust transport across the tropical North Atlantic Ocean has 

decreased between the 1980s and late 2000s (Mishchenko and Geogdzhayev, 2007; Foltz and 

McPhaden, 2008; Wong et al., 2008; Zhao et al., 2008; Evan and Mukhopadhyay, 2010; Zhang and Reid, 

2010; Hsu et al., 2012; Chin et al., 2013). These studies report negative AOD trends in regions over the 

tropical North Atlantic affected by African dust transport of -0.01 to -0.1/decade for the last 2 decades, 

although most estimates fall within -0.03 to -0.05/decade (Foltz and McPhaden, 2008; Zhao et al., 2008; 

Zhang and Reid, 2010; Hsu et al., 2012). Average annual AOD in our study region is estimated to be 0.3– 

0.5 (Foltz and McPhaden, 2008; Zhang and Reid, 2010; Chin et al., 2013), making the estimated decadal 

rate of AOD decline between 2 and 30%. 
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MODIS satellite images showing AOD over the North Atlantic integrated over the 2003 and 2013 

cruise dates as well as for the preceding 12 months are shown in Fig. 8. Although aerosol transport is 

expected to be highly variable both seasonally and interannually, the decline in AOD over the tropical 

North Atlantic during the 2013 occupation of A16N compared to a decade earlier is consistent with the 

general trend of decreasing regional aerosol loads over the last several decades reported by the above 

studies. The trend of decreasing AOD over the tropical North Atlantic has been linked to reduced dust 

production, perhaps due to increased precipitation over regions of dust generation (Prospero and Lam, 

2003; Foltz and McPhaden, 2008), greening of African deserts (Cowie et al., 2013), or changes in 

atmospheric circulation patterns (Wong et al., 2008; Hsu et al., 2012). Recent work has also found that 

decreased AOD over the tropical North Atlantic is closely associated with increased precipitation over 

the tropical North Atlantic Ocean (Chin et al., 2013). Hence, both dust generation in continental source 

regions and removal efficiency (precipitation) over the ocean are important controls on trends in dust 

AOD over the tropical North Atlantic. 

The increased inventories of pAl, pFe, and dAl in the upper 1000 m along A16N between 2003 

and 2013 we observe in this study suggests that aerosol dust deposition on surface waters increased 

over this timeframe as average AOD over the tropical North Atlantic has declined. Wet deposition of 

atmospheric aerosols is the primary mechanism for the delivery of trace metals to the open ocean in the 

tropical North Atlantic (Hand et al., 2004). Our repeat observations of trace metal distributions along 

A16N are consistent with the findings of Chin et al. (2013) that removal of aerosol dust by precipitation 

over the open ocean is contributing to declining AOD trends over the tropical North Atlantic Ocean over 

the last several decades. Indeed, despite evidence that dust generation in desert source regions may be 

declining, our repeat of the A16N line indicates that ocean trace metal inventories in the eastern North 

Atlantic have not declined as a result, but rather have increased by 5–15%. This is consistent with 

observations that aerosol deposition processes have intensified as the magnitude or spatial patterns of 

precipitation shift, likely driven by increasing sea-surface temperatures as suggested by a number of 

previous studies (Wong et al. 2008; Foltz and McPhaden, 2008; Wang et al., 2012; Chin et al., 2013). 

4. Conclusions 

Repeat trace metal observations along CLIVAR A16N have allowed us to examine changes in 

large-scale trace metal features in the equatorial and sub-tropical North Atlantic impacted by dust 

deposition on timescales of weeks to months (surface dAl) and over multiple years (subtropical mode 

water dAl and subsurface pAl and pFe), which suggest that dust deposition on surface waters likely 
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increased by up to 15% between 2003 and 2013. This increase in trace metal concentrations in the 

upper water column support recent observational work linking declining aerosol optical depth over the 

North Atlantic to increased removal via precipitation over the ocean, especially in the eastern North 

Atlantic. Discussion of future changes in the atmospheric delivery of biologically-important trace metals 

to the oceans, most notably Fe (e.g., Mahowald et al., 2009), have primarily made use of modeling 

studies examining predicted changes in the global dust transport stemming from changes in the spatial 

extent and emission strength of desert source areas (Mahowald and Luo, 2003; Tegen et al., 2004; 

Woodward et al., 2005; Mahowald, 2007). This work emphasizes the need to robustly link trends in 

atmospheric dust loading to deposition rates over the ocean by more accurately representing deposition 

mechanisms such as wet deposition in models, a need that has been previously highlighted by other 

researchers (e.g., Prospero et al., 2010; Schultz et al., 2012). 
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Fig. 1. Map of the CLIVAR/CO2 Repeat Hydrography section A16N occupied in 2003 and 2013. 

Fig. 2. Distributions of particulate Al (a-c) and particulate Fe (d-f) in nmol L-1 along CLIVAR A16N in 2003 
(a,d) and 2013 (b,e) with contours of potential density and the difference (2013 minus 2003) in 
particulate Al and Fe concentrations between the two occupations (c,f). Black dots represent individual 
sample measurements. 

Fig. 3. Concentrations (in nmol L-1) of particulate Al (diamonds, solid line) and particulate Si (circles, 
dotted line) at 45°N along CLIVAR A16N in 2003 (station 42, open symbols) and 2013 (station 41, closed 
symbols). 

Fig. 4. Distributions of dissolved Al in nmol L-1 along CLIVAR A16N in 2003 (a; Measures et al., 2008a) and 
2013 (b; this work) with contours of potential density and the difference (2013 minus 2003) in dissolved 
Al concentrations between the two occupations (c). Black dots represent individual sample 
measurements. 

Fig. 5. Difference (2013 minus 2003) in dissolved Al concentrations (in nmol L-1) averaged over 25º to 
35ºN plotted as a function of potential density (σθ). 

Fig. 6. Maximum concentrations of dissolved Al (in nmol L-1) in Mediterranean outflow water (MOW; 
800–1300 m) from the 2013 CLIVAR A16N cruise (circles; this work), the 2010 GEOTRACES North Atlantic 
GA03 cruise (crosses; Measures et al., 2014), the 2002 IRONAGES III cruise (diamonds; Kramer et al., 
2004), the 1998 MERLIM98 cruise (squares; de Jong et al., 2007), the 1990 IOC Atlantic cruise (triangles; 
Measures, 1995), and the 1982 RSS Discovery cruise 125 (inverted triangles; Hydes, 1983). 

Fig. 7. Observed concentrations (in nmol L-1) of pAl and pFe in subsurface particulate plume (0-20°N, 
>200 m), dAl in surface waters (>50m, 0-20°N), and dAl within the core of North Atlantic subtropical 
mode waters (25-35°N, 150–450m). Box plots show median values (solid line), 50th percentile values 
(box outline), 95th percentile values (whiskers), and outlier values (crosses). 

Fig. 8. Aerosol optical depth at 550 nm from MODIS Terra Daily Level-3 Data temporally averaged over 
sampling dates (top) and 12 months prior to the cruise start (bottom) for the 2003 (left) and 2013 (right) 
occupations of A16N. Visualizations produced using the Giovanni online data system developed by NASA 
GES DISC (http://disc.sci.gsfc.nasa.gov/giovanni). 
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Table 1. Analysis (average ± 1 SD) of SAFe and GEOTRACES reference samples using the flow injection 
method of Resing and Measures (1994) for shipboard determination of dAl (nmol L-1) during the 2013 
occupation of A16N compared to consensus values as of May 2013 
(http://www.geotraces.org/science/intercalibration). 

A16N 2013 consensus 

SAFe S  
SAFe D1 
SAFe D2 
GEO GD
GEO GS 

(n=8) 
(n=8) 
(n=8) 

 (n=7) 
(n=4) 

1.83 + 0.05 
1.01 + 0.02 
0.93 + 0.04 
17.5 + 0.4 
29.6 + 1.3 

1.67 + 0.10 
0.62 + 0.03 
1.03 + 0.09 
17.7 + 0.2 
27.5 + 0.2 

http://www.geotraces.org/science/intercalibration


    
 

 
 

 
     

     
     

       
         

  

 

Table 2. Observed changes in trace metal concentrations between 2003 and 2013 reported in nmol L-1 

and % change since 2003 and estimated residence time of the trace metal signal in regions of high 
aerosol dust inputs along A16N. 

trace metal feature 
latitude 
range 

depth 
range 

residence 
time 

avg change 2003– 
2013 in nmol L -1 (%) 

equatorial subsurface particulate Al 0–20°N > 200 m 1–4 years 1.6 (+14%) 
equatorial subsurface particulate Fe 0–20°N > 200 m 1–4 years 0.9 (+27%) 
equatorial surface dissolved Al 0–20°N < 50 m months 3.1 (+16%) 
NA STMWa dissolved Al 25–35°N 150–450 m 4–20 years 1.0 (+5%) 
a
North Atlantic subtropical mode water 
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