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Abstract. Particle flux data obtained by time series sediment traps deployed at water
depths of approximately 3000 m in the western, central, and eastern Arabian Sea since
1986 were compared with wind speeds derived from measurements made by microwave
radiometer flying on polar orbiting satellites and sea surface temperatures (SSTs)
provided by the Physical Oceanography Distributed Active Archive Center at Jet
Propulsion Laboratory. This comparison has allowed us to trace the link between the
oceanographic and biological processes related to the development of the SW monsoon
with the pattern and interannual variability of particle fluxes to the interior of the Arabian
Sea. We could recognize the well-known upwelling systems along the coasts of Somalia
and Oman as well as open'ocean upwelling at the beginning of the SW monsoon. Both
open ocean upwelling and coastal upwelling off Oman cause a cooling of surface waters
at our westerri and central Arabian Sea stations. When SSTs fall below their long-term
average, an increase in fluxes which are dominated by coccolithophorid-derived
carbonates occurs. The timing of this increase is determined by the rate of surface water
cooling. Further intensification of upwelling as the SW monsoon progresses causes
additional increases in biogenic opal fluxes denoting diatom blooms in the overlying
waters. The total fluxes during this period are the highest measured in the open Arabian
Sea. At the central Arabian Sea location the fluxes are only randomly affected by these
blooms. The particle flux in the eastern Arabian Sea is as high as in the central Arabian
Sea but is influenced by a weaker upwelling system along the Indian coast. The observed
interannual variability in the pattern of particle fluxes during the SW monsoons is most
pronounced in the western Arabian Sea. This is controlled by the intensity of the
upwelling systems on the one hand and the transport of cold, nutrient-poor, south
equatorial water into the Oman region on the other. The latter effect, which is strongest
during the SW monsoon with highest recorded wind speeds, reduces the influence of
upwelling and the related particle fluxes at the western Arabian Sea station, where
highest fluxes occur during SW monsoons with moderate wind speeds. Thus coastal and
open ocean upwelling are most effective in transferring biogenic matter to the deep sea
during the SW monsoons of intermediate strength.

1. Introduction pressure difference between land and ocean. Boreal cooling of
the land mass during winter and heating during summer result in
high and low atmospheric pressure over Asia. The reverse,

The Arabian Sea is strongly influenced by the Asian mon-  atmospheric lows during winter and atmospheric highs during
soons. The monsoon system is driven by the atmospheric ~summer, occurs over the Indian Ocean. The geostrophically bal-
anced air flow results in strong, topographically steered (East
African and Makran Highlands) SW winds during summer (SW
Paper number 96JC02420. monsoon) and moderate NE winds during winter (NE monsoon)
0148-0227/96/96]JC02420$09.00 [e.g., Findlater, 1969; Ramage, 1971, 1987; Tchernia, 1980].
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1.1. Monsoon

Copyright 1996 by the American Geophysical Union.
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Figure 1. Surface currents in the Indian Ocean during the (a) SW and, (b) NE monsoons (information from
Molinari et al. [1990], Wyrtky [1973], Bearmann et al. [1989], and Fischer et al. [1996]).

Furthermore, the extreme atmospheric low during the SW mon-
soon over south west Asia diverts the southern hemisphere trade
winds to cross the equator between 38°E and 53°E [Findlater,
1969; Tchernia, 1980]. This results in the formation of the Find-
later Jet, an approximately 200 - 400 km wide area of strong wind
stress almost parallel to the Arabian Peninsula over the Arabian
Sea [Findlater, 1966, 1969; Legler et al., 1989].

1.2. Upper Ocean Response

The reversal of wind direction enforces a drastic change of
surface ocean currents in the western equatorial Indian Ocean and
the Arabian Sea. The anticlockwise surface circulation during the
NE monsoon gets replaced by the clockwise flowing Indian Mon-
soon Current during the SW monsoon [Tchernia, 1980] (Figure
1). Similarly, the Somali current reverses between the NE and
SW monsoon to a northward flow into the Arabian Sea during the
SW monsoon [Wyrtki, 1973]. During this season the Somali cur-
rent consists of two gyres, the Southern Gyre and the Great
Whirl. Surface current velocities of up to 4 m s were reported
within these gyres [Diiing et al., 1980; Swallow, 1981; Evans and
Brown, 1981; Schott, 1983]. The cross-equatorial transport into
the Arabian Sea was estimated to be 13 x 10° m?s™ in the surface
layer of the Somali current [Schott, 1983; Schott and Fieux,
1985). Associated with the Somali current and due to the prevail-
ing wind directions, upwelling appears north of the two gyres and
between the Somali current and the coast [Brown et al., 1980;
Evans and Brown, 1981; Schott, 1983; Tsai et al., 1992]. Off
Oman, an upwelling area extending approximately 700 km off-
shore is generated by coastal upwelling [Sastry and D'Souza,
1972; Bruce, 1974] merging with open ocean upwelling which
develops beneath the Findlater Jet [Luther et al., 1990; Brock et
al., 1991]. A weaker upwelling takes place along the coast of
India [Sharma, 1978; Shetye et al., 1990].

The seasonal appearance of upwelling is responsible for the
high primary production in the Arabian Sea [Ryther and Menzel,
1965; Ryther et al., 1966; Qasim, 1977; Berger et al., 1988].
These extreme, wind-driven seasonal changes of upper ocean

physical and biological processes make the Arabian Sea an ideal
area to study climatic effects on the amount of particles settling
to the deep sea.

1.3. Particle Fluxes

First results from our ongoing time seties sediment trap expet-
iments in the western, central, and eastern Arabian Sea since
1986 (Figure 2) have shown that the particle flux to the deep Ara-
bian Sea is strongly influenced by the monsoons [Nair et al,
1989]. It was suggested that higher wind speeds during the SW
monsoon result in a more intense upwelling causing enhanced
particle fluxes into the deep sea [Haake et al., 1993b]. Deviations
from this trend were explained by a northward shift of the Find-
later Jet, which results in a reduced open ocean upwelling at the
trap location in the western Arabian Sea [Dube et al., 1990;
Anderson and Prell, 1992; Haake et al., 1993a].

We have extended these investigations by including in the
interpretation of particle fluxes, data on wind speeds from a sat-
ellite-carried microwave radiometer (special sensor microwave
imager (SSM/T)) between 1986 and 1992 and the sea surface tem-
perature response to monsoon winds derived from the advanced
very high resolution radiometer (AVHRR), provided by the
Physical Oceanography Distributed Active Archive Center at Jet
Propulsion Laboratory, California Institute of Technology. This
has allowed us to resolve the link between the development of the
monsoons over the western Indian Ocean and the material flux
into the interior of the Arabian Sea.

2. Methods

Three moorings, each consisting of a Mark VI time series sed-
iment trap [Honjo and Doherty, 1988] at approximately 3000-m
water depth, have been deployed in the western, central, and east-
ern Arabian Sea since 1986 (Figure 2, Table 1). Sampling
intervals were between 12 and 27 days. Prior to deployment the
sampling cups were filled with seawater from the deep Arabian
Sea to which sodium chloride (35 g NaCl L") and mercury(1l)-
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Figure 2. Sediment trap locations in western (WAST), central (CAST), and eastern (EAST) Arabian Sea.

chloride (3.3 g L") were added to prevent the degradation of
trapped material.

After recovery, the supernatant was decanted and the residue
was wet sieved using a 1-mm sieve. The < 1-mm fraction was
split into aliquots, filtered through preweighted 0.4-um polycar-
bonate membrane filters (Nucleopore), and dried at 45°C. Total
flux was calculated using the filtered material. The >1-mm frac-
tion was not included in the calculations of total fluxes [Honjo,
1982; Lee et al., 1988]. The accuracy of fluxes measured by sed-
iment traps has the potential to be affected by hydrodynamic
biases and by the influence of swimmers [e.g., Gust et al., 1992,
1994; Lee er al., 1992]. Despite such limitations, the correlation
between the monsoon-driven surface ocean processes and the
flux measurements in 3000-m water depth as discussed by Nair
et al. [1989] and Haake et al. [1993a, b] reveals that sediment
traps deployed in the deep-sea record sequences of environmental
evenis in the surface layer and allow a continuous and quantita-
tive determination of matter sinking from the surface ocean to the
underlying sediments. Samples affected by malfunctioning of the
traps and by swimmers are not included in the following
discussion.

2.1. Chemical Analysis of Sediment Trap Samples

Carbonate was determined with a Charmograph 6 (Wésthoff).
The sample was heated in 2 N phosphoric acid and the released
carbon dioxide passed through a 0.05 N sodium hydroxide solu-
tion. Carbonate concentrations were calculated from the
conductivity changes of the sodium hydroxide solution. Pure car-
bonate was used for calibration. Reproducibility of this method is

*1%.

Total carbon and total nitrogen were measured with a Carlo
Erba Nitrogen Analyser 1500. After sample combustion, carbon,
as carbon dioxide, and nitrogen were detected in a constant
helium flow by a heat conductivity detector. Reproducibility of
this method is 0.02% for carbon and 0.05% for nitrogen. Organic
carbon was determined as the difference between carbonate car-
bon and total carbon. Organic matter was calculated by
multiplying organic carbon by 1.8 [Miiller et al., 1986].

Biogenic opal determination was based on a method modified
from Mortlock and Froelich [1989] and Koroleff [1983]. After
removing the carbonate by adding 2 N hydrochloric acid and
organic matter by adding hydrogen peroxide (2%), the remaining
sample was heated for 5 hours with sodium carbonate (7%) for
leaching biogenic silicon which was subsequently detected pho-
tometrically. To obtain the biogenic opal concentration, the
silicon concentration was multiplied with 2.4 [Mortlock and
Froelich, 1989]. The reproducibility of this method is 1% bio-
genic opal. Total biogenic matter was calculated as the sum of
biogenic opal, carbonate, and organic matter.

2.2. Satellite Data

Weekly averaged wind speeds were derived from SSM/I
measurements from July 1987 to December 1992 by using an
algorithm developed by Schliissel [1995]. Accuracy of the
method is 1.4 m s?. Additional wind speeds were obtained from
ship observations (Indian Daily Weather Report, Pune) at the trap
locations between July 1987 and October 1990. These wind
speeds are higher approximately by a factor of 1.6 than the satel-

lite data with which they are well correlated (#2 = 0.678). Since
satellite-derived wind speeds are not available between 1986 and
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Plate 1. Mean wind speeds during the NE monsoon in December, during the SW monsoon in August, and
during the intermonsoons in May and November (averaged over the period of observation).
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Plate 2. Mean sea surface temperatures during the NE monsoon in December, during the SW monsoon in
August, and during the intermonsoons in May and November (averaged over the period of observation).
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Table 1. Stations, Locations, Trap Depths, Water Depths at Trap Locations, Deployment Periods, and

Sampling Intervals

Trap Depth, Water Depth, Deployment Period Interval,
Station Position m m Start End days
Wast-01 16° 23’ N 60°32’E 3024 4020 May 10, 1986  Oct. 26, 1986 13.0
Wast-02 16° 18’ N 60°28’E 3021 4018 Nov. 19,1986 May 1, 1987 12.6
Wast-03 16° 19’ N 60°28’E 3033 4010 May 12,1987  Oct. 21, 1987 125
Wast-04 16° 35’ N 60°28°E 3039 4016 Nov. 22, 1987 Oct. 31, 1988 26.5
Wast-05 16° 24’ N 60°29°E 3029 4016 Nov. 20, 1988  Sept. 28, 1989 24.0
Wast-06 16° 19’ N 60°31°E 3016 4013 Jan. 15,1990  Oct. 15, 1990 21.0
Wast-07 16°20’ N 60°32’E 3039 4027 Dec. 19,1990  Oct. 26, 1991 25.0
Wast-08 16°19° N 60°30’E 3030 4018 Jan. 16,1992  Dec. 16, 1992 26.0
Cast-01 14°32’ N 64°44'E 2919 3900 May 10,1986  Oct. 26, 1986 13.0
Cast-02 14°29° N 64°46’E 2894 3912 Nov. 19,1986 May 1, 1987 12.6
Cast-03 14° 28’ N 64°46’E 2913 3890 May 12,1987  Oct. 21, 1987 12.5
Cast-04 14°33’ N 64°47E 2933 3910 Nov. 22,1987 Oct. 31, 1988 26.5
Cast-05 14°36’ N 64°50’E 3109 3906 Nov. 20, 1988  Sept. 28, 1989 24.0
Cast-06 14°35’° N 64°47T'E 3011 3950 March 29, 1990 Nov. 23, 1990 21.0
Cast-07 14°35’ N 64°46°E 2884 3921 Dec. 19,1990  Oct. 26, 1991 25.0
Cast-08 14°34’ N 64°45°'E 2876 3913 Jan. 19,1992  Dec. 16, 1992 26.0
East-01 15°32’ N 68°45°E 2787 3370 May 10, 1986  Oct. 26, 1986 13.0
East-02 15°28’ N 68°45'E 2764 3782 Nov. 19,1986 May 1, 1987 12.6
East-03 15°26’ N 68°43’E 2773 3770 May 12, 1987  Oct. 21, 1987 12.5
East-04 15°32’ N 68°45’E 2778 3775 Nov. 22,1987 Oct. 31, 1988 26.5
East-05 15°15’ N 68°36’E 2947 3751 Nov. 20, 1988  Sept. 28, 1989 24.0
East-06 15°38° N 68°34’E 2928 3862 Nov. 27,1990 Nov. 23, 1990 21.0
East-07 15°37° N 68°33°E 2952 3828 Dec. 19,1990  Oct. 26, 1991 25.0

July 1987, wind speeds from ship observations multiplied by 0.6
were used for this period.

Weekly composites, 18 km x 18 km gridded, day and night,
multichannel sea surface temperatures (SST) were provided by
the Physical Oceanography Distributed Active Archive Center at
Jet Propulsion Laboratory, California Institute of Technology.
The accuracy of the SST is better than 1°K [McMillin and Crosby,
1984; McClain et al., 1985]. Further, the night and day SSTs
were averaged and interpolated of the SSM/I grid (0.25 degrees).
For comparison of satellite and particle flux data, the satellite
data were averaged within a radivs of 1 degree around the sedi-
ment trap locations, and all data were interpolated for the same
biweekly intervals.

For discussion of the interannual variability the enhanced par-
ticle flux rates within the SW monsoon were averaged. Mean SW
monsoon wind speeds and SSTs were averaged taking into
account a delay of approximately 14 days between surface ocean
processes and particle fluxes in the deep sea.

3. Results and Discussion

3.1. Wind Speeds and Sea Surface Temperatures

Plates 1 and 2 depict the seasonal changes of wind speeds and
SSTs over the northern Indian Ocean. The following general fea-
tures can be discerned: Wind speeds are low during the
intermonsoon and rise considerably during the SW monsoon. Sea
surface temperatures are high during the intermonsoon and low

during the SW monsoon, especially along the coasts of Somalia
and Oman which can be attributed mainly to upwelling [Diiing
and Leetmaa, 1980; McCreary and Kundu, 1988].

During the SW monsoon the lowest SSTs occur within the
upwelling center along the coasts of Somalia and Oman. Winter
cooling during the NE monsoon results in lowest SSTs in the
northernmost Arabian Sea. The onset of upwelling is defined by
the first appearance of cold surface water in the upwelling regions
off Somalia and Oman at the beginning of the SW monsoon in
May or June. The following discussion will focus first on the
western and central Arabian Sea influenced by these upwelling
systems followed by the eastern Arabian Sea, which is affected
by a different system.

3.2. Western and Central Arabian Sea

3.2.1. Total flux. The seasonal variation of the particle fluxes
in the western, central, and eastern Arabian Sea shows a bimodal
pattern with high fluxes during the SW and NE monsoons (Figure
3). These enhanced fluxes during the SW and NE monsoons are
almost on the same level at all three sediment trap stations except
for the SW monsoon fluxes at the western station located under-
neath the Findlater Jet, within the upwelling area off Oman. At
the western Arabian Sea site, the fluxes are more than twice as
high as in the central and eastern Arabian Sea during the SW
monsoon and are among the highest recorded worldwide [e.g.,
Deuser et al., 1981; Honjo, 1982; Dymond and Collier, 1988,
Wefer et al., 1988; Wefer, 1989; Wefer and Fischer, 1993]. These
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Figure 3. Total fluxes at the western (Wast), central (Cast), and
eastern (East) Arabian Sea stations averaged over the whole
period of observation.

fluxes consist of up to 36% biogenic opal mostly in the form of
Rhisozosolenia sp. and Nitzschia sp. and of up to 57% carbonate,
dominated by the foraminifera Globigerina bulloides [Curry et
al., 1992]. These well-known upwelling species confirm the link
between upwelling and enhanced particle fluxes to the deep sea.
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The onset of upwelling in the western Arabian Sea occurs fol-
lowing the variation of the wind field with the opening of the SW
monsoon between beginning of May and June. At this time the
wind speeds rise beyond their long-term average in the western
(Figure 4) and central Arabian Sea (Figure 5); decreasing SSTs
mark the upwelling influence at both stations approximately 1
week later. With the SST drop below its long-term average, par-
ticle fluxes at 3000-m depth start to increase at the western and
central Arabian Sea stations (Figures 4 and 5). The delay between
the onset of upwelling and the increase of particle fluxes at 3000-
m water depth at these sites varies between 2 to 8 weeks and
depends on the rate of cooling of surface water during this time,
with a more rapid cooling of surface water leading to a shorter
delay (Figure 6).

The shortest delay of 14 days between the onset of upwelling
and the increase of particle fluxes at both stations was registered
in the beginning of the 1987 SW monsoon (Figure 6). SST charts
for this period indicate a cooling of surface water from the coast
of Somalia toward the sediment trap stations in the central and
western Arabian Sea within a week which might be interpreted as
a result of lateral advection of cold upwelled water (Figure 7b).
The available information as assessed from drift buoy experi-
ments shows a mean advection velocity of surface water of about
0.2 m s* (D. Quadfasel, personal communication, 1996) which is
too low to explain the observed decreasing SST at the sediment
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Figure 4. Wind speeds, sea surface temperatures, and total fluxes at the western Arabian Sea station. Solid
circles mark the time in May/June each year when upwelling starts, surface water begins to cool, and wind
speeds rise beyond the long-term average. Solid diamonds show the time when sea surface temperatures
decrease below the long-term average and when particle fluxes at 3000-m water depth start to increase. Open
diamonds mark the time when wind speeds fall below the long-term average, sea surface temperatures
increase abave the long-term average, and particle fluxes start to decrease.
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Figure 5. Wind speeds, sea surface temperatures, and total fluxes at the central Arabian Sea station. Solid
circles mark the time in May/June each year when upwelling starts, surface water begins to cool, and wind
speeds rise beyond the long-term average. Solid diamonds show the time when sea surface temperatures
decrease below the long-term average and when particle fluxes at 3000-m water depth start to increase. Open
diamonds mark the time when wind speeds fall below the long-term average, sea surface temperatures
increase above the long-term average, and particle fluxes start to decrease.

trap positions by lateral advection alone. A similar observation
could be made for the opening phase of the SW monsoon 1990,
suggesting that at least during the years 1987 and 1990 the
decreasing SSTs at the sediment trap station in the western and
central Arabian Sea result mainly from local, open ocean
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Figure 6. Lag between the onset of coastal upwelling and
increase of particle flux at 3000-m water depth (y) plotted against
the mean cooling velocity of surface waters per week (x) during
the SW monsoons of 1986 to 1992 at the western (W86,..., W92)
and central station (C86,..., C88).

upwelling. The additional appearance of cold surface water along
the Oman coast makes this feature of open ocean upwelling less
distinct on SSTs charts during the other years and suggests the
influence also of advected, upwelled water from the Oman coast
on the particle flux in the western and central Arabian Sea (Figure
7a).

)3.2.2. Carbonate and biogenic opal fluxes. Total flux in the
Arabian Sea is dominated by carbonate derived from organisms
such as coccolithophorids and foraminifera. Diatoms are impor-
tant contributors to the biogenic opal flux, which is the second
major component of the total flux. In the early phase of the SW
monsoon, carbonate derived mainly from coccolithophorids
increases, followed up to 8 weeks later by biogenic opal fluxes
(Figure 8). Nutrient profiles obtained from the sediment trap
locations before the onset of the SW monsoon reveal a steep
increase of phosphate and nitrate concentrations just below the
mixed layer at approximately 30-m water depth, whereas for sil-
jcate concentrations this occurs at about 150-m depth [Haake et
al., 1993a]. According to this nutrient distribution pattern, wind-
induced mixed layer deepening at the beginning of the SW mon-
soon was suggested to be ineffective in injecting sufficient
silicate into the euphotic zone to cause diatom blooms. Rather,
the blooms resulted from upwelling [Haake et al., 1993a]. Since
upwelling is evident on SSTs charts already at the beginning of
the SW monsoon, we assume that the silicate supply into the
euphotic zone at the sediment trap location is controlled by the
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Figure 7. Weekly averaged sea surface temperatures during the onset of the SW monsoons in (a) 1986 and
(b) 1987 cross hatching marks areas with sea surface temperatures of above 30°C and stripes indicate areas
with sea surface temperatures below 24°C. Solid circles represent the sediment trap locations in the western,

central, and eastern Arabian Sea.

intensity of open ocean upwelling and/for of advection of
upwelled water from the Oman coast.

During the later phase of the SW monsoon a further decrease
in SST indicates a stronger upwelling influence at the western
Arabian Sea station. This is accompanied by peak fluxes of bio-
genic opal and organic matter. Satellite observations between
1979 and 1982 reveal plankton blooms covering the whole north-
western Arabian Sea only within the later phase of the SW
monsoon [Brock et al., 1991; Brock and McClain, 1992]. The
occurrence of such blooms which were also related to both open
ocean upwelling and advection of upwelled water from the Oman
coast [Brock et al., 1991; Brock and McClain, 1992; Young and
Kindle, 1994] seems to cause the high, diatom-related fluxes in
the western Arabian Sea.

Total flux at the central Arabian Sea station reveals an
increase similar to that at the western station during the early
phase of the SW monsoon but does not reach the extreme peaks
characteristic for the latter (Figure 3). According to the distribu-
tion of pigment concentrations [Brock et al., 1991; Brock and
McClain, 1992), the central Arabian Sea station is at the edge of

the area affected by the extensive plankton blooms, and fluxes at
this site seem to be only randomly influenced by these blooms.

3.2.3. Somali current. Mass sedimentation of material is a
feature generally observed at the end of a diatom bloom during
reduced nutrient availability [Degens and Ittekkot, 1984; Smeta-
cek, 1985]. Average sinking speeds of marine particles range
between 100 and 400 m day' [Honjo and Roman, 1978;
Alldredge and Silver, 1988], and it will take, approximately, 14
days for particles to sink from the surface to 3000-m water depth.
However, in the western and central Arabian Sea, peak fluxes at
3000-m occur approximately simultaneously with minimum SST
at the surface (Figures 4 and 5). This implies that cooling of sur-
face water continues beyond the peak plankton bloom and points
to a source of cold water other than upwelling.

Compared to the Arabian Sea, nutrient concentrations south of
the equator are lower [Conkright et al., 1994]. The Somali current
carries south equatorial water into the Arabian Sea [Diiing et al.,
1980; Swallow, 1981; Schott, 1983; Schott and Fieux, 1985]
which flows between Somalia and Socotra into the upwelling
regime off Oman [Fischer et al., 1996] and could play an impor-
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year). Solid curve shows second-order regression with 2= 0.940.
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SST (Figure 9a). Lower values of SST are generally considered
to be associated with enhanced nutrient concentrations [Smith,
1982; Brock et al., 1992] favoring diatom blooms and resulting in
higher primary production and, subsequently, higher particle
fluxes [Deuser and Ross, 1980; Deuser et al., 1981; Smetacek,
1985]. This is borne out by results from the western and central
Arabian Sea which reveal lower SSTs corresponding with a
higher contribution of diatoms to sinking matter as reflected by
higher biogenic opal contents (Figure 10) and enhanced biogenic
matter fluxes into the deep sea (Figure 9b). An exception to this
general trend is the 1991 SW monsoon when the highest observed
wind speeds and lowest SSTs are accompanied by the lowest bio-
genic matter fluxes in the western Arabian Sea (Figures 9a and
9b).

Average SSTs for the whole of the western Indian Ocean for
the period of enhanced fluxes during the SW monsoons in 1986
to 1992 (Plate 3) reveal three distinct features: (1) a very pro-
nounced propagation of cold surface water from the south into the
Arabian during the SW monsoon 1991, (2) appearance of cold
surface water along the coast of Somalia (SW monsoons in 1987,
1988, and 1992), and (3) additionally, appearance of cold surface
water off Oman (SW monsoons in 1986 and 1990). The fluxes of
biogenic matter are high during the SW monsoons with the third
feature and low during the other SW monsoons. This shows that
strong upwelling off Oman leads to high fluxes in the western
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Arabian Sea. The low fluxes during the SW monsoon 1991
denote a weak upwelling, though SSTs indicate strong upwelling
off Oman. Enhanced cross-equatorial transport of cold nutrient-
poor surface water appears to reduce the influence of the Oman
upwelling in the western Arabian Sea. Since highest average SW
monsoon wind speeds are observed during the SW monsoon 1991
(Figure 9a), it could be assurmed that this transport is reinforced
by high wind speeds.

In the central Arabian Sea, high SSTs and low biogenic opal
contents of the sinking matter (Figure 10) during the SW mon-
soon verify a weak influence of the upwelling-induced diatom
blooms on particle flux compared to the western Arabian Sea.
The interannual variations of SW monsoon fluxes are low and
indicate that the observed variations of upwelling strength are
insufficient to be clearly reflected in the particle flux observed in
the central Arabian Sea.

3.3. Eastern Arabian Sea

Particle fluxes from the eastern Arabian Sea station do not cor-
respond with the increase of wind speeds and the drop of SSTs in
some of the years of investigation (Figure 11). Along the south-
west coast of India, upwelling up to 15°N has been described
[Sharma, 1978; Shetye et al., 1990]. Upwelling intensity is low
compared to western Arabian Sea [Shetye et al., 1990] and cannot
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Figure 11. Wind speeds, sea surface temperatures, and total fluxes at the eastern Arabian Sea station. Solid
circles mark the time in May/June each year when upwelling starts, surface water begins to cool, and wind
speeds rise beyond the long-term average. Solid diamonds show the time when sea surface temperatures
decrease below the long-term average and when particle fluxes at 3000-m water depth start to increase. Open
diamonds mark the time when wind speeds fall below the long-term average, sea surface temperatures
increase above the long-term average, and particle fluxes start to decrease.
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Plate 3. Average sea surface temperatures during the SW monsoons of 1986, 1987, 1988, 1990, 1991, and 1992.
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be distinguished from SSTs charts. However, nutrient concentra-
tions at 100 m water depth are high along this part of the Indian
coast [Conkright et al., 1994]. Even upwelling of low velocity
could increase primary productivity in surface waters as indi-
cated by pigment concentrations [Brock et al., 1991, Brock and
McClain, 1992]. The high nutrient concentrations could explain
higher observed biogenic opal contents in sinking matter
obtained from the eastern Arabian Sea compared to the central
and western Arabian Sea during periods of similar SSTs. The
average SW monsoon total fluxes in the eastern Arabian Sea and
their variations are similar to those at the central Arabian Sea
station.

4. Conclusion

The intensity of open ocean upwelling and the advection of
upwelled water from the Oman coast during the SW monsoon are
the main factors controlling the material flux to the interior of the
western and, to a lesser extent, the central Arabian Sea. The onset
of upwelling occurs between the beginning of May and the begin-
ning of June, which is followed, depending on the rate of cooling
of surface water, within 2 to 8 weeks by increasing fluxes. In the
western Arabian Sea, highest fluxes were measured during the
later phase of the SW monsoon, when the intensification
upwelling favors diatom blooms. These fluxes are higher by a
factor of 2 than those in the central Arabian Sea, which is only
randomly affected by the diatom blooms. The particle flux in the
eastern Arabian Sea is influenced by a separate, weaker
upwelling along the Indian coast and almost on the same level as
in the central Arabian Sea.

The high fluxes in the western Arabian Sea reveal the most
pronounced interannual variability, which is related to variations
in the intensity of the Oman upwelling systems and the transport
of nutrient-poor south equatorial water to the north. This effect is
strongest during high wind speeds which result in low fluxes.
Highest fluxes were registered with intermediate wind speeds,
suggesting most intense upwelling systems off Oman during
moderate SW monsoons.
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