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Introduction

One of the major JGOFS tasks is to quantify the export of carbon from the ocean’s surface into
the ocean's interior, and to shed light on processes coupling carbon flux and climate. Sediment
traps are at present the only tools that can intercept directly and continuously particles settling
through the water column but their trapping efficiency, and thus, their accuracy can be biased by 
hydrodynamic and biological effects (Lee et al., 1988; Gust et al., 1992; 1994). Scholten et al.
(2001) showed that the 230Thorium trapping efficiency of sediment traps moored at different
sites and water depths in eastern North Atlantic Ocean varies between 9 and 143%. In general,
these trapping efficiencies increase with increasing water-depth (Scholten et al., 2001). By
comparing data from various ocean basins, Yu et al., (2001), found that sediment trap data
obtained at water depths above 1200 m are problematic whereas traps deployed below that depth 
exhibit acceptable trapping efficiencies. The latter is supported by the Indo-German sediment
trap experiment that showed co-variations between surface ocean processes and deep ocean
fluxes measured between 1986 and 1997 in the western, central and eastern Arabian Sea (e.g.,
Nair et al., 1989; Haake et al., 1993; Rixen et al., 1996; 2000).

During the Dutch, German, Indian and the U.S. JGOFS field experiments between 1993 and
1995 approximately 40 moored sediment traps were deployed at different water depths in the
Arabian Sea (Figure 1). The U.S. sediment trap moorings were arranged along a transect from
the highly productive upwelling area off Oman past the long-term Indo-German sediment trap
sites in the western and central Arabian Sea into the oligotrophic southern Arabian Sea. The
Dutch activities included sediment trap experiments in the upwelling area off Somalia and in
addition, one trap was deployed in the northern Arabian Sea in collaboration with Pakistan and
Germany.

The Monsoonal Impact on Deep Ocean Fluxes

The seasonal reversing monsoon winds over the Arabian Sea are stronger during summer (SW
Monsoon) and winter (NE Monsoon) than during the Intermonsoon periods. This is reflected by
increased particle fluxes in the deep western, central and eastern Arabian Sea pointing to a close 
coupling between the monsoon and the deep sea (Nair et al., 1989). During the JGOFS field
experiments this bimodal, monsoon-driven flux pattern, was also observed in the northern
Arabian Sea off Pakistan (Suthhof et al., 1999) and along the U.S. JGOFS sediment trap transect 
in the western Arabian Sea (Lee et al. 1998; Honjo et al., 1999) and off Somalia (Broerse et al.,
2000). In the southern open Arabian Sea this pattern is only weakly evident and the peak organic 
carbon fluxes are even lower than those during the Intermonsoon periods at the other sites
(Honjo et al., 1999; Rixen et al., submitted). This implies that the southern boundary of the
monsoon-driven high flux region is located somewhere between 10 and 15°N in the open
Arabian Sea.



66

Within the monsoon-driven, high flux region, the organic carbon transport into the deep sea is
generally lower during the NE than during the SW Monsoon. This difference is most
pronounced off Somalia (Broerse et al., 2000), in the western Arabian Sea and disappears almost 
entirely in the northern Arabian Sea off Pakistan where the NE and SW Monsoon fluxes are
almost equal (Suthhof et al., 1999). However, these results demand interdisciplinary
investigations such as those carried out during the international JGOFS to elucidate the
processes that transfer monsoonal signals into to the deep sea.

The Southwest (SW) Monsoon

The SW Monsoon is characterised by a low level Jet (Findlater Jet) blowing almost parallel to
the Arabian coast over the Arabian Sea (Findlater, 1966, 1969; Rixen et al., 1996). In the
western Arabian Sea north of the axis of the Findlater Jet, the monsoon winds induce upwelling, 
which is strongest along the Oman coast (e.g., Luther et al., 1990; Brock et al., 1991; Rixen et
al., 2000). South of the Findlater Jet axis, downwelling occurs due to the wind stress curl.
During the U.S. JGOFS field experiments, the ONR Arabian Sea Central Mooring (ASCM) was 
deployed almost below the axis of the Findlater Jet between the western and central Arabian Sea 
trap sites (Dickey et al., 1998). It revealed a deepening of the mixed layer during the initial onset 
of the SW Monsoon in 1995, while in the course of the SW Monsoon the mixed layer became
shallower (Figure 2). The initial mixed layer deepening was due to downwelling or wind
stirring, whereas the decreasing mixed layer depth can result from upwelled water propagating
offshore. This agrees with the mean SW Monsoon organic carbon fluxes that generally decrease 
with increasing distance from the coast (Figure 1). The deviation from this trend close to the
coast is probably caused by marine organisms which are assumed to be exported into the deep-
sea during their later resting stage and not during their earlier growing stage (Smetacek, 1985).
On the other hand, spatial and temporal variations during the advection of upwelled water
(Manghnani et al., 1998) can also contribute to the observed deviation.

However, during the early onset of the SW Monsoon, increasing organic carbon fluxes are
associated with enhanced carbonate to biogenic opal ratios at all long-term trap sites (Figure 3;
Rixen et al., submitted). This indicates an increasing share of carbonate-bearing organisms in the 
organic matter exported into the deep sea. During the SW Monsoon, the carbonate-to-biogenic

Figure 1. Sediment trap sites in the Arabian Sea.
Black dots show the long-term Indo-Germans
sediment trap locations (deployed since 1986),
black squares indicate the Dutch sediment trap sites
off Somalia (deployed: 1992/1993; e.g., Koning et
al., 1997), light grey circles reveal the U.S.
locations (deployed: 1994/1995; Lee et al., 1998,
Honjo et al., 1999) and the open circle shows the
German/ Pakistan site (deployed: 1994/1996;
Suthhof et al., 1999). The lower panel shows the
mean SW Monsoon fluxes obtained by traps
deployed at a water-depth of approximately 3000 m
versus the distance between the trap site and the
coast. Data are from Lee et al. (1998; grey circles)
and from Rixen et al. (submitted, black circles).
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opal ratios decrease due to a higher contribution of silicate-bearing organisms such as diatoms to 
the exported matter. This feature is well known in the western Arabian Sea and has been related 
to the nutrient distribution in the water column showing an increase in silicate concentrations
that is steeper than that of nitrate and phosphate (Haake et al., 1993). The initial upwelling or
mixed layer deepening seems, thus, to be too weak to carry sufficient silicate into the euphotic
zone to favour diatom blooms. This situation changes during the later phase of the SW Monsoon 
when an increasing influence of coastal upwelling leads to diatom blooms at the trap site in the
western Arabian Sea (Rixen et al., 2000). Detailed plankton studies during this period revealed
that flagellates succeed diatoms between the western and central Arabian Sea (Garrison et al.,
2000) probably due to the lack of dissolved silicate. This might be responsible for the relatively
high carbonate/biogenic opal ratios during the later phase of the SW Monsoon in the central
Arabian Sea compared to those measured at the other sites (Figure 3).

Figure 2. Depth of the mixed layer (MLD black line) and euphotic zone (1% PAR light level; 
green line) measured at the ONR central Arabian Sea mooring between October 1994 and 1995. 
The data are redrawn from Dickey et al. (1998). MLD represents the water-depth at which the 
temperature is 1°C lower than at the surface. Additionally, the organic carbon fluxes (blue line) 
and the carbonate biogenic opal ratio (red line) determined at the sediment trap site (WAST) 
during the year 1995 are shown.

Tracer experiments carried out with a 3-D coupled ocean-atmosphere model (Maier-Reimer,
submitted) indicate that nutrients upwelled off Oman can propagate along with the coastal
current into the northern Arabian Sea, and further along the Indian coast into the eastern Arabian 
Sea. Thus, the enhanced fluxes at these sites might also be influenced by the upwelling off
Oman. This implies that the western Arabian Sea upwelling influences the peak organic carbon
export throughout the open Arabian Sea north of at least 15°N during the SW Monsoon and also 
causes the low carbonate/biogenic opal ratios in eastern Arabian Sea. Off Somalia, the high SW 
Monsoon fluxes are linked to upwelling occurring at the western exteriors of the Great Whirl
(e.g., Conan and Brummer, 2000).

To gain more quantitative information on the link between deep ocean fluxes and upwelling,
biweekly averaged wind fields derived from satellite measurements for the period between 1987 
and 1995 were converted into up- and downwelling velocities. Subsequently, upwelling
velocities off Oman were correlated with deep ocean fluxes obtained at the western Arabian Sea 
trap site (Rixen et al., 2000). This analysis revealed that changes in the upwelling velocities
caused by variations in the strength of the Findlater Jet exert the main control of organic carbon 
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fluxes into the deep western, (Rixen et al., 2000b), and most likely also into the central, eastern 
and northern Arabian Sea, during the SW Monsoon.

Figure 3. The mean annual organic carbon fluxes and carbonate to biogenic opal ratios at the
trap sites in the western (WAST), central (CAST) and eastern Arabian Sea (EAST).

The Northeast (NE) Monsoon

During the NE Monsoon, mixed layer deepening caused by winter cooling and wind mixing
entrains nutrient-enriched subsurface waters into the euphotic zone (e.g., Banse and McClain,
1986; Madhupratap et al., 1996). The resulting phytoplankton bloom has been assumed to cause 
the enhanced organic carbon fluxes measured in the deep western, central and eastern Arabian
Sea (Nair et al., 1989; Haake et al., 1993). During the NE Monsoon of 1994/95, the ONR
ASCM buoy recorded the deepest mixed layer approximately between December and February
(Figure 2). The respective euphotic zone was almost half as deep as the mixed layer and the
corresponding organic carbon fluxes in the western Arabian Sea were even lower than during the 
following Spring Intermonsoon period (May/June; Figure 2; Rixen et al., submitted). The peak
organic carbon flux occurred at the end of the NE Monsoon as the mixed layer became shallower 
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than the euphotic zone. High organic carbon fluxes at the end and low fluxes during the peak of 
the NE Monsoon are a regular, repeating feature that have been observed not only in the western 
but also in the central and eastern Arabian Sea. A second organic carbon flux peak was generally 
measured at the beginning of the NE Monsoon in December during the initial deepening of the
mixed layer (Rixen et al., submitted). A similar bimodal flux-pattern during the NE Monsoon
was also observed at the U.S. and the Dutch sediment trap sites, which shows that it is a
characteristic feature in the NE Monsoon season in the Arabian Sea (Prahl et al., 2000; Broerse, 
et al., 2000). The interrelation between mixed layer depth and depth of the euphotic zone leading 
to the early and late NE Monsoon blooms is similar to those causing autumn and spring blooms
in the temperate open oceans (Kiefer and Kremer, 1981).

In the Arabian Sea, the bloom of the early NE Monsoon is associated with enhanced carbonate/
biogenic opal ratios, whereas the sinking particles during the bloom of the late NE Monsoon
reveal low carbonate/biogenic opal ratios (Figure 3). This indicates that in contrast to the early
NE Monsoon bloom, the late NE Monsoon organic carbon flux peak is mainly driven by diatom 
blooms. Since the early NE Monsoon, bloom is caused by the initial deepening of the mixed
layer and the late NE Monsoon bloom succeeds the maximum mixed layer depth, the shift in the 
phytoplankton composition can be related to the depth from which the water in the euphotic
zone originates.

Organic Carbon Export into the Ocean’s Interior

The organic carbon flux from the euphotic zone into the deep-sea and its remineralisation in the 
water column is assumed to be associated with primary production (Deuser and Ross, 1980).
Primary production and sediment trap data are used to develop models describing this link by
including an additional term accounting for the influence of water-depth on organic carbon
fluxes (e.g., Suess, 1980; Betzer, 1984; Pace et al., 1987; Berger; 1988). These models have
been applied for global analysis (e.g., Jahnke, 1996) and are often integrated into large
circulation models utilised for climate predictions (e.g., Maier-Reimer, 1993). The organic
carbon export derived from the 234Th-method reveal, in contrast to the assumption within the
carbon flux models, a decoupling between primary and export production (Buesseler, 1998;
Buesseler et al., 1998). However, the annual averaged primary production rates (Buesseler et al.,
1998) converted into deep ocean organic carbon fluxes by using the models, correlate with the
organic carbon fluxes measured by sediment traps at water-depths > 1000 m (Table 1). In
addition to this, the model introduced by Pace et al. (1987), shows the best quantitative
agreement between measured and modelled data (Figure 4). The correlation can be improved by 
running the models with primary production rates derived from the CZCS between 1978 and
1986 (e.g., Antoine et al., 1996; Behrenfeld and Falkowski, 1997; Table 1). Here, the primary
production rates were averaged for an area of one degree around the trap sites and the U.S. flux 
data were reduced by 11% since the 1994 and 1995 data are 11% above the mean annual flux as 
indicated by the long-term record in the western Arabian Sea (Rixen et al., 2000b). Despite the
improved correlations, the data derived from the Pace et al. (1987) model are slightly lower than 
the measured ones (Figure 4). This might be attributed to an underestimation of the satellite-
derived mean annual primary production rates due to insufficient data coverage during the
highly productive SW Monsoon (Banse and English, 2000). Nevertheless, the agreement
between modelled and measured data can be improved by modifying the coefficients or by using 
the coefficients originally introduced by Betzer et al. (1984) (Table 1; Figure 5).

The ratios between primary and export production implied by Betzer et al. (1984) are higher
than those reported by Buesseler (1998; generally < 0.1) and Buesseler et al. (1998; Figure 6).
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Figure 4. Annual mean organic carbon fluxes measured at the U.S. and the Indo-German trap
sites at water-depths > 1000 m versus fluxes calculated with the equation introduced by Pace et
al. (1987) driven by primary production rates obtained from Lee et al. (1998, black circles),
from Antoine et al. (1996; grey circles) and Behrenfeld and Falkowski (1997; open circles).

Table 1: Correlation coefficients derived from the correlation between modelled and measured
fluxes. 1,2,3 indicate that different primary production rates (PP) are used to calculate fluxes. “z” 
represents the water (trap) depth and “n” reveals the number of data, which equals the number of 
traps. Correlation coefficients marked bold are shown in Figures 4 and 5.

1 PP from: Lee et al. (1998)
2 PP from: Antoine et al. (1996)
3 PP from: Behrenfeld and Falkowski (1998)

Accordingly, the Betzer et al. (1984) model possibly overestimates the export production by
applying it for a global analysis. The primary and export production ratios obtained from Pace et
al. (1987) are within the range of those measured in the Arabian Sea (Buesseler et al., 1998) but 
are above 0.1. Consequently, export production rates, especially in low productive regions,
might also be overestimated by using this model. Our model produces primary and export
production ratios higher than those in the Arabian Sea but it meets the results presented by
Buesseler (1998) when the primary production is < 180 g C m-2 a-1.

Ref. Equations

1
(n=12)

r

2
(n=19)

r

3
(n=19)

r
Berger et al., 1988 J=17/z + 0.01 pp 0.717 0.892 0.933
Berger et al. 1988 J=9pp/z + 0.7 pp/z0.5 0.721 0.842 0.929
Suess, 1980 J=pp/(0.0238z + 0.212) 0.683 0.706 0.880
Betzer et al., 1984 J=0.409pp1.41/z0.628 0.699 0.898 0.932
Pace et al., 1987 J=3.523pp/z 0.734 0.712 0.798 0.918
This work J=0.01pp2/z0.628 0.653 0.929 0.923
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Figure 5. Annual mean organic carbon fluxes measured at the U.S. and the Indo-German trap
sites at water-depths > 1000 m versus modelled fluxes. “PP”=Primary production; “TP”=
sediment trap depth.

Figure 6. Primary versus export production as derived from various equations and from Arabian 
Sea data (circles; data are from Buesseler et al., 1998).

To quantify carbon export into the ocean interior we used the model introduced by Pace et al.
(1987) and our equation. The primary production rates (Antoine et al., 1996) were interpolated
on a one-degree grid. The resulting export production into the Arabian Sea north of 6°N (3.52 X 
1012 m2 excluding shelf and slope regions; water-depths > 2000 m), ranges between 84 to 91 X
1012 g C a-1. This is approximately 50% lower than the export production rates derived from
nitrate assimilation measurements (Watts et al., 1999; Bange et al., 2000). However, the global
organic carbon flux at a water-depths of 2000 m resulting from our equation and from Pace et al.
(1987) agrees quite well with the mean annual fluxes derived from a global summary of
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sediment trap data (340 X 1012 g C a-1; Lampitt and Antia, 1997; Table 2). Overall, these data
show that the Arabian Sea accounts for approximately 3% of the global organic carbon transport 
into the ocean’s interior.

Table 2. Annual mean carbon fluxes derived from primary production rates (Antoine et al.,
1996; Behrenfeld and Falkowski, 1997). PP = primary production; Exp100 = export production;
Exp2000 = organic carbon flux at 2000 m water-depth; Surf. Sed. = the organic carbon flux which 
reaches the sediment surface (water-depths were obtained from:
http://ingrid.ldgo.columbia.edu/SOURCES/WORLDBATH).

PP
[1012 C g]

Exp.100

[1012 C g]
Exp.2000

[1012 C g]
Surf. Sed.
[1012 C g]

Arabian Sea (area: 3.5 1012 m2)
J=0.01pp2/z0.628; PP=1 700.1 86.3 13.2 9.8
J=3.523pp/z 0.734; PP=1 700.1 84.0 9.3 6.4
J=3.523pp/z 0.734; PP=2 761.7 91.4 10.1 7.1

global (area: 302.1 012 m2)
J=0.01pp2/z0.628; PP=1 29924.9 1890.7 288.1 188.1
J=3.523pp/z 0.734; PP=1 29924.9 3588.7 398.1 238.0
J=3.523pp/z 0.734; PP=2 34484.6 4135.6 458.8 274.0

1 Antoine et al. (1996); 2 Behrenfeld and Falkowski (1997)

Deep-sea Fluxes and Sedimentary Organic Carbon Burial

The difference between the deep-sea organic carbon fluxes and the organic carbon burial rates in 
the underlying sediments allows us to estimate the remineralisation rates of organic carbon at the 
sediment-water interface. Nevertheless, it should be considered that the top 1 cm of the surface
sediment should have an age of several hundred years according to the sedimentation rates
published by Paropkari et al. (1992) and the longest record of deep-sea fluxes is approximately 9 
years (Rixen et al., submitted). However, Jahnke (1996) used calcium carbonate-corrected
organic carbon burial rates and data on oxygen consumption measured in the Atlantic and
Pacific oceans to study the relation between organic carbon fluxes and burial rates. He
introduced a regression equation that describes the relationship between oxygen consumption
and calcium carbonate-corrected organic carbon burial. After converting oxygen consumption
into organic carbon remineralisation, this equation could be transformed so that it allows the
calculation of the organic carbon fluxes at the sediment surface. This transformed equation fits
the data derived from the Arabian Sea (Rixen et al., 2000b), which supports the global validity
of the equation introduced by Jahnke (1996). However, Jahnke (1996) suggested that globally
396 X 1012 gC y-1 reaches the surface sediments, whereas our analysis results in an organic
carbon flux of 188 to 274 X 1012 gC y-1 (Table 2). Although this, in addition to the results
discussed previously, indicates an agreement between the different global approaches for
estimating the deep ocean carbon budget, within the order of a factor of two, there are significant
local mismatches. For example, our analysis shows higher organic carbon fluxes along sea floor 
spreading zones compared to Jahnke (1996) (Figure 7).
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Figure 7. Annual mean organic carbon fluxes reaching the sea floor (water-depths > 2000 m)
derived from primary production rates (Antoine et al., 1996), water-depth
(http://ingrid.ldgo.columbia.edu/SOURCES/WORLDBATH) and the equation: POC flux =
0.01pp2/z0.628 (pp=primary production, and z= water depth).

Conclusion

Similar to temperate open ocean environments, variations of the depth of the mixed layer and 
the euphotic zone control the organic carbon export in the Arabian Sea except in regions
influenced by upwelling during the SW Monsoon. The strength of the upwelling and the height
of the subsequent export of organic matter are mainly determined by the intensity of the
Findlater Jet.

Moreover, the strength of the physical forcing mechanism, also influences the plankton
composition whereby stronger forcing favours diatom blooms and lowers the carbonate/biogenic
opal ratios. Such changes, so far attributed to an enhanced dust supply, are assumed to have
lowered the atmospheric CO2 concentration significantly during glacial times (Harrison, 2000;
Tréguer and Pondaven, 2000). The marine silica cycle, however, is still poorly understood and
new investigations are needed to adequately integrate the silica cycle into global models (Dittert 
et al., 2001).

Satellite-derived primary production rates can be used to estimate deep ocean fluxes on
annual time-scales by using organic carbon models such as those introduced in this study and by 
Pace et al. (1987). In the Arabian Sea, the differences between modelled and measured deep
fluxes are lower than by a factor two. Extending this approach globally results in a mean deep-
sea flux, which meets those derived from sediment trap data within the same error range. The
implied primary/export production ratios are close to those reported by Buesseler (1998).

The export production rates for the Arabian Sea range between 83 and 91 gC y-1 and account 
for approximately 3% of the global open ocean export production (excluding shelf and slope
regions). This suggests that the export production in the Arabian Sea is close to the estimated
annual emissions of CO2 from the Arabian Sea into the atmosphere (74-94 X 1012 gC;
Somasundar et al., 1990; George et al., 1994; Körtzinger et al., 1997; Ewald, 1998) and more
than twice as high as those suggested by Goyet et al. (1998). Accordingly, small changes in the
marine biosphere could have the potential to influence the CO2 emissions significantly.

In the Arabian Sea, organic carbon burial rates can be related to primary production and
carbonate accumulation rates as suggested by Jahnke (1996). Jahnke’s and our budgets reveal an 
acceptable agreement on a global scale. Problems, however, occur on regional scales in, for
example, sea floor spreading zones and continental margins.


