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tropopause temperatures associated with a troposphere green-
house effect, would also be important. O
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MONSOONS cause seasonal reversals in the surface circulation
of the northern Indian Ocean’. In the Arabian Sea this results in
the upwelling of nutrient-rich water along the coasts’™, making
it one of the highly productive regions of the world’s oceans. To
assess the impact of monsoon-driven processes on the downward
particle flux variations in the open ocean we deployed three moored
arrays consisting of six time-series sediment traps at selected
locations in the western, central and eastern parts of the deep
northern Arabian Sea. Strong seasonality was recorded in particle
flux at all three sites with peaks during the south-west and north-
east monsoons. High primary productivity during the monsoons
resulting from wind-induced mixed-layer deepening and the associ-
ated nutrient injection to the euphotic zone appeared to be the
main factor controlling the observed particle flux pattern. These
findings may shed light on CO, uptake during glaciation when
wind speeds were higher.

Three mooring systems, each consisting of two time-series
sediment traps®—one 1,000 m below the sea surface and the
other 1,000 m above the sea bottom—were deployed at three
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sites in the western, central and eastern Arabian Sea (Fig. 1).
The collecting cups were poisoned with mercuric chloride before
deployment. The sediment traps were programmed to measure
the flux of sinking particles at intervals of 12 to 13 days each
over a duration of six months per deployment. They have been
recovered and redeployed three times since May 1986 using the
research vessels RV Sonne and the ORV Sagar Kanya. Here we
report the results obtained during the first year of deployment.
On recovery of the traps, the samples were wet-sieved and
split using a precision rotary splitter. One quarter of the <1 mm
size fraction was filtered through pre-weighed Nuclepore filters
(0.5 um) and dried at 40 °C. This fraction was used for flux
calculations and for analysis of first order parameters such as
carbonate, opal, lithogenic, organic carbon, and nitrogen®’.
At all three sites the flux of sinking particles showed seasonal-
ity which is strongly related to the monsoons with higher fluxes
during the south-west (June to September) and north-east
(December to February) monsoons (Fig. 2). Individual fluxes
differed by more than two orders of magnitude. Differences
between maximum and minimum fluxes during these two peri-
ods were highest at the western and eastern sites; these are
characterized by their proximity to the upwelling centres along
the Somali and the Arabian coasts and the Indian continental
shelf, respectively. The similarity in flux patterns not only at
sites close to the upwelling centres, but also at the site in the
central Arabian sea, indicates that factors other than coastal
upwelling might also be responsible for the higher particle fluxes.
The close relationship observed between particle fluxes and
wind speeds at the three sites provides a clue (Fig. 3). Higher
wind speeds lead to a deepening of the mixed layer and the
introduction of nutrient-rich subsurface waters into the euphotic
zone®®. Mixed-layer deepening from 30 to 40 m during the
pre-monsoon period to more than 100 m during the south-west
monsoon have been reported'®. The wind-induced nutrient
pumping into the euphotic zone is especially effective in the
Arabian Sea as subsurface waters are extremely rich in
nutrients''. This results in high primary production during both
monsoons'>'* and this high ‘new production’ is reflected in
high particle fluxes to the deep sea. An exception to this is the
eastern Arabian Sea during the north-east monsoon. Here par-
ticle fluxes are extremely low, although wind speeds are only
slightly lower than at the other stations. This could be due to
the absence of regular winter blooms caused by the inflow of
low-salinity water from the eastern tropical Indian Ocean, which
leads to stronger stratification and to lower productivity'®.
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FIG. 1 Locations of mooring systems in the western, central and eastern
Arabian Sea. The distance of the moorings from the nearest coast are 520,
930 and 430 km for the eastern, central and western trap, respectively.
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FIG. 2 Seasonal variations of particle 361
fluxes to the deep Arabian Sea (bot- 1
tom) from time-series sediment trap
deployments (sampling intervals 12-
13 days) at the western, central and
eastern Arabian Sea (trap depths:
3020m, 2900m and 2770m,
respectively), and wind-speed data
during the period of deployment (top)
compiled from ship observations

WEST
32
284
24

20

Wind speed (knots)
3

P

T T

(Indian Daily Weather Report, Pune,

India) within a radius of 2° around the 500]

three sediment trap locations. Wind- 5 400]
speed data were smoothed with a S,
5-point moving average. Peak fluxes E
occurring during the SW (June- ERy
September) and NE (December- =
February) monsoons show close 2

Vel

] CENTRAL ] EAST
] ]
: ]
T T T T 'I—T—r‘r-l T 1 7T T T T T T T i L R |

™

similarity to wind-speed patterns and
are related to high primary production
resulting from wind-induced mixed
layer deepening and associated nutrient injection in the euphotic zone®®
and is best established in the central Arabian Sea (see Fig. 3). The peak
fluxes in the western Arabian Sea during July-August and between August-
October in the eastern Arabian Sea also have components derived from
nutrient advection®® and lateral transport of material from the coastal

1986

Further information on factors controlling the observed fluxes
comes from the component fluxes (Table 1). Carbonates domi-
nate the component fluxes and are present mainly in the form
of coccolithophorids with a certain amount of foraminifera.
Organic carbon and nitrogen fluxes are similar to those reported
from other oceanic areas'”. Major differences between sites were
observed in the opal and lithogenic fluxes.

In the central and eastern Arabian Sea sites, opal accounts
for 12% and 13% of the total flux. In the western Arabian Sea,
opal contributed up to 22% of the total annual flux and accoun-
ted for as much as 40% during the peak fluxes in July and
August, mostly in the form of the diatom Rhizosolenia, a major
upwelling species. During the summer monsoon of 1986, waters
from the Somali-Arabian upwelling centres have been shown
to be advected up to 60° E (ref. 16). Peak fluxes at this site
located more than 400 km from the continental margin thus
have a component derived from nutrient-rich upwelled water
transported offshore.

High lithogenic fluxes are associated with the south-west
monsoon (June to September) and their contribution to total
fluxes increases from the western (9% ) to the eastern (25%)
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upwelling centres. In the eastern Arabian Sea strong stratification resulting
from the inflow of low-salinity water from the eastern tropical Indian Ocean
during the NE monsoon leads to low productivity™® reflected in low particle
fluxes.

Arabian Sea site (Table 1). Eolian input to the Arabian Sea is
restricted by the Somali Jet to the northwestern parts, and may
constitute an important source of lithogenic particles at the
western Arabian Sea site (ref. 17; F. Sirocco and M. Sarnthein,
manuscript in preparation). In the northeastern and central parts
of the Arabian Sea the chief suppliers of lithogenic material are
the rivers Indus, Narmada and Tapti. More than 80% of their
annual suspended-matter discharge occurs during the south-
west monsoon'®, The simultaneous prevalence of clockwise sur-
face currents in the Arabian Sea can divert lithogenic material
to the eastern Arabian Sea, contributing to its relative enrich-
ment. Sediment-trap studies in the outer shelf off Goa, India,
have shown Indus-derived sediment to be a significant com-
ponent during this period"®.

Our results show that the particle fluxes out of the surface
layers in the Arabian Sea are primarily linked to changes in
the prevailing meteorological and hydrographical conditions
through biological processes occurring in the surface layers.
Higher wind speeds promote biological productivity by (1)
enhancing the introduction of essential trace elements associated
with atmospheric dust fallout (for instance, iron®), and (2) the

TABLE 1 Component fluxes of the fraction <1 mm to the deep Arabian Sea. The data are given for the SW (June-September), NE (December-February)
monsoons and for the periods in between

Components NE-SW SW Monsoon SW-NE NE monsoon Total
Site <1 mm gm2 % gm 2 % gm™2 % gm 2 % gm™2 %

Western Arabian Sea carbonate 117 54.2 1210 51.4 213 732 3.60 68.1 19.00 56.00
opal 012 56 6.08 25.8 0.30 10.3 0.78 14.7 7.28 215
lithogenic 011 51 210 89 0.28 9.6 015 28 264 78
Corg 0.16 7.4 1.18 50 0.14 48 0.32 6.0 1.80 53
N 0.02 0.9 0.14 0.6 0.02 0.7 0.04 0.8 0.22 0.6

Total flux 216 6.4 23.56 69.5 291 8.6 5.29 156 33.92
Central Arabian Sea carbonate 0.49 57.6 9.31 66.4 215 66.8 5.65 66.4 17.50 66.2
opal 0.06 71 1.51 10.8 0.35 109 1.16 139 3.08 116
lithogenic 0.07 8.2 1.84 131 0.35 109 0.79 9.5 3.05 11.5
Corg 0.06 71 0.74 53 0.20 6.2 0.53 6.3 1.53 5.8
N 0.01 1.2 0.09 0.6 0.02 0.6 0.07 0.8 0.19 0.7

Total flux 0.85 32 14.02 53.0 3.22 12.2 8.36 3186 26.45
Eastern Arabian Sea carbonate 0.80 432 7.27 49.5 3.40 54.4 0.41 51.3 11.88 50.4
opal 0.30 16.2 1.81 12.3 0.79 12.6 0.23 28.8 313 133
lithogenic 0.42 227 3.60 245 1.35 216 0.03 38 5.40 229
Corg 0.18 97 1.00 6.8 0.33 53 0.05 6.3 1.56 6.6
0.02 11 0.10 0.7 0.04 0.6 0.01 1.2 017 0.7

Total flux 1.85 7.8 1468 62.3 6.25 26.5 0.80 34 23.58
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FIG. 3 Time-series (sampling intervals 12-13 days) of particle flux from
two depths (shallow, 780 m; deep, 2,900 m) in the central Arabian Sea, and
the general information on wind velocity®®, sea-surface temperature® and
mixed layer depth®. Low sea-surface temperatures and a deeper mixed layer
during these periods show that wind-induced mixing occurs which brings
nutrient-rich water to the surface. The resultant high biological productivity
leads to the observed flux pattern.

injection of new nutrients from deeper layers to the euphotic
zone. There have been times in the recent geological past when
wind speeds were higher than today’s by a factor of 1.3 to 1.6,
and the atmosphere had higher dust contents, for example during
the glacial periods”, which must have led to an increase in
global ocean productivity. The subsequent removal of this new
production to the deep ocean as deduced from our study could
have contributed in part to low atmospheric CO, contents during
the glacial periods®*. O
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Barium content of benthic
foraminifera controlled by
bottom-water composition
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THE carbon isotope ratio (6'>C) and cadmium content (Cd/Ca)
of benthic foraminifera shells have been used to reconstruct deep-
water circulation patterns of the glacial oceans'~". These tracers
co-vary with phosphorus in the modern ocean because they are
nearly quantitatively regenerated from sinking biological debris
in the upper water column. Hence they can be used to reconstruct
the distribution of labile nutrients in glacial water masses. Indepen-
dent constraints on glacial deep-ocean circulation patterns could
be provided by a tracer of the distribution of silica and alkalinity,
the deeply regenerated constituents of planktonic hard parts.
Barium shares key aspects of its behaviour with these refractory
nutrients because it is removed from solution in surface waters
and incorporated into sinking particles which slowly dissolve deep
in the water column and in the sediments®. The fractionation of
Ba between deep-water masses of the major ocean basins is largely
controlled by thermohaline circulation patterns, so Ba conforms
to different boundary conditions from Cd and 6'>C. As Ba sub-
stitutes into trigonal carbonates®, it is a potential palaeoceano-
graphic tracer if the Ba content of foraminifera shells reflects
ambient dissolved Ba concentrations. Here we present data from
Recent core-top benthic foraminifera which indicate that the Ba
content of some recent calcitic benthic foraminifera does co-vary
with bottom-water Ba.

The distribution of barium, alkalinity and silica in the world’s
oceans was mapped extensively during the GEOSECS

160

140 +

35

Barium normalized to $
parts per 10'2 (nmol kg=1)

120 4

100 4
80 4

60 1

40 A

20 1

0 T T T T
2250 2300 2350 2400 2450 2500

Alkalinity normalized to S=35
parts per 10'2 (pequiv kg=1)

FIG. 1 Paired Ba and alkalinity data from ocean water samples analysed for
the GEOSECS program®-13, Alkalinity and barium are normalized to a
constant salinity of 35%. Included are: Atlantic Ocean stations 29, 82 and
111 (circles); Pacific Ocean stations 204, 226, 312 and 322 (crosses); and
Indian Ocean stations 429 and 452 (diamonds).
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