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Abstract. Extensive observations were made during the late
Southwest Monsoon of 2004 over the Indian and Omani
shelves, and along a transect that extended from the southern
coast of Oman to the central west coast of India, tracking the
southern leg of the US JGOFS expedition (1994–1995) in the
west. The data are used, in conjunction with satellite-derived
data, to investigate long-term trends in chlorophyll and sea
surface temperature, indicators of upwelling intensity, and to
understand factors that control primary production (PP) in
the Arabian Sea, focussing on the role of iron. Our results
do not support an intensification of upwelling in the west-
ern Arabian Sea, reported to have been caused by the decline
in the winter/spring Eurasian snow cover since 1997. We
also noticed, for the first time, an unexpected development
of high-nutrient, low-chlorophyll condition off the southern
Omani coast. This feature, coupled with other characteristics
of the system, such as a narrow shelf and relatively low iron
concentrations in surface waters, suggest a close similarity
between the Omani upwelling system and the Peruvian and
California upwelling systems, where PP is limited by iron.
Iron limitation of PP may complicate simple relationship be-
tween upwelling and PP assumed by previous workers, and
contribute to the anomalous offshore occurrence of the most
severe oxygen (O2) depletion in the region. Over the much
wider Indian shelf, which experiences large-scale bottom wa-
ter O2-depletion in summer, adequate iron supply from re-
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ducing bottom-waters and sediments seems to support mod-
erately high PP; however, such production is restricted to the
thin, oxygenated surface layer, probably because of the un-
suitability of the O2-depleted environment for the growth of
oxygenic photosynthesizers.

1 Introduction

Primary production (PP) in the Arabian Sea is believed to be
controlled primarily by the availability of macronutrients, es-
pecially nitrate (NO−3 ) (Sen Gupta and Naqvi, 1984; Naqvi
et al., 2003), as concentrations of iron (Fe), the principal mi-
cronutrient, have been found to be above levels that limit PP
(Measures and Vink, 1999; Smith, 2001). Extensive enrich-
ment of the euphotic zone with macronutrients occurs sea-
sonally, particularly during the summer or Southwest Mon-
soon (SWM), both along the western and eastern boundaries
of the Arabian Sea (off Somalia (Smith and Codispoti, 1980;
Van Veering et al., 1997; Hitchcock et al., 2000) and Arabia
(Morrison et al., 1998; Woodward et al., 1999), and western
India (Jayakumar et al., 2001; Naqvi et al., 2003)). How-
ever, a direct comparison of biogeochemical conditions pre-
vailing in these two hydrographically different regions could
not be made so far because of scarcity of data. Even the
multi-national Arabian Sea Process Study of the Joint Global
Ocean Flux Study (JGOFS) was, by and large, confined to
the open central and western Arabian Sea with the eastern
Arabian Sea and continental shelves receiving little atten-
tion (Smith, 2001, 2005). This is mainly due to the fact
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that a large part of the Arabian Sea falls within the juris-
diction of countries that surround this relatively small basin
on three sides. The semi-enclosure also gives rise to un-
common climate, hydrography and circulation, and biogeo-
chemical processes (Naqvi et al., 2003). For example, about
2/3 of the global continental margin area exposed to severely
O2-depleted waters (O2 < 0.2 ml l−1, ∼9 µM) is found in the
northern Indian Ocean, most of it in the Arabian Sea (Helly
and Levin, 2004). The delicate biogeochemical balance that
is associated with widespread open-ocean and coastal O2 de-
ficiency makes this region a sensitive ocean-scale barome-
ter of global climate change (Mantoura et al., 1993). In-
deed, there are reports that such a change may already be
taking place. For instance, an analysis of satellite data off
Somalia (Goes et al., 2005) revealed an intensification of up-
welling and an increase in phytoplankton biomass by over
350% from 1997 to 2003. This has been ascribed to a de-
cline in the winter and spring snow cover over Eurasia. In the
present study we first test this hypothesis by comparing two
sets of hydrographic and chlorophyll-a (chl-a) data off Oman
closely bracketing this time period. We then address the
larger question of what processes control PP in the Arabian
Sea, re-examining the role of micronutrients using new data
on Fe. Finally, we evaluate the relative role of upwelling and
associated biogeochemical processes along the eastern and
western boundaries in influencing the open ocean biogeo-
chemistry including the formation and maintenance of the
world’s thickest and most intense, but anomalously-located,
mesopelagic O2 deficient zone. These issues are inter-related
and of key importance in the context of future evolution of
Arabian Sea biogeochemistry in response to global change.

2 Material and methods

Two consecutive cruises of R.V. “Sagar Kanya” (SK208 and
SK209) were undertaken toward the end of the SWM of
2004. The first cruise covered the Indian shelf and a part
of the trans-Arabian Sea section up to longitude 72◦ E from
22 to 31 August, whereas the second cruise sampled the
rest of the stations from 4 to 25 September. The coast-
perpendicular line off Oman tracked the southern leg of the
US JGOFS expedition (Morrison et al., 1998; Measures and
Vink, 1999) (Fig. 1).

Water-column sampling and temperature/salinity profiling
were carried out at all stations using a Sea-Bird Electronics
CTD (conductivity-temperature-depth)-rosette sampling sys-
tem fitted with Niskin/Go-flo bottles. Measurements of O2
and nutrients were made on board ship within a few hours
of collection following, respectively, the titrimetric Winkler
method and the automated colorimetric procedures using a
Skalar Analyzer (JGOFS, 1991). Sub-samples for chl-a anal-
ysis were taken from the same casts as nutrients. One litre
of sample from each depth was filtered through GF/F filters.
Following extraction with 90% acetone for 24 h in dark in a
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Fig. 1. Locations of sampling stations (large coloured circles)
with the colour indicating the integrated chlorophyll-a inventory
(mg m−2) based on observations on Cruises SK208 and SK209.
Inventories are to a depth of 100 m or to the last sampling depth
at shallower stations. Smaller black circles represent stations
(S1–S11) worked on the US JGOFS Cruise TN050 (18 August–
15 September 1995) the data from which are used in Fig. 2.

refrigerator, fluorescence was measured in a Turner Designs
fluorometer (Naqvi et al., 2002). PP was measured by the
radiocarbon (14C) method (JGOFS, 1991) with in-situ incu-
bations at four stations, two each over the Omani and Indian
shelves (see Naqvi et al. (2002) for details).

Sampling for Fe was carried out at selected stations, three
of which were located within the zone of vigorous upwelling
over the Omani shelf – Stas. 6 and 7 off Ras al Hadd (RAH)
and Sta. 16 off Ras al Madrakah (RAM) – while the fourth
(Sta. 23), although situated over 850 km off RAM, was still
affected by upwelling (see below). Go-flo bottles (30-l)
mounted on a Kevlar rope were used for sampling and the
water was sub-sampled in a flow hood. Total dissolved Fe
was measured by inductively coupled plasma mass spec-
troscopy on samples that were pre-concentrated using the Mg
precipitation method (Wu and Boyle, 1998).

Surface-ocean chl-a measured from the SeaWiFS (Sea-
viewing Wide Field-of-view Sensor) was used for analysing
the spatial and temporal distribution over the western Ara-
bian Sea for the period 1997–2009. The data were down-
loaded fromhttp://oceandata.sci.gsfc.nasa.gov(path: /Sea-
WiFS/Mapped/Monthly/chlora; version: L3mMO CHL
chlor a 9km; HDF formatted files; accessed: 26 Septem-
ber 2009). Lately, the SeaWiFS has suffered from oc-
casional technical failure and the data coverage has been
reduced over some regions. Therefore, we have also
used the Moderate Resolution Imaging Spectroradiome-
ter (MODIS) data from the same source (path: /MOD-
ISA/Mapped/Monthly/9/CHLO/; version: L3mMO CHLO
9) for the period 2002–2009. The overlapping period of

these two satellite sensors also allows us to establish consis-
tency between the two over the Arabian Sea region. The grid-
ded data of sea-surface temperature (SST) were taken from
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Fig. 2. Variations in water temperature, nitrate (including nitrite),
silicate, chlorophyll-a at the sea surface and chlorophyll-a inven-
tory (same as in Fig. 1) with distance offshore (measured from
SK209 Sta. 15) for the US JGOFS Cruise TN050 (blue symbols)
and “Sagar Kanya” Cruises SK208 and 209 (red symbols).

the Hadley Centre Sea Ice and Sea Surface Temperature data
set (HadISST; Rayner et al., 2003).

3 Results and discussion

3.1 Evidence against intensification of upwelling

Our measurements along the coast-perpendicular line off
Oman were made during the same time of the year as the
US JGOFS cruise TN050 in 1995, enabling us to make a di-
rect comparison between the two data sets. Consistent with
previous observations (Morrison et al., 1998; Woodward et
al., 1999), signatures of upwelling (low SST and elevated
NO−

3 ) could be seen up to∼1000 km from the Omani coast
(Fig. 2), but there was no indication of intensification of the
process – surface temperatures were actually higher while
nutrient levels were lower close to the coast in 2004 rel-
ative to 1995. Accordingly, an increase in phytoplankton
biomass expected from the reported 300–350% enhancement
of satellite-derived summer time chl-a off Somalia between
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Fig. 3. Area-averaged time series of SeaWiFS and MODIS-
Aqua chl-a (a) and optimally interpolated sea-surface temperature
anomaly(b) for the period 1997–2009 (since 2002 for MODIS-
Aqua chl-a). Red lines are for the region bounded by Lats. 0◦

and 10◦ N, and Longs. 52◦ and 64◦ E; black lines are for the region
bounded by Lats. 10◦ and 20◦ N, and Longs. 52◦ and 64◦ E.

1997 and 2003 (Goes et al., 2005), the period falling between
JGOFS and our observations, was also not observed. In fact,
in the offshore region (beyond about 400 km of the coast) the
integrated biomass represented by chl-a in the upper 100 m
was lower by a factor of up to 4 in 2004 as compared to 1995.
Elsewhere, surface concentrations of chl-a as well as its col-
umn inventories were quite comparable with JGOFS data.

It may be argued that data from two cruises alone may
not suffice to infer long-term trends. We have, therefore,
constructed time series of chl-a and SST anomaly in the
western Arabian Sea since 1997 essentially following Pa-
tra et al. (2007), but extending the records to 2009. Of the
two zones for which the averaged chl-a and SST anomaly
data are presented in Fig. 3a and b, respectively, the south-
ern one (Lat. 0–10◦ N, Long. 52–64◦ E) is affected by the
Somali upwelling while the northern one (Lat. 10–20◦ N,
Long. 52–64◦ E) contains the Omani upwelling system. The
analysis of Goes et al. (2005) was confined to the south of
Lat. 10◦ N (part of our southern zone). However, as pointed
out by Patra et al. (2007), the contribution of this zone to the
overall productivity is much smaller than that of the northern
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zone (Fig. 3a). Both chl-a and SST anomaly time series show
large inter-annual variability, but no long-term trend. Much
of the variability, particularly in the SST anomaly, seems to
be related to the El Nino/La Nina events. Thus, large positive
SST anomalies may be attributed to El Nino in 1997–1998,
2002–2003 and 2006–2007, whereas the most negative SST
anomalies occurred during the La Nina phases of 1999–2001
and 2008–2009. Obviously, the use of a few-years data could
lead to misleading results. For example, there does seem to
be a general trend of increasing chl-a from 1997 to 2004,
as reported by Goes et al. (2005), but this is in part because
of abnormally low chl-a in 1997 due to the occurrence of a
very strong El Nino and an Indian Ocean Dipole. Choosing
this year for reference is thus not justified. Moreover, the
data suggest a decrease in chl-a in both zones since 2004.
It may be pointed out that there may be some uncertainty in
chl-a data for the last few years due to ageing of the Sea-
WiFS sensor. To rule out this possibility we also processed
the MODIS-Aqua data that are available since 2002. For the
overlapping period, there is a reasonable agreement between
the two sensors. Thus, we conclude that there is no com-
pelling evidence from either chl-a or SST data for a recent
intensification of upwelling in the western Arabian Sea that
could be attributed to global warming.

An increase in the productivity of the northern Indian
Ocean since the 1980s was first suggested by Gregg et
al. (2003) based on global synthesis of the CZCS (Coastal
Zone Colour Scanner) and SeaWiFS data. However, from a
monthly analysis of SeaWiFS chl-a data for the region lo-
cated to the east of Long. 62◦ E, and bounded by Lats.
10◦ and 25◦ N, Prakash and Ramesh (2007) found no sec-
ular increase between 1997 and 2005. Even if the surface
chl-a levels have risen in the northern Indian Ocean in the
last few decades, a more plausible cause could be an en-
hanced deposition of nutrients (mainly nitrogen) from the at-
mosphere. Reactive nitrogen production and emission in the
South Asia region have indeed increased many-fold in the
last few decades and consequently atmospheric deposition
of reactive anthropogenic nitrogen over the northern Indian
Ocean is among the highest in the world (Duce et al., 2008).
Such a deposition is expected to alter the relative abundance
of macro-nutrients (N:P:Si) available for phytoplankton up-
take, in turn resulting in a change in phytoplankton com-
munity structure. We speculate that this may be one reason
why blooms of dinoflagellates (Noctilucaspp.) have become
more frequent in the Arabian Sea in recent years (Gomes et
al., 2008), although the requirement of various nutrients for
this genus is not known.
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Fig. 4. Composite SeaWiFS chl-a image for 13 September–
6 October 2004 (source:http://reason.gsfc.nasa.gov/OPS/Giovanni/
ocean.swf8D.shtml) corresponding to the Muscat-Goa leg of Cruise
SK209 with superimposed station locations.

3.2 Low phytoplankton biomass and production off the
southern Omani coast – a case of iron limitation?

The SeaWiFS composite chl-a image (Fig. 4) for three weeks
(covering the period of the Muscat-Goa leg of the cruise),
shows fairly high chl-a concentrations over the Omani shelf,
but in shallow waters (including Sta. 16, where PP was mea-
sured) the satellite-derived chl-a values are evidently overes-
timated. In general, the measured chl-a concentrations are
substantially lower even after considering the fact that the
composite image may not reflect conditions prevailing at the
time of sampling. The remotely sensed chl-a distribution is
quite patchy, but despite this patchiness there is clearly a zone
with lower chl-a in the region of our Stas. 20–23, where NO−

3
was present in sufficiently high concentrations (∼2–7 µM) at
the sea surface (Fig. 2).

The SK209 data yielded chl-a inventory over the Omani
shelf ranging from 9.3 to 225.2 mg m−2 (the only value ex-
ceeding 100 mg m−2) with the mean and median of 55.2
and 41.9 mg m−2 (n = 14). In general, these values, like
those for the open ocean transect (Fig. 1), are much lower
than would be expected from the high macronutrient con-
centrations. Coincidentally, the two stations sampled for
PP measurement along the Omani coast turned out to be
the ones with, respectively, the highest (5.42 mg m−3) and
the lowest (< 0.1 mg m−3) chl-a concentrations at the sur-
face (Figs. 5a and 5b); accordingly, PP was also much
lower (280 mg C m−2 d−1) at Sta. 16 as compared to Sta. 7
(1903 mg C m−2 d−1). Both stations experienced intense up-
welling, as evident from low SSTs (<23◦C) and high sur-
face NO−

3 concentrations (> 11 µM), and had similar mixed
layer depths. In fact, near-surface macronutrient (e.g., NO−

3 )
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Fig. 5. Vertical profiles of properties at the four stations
(two each along the Omani and Indian margins) where
primary production (PP) was measured through14C incu-
bations. The sets of panels starting from the top are for
(a) Sta. SK209/07 (22.32◦ N, 59.863◦ E), (b) Sta. SK209/16
(18.5◦ N, 57.299◦ E), (c) Sta. SK208/M03A (12.708◦ N,
74.613◦ E), and (d) Sta. SK208/G06 (15.497◦ N, 73.552◦ E).
Temperature and salinity data from the CTD sensors were bin-
averaged for each 1-m interval whereas all other data are from
discrete sampling from the same (up)cast. Nitrate values also
include nitrite.

levels were slightly lower at Sta. 7 (Fig. 5a) than at Sta. 16
(Fig. 5b), indicating that low PP at Sta. 16 was not limited by
macronutrients. This raises the interesting possibility of phy-
toplankton growth being limited by Fe, as has been observed
in parts of coastal upwelling systems of California (Hutchins
and Bruland, 1998; Bruland et al., 2001) and Peru (Hutchins
et al., 2002; Bruland et al., 2005) having narrow shelves.

Surface-water concentrations of dissolved Fe were 4-7 nM
at the northern Stas. 6 and 7, decreasing to 1 nM at the south-
ern Sta. 17, which is quite high for healthy phytoplankton
growth. Sampling was not done for Fe at Sta. 16, but we
speculate that its concentration could have been lower at this
station. This distribution pattern is generally consistent with
the results of a more extensive survey conducted by Mea-
sures and Vink (1999) at the same time of year in 1995, al-
though the range of their values is smaller. These authors
measured Fe concentrations as low as∼0.7 nM off RAM on
TN050. Higher concentrations were observed by them on
the preceding cruise (TN049) during the early phase of the
SWM. Elevated Fe levels in the RAH region presumably re-
flect higher dust fluxes (as indicated by the Al data (Measures
and Vink, 1999)), arising from a change in orientation of the
coastline (such that wind blows directly from land to sea) and
more arid conditions compared with the southeastern part of
Oman. However, we note that it is just not the magnitude
of dust deposition but the amount of Fe that is mobilized in
surface waters through dust dissolution that determines its
bioavailability (Jickells et al., 2005). We do not know if there
exist significant differences in the composition of dust and
its dissolution kinetics that may lead to the observed spatio-
temporal pattern of Fe limitation but, as discussed below, the
results of Siefert et al. (1999) show that the concentration of
labile Fe in aerosols off the southern Omani coast during the
late SWM is below the detection limit.

In the vicinity of Stas. 16 and 17 on TN050, Measures
and Vink reported a molar NO−3 :Fe ratio in the upwelled wa-
ter (20 000–30 000) that is higher than the value (∼15 000)
above which a system would become Fe-limited. These val-
ues are characteristic of upwelled waters in Fe-limited re-
gions like the central California coast and southern Peru
where they are attributed to the absence of benthic inputs
because of narrow shelves. Typically, Fe is drawn down
rapidly in these waters once they reach the surface, resulting
in nutrient-rich, Fe-limited condition. In Fig. 6, our Fe and
NO−

3 data are plotted alongside those of Bruland et al. (2001)
from the California coastal upwelling. Solid lines on the plot
show how Fe and NO−3 are drawn down, with the change
in slope at low Fe values reflecting successional changes
towards phytoplankton with lower Fe requirements (Sunda
et al., 1991; Sunda and Huntsman, 1995). The data from
Stas. 16 and 23 strongly indicate potential for Fe deficiency.
However, the drawdown depicted in Fig. 6 is only valid in a
closed system without additional sources of new Fe. Mea-
sures and Vink (1999) argued that as the upwelled water is
carried offshore, it receives Fe inputs through atmospheric
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dust deposition such that the PP does not become Fe limited.
However, the following independent lines of argument sug-
gest that such may not always be the case.

A recent modelling study by Wiggert et al. (2006) predicts
an intensifying region of Fe limitation in the western Ara-
bian Sea through the SWM and into October. In addition to
the above-mentioned high NO−3 :Fe ratio in the upwelled wa-
ter, modelled Fe limitation also reflects the low aeolian Fe
deposition predicted by the GOCART atmospheric transport
model (Ginoux et al., 2001). Observational support for the
latter is provided by the results of aerosol analysis by Siefert
et al. (1999) in August 1995. As stated above, in the vicin-
ity of our Stas. 16 and 17, these authors found labile-Fe(II)
concentrations below the detection limit, and concluded that
air masses came from pristine Southern Hemisphere during
this season. Another plausible source of Fe is reducing shelf
sediments, but this is not expected to be large because of a
narrow shelf.

At the only station (23) located in the central Arabian Sea
where Fe was measured on SK209, we found a significant
drawdown of Fe to a concentration at the base of the mixed
layer of∼0.25 nM (Moffett et al., 2007), higher than Wiggert
et al.’s prediction (∼60 pM) but lower than reported by Mea-
sures and Vink (1999). Total dissolved Fe concentrations of
0.2-0.3 nM have been demonstrated to be limiting to phyto-
plankton growth in other coastal upwelling regimes such as
the one off California (Hutchins and Bruland, 1998; Firme et
al., 2003), as coastal diatoms have relatively high Fe require-
ments (Sunda and Huntsman, 1995) and half saturation con-
stants for growth (Hutchins et al., 2002). The combined NO−

3
and NO−

2 concentration was 6.4 µM, yielding a NO−

3 :Fe ratio
of ∼25 600. Column chl-a inventory at this station was only
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(19.838◦ N, 58.343◦ E), and (c) Sta. SK208/15 (18.661◦ N,
57.192◦ E).

∼21 mg m−2. These observations suggest that during the lat-
ter part of the SWM high nitrate – low chlorophyll (HNLC)
conditions may develop due to Fe limitation over the south-
ern parts of the Omani shelf and in the offshore region.

One reason for the high NO−3 :Fe ratio in Fig. 6 is that wa-
ters upwelling in the western Arabian Sea are not derived
from the Fe-rich suboxic zone (Naqvi, 1994; Moffett et al.,
2007). While JGOFS sampling over the Omani shelf was
inadequate to investigate whether or not severe oxygen de-
ficiency such as that observed over the Indian shelf (Naqvi
et al., 2000) also occurs over the Omani shelf, our 2004 ob-
servations establish that such is not the case. For example,
both at Sta. 7 and Sta. 16, O2 concentrations did not reach
levels low enough (suboxic,< 1 µM) for the water column
to become reducing and the sub-micromolar nitrite (NO−

2 )

concentrations that persisted throughout the water column
(Fig. 7) were perhaps due to assimilatory reduction of NO−

3
by phytoplankton (Naqvi et al., 2002). Higher NO−

2 build-up
(maximum∼3 µM) was observed in near-bottom waters at
some shallow stations, but these values were generally asso-
ciated with O2 > 25µM, and were, therefore, probably pro-
duced within the sediments.

3.3 Comparison between the western and eastern up-
welling zones and their influence on open-ocean pro-
cesses

The situation is quite different in the eastern Arabian Sea.
Surface concentrations of chl-a as well as its column in-
ventory are higher over the Indian shelf (range 13.9–200.1,
mean 77.6, median 74.8 mg m−2, n = 21) compared with
the Omani shelf, despite significantly lower macronutrient
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levels, but upwelling signatures dissipate a lot more quickly
offshore (Figs. 1 and 2). This is due to the fact that while
upwelling in the western Arabian Sea is driven by strong
local winds and is very vigorous, the process along the In-
dian coast, to a large extent remotely forced (McCreary et
al., 1993), is much less energetic. The long residence time of
upwelled water over a wide shelf and the existence of a thin,
warm, low-salinity lens act in concert to produce extremely
severe O2 depletion including complete anoxia at perhaps
the shallowest depths found anywhere in the world (Naqvi et
al., 2000, 2006). The ensuing reductive remobilization from
particulate matter and sediments results in large increases
in dissolved Fe (tens of nM – Sujata Kaisary, unpublished
data). While re-oxygenation of water via ventilation or mix-
ing would lead to conversion of most of the dissolved Fe (II)
to insoluble Fe (III), complexation by organic ligands in most
likelihood ensures sufficient availability of Fe to phytoplank-
ton at all times. In this respect, this system is analogous to the
highly reducing, wide-shelf regimes off central Peru, where
mobilization of very high concentrations of Fe by reducing
conditions has also been reported (Hong and Kester, 1986;
Bruland et al., 2005). By contrast, as already pointed out,
high NO−

3 :Fe ratios are found off Oman because waters up-
welling in the western Arabian Sea are not derived from a Fe-
rich suboxic zone and due to the narrow shelf, sedimentary
inputs of Fe are perhaps unimportant as observed off central
California (Bruland et al., 2001) and southern Peru (Bruland
et al., 2005).

Over the western Indian shelf, high concentrations of
macronutrients and Fe are found in the upper portion of
the coastal O2 deficient layer, which usually extends well
within the euphotic zone, yet it is invariably characterized
by very low rates of14C uptake as observed at Sta. M3A
located off Mangalore (Fig. 5c) and Sta. G6 located off Goa
(Fig. 5d). The two stations experienced slightly different hy-
drographic conditions. Sta. M3A was more strongly strat-
ified with a well developed, albeit shallow (∼5 m thick),
surface mixed layer (warm, low-salinity lens referred to
above) that was well oxygenated (123% saturation) and
NO−

3 -depleted. Across the pycnocline, O2 concentration fell
rapidly to suboxic levels whereas NO−

3 and NO−

2 concen-
trations first rose steeply and then fell to near-zero values
close to seafloor indicating intense denitrification. The PP
profile exhibited a subsurface maximum within the pycno-
cline followed by a rapid decrease with depth. Property dis-
tributions at Sta. G6 were quite similar to those at M3A ex-
cept that the mixed layer was almost non-existent with the
pycnocline virtually beginning at the surface. As a result,
surface O2 concentration was only 22% of the saturation
value. NO−

3 was present in high concentrations through-
out the euphotic zone, but high PP occurred only at the
surface. With the column integrated PP at the two sta-
tions examined here (1188 mg C m−2 d−1 at Sta. M3A and
678 mg C m−2 d−1 at Sta. G6) essentially reflecting the thick-

ness of the oxygenated surface layer, it is obvious that PP
rates over the Indian shelf are somehow modulated by the O2
distribution. We hypothesize that this effect, to our knowl-
edge not reported from any other oceanic area, arises from
the requirement of O2 by phytoplankton for their respiration,
and so, despite their ability to produce this gas, its absence
may severely constrain their growth.

How do the contrasting processes occurring over the
Omani and Indian shelves affect the open ocean biogeochem-
istry? The mobilization of Fe over the Indian shelf is a con-
sequence of sluggish upwelling, while for the same reason
Fe- and macronutrient-rich water does not laterally advect
beyond the continental shelf, thus having little impact on the
open ocean biogeochemical processes. Conversely, energetic
winds drive rapid upwelling in the western Arabian Sea fol-
lowed by extensive offshore spreading of the upwelled water,
but due to a narrow shelf and the absence of suboxic con-
ditions the NO−

3 -rich upwelled water does not get enriched
with Fe. Consequently, the upwelled water retains its high
NO−

3 content far away from its origin. We speculate that as
the water continues to advect eastward, Fe deficiency is ter-
minated by a higher atmospheric Fe deposition rate, which
explains the increase in chl-a east of the zone of Fe limitation
mentioned above. Thus, eventually all the upwelled NO−

3 is
fully used up and hence the overall carbon production in the
Arabian Sea should still be limited by macronutrients (nitro-
gen), but Fe-limitation at certain times (late SWM when most
of the carbon export to the deep sea occurs) and in some areas
(western Arabian Sea) would have potentially important im-
plications for the production of particulate organic matter and
the vertical scale of its mineralization. Of particular interest
is its role in sustaining intense denitrification in the open cen-
tral Arabian Sea that contributes significantly to global nitro-
gen cycling (Naqvi, 1987; Codispoti et al., 2001; Bange et
al., 2005; Devol et al., 2006; Ward et al., 2009), and in turn
to climate, both directly through production of nitrous oxide
(N2O), an important greenhouse gas (Naqvi and Noronha,
1991; Bange et al., 2001) and indirectly through millennial-
scale changes in oceanic nitrogen inventory (Suthhof et al.,
2001; Altabet et al., 2002).

We propose that phytoplankton blooms in the Arabian Sea
are closely linked to Fe supply and removal: episodic de-
position of dust from the atmosphere into Fe-poor upwelled
waters may trigger these blooms which, in turn, would lead
to the removal of Fe from the surface layer. Moreover, the
dust may provide additional “ballast” for the biogenic ma-
terial to be removed from the surface layer (Ittekkot et al.,
1992; Armstrong et al., 2002). Thus, Fe depletion may oc-
cur even during the peak SWM season, albeit intermittently.
This may explain the observed patchiness in chl-a distribu-
tion. A more sustained limitation of PP by Fe is expected
in areas where and during periods when the atmospheric cir-
culation is not conducive for dust deposition (e.g. off RAM
during the late SWM). Onset of such a limitation due to, for
example, the demise of SWM winds, may lead to collapse
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of the blooms causing sinking of phytoplankton. We believe
that we captured such an event as indicated by the subsur-
face peak in chl-a at Sta. 16 (Fig. 5b). The large increase
in sinking flux towards the end of the SWM has been pre-
viously ascribed to relaxation of grazing pressure due to the
departure from the surface layer of the ontogenetically mi-
grating copepodsCalanoides carinatusandEucalanus sub-
tenuisthat dominate zooplankton biomass during the period
of upwelling (Smith, 2001). This may lead to uncontrolled
diatom growth followed by rapid sedimentation. The two hy-
potheses are, however, not mutually exclusive as grazing by
copepods would also result in recycling of Fe in the surface
layer while the development of blooms following their mi-
gration to deep sea would result in its rapid depletion.

Iron deficiency can also affect vertical flux in another
way. It has been experimentally observed that such defi-
ciency causes an increase in ratio of Si:N uptake by di-
atoms (Hutchins et al., 2002). This has two important ef-
fects: (a) the material produced is exported to greater depths;
and (b) silicate is depleted faster than NO−

3 as the water
advects offshore. Such a depletion of silicate, used as a
diagnostic tool to identify Fe-limited systems (Hutchins et
al., 2002), also occurs in the Arabian Sea (Fig. 2). It may
be noted that as it is the upwelled water has a high (1–2)
NO−

3 :silicate ratio (Morrison et al., 1998) that increases fur-
ther offshore reaching values as high as∼8 only during the
late SWM (TN050). A more rapid offshore decrease and
generally lower silicate concentrations in freshly upwelled
water are strongly indicative of a more pronounced Fe in-
hibition during our survey compared with TN050. At other
times, the lower ratios do not indicate that the diatoms are
under Fe stress (Morrison et al., 1998). The combined ef-
fect is a shift in phytoplankton community structure with in-
creasing abundance of smaller autotrophs offshore (Garrison
et al., 1998). The biogenic matter produced by small, non-
diatomaceous phytoplankton will be degraded at shallower
depths. Therefore, one would expect the average depth of
mineralization of material exported from the surface layer to
shoal up with increasing distance from the coast, such that
more material is degraded close to the core of the O2 mini-
mum zone in the offshore region. This is consistent with the
observed O2 distribution. As an example, a comparison of
O2 profiles at Sta. S2 (Lat. 18◦05′ N, Long. 58◦02′ E) and
Sta. N7 (Lat. 19◦10′ N, Long. 67◦10′ E), worked during the
US JGOFS Cruise TN045, reveals opposite gradients above
and below∼1500 m with the deeper values being lower in
the western Arabian Sea (Fig. 8). This variability in the ver-
tical scale of mineralization can explain two anomalous fea-
tures of the Arabian Sea biogeochemistry: (a) despite rel-
atively invariable PP (Barber et al., 2001), vertical flux of
sinking material to deep sea as measured by sediment traps
(shallowest deployment depth∼800 m) shows large onshore-
offshore variability (Haake et al., 1993; Honjo et al., 1999);
and (b) the most intense denitrification occurs offshore in the
central Arabian Sea (Naqvi, 1991). It also has implications
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Fig. 8. Comparison of vertical profiles of O2 at two sites one off
the Omani margin (Sta. S2; 18.08◦ N, 58.03◦ E; circles joined by
the dashed line) and the other close to the heart of the O2 deficient
zone (Sta. N7; 19.17◦ N, 67.17◦ E; crosses joined by the continu-
ous line). The data were collected on US JGOFS Cruise TN045
during March-April, 1995. The inset shows station locations with
reference to the suboxic zone bounded by the 0.2 µM NO−

2 contour
(from Naqvi, 1991).

for millennial-scale changes in denitrification (Suthhof et al.,
2001; Altabet et al., 2002): enhanced dust deposition could
have led to a shift in remineralization of organic matter to
deeper waters and consequently a relaxation of upper-ocean
O2 deficiency.

4 Conclusions

1. The increase in biological productivity of the Arabian
Sea over the last few years indicated by the satellite data
for the period 1997–2003 off Somalia is not supported
by the available ground truth off Oman and a reanalysis
of satellite data for the entire western Arabian Sea.

2. Contrary to the prevalent belief – the Arabian Sea has
been considered to be a site of “Mother Nature’s Iron
Experiment” (Smith, 2001) – iron supply through atmo-
spheric dust deposition is not high enough everywhere
and at all times to prevent the development of the HNLC
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condition. Instead, the surface-water Fe concentration
appears to fall to levels that limit PP in some areas (over
the southern parts of the Omani shelf and in the offshore
region) and during times (late SWM) where/when atmo-
spheric dust deposition is probably low, as is Fe supply
through upwelling and diffusion from sediments of the
narrow continental shelf. Despite the limited geograph-
ical spatio-temporal extent of Fe limitation, due to its
timing and location this phenomenon may play an im-
portant role in the biogeochemistry of the Arabian Sea,
especially in the formation and maintenance of the most
intense mid-depth suboxic layer in the central Arabian
Sea. Primary production over the Indian shelf does not
seem to be Fe-limited. However, low PP rates could
still result due to unsuitability of O2-deficient environ-
ment for the growth of oxygenic photosynthesizers even
when the nutrient- and presumably Fe-rich upwelled
water is found well within the euphotic zone.
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