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Abstract

Concentrations of dissolved Al and Fe in the surface mixed layer were measured during "ve
cruises of the 1995 US JGOFS Arabian Sea Process Study, Concentrations of both Al and Fe
were relatively uniform between January and April, the NE Monsoon and the Spring Intermon-
soon period, ranging from 2 to 11 nM Al (mean 5.3 nM) and 0.5 to 2.4 nM Fe (mean 1.0 nM). In
July/August, after the onset of the SW Monsoon, surface water Al and Fe concentrations
increased signi"cantly (Al range 4.5}20.1 nM; mean"10 nM, Fe range 0.57}2.4 nM;
mean"1.3 nM), particularly in the NE part of the Arabian Sea, as the result of the input and
partial dissolution of eolian dust. Using the enrichment of Al in the surface waters, we estimate
this is the equivalent to the deposition of 2.2}7.4 g m~2 dust, which is comparable to values
previously estimated for this region. Approximately one month later (August/September),
surface water concentrations of both Al and Fe were found to have decreased signi"cantly
(mean Al 7.4 nM, mean Fe 0.90 nM) particularly in the same NE region, as the result of export of
particulate material from the euphotic zone. Fe supply to the surface waters is also a!ected by
upwelling of sub-surface waters in the coastal region of the Arabian Sea during the SW Monsoon.
Despite the proximity of high concentrations of Fe in the shallow sub-oxic layer, freshly upwelled
water is not drawn from this layer and the NO

3
/Fe ratio in the initially upwelled water is below

the value at which Fe limitation is through to occur. Continued deposition of eolian Fe into the
upwelled water as it advects o!shore provides the Fe required to raise this ratio above the Fe
limitation value. ( 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

It is becoming increasingly important to understand the role that eolian deposition
plays in supplying trace elements to the surface waters of the ocean, and the role that
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this episodic supply plays in moderating biological processes. While it has been
recognised for some time that the dust deposition process is the major geochemical
pathway for supply of some elements, e.g., Al, Mn, Fe, to the remote surface
ocean (Kremling, 1985; Statham and Burton, 1986; Measures et al., 1986; Duce
and Tindale, 1991), the recent proposition that low Fe levels in some remote regions
may limit surface water production (Martin and Fitzwater, 1988; Martin et al.,
1990) adds new impetus for understanding the mechanisms by which such delivery
is accomplished and the factors that control it. Further, the use of experi-
mental additions of Fe to low-Fe regions to precipitate changes in biological
interactions requires an a priori knowledge of the natural response of the
surface ocean chemistry to episodic dust additions (Martin et al., 1994; Coale et al.,
1996).

The potential connection between pulsed iron deposition to the surface of the ocean
and carbon export from it, is particularly interesting because it may provide a non-
linear feedback between surface ocean chemistry, biological processes and, through
atmospheric CO

2
levels, climate. This connection may be non-linear because pulsed

iron depositions may result in alteration in food web dynamics. A steady-state food
web, in which small phytoplankton are kept in check by small zooplankton, results in
low export production since most of the nutrients consumed in the photic zone are
recycled through grazing (Banse, 1994). If rapid chemical changes occur in the surface
of the ocean such that the growth of much larger phytoplankton is suddenly favoured,
then the lack of appropriate grazers for the larger cells will lead to a population
explosion. Lack of grazing also leads to a diminishment (or cessation) of recycling of
the nutrient pool which in turn leads to the phytoplankton population crashing. The
senescent population will settle out of the photic zone, taking its incorporated
nutrients with it. The presumed connection of Fe to this disturbance process arises
from the absolute Fe-requirement of phytoplankton for a variety of biochemical
processes. The individual cell's Fe-requirement scales with the volume of the cell, but
the ability to transport Fe from the surrounding water across the cell membrane scales
with the surface area of the cell. Thus, at low ambient Fe concentrations small cells
with high surface area-to-volume ratios are favoured (Sunda and Huntsman, 1997).
The rapid addition of signi"cant quantities of Fe to surface waters increases the
ambient Fe concentrations and increases the ability of large cells with their less
favourable surface-to-volume ratios to compete for the available Fe. In the absence of
signi"cant numbers of appropriate-sized grazers for this group, the large cells will "nd
an advantage and their population will grow unchecked, leading to the crash and
export process outlined above.

In terms of carbon and nutrient export, an important factor is the disturbance of
quasi steady-state conditions by rapid changes in surface water chemistry. Thus, it is
important to observe the response of the biogeochemical cycle to natural episodic
additions of Fe to the photic zone. The deposition and partial dissolution of dust in
the surface waters of the ocean is one such episodic mechanism, as is the upwelling of
Fe-rich sub-surface waters. Direct determination of dust deposition at sea is extremely
problematic, although measurements of suspended dust load can be coupled with
scavenging ratios to estimate this parameter. Dissolved Al released into surface waters
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through dust dissolution has been used successfully as a proxy to estimate dust
deposition in the Atlantic Ocean (Measures and Brown, 1996).

The surface water of the Arabian Sea (AS) is an important region in which to study
the complex interactions of biological processes with natural episodic injections of Fe
into the photic zone. The AS experiences monsoonal eolian deposition, coastal and
open ocean upwelling, as well as seasonal surges in primary production. In addition,
because of the di!erential solubility of oxidised and reduced forms of Fe, the sub-
surface, sub-oxic water of the region may play a signi"cant role in moderating the
normal chemical separation of Fe from N and P during the remineralisation of
organic matter. The degree to which each of these processes interact in this ocean
region will be of use in elucidating chemical and biological interactions in other, more
iron impoverished, oceanic regimes.

The distribution of dissolved Al and Fe in the surface waters of the AS during the
JGOFS cruises is the result of the interplay of various atmospheric, chemical, physical
and biological processes many of which are still being examined. In this manuscript
we will present a simple, "rst-order descriptive explanation of observed Al and Fe
concentration changes coupled with a few simple calculations to demonstrate the
feasibility of the various processes in controlling them. We expect that a more
rigorous delineation of the processes will be possible when the other data sets from the
AS are ready and available for interdisciplinary interpretation.

2. Methods

2.1. Analytical methods

Samples were collected for determination of dissolved Fe and Al on cruises TN043,
45, 49, 50 and 53 at most stations along the standard cruise track (Fig. 1). Throughout
this paper references to the northern section will denote stations N1}N11 and the
southern section will include stations S1}S15. During the 5 cruises, samples for
vertical pro"les were collected using trace metal clean techniques from two di!erent
sampling systems. During TN043 and TN045, and at stations N1}N7 during TN049,
samples were obtained from 30-l Go-Flo bottles mounted on a trace metal-clean
rosette (Hunter et al., 1996). Subsequent to the loss of this equipment during TN049,
samples were obtained from 30-l Go-Flo bottles mounted on a trace metal-clean
rosette (Hunter et al., 1996). Subsequent to the loss of this equipment during TN049,
samples were obtained with 10-l Niskin bottles equipped with epoxy-coated springs
mounted on an epoxy-coated rosette frame. Prior to the loss of the Go-Flo system,
comparative sampling (Fig. 2) had shown that at the iron levels extant in the AS, the
Niskin system was capable of collecting water samples that were not systematically
di!erent in Fe content from those of the Go-Flo system. Additional surface samples
were collected between stations on all cruises using a towed "sh system which
peristaltically pumped surface water (&1 m depth) on board through Te#on-lined
polyethylene tubing (Vink et al., in review). Sub-samples were collected from the
tubing outlet on board. All surface water samples were "ltered through 0.2 lm
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Fig. 1. Map of standard station locations occupied during the US JGOFS Arabian Sea Expedition.
Bathymetric contours of 500 and 2000 m are also shown.

acid-leached "lters (Gelman, Acro 50A), with the exception of pro"le samples col-
lected between stations N1 and S4 during TN043 and all towed "sh samples during
TN043. Filtration of water samples was carried out in a class-100 laminar #ow bench
by peristaltically pumping each sample from its initial collection bottle through the
"lter into a sample bottle that was rinsed three times before sample collection. The
same "lter was used for several di!erent samples, the "rst &150 ml of "ltrate from
each new sample was discarded to eliminate cross-contamination by carry over.

Iron and A1 determinations were completed on board ship using the #ow injection
methods of Measures et al. (1995) and Resing and Measures (1994), respectively.
Samples were aci"cied (1 ml 6N sub-boiled HCl l~1) immediately prior to analysis
and were preconcentrated for 1 min on an 8-hydroxyquinoline column. Dissolved Fe
concentrations were determined by spectrophotometric detection of DPD-oxidized
by Fe(III). The methodology has a typical precision of 2.5% at 0.35 nM and a detec-
tion limit of 0.025 nM. Dissolved Al concentrations were determined using spectro-
#uorometric detection of the #uorescent Al-lumogallion chelate. The method has
a precision of 2% at 2.4 nM and a detection limit of &0.15 nM. Each sample was
analysed in duplicate, and the average concentration determined from these duplic-
ates are reported. Results from samples where duplicate analyses di!ered by more
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Fig. 2. Comparison of Fe concentrations determined from Go-Flo and Niskin sampling systems at station
N7 occupied during TN045.

than 2}3% were discarded. Standard curves were run at least every 3}4 h, standards
were made by addition of known amounts of a commercial Fe and Al standard (Fisher
Chemical) to "ltered acidi"ed sub-surface seawater collected from one of the nearby
stations. When necessary, the data for each day's run were drift-corrected to compen-
sate for changes in instrument sensitivity.

2.2. Data analysis

Results from obviously contaminated samples, or samples in which poor precision
of duplicates was observed, were eliminated from the data set (&10% of data
collected). At each station, the average concentration of each element in the mixed
layer was calculated. The bottom of the mixed layer was de"ned by the depth at which
there was a 0.125 kg m~3 change in sigma theta compared to the surface-water
density; the values used are those presented in Morrison et al. (1998). Data from the
surface towed "sh are an average of duplicate determinations and this 1-m deep
sample is assumed to be representative of the mixed layer concentration at that
location. The average concentration determined at each station, combined with the
individual surface water concentrations determined from the "sh samples collected
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between stations, were contoured using Generic Mapping Tools (Wessel and Smith,
1995). Contours were computed after "tting a minimum curvature surface with
a maximum tension to the 0.53]0.53 gridded data from each cruise (Smith and
Wessel, 1990). Setting maximum tension in the surface grid constrains the solution so
that local maximum or minimum values occur only at points where there are data
(Smith and Wessel, 1990).

3. Results

The range and mean values of Al and Fe concentrations determined over the entire
study area on each cruise are summarised in Table 1. Contour plots of the mixed layer
average value of Al and Fe at each station and the values obtained using the surface
towed "sh are presented in Fig. 3 for each cruise.

On average over the study area both Al and Fe concentrations increased signi"-
cantly between the Spring Intermonsoon cruise and the Mid-Southwest Monsoon
cruise. This increase was followed by a dramatic decrease in the average concentra-
tions of both elements determined approximately 1 month later during cruise TN050
(Table 1). Notable features of the distribution of each element on each cruise and
changes in the distributions between the cruises as shown in the contour plots (Fig. 3)
are outlined below.

3.1. Late Northeast Monsoon (TN043, January 8}Febuary 5, 1995)

During this cruise, convective cooling of the NE Monsoon resulted in deep mixed
layers over much of the regions (37}113 m, average 81 m).

Surface Al concentrations were generally low (3}11 nM, Fig. 3a), cf. Atlantic Ocean
where the range of surface water values is 20}80 nM. Highest values (7}11 nM) were
found in the northern and eastern stations (N1}N11), and the extreme southern
stations (S15}S13). The lowest values were found along the southern section and
decreased from &5}7 nM (S11}S7) to &3 nM in the Omani coastal region (S1}S3).
The overall pattern is a gradient across the AS of decreasing concentrations from NE
to SW.

For Fe, the surface water distribution was less uniformly graded (Fig. 3b). Highest
concentrations were found along the western part of the AS (generally '1nM) }most
notably along the western end of the northern section (N1}N7, average
&1.4$0.5 nM, n"6) and along the western end of the southern section (S5}S1,
average 1.1$0.3 nM, n"19). Lower values were found in the eastern and southern
part of the region (N9}S7, average 0.78$0.2 nM, n"27).

3.2. Spring Intermonsoon (TN045, March 7}April 4, 1995)

During TN045, mixed layer depths along the northern section N1}N6 were similar
to those of TN043, while the depth of the mixed layer of the eastern and southern AS
had shallowed. This shoaling of the mixed layer was most noticeable along the
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southern transect where mixed layer depths of (30 m were observed between S11
and S1.

During this cruise equipment problems led to limited sampling along the northern
transect and also at the western end of the southern section. Despite the limited data
set, Al concentrations appeared to have changed very little between the two cruises
and were in the 2}11 nM range (Fig. 3c). An exception to this was an isolated region of
extremely low Al (3 nM) at N7. In regions where there is data coverage for both
cruises, Al values changed generally by (2 nM. The region of low Al appears to have
spread slightly west from the coast along the southern section.

Iron values at the northern stations N7 and N8 were somewhat lower (&0.5 nM)
than during TN043, while southern values (S15}S13) were very similar (0.6}0.9 nM).
Low values (&0.6 nM) persisted along the southern section between stations S9}S6
(as during TN043), while higher values (&1.2 nM) were observed closer to the coast
between S5 and S1. These latter values were slightly higher than those seen during
TN043. In general, for most of the region Fe values were within 0.3 nM of those seen
during TN043.

3.3. Mid Southwest Monsoon (TN049, July 17}August 15, 1995)

The onset of the SW Monsoon between TN045 and TN049 had a considerable
e!ect on the structure of the near-surface water column. The mixed layers of the
northern stations (N1}N6) shoaled to 10}50 m, and extremely deep mixed layers
(80}110 m) were found between S15 and S3 with a small region of shallow mixed
layers at S7}S6. Along the Omani coast section (S1}S2), shallow mixed layers and low
surface water temperatures indicated the onset of upwelling.

Between TN045 and TN049, there were signi"cant changes in both the magnitude
and distribution of Al in surface water. The general pattern of east-west gradient seen
during TN043, and less distinctly during TN045, was preserved. Aluminium concen-
trations increased across the entire AS, especially in the northeast (N7}N11), where
values ranged from 13 to 20 nM (mean 15.5 nM) with signi"cant mesoscale variability
(Fig. 3e). There was also signi"cant variation in surface Al along the southern section,
with most values ranging from &9 nM at S11 to &7 nM along the Omani coast
(S1). Within this section, there was also a region of somewhat lower Al values (average
6.8 nM) at stations S6 and S7 coincident with the region of shallow mixed layers. In
the extreme southern area (S15}S13), Al values were &10 nM. Examining stations
that have Al data for both TN043 and TN049 shows that increases of 5}9 nM were
seen in the NE stations N8}N11, and increases of 3}4 nM were seen in the southern
area (S15}S11). Along the southern section (S9}S4), the increases were relatively small
(1.5}2.0 nM), but larger increases (3}6 nM) occurred in the coastal region, (S1}S3).

Surface water Fe values also increased between TN045 and TN049. The overall
distribution reveals signi"cant small-scale horizontal variability superimposed upon
a background gradient of high northern to lower southern values (Fig. 3f ). Along the
western end of the northern section (N5}N9), mixed layer values were mostly above
1 nM, with the region around N7 above 2.0 nM. Along the southern section (S11}S1),
Fe values averaged 1.3 nM. A patch of low values (&0.9 nM) was seen at S6 and S7,
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the region of shallow mixed layers described above. In the most southern area, Fe
values dropped signi"cantly from 1.44 nM at S12 to 0.6 nM at S15. Examining
stations that have Fe data in both TN043 and TN049, it can be seen that the changes
in Fe concentrations across the area were quite variable. Along the northern section,
Fe concentrations generally increased by up to 1.23 nM, around N7, the region of
high Fe during TN043. Along the central southern section (S2}S13) Fe increased by
& 0.3 nM.

3.4. Late Southwest Monsoon (TN050, August 18}September 15, 1995)

The continuation of the SW Monsoon during TN050 had very little e!ect on the
mixed layer dynamics of the region. Northern section mixed layers deepened slightly,
while continued upwelling led to shallower mixed layers along the Omani coast.

Surface Al concentrations underwent a dramatic decline between these two success-
ive cruises. During TN050 in the east (N5}N11), surface water values generally ranged
between 6}10 nM (mean 7.9 nM) (Fig. 3g). Vertical pro"les of Al from cruises TN043,
TN049 and TN050 at station N5 show the elevated Al concentrations in the upper
50 m of the water column during TN049. Below 50 m depth, Al concentrations were
lower and similar values were observed on each cruise (Fig. 4). In the southern area
and the central portion of the southern section (S15}S5), values were generally
4}6 nM (mean 4.5 nM). This distribution was similar to that seen in TN043 with the
exception of a region of elevated Al values (&7}9 nM) along the Omani coast (S3}S1)
during TN050. The overall changes in surface water values between TN049 and
TN050 ranged from decreases of &5}9 nM Al in the eastern parts of the northern
and southern sections to increases of & 1 nM in the coastal region (S1}S2).

Surface water Fe concentrations also showed a dramatic decline during this period.
Along the northern section (N1}N11), Fe concentrations averaged 1.0$0.2 nM
(n"55), while along the southern section (S15}S1) they averaged 0.8$0.2 nM
(n"20) (Fig. 3h). The magnitude of the Fe concentration change between TN049 and
TN050 was quite variable, probably re#ecting the heterogeneity in the TN049 distri-
butions. Fig. 5 shows a plot of the gridded data of TN050 minus the gridded data of
TN049. Between N6 and N9, decreases of 0.2 to 1.0 nM were seen. Small increases in
Fe were seen at N10 and N11. At S15, Fe increased slightly while there was no change
at S13. Decreases of &0.4 nM were seen at the eastern end of the southern section
(S11}S9) with little or no change seen between S6 and S8. Decreases of &0.6 nM were
seen between S5 and S1, and additional towed "sh samples along the Omani coastal
region indicated decreases of up to 1 nM.

3.5. Early Northeast Monsoon (TN053, October 28}November 26, 1995)

Cessation of the SW Monsoon led to a shoaling of the deep mixed layers of the
eastern and southern AS. The cessation of upwelling along the Omani coast led to
a deepening of the mixed layers in the region.

The bio-optics sampling strategy during TN053 resulted in only limited re-occupa-
tion of the standard JGOFS stations, but permitted a high density of the surface
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Fig. 4. Vertical pro"les of dissolved Al concentrations determined at station N5 during 3 cruises, TN043
(late Northeast monsoon), TN049 (mid-Southwest monsoon) and TN050 (late Southwest monsoon).

sampling from the towed "sh. During this cruise, surface water Al distributions
showed a similar distribution to TN050 in the eastern part of the study area with
typical values of 6}11 nM (Fig. 3g and Fig. 3i). The high Al region seen during TN050
along the Omani coast disappeared, with typical values of 2}3 nM from S7 to the
Omani coast. The intense surface water sampling during this bio-optics cruise in-
dicated fairly high values of Al along the eastern part of the northern section and into
the Persian Gulf, where concentrations were typically in the range of 13}20 nM.
Since few of the stations overlap between TN050 and TN053, it is di$cult to
assess station-by-station changes. However, the overall changes in the surface water
between these two cruises ranged from increases of 4}6 nM Al in the northern section
to reductions of 2}5 nM in the eastern part of the southern section near the Omani
coast.

Fe values increased slightly between TN050 and TN053 mostly in the northern area
(Fig. 3h and Fig. 3j). Fe concentrations were 0.8}1.2 nM along most of the southern
section (S15}S1), with a patch of elevated values (1}1.5 nM) along the western end of
the track at the Omani coast. High-density sampling along the northern transect and
into the Persian Gulf shows high values ('3 nM) in the latter region and values of
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Fig. 5. Contour plot of the di!erences between the gridded, mixed-layer Fe concentration of TN050 and
those of TN049. Standard station locations are shown by (z) and the location of selected stations are noted
by text.

1}2 nM towards the east. The overall changes were &0}0.2 nM in southern section
and 0.2}0.6 nM in the northern section.

4. Discussion

The observed distributions of dissolved Al and Fe and the changes between the
cruises can be interpreted as a dynamic balance between the various addition and
removal processes that are occurring during the seasonal cycle. On the input side, the
main processes a!ecting mixed layer concentrations of Al and Fe in the AS are the
deposition and partial dissolution of eolian material in the surface waters, and
the upwelling of sub-surface water during the SW Monsoon. On the removal side is
the incorporation of dissolved material into the particulate phase (primarily biological
material associated with the development of phytoplankton blooms during the
Southwest Monsoon), and its net removal by vertical transport. Entrainment of water
during mixed layer deepening can also a!ect concentrations. Estimates of the relative
role that each of these processes play in controlling the observed distributions are
examined in light of existing knowledge of the AS system and the observations of these
processes in other parts of the World's ocean.
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4.1. Comparison with previous data

Previous Al data from the Arabian Sea (Upadhyay and Sen Gupta, 1994) show
strikingly di!erent distributions from those presented here. During January 1988
(NE Monsoon), they found Al Concentrations of 47}52 nM in the region of our
stations M1 and N11, and 40}50 nM in the region of N8 and N9, as opposed to our
range of 7.7}10 nM between N7 and N11. Additionally, they present deep water
('2000 m) Al values of &20 nM near N8 and 30}35 nM near N11 compared to our
(unpublished) values of 5}10 nM in this region. It is unlikely that these di!erences are
the result of methodology since both sets of data were produced using variants of the
Hydes and Liss (1976) method. While sample contamination could result in the higher
values, it is also possible that the di!erences are the result of interannual variations in
this dynamic region. Even higher Al values in the surface micro-layer and upper
1 m are reported by Narvekar and Singbal (1993) using a di!erent analytical tech-
nique. These authors report Al values of 46}300 nM near N11}N7 during July 1987
and 30}100 nM near N7}N11 during November 1988 for un"ltered samples. Again,
interannual monsoon variation may be responsible for these large di!erences between
our data sets; however, it should be noted that some of their values are higher than
any reported elsewhere in the surface ocean, including the Mediterranean Sea, which
receives considerably greater dust input than the Arabian Sea. Lunel and Statham
(pers. comm.), in a transect from 63S 513E to 273S 573E in August 1986, show surface
water Al values ranging from 1.3 to 7.9 nM, and deep water values of 2}4 nM. Despite
disagreement between the absolute Al concentrations, we note that the data of both
Upadhyay and Sen Gupta (1994) and Narvekar and Singbal (1993) show a signi"cant
increase in Al concentrations towards the coast of India. This pattern is consistent
with our observed deposition calculations (detailed below), and would provide the
anomalously high Al values we observe in the water advected into the extreme
southern part of our cruise track during TN049 (see below).

For Fe, there are also few data available for the Arabian Sea. Saager et al. (1992)
reported Fe concentrations of 0.30}2.33 nM in the upper 50 m at a station near our
N4 during the Fall of 1986. Our values for this station range from 0.8 to 2.3 nM over
the same depth range. Takeda et al. (1995) report surface water Fe concentrations of
0.23 nM in the region of our station S11 and 0.36 near N5 for December 1992. Our
values for these stations are signi"cantly higher at 0.88 and 1.94 nM. With such
a small data base and little sampling over extended periods in this dynamic region, it is
di$cult to know how much these di!erences may re#ect interannual variations or
systematic di!erences in the analytically determined fractions.

4.2. Systematics of the input and partial dissolution of eolian material

The SW Monsoon is known to generate large dust storms in the desert regions of
Africa and the Arabian peninsula and to advect this lofted material into the AS (Husar
et al., 1997). In the equatorial Atlantic Ocean, partial dissolution of Saharan dust
deposited in surface waters has been recognised as the main phenomenon controlling
surface water Al concentrations (Measures and Edmond, 1990). In the case of Al, the
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e!ect of dust input on surface water is large since crustal materials are generally about
8.0% Al by weight and partial dust solubility's for Al are high, ranging from 1.5 to
10% (Prospero et al., 1987; Maring and Duce, 1987). Also the short residence time of
Al in surface waters (Orians and Bruland, 1985) results in low background concentra-
tions in surface waters. We can also expect surface Fe concentrations to be enriched
by these inputs since crustal materials are typically of the order of 4.3% Fe by weight
(Wedepohl, 1995) and partial dust solubilities for Fe in aerosols averages 6.2% (Zhu
et al., 1997). However, since Fe appears to be recycled in surface waters, and has
limited solubility under oxygenated conditions, &0.2}0.3 nM at pH 8, and up to
several nanomolar in the presence of organic complexing agents (Millero, 1998) we
expect iron concentrations to respond di!erently from those of Al.

In our data set, the major changes seen in the surface waters of the AS for both Al
and Fe occur during the SW Monsoon (TN049 and TN050) and appear to be related
to the processes of eolian deposition and biological removal. The shape of A1 pro"les
(Fig. 4) showing enhanced Al concentrations in the mixed layer during TN049 further
con"rms an eolian source of Al to surface waters during this cruise. Upwelling also
plays a role in modifying surface water values, although this e!ect is restricted to the
Omani margin where upwelling brings water with Al of &8 nM and Fe &1 nM to
the surface during the SW Monsoon.

To determine the feasibility of eolian deposition as the source of the enhanced levels
of Al in the surface waters, we can use the excess Al seen in the mixed layer during
TN049 compared to TN043 to estimate the amount of dust deposited on the surface
waters and then compare these estimates to existing dust deposition data for
the region. We will make this estimate using the surface Al values from TN043 as the
baseline, since TN045, while closer to the start of the Southwest Monsoon has
signi"cantly less coverage.

The average mixed layer Al value for N7}N11 during TN043 is 8.8$1.1 nM, and
the average for TN049 is 14.4$1.4 nM, yielding a net increase of 5.6 nM Al. The
average depth of the mixed layer in this region during TN049 is 52 m, which implies
a total addition to the mixed layer of this region of 291 lmol Al m~2 of surface ocean.
Assuming either 1.5 or 5% solubility of dust (Measures and Brown, 1996) containing
8.2% Al by weight (Taylor, 1964), we calculate deposition of 2.0}6.8 g dust m~2 to the
ocean surface between TN043 and TN049 (&7 months). Despite the fact that dust
sources during this period vary from India to North Africa, the relatively constant Al
content of crustal material (8.23$0.53%; Taylor, 1964) introduces negligible error
into this calculation. It should be noted that implicit in this calculation is that the
water of the mixed layers at stations N7}N11 has not moved during this period, nor
has there been any removal of Al from the mixed layer during this period. Clearly
neither of these assumptions is true, but we will attempt to estimate the likely errors
associated with making them.

In the case of mixed layer changes, a deepening of the mixed layer between TN043
and TN049 could also lead to increases in A1 concentrations as a result of entrain-
ment of deeper waters with higher Al concentrations. However, between TN043 and
TN049 most mixed layer depths become shallower. The few exceptions to this are at
stations N4}N6 and at S15 and S14. Vertical pro"les at these stations during TN043
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show no signi"cant increase in Al concentration over the depth range of the deepened
mixed layer, and therefore we can rule out any appreciable contribution to the
enhanced Al signal during TN049 from this source.

With regard to water motion, Shetye et al. (1994), using Culter and Swallow's (1984)
ship drift data, show a weak easterly drift in this region during this period. In contrast,
Flagg and Kim (1998) note that ship drift may be unduly biased by wind e!ects in
regions of persistent monodirectional winds (e.g., SW Monsoon); they indicate that
surface #ows of this region were dominated by mesoscale eddies during this period.
The magnitude of the error resulting from making this no surface water motion
assumption depends on the true initial value of Al in this water mass before eolian
deposition. The lowest values of Al seen in the AS during TN043 and TN045 are
&3 nM Al at the western end of the southern section. Thus, if there has been strong
advection of the surface layer from the SW bringing this water with the lowest Al
values seen during TN043 or TN045 into the region of N7}N11, this could result in
a maximum underestimate of the Al input by as much as 5.8 nM, equivalent to an
underestimate in dust input of 2.2}7.3 g dust m~2 (for 5% or 1.5% solubility,
respectively).

With regard to removal of dissolved Al from the water column between TN043 and
TN049, initial estimates have been attempted. Using the particulate Th export at
100 m (K. Buesseler, pers. comm., 1997) and assuming 90% of the Al is present in the
dissolved load (Broecker and Peng, 1982), an estimate of Al #ux from the photic zone
can be made between the beginning of TN043 and the beginning of TN049. This
calculation suggests that as much as 5.4 to 8 nM Al may be removed along with
exported biological material from the surface waters. This would then imply that
during this period an extra 1.7}8 g dust m~2 (using 5 and 1.5% solubilities, respect-
ively) could have been deposited on the surface ocean. The degree to which this
calculation can be validated and re"ned will be explored in a future publication when
initial interpretations of AS data have been completed.

At this stage we will utilise the no-water motion, no-uptake hypothesis to calculate
depositions, recognising that they are probably underestimates. Using this approach
we can calculate dust deposition to other parts of AS using two di!erent approaches.
In the "rst (Table 2), we use the values of individual stations that were occupied during
both TN043 and TN049. In the second, we subtract the gridded Al data used for
contouring TN043 from the equivalent for TN049. The advantage of the contouring
approach is that we can increase the data base signi"cantly by including underway
surface samples and other samples from stations that do not have repeat sampling.
The disadvantage is that we are now using data that have been e!ectively smoothed
and interpolated by the contouring operation. We present these data (Fig. 6) as
a contour plot of estimated dust deposition using the approach outlined above
assuming 1.5% solubility. If 5% solubility were used, the resulting contours would be
a factor of 3.3 lower than shown in Fig. 6.

The dust depositions from station-by-station values in Table 2 show somewhat
variable inputs along the southern section, with 1.5% solubility-based values ranging
from 1.4 to 8.3 g m~2. Much of this variance is the result of mesoscale features present
during one or other of the cruises. Gridded distributions (Fig. 6) in general show
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Table 2
Implied dust depositions between TN043 and TN049

Station range Implied dust deposition (g m~2)

Fractional solubility
5% 1.5%

N7}N11 2.2$1.3 7.4$4.3
S15}S13 1.94$0.24 6.5$0.8
S11}S10 1.54$0.4 5.12$1.3
S7 0.43 1.43
S5}S4 0.79$0.04 2.63$0.13
S3 2.5 8.3
S2}S1 0.48$0.06 1.6$0.2

Fig. 6. Contour of the estimated dust deposition to the Arabian Sea using gridded data from TN049 and
TN043 (see text for details). Standard station locations are shown by (z) and the location of selected stations
are noted by text.

similar values but, as expected, are somewhat smoother. Regional di!erences do occur
between the estimates though, such as in the eastern part of the AS where the inclusion
in the gridded data of a large number of underway surface samples with high Al
concentrations increase estimates of dust deposition in this region by 2}3 g m~2.
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Overall, the results indicate that implied dust depositions range from 2.2}7.4 g m~2 in
the NE to 0.43}1.6 g m~2 in the southwest coastal region.

The apparent greater input of dust into surface waters of the NE part of the AS
compared with the S and SW during the SW Monsoon could be real or the result of
one of several artifacts. First, in the S and SW regions there is a much greater problem
of underestimation of the original Al values in the surface waters because of the
mesoscale variability in this region as well as the signi"cantly higher horizontal
advection rates. For example, S7 in Table 2 shows much lower deposition than the
nearby stations S5 and S4 due to the presence of an eddy with low Al at S6 and S7
during TN049. The process of upwelling along the Omani coast (as mentioned above)
brings water with a higher (&8 nM) Al content to the surface than the 3 nM observed
at the surface in this region during TN043. Since this enhanced Al is not a result of
eolian deposition to these surface waters, the dust inputs calculated from Al di!er-
ences are not reliable in this region. In fact, since surface water Al values during
TN049 match those of the source waters for the upwelling region, we would calculate
zero dust deposition along the coast. The unexpected and extremely high deposition
values calculated at S15 are believed to be the result of a similar e!ect, the advection of
high Al water into this region from the west during TN049. Morrison et al. (1998)
show evidence for this advection and if the Al gradients in the data of Upadhyay and
Sen Gupta (1994) and Narvekar and Singbal (1993) are correct, then we would expect
water from the west to have a much higher original Al content, leading to an
overestimate of dust deposition.

Despite these caveats, the asymmetric enrichment of Al in the surface waters of the
region may be the result of real dust input. Inspection of global analyses of monthly
precipitation derived from satellite and surface measurements for this region
(Hu!man et al., 1997) indicate that during the SW Monsoon there is a very strong
East}West gradient in precipitation across the AS. Values of (15 mm month~1 in
the western AS increase to '450 mm month~1 in the eastern part of the AS. This
gradient is driven by orographic precipitation over the Western Ghats along the west
coast of India. Since wet deposition, when operative, is the most e$cient means of
removing dust from the atmosphere, a gradient in rainfall also could lead to a gradient
in dust deposition to the surface ocean. However, it should be noted that the
precipitation gradient reported over the AS is derived from a variety of satellite
sensors and there are few direct measurements to con"rm this gradient. When
available, precipitation data from the AS cruises may be useful in determining whether
such a gradient exists.

Tindale and Pease (1999) showed that the air above the marine boundary layer
of the AS during the SW Monsoon comes from areas to the Northeast and East of
the AS. These air mass back trajectory calculations combined with the high
aerosol optical depths determined from satellite observations during the SW
Monsoon (Husar et al., 1997), and the rainfall gradient noted above, are consistent
with the observed pattern of enrichment of Al in the surface waters of the AS. Such
a rainfall and dust gradient also would be consistent with pattern of surface water
distributions observed by Upadhyay and Sen Gupta (1994) and Narvekar and Singbal
(1993).
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Despite the many uncertainties that result from the assumptions in the calculation
outlined above, we can compare our estimated dust inputs with historic estimates of
dust deposition to this region, since direct dust deposition estimates are not yet
available for the JGOFS study period. Chester et al. (1991), using measured suspended
dust loads and calculated deposition velocities and an assumed distribution between
wet and dry deposition, calculated an annual deposition &10 g dust m~2 yr~1 to the
AS. This value is close to the long-term accumulation rates of lithogenic materials in
this region reported by Prell et al. (1980) equivalent to 13 g m~2 yr~1 and by
Goldberg and Gri$n (1970) of 10.6 g m~2 yr~1. Our calculated dust depositions
appear to be somewhat lower but reasonably close to historic estimates. Initial data
from the lithogenic component in sediment traps deployed during the Arabian Sea
expedition along the southern section (J. Dymond, pers. comm., 1997) indicate
mineral dust accumulations of 1.5 to 5.4 g m~2 between January and August 1995,
with lowest values around S15 and higher values to the west around S3. While our
spatial trends are somewhat di!erent, perhaps as a result of the artifacts of upwelling
and advection mentioned above, the magnitudes of dust deposition we calculate
are similar, and within the normal factor of two uncertainty common in this
measurement.

4.3. Estimating the magnitude of eolian deposition of Fe

In principal, the eolian deposition of Al also can be used to estimate the eolian
deposition of Fe to the surface water, thus allowing some estimate of the #ux of Fe to
the surface of the AS by this process. However, as we show below, solubility of Fe may
be controlling the total amount of Fe that enters the dissolved phase and, therefore, it
is di$cult to make a quantitative estimate of Fe deposition at this stage.

The Al/Fe molar ratio in mineral dust collected during this study varied between 1.5
and 4.2 (mean 2.8), with the lowest values being observed during the Southwest
Monsoon (Tindale and Pease, 1999). Congruent dissolution of this material would
yield a similar Al/Fe molar ratio in surface waters of the AS of 1.5}4.2. For higher
partial solubilities of iron (values up to 13% are reported by Zhu et al., 1997), the
Al/Fe ratio in surface waters will be lower. For example, while using 5% Al solubility
and 6.2% Fe solubility, the mean value reported by Zhu et al. (1997), would yield an
Al/Fe ratio of 1.2 in surface waters.

The observed dissolved Al/Fe concentration ratios in the surface waters of the AS
vary from &3 in the Omani coastal region during the NE Monsoon to &18}24 in
the NE region during the SW Monsoon. High Al/Fe values in regions of dust
deposition are not limited to the AS. In a region of the equatorial Atlantic Ocean
believed to receive large dust inputs (Duce et al., 1991; Prospero, 1996), observed
values for the Al/Fe in the surface ocean range up to 90 (Vink and Measures, 1999). In
the Paci"c Ocean north of Hawaii, Al/Fe values are up to 16 (Tersol et al., 1996). In
each of these cases the Al/Fe values are a factor of 3}20 higher than those predicted
using estimated solubilities. Di!erential scavenging and removal of the two elements
from surface waters are unlikely to be the cause of the high Al/Fe values observed.
Irreversible scavenging and removal of Al (Measures and Edmond, 1990; Moran and
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Moore, 1988), when coupled with a high degree of recycling of Fe in surface water
biological reservoirs (Hutchins et al., 1993), would be expected to reduce the Al/Fe
ratio with time, not increase it.

It also seems unlikely that these high values are a result of underestimation of the
partial solubility of Al since reported values rarely exceed 9% (Prospero et al., 1987;
Maring and Duce, 1987). To achieve an Al/Fe of 30 with 6.2% Fe solubility (Zhu et al.,
1997), an unsustainable 64% fractional solubility for Al would be required.

Clearly, the problem must lie in the observed fractional solubility of Fe in dust. If
the high Al/Fe values are the result of overestimation of the Fe partial solubilities,
then, to produce a surface water Al/Fe value of 30 assuming partial Al solubility of
5%, the Fe partial solubility would be only 0.5%, a factor of 6 to 26 times lower than
the 3}13% reported values (Zhu et al., 1997). It seems probable that Fe dissolving in
large amounts from particulate material (dust), is being rapidly removed from the
0.2 lm "ltered dissolved phase that we measure either by incorporation into bio-
logical phases, by re-scavenging onto dust, or by formation of phases retained by the
"lter.

While removal of Fe into biological materials is clearly occurring, estimates of the
standing crop during TN049 and assuming a C : Fe compositional ratio (Sunda and
Huntsman, 1995) indicate only &10% of the iron is associated with this phase. Also,
since Fe is recycled rapidly only a permanent increase in the steady state biomass or
export of Fe from the euphotic zone can raise the Al/Fe value. In this latter case, the
removal ratio of Fe to Al also would have to be higher than the input ratio. It seems
more likely that dissolved Fe concentrations are being controlled on a more rapid
time scale by scavenging of dissolved Fe or the formation of insoluble phases, and that
the e!ective solubility of Fe in seawater is much lower than the 6.2% value would
imply.

This explanation is consistent with the results of Zhu et al. (1997). These authors
found that the fraction of soluble Fe in Saharan aerosols was generally higher during
periods of lower dust load. The observation of solubility control in laboratory
experiments suggests that this also may be controlling Fe input in the "eld and may be
the cause of the unexpectedly high Al/Fe values in the AS and elsewhere. With
solubility control on the Fe input, the Al/Fe ratio will scale with the amount of dust
going into the ocean since there is an upper limit on the amount of Fe that can enter
the dissolved phase. The Al/Fe ratio is highest in the equatorial Atlantic Ocean (up to
90; Vink and Measures, submitted), where the dust input is highest (5}10 g m~2;
Prospero, 1996). It is lower in the AS (up to 26; this work), where dust input appears to
be in the range 2}7 g m~2 (Chester et al., 1991), and is lower still in the Paci"c Ocean
(up to 16; Tersol et al., 1996), where dust inputs are lowest (0.4 g m~2; Uematsu et al.,
1994). Here, we are implicity assuming that there is no solubility control on the partial
dissolution of Al, as a matter of practicality rather than known veracity. However, Al
concentrations of up to 170 nM, much higher than those observed here, have been
found in the Mediterranean Sea (Hydes et al., 1988).

With Fe input under solubility control, it is more di$cult to calculate the net input
of Fe to the surface water as the result of dust deposition. However, despite this
di$culty it is clear from Fig. 3 that Fe concentrations increased in surface waters of
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the AS between TN043 (January) and TN049 (July). The increases range from
#0.2 nM in the northern (N3}N6) and southern (S11}S1) sections to #0.5 nM
between N7 and N12. Large apparent increases in Fe between S14 and S11
(#0.3 nM) are probably the result of the advection of high Fe water into the region
(described above for Al). Increases of up to 0.9 nM Fe are seen in the Omani coastal
region, particularly in the north around the mouth of the Gulf of Oman. These con-
centration increases are equivalent to the addition of between 8 and 9 lmol Fe m~2

to the mixed layer in the regions between N3}N6 and between S11}S1, 24 lmol
Fe m~2 in the northeast region between stations N7}N12, and of &14 lmol Fe m~2

to the shallower mixed layers of the coastal region. With the exception of this latter
region, the pattern of input (i.e., greatest in the eastern part of the study area) is similar
to that of the estimated eolian dust deposition calculated from Al (Fig. 6).

In addition to the eolian deposition, upwelling of sub-surface waters along the
Omani coast during the SW Monsoon also provides Fe to the surface waters.
Although Fe values are high in the sub-surface, sub-oxic waters along the Omani
margin ('1.8 nM below 60 m at S1 during TN050), Morrison et al. (1998) using
temperature and Si/NO

3
values have shown that the upwelled water originates from

depths of 120}150 m in the western part of the southern section where Fe levels are
signi"cantly lower (&1 nM). At this stage, without independent estimates of the
amount of water upwelled during the SW Monsoon, it is not possible to calculate the
potential #ux from this source or its importance relative to the eolian #ux. We will
return to the subject of the relative roles that upwelling and eolian deposition play in
providing iron to support export production after discussing the Fe removal process.

4.4. The role of biological uptake in removing dissolved iron

The requirement for Fe in marine phytoplankton has been well documented, as well
as its role in limiting production in certain remote parts of the ocean (Martin and
Fitzwater, 1988; Bruland et al., 1991; Sunda and Huntsman, 1995; Wells et al., 1995).
Although the AS is not an Fe-limited ocean, the removal of Fe from the dissolved pool
into the particulate pool during the growth of the monsoon-induced blooms, and its
subsequent removal from the euphotic zone as a result of the export of organic matter,
is expected to play a signi"cant role in the Fe budget of the upper waters of the AS.

We can examine the disappearance of Fe from the dissolved phase between cruises
TN049 and TN050, when export production estimated from Th de"cits was shown to
increase dramatically (Buesseler et al., 1998). The average Fe concentration during
TN049, using all data between N4}N9, is 1.4$0.5 nM, and for TN050 it is
0.9$0.2 nM. The net removal then is &0.5 nM Fe. The average mixed layer depth
across these stations is 55$8 m, implying a net removal of &30 lmol Fe m~2. If this
Fe were removed by incorporation into phytoplankton with C : Fe molar ratios of 105
(Sunda and Huntsman, 1995), then this would imply the production (and removal
from the dissolved phase) of 3 mol C m~2 in the mixed layer during this one month
period. It is interesting to note that TOC values in the upper 150 m indicate an
integrated removal of 2 mol C m~2 over the AS between TN049 and TN050 (Hansell
and Peltzer, 1998).
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A similar removal of Fe from the dissolved phase is seen along the Omani margin
(using all stations between S5 and Arabesque (A)). Values in the upper waters drop
from an average 1.5$0.5 nM Fe during TN049 to 0.74$0.05 nM Fe during TN050.
Since the average mixed layer (17$12 m) in this region is much shallower, the
absolute magnitude of Fe removal is smaller (&13 lmol m~2) than in the northern
region, and would be the equivalent of the formation of 0.13}1.3 mol C m~2 during
this period. Detailed coupling of export production with changes in dissolved Fe
levels will be addressed in a later publication.

4.5. The importance of eolian deposition to upwelling systems

Even though we are unable to quantify the #uxes of Fe to the surface waters
through upwelling at this stage, we can compare the upwelled supply to that needed
to support export production through its ratio to NO

3
. Systems are considered

Fe-limited if the C : Fe exceeds 105 : 1 and Fe replete if the C : Fe is less than 105 : 1
(Sunda and Huntsman, 1995). Using C : N value of 6.67 we can calculate that this is
equivalent to N : Fe of '15,000 : 1 for Fe limited and (15,000 : 1 for Fe replete
systems. The water upwelling at S1 in TN050 has an NO

3
/Fe value between 20,000

and 30,000 : 1, well above the Fe limiting value. Thus, despite the fact that Fe-rich
water is being upwelled into the surface layer, an additional Fe input, presumably
supplied by the eolian deposition, is required to bring the N : Fe ratio below that at
which Fe limitation of growth begins to appear. Had the upwelling drawn water from
the sub-oxic zone of the water column, where Fe concentrations are '1.8 nM, and
the NO

3
/Fe ratio is (14,000 : 1, surface waters would be below the ratio where Fe

limitation begins.
The separation of N and P from Fe during remineralisation of organic carbon in the

oxic ocean is probably primarily responsible for development of low Fe conditions in
the high-nutrient, low-chlorophyll a regions. In contrast, in regions where the primary
site of organic matter diagenesis is poorly ventilated and Fe solubility is much higher,
this separation is less pronounced and the stoichiometric relationship between Fe and
the major nutrients can be maintained. However, unless suboxic water with its high
levels of Fe is upwelled, an external input of Fe is always required to balance upwelled
sources of nutrients. While this Fe may be supplied by sedimentary sources in shallow
coastal regions, in the open ocean only eolian deposition can supply the required Fe.
We can expect that wind-driven upwelling in oceanic regions remote from eolian dust
input will always be Fe-limited.

5. Summary

Concentrations of Al and Fe dissolved in surface waters of the Arabian Sea
increased dramatically in response to the deposition and partial dissolution of dust
during the Southwest Monsoon. Scavenging of dissolved Al and rapid export of
particles from the mixed layer during the later part of the Southwest Monsoon
dramatically reduced the concentration of Al dissolved in the surface waters. Iron
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concentrations showed less variation than Al between cruises due to solubility control
of dissolved Fe concentrations and biological recycling of this element within the
mixed layer.

Calculated dust deposition rates using dissolved Al were generally similar to the
historical and contemporary estimates of dust deposition determined for this area
using aerosol concentrations, sediment cores and sediment traps (Chester et al., 1991;
Prell et al., 1980; Goldberg and Gri$n, 1970; J. Dymond, pers. comm., 1997).
Dust deposition was greatest in the northeast section of the cruise track during
the Southwest Monsoon. The spatial and temporal distribution of deposition is
also consistent with calculated air mass back trajectories and rainfall estimates for this
region. Estimates of dissolved Fe input from the dust to the surface ocean are
problematic due to the solubility control of dissolved Fe concentrations.

Eolian deposition appears to be very important in supplying Fe to the remote
surface ocean particularly in areas where upwelling nutrient supply is not drawn from
a sub-oxic layer.
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