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Abstract
As a part of the US-JGOFS Arabian Sea Process Study (ASPS), we deployed a mooring
array consisting of 16 Mark-7G time-series sediment traps on "ve moorings, each in the
mesopelagic and interior depths in the western Arabian Sea set along a transect quasiperpendicular to the Omani coast. The array was deployed for 410 days to cover all monsoon
and inter-monsoon phases at 4.25-, 8.5- or 17-day open-close intervals, all of which were
synchronized at 17-day periods. Total mass #ux, #uxes of organic, inorganic carbon, biogenic Si
and lithogenic Al (mg m\ day\) were obtained from samples representing 667 independent
periods. The average total mass #uxes estimated in the interior depth along this sediment trap
array at Mooring Stations 1}5 (MS-1}5) during 1994-5 ASPS were 147, 235, 221, 164 and 63
mg m\ day\, respectively. Mass #uxes during the southwest (SW) Monsoon were always
larger than during the northeast (NE) Monsoon at all divergent zone stations, but the di!erence
was insigni"cant at the oligotrophic station, MS-5. Four major pulses of export #ux events, two
each at NE Monsoon and SW Monsoon, were observed in the divergent zone; these events
dominated in quantity production of the annual mass #ux, but did not dominate temporally.
Export pulses were produced by passing eddies and wind-curl events, but the direct processes to
produce individual export blooms at each station were diversi"ed and highly complex. The
onset of these pulses was generally synchronous throughout the divergent zone. Export pulses
associated with speci"c biogeochemical signatures such as the ratio of elevated biogenic Si to
inorganic carbon indicate a supply of deep water to the euphotic layer in varying degrees.
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The variability of mass #uxes at the oligotrophic station, MS-5, also represented both monsoon
events, but with far less amplitude and without notable export pulses.  1999 Elsevier Science
Ltd. All rights reserved.

1. Introduction
The monsoon is a global climate phenomenon that at present strongly impacts
socio-economic life of more than 60% of the world's population. In recent years, the
Arabian Sea has been the focus of attention from many scientists who have recognized
its great value as a natural laboratory for investigating carbon cycles that are forced
by discrete physical and biogeochemical processes directly related to monsoon circulation (e.g., Haake and Ittekkot, 1990; Smith et al., 1991,1998). The intensity of the
monsoon and its associated upwelling vary on a number of time scales, all of which are
relevant to the links between carbon cycling and climate (Prell and Streeter, 1982;
Prell, 1984; Prell and Kutzbach, 1987,1992; Prell et al., 1992).
The southwest Monsoon (SW Monsoon) circulation pattern is fundamentally due
to the land-sea pressure gradient caused by the heating of Asia and the Tibetan
Plateau during the summer. Embedded within the broad south west #ow is a low-level
atmospheric jet, known as the Findlater Jet, which crosses the Indian Ocean Equator
and blows over the Arabian Sea parallel to the Omani coastline in a northeast
direction (Findlater, 1974). During this SW monsoon circulation, the magnitude and
gradients of the wind stress force upwelling in the zone west of the jet and convergence
and downwelling to the east (e.g. Hastenrath and Lamb, 1979; Luther et al., 1990;
Hastenrath and Greischar, 1989; Bauer et al., 1991). Interacting with the topography
and bathymetry of the Omani coast, the complex monsoon circulation in the western
Arabian Sea provides favorable conditions to entrain cold "laments o!shore (Brock
and McClain, 1992; Young and Kindle, 1994; Arnone et al., 1996). During mid-winter
when the Eurasian continent is cooled, Hadley circulation intensi"es, causing a period
of persistent northeastward winds (the northeast Monsoon, NE Monsoon) over
southern Asia and the Arabian Sea. In the western half of the Arabian Sea, the mixed
layer thickens, resulting in higher primary production (Codispoti, 1991; Qasim, 1982).
Wind-forcing slacks between NE Monsoon and SW Monsoon are called Spring
inter-monsoon (SIM) and Fall Inter-monsoon (FIM).
Biogenic particles, which consist of relatively insoluble minerals such as SiO and

CaCO , settle through the water column without major alteration while the `nakeda

organic carbon products are more extensively consumed. The spatial and temporal
variability of this biogenic matter, which can be captured by moored arrays of
time-series sediment traps (e.g., Honjo et al., 1995), provides us with valuable information regarding the biogeochemical cycle that may operate in time and space.
We set the following objectives for our investigation, using a time-series sediment
trap array as the principal tool: (1) to assess the seasonal variability of the transport of
organic carbon and associated biogenic elements/compounds (what is generally called
`export #uxa) to the bathypelagic layer and the deep ocean #oor; (2) to understand
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the processes by which carbon is removed from the upper ocean to the interior sink;
and (3) to describe the monsoon-driven export processes in the western Arabian Sea
during 1995. Speci"cally, we sought the answers to the questions: (1) What are the
di!erences between the export process during the NE and SW Monsoons? (2) What
are the characteristics of the Arabian Sea's biological pump compared with other
global export schemes of carbon? (3) What is the relationship between biogenic and
terrigenous #uxes in this strongly forced system?
The results reported here greatly bene"ted from the multi-year, cross-ocean sediment trap array program of the University of Hamburg, Germany, and the National
Institution of Oceanography, Goa, India (e.g. Ittekkot, 1991; Ittekkot et al., 1992) that
clari"ed the decadal-scale variability of the monsoon-related export #ux in the entire
Arabian Sea (e.g. Nair et al., 1989; Haake et al., 1996; Ramaswamy et al., 1991; SchaK fer
et al., 1996; Rixen et al., 1996). Our program is complementary to this Indo-German
program, but we focused more on variability of export with higher temporal, spatial
resolution. Our study was also bene"ted from the data produced by other ASPS
programs, particularly the Air}Sea Interaction (ASI) Buoy study that provided
continuous high resolution data from a set of air, underwater and bio-optical sensors
overlapping the entire term of deployment at a location near one of our sediment trap
moorings (MS-4) in late 1994 and 1995 (Baumgartner et al., 1997; Weller et al., 1999;
Marra et al., 1998; Dickey et al., 1999).

2. Methods
2.1. Field program: time-series sediment trap array
A total of "ve bottom-tethered moorings were deployed along the US-JGOFS
Arabian Sea Southern transect (Table 1). The mooring station nearest the coast was
MS-1, approximately 156 km from the Omani coast (Ra's Sharbatat); the most
o!shore station, MS-5, was deployed near the center of the Arabian Sea, approximately 1286 km from the Omani coast. The Indo-German Mooring Station WAST
(Haake et al., 1996) was located between US-JGOFS MS-3 and MS-4. All stations
were 3.5-km deep or deeper except MS-1 where the bottom depth was approximately
1.5 km (Table 1, Fig. 2). Following Hastenrath and Lamb (1979) and Hastenrath and
Greischar (1989), we regard MS-2, 3, and 4 as being located within the Arabian Sea
divergent zone and MS-1 as a coastal-divergent station.
The Owen Ridge (Fig. 1) which runs parallel to the Omani coastline is crossed by
the mooring station transect between MS-3 and CAST, another Indo-German
Mooring Station. The bottom topography to the west of the Owen Ridge is rugged.
Before we deployed moorings, we used multiple beam and 12.5-kHz sounding
to search for an area more than 30 km in diameter where no major topography existed
so that upper sediment would not be disturbed by slumping from near-by slopes.
We deployed MS-4 and MS-5 to the east of the Owen Ridge on the Indus Cone
(Fig. 1) where we avoided settling the moorings in or near fan channels or levee
complexes.
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17341N
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MS-1

263
S3
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S2

S4

349

764 (792)
858 (888)
1857 (1882)
2871 (2991)
3465 (3477)

17313N
59336E

17312N
59336E

MS-3

S5

454

[4024]

(16320N)
(60318E)
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No turn around; deployed continuously throughout the year at the Phase I location.
 Mark 7GW-13 high-volume traps. Others are Mark 7G-21 high-resolution traps.
 Distance from Ra's ash Sharbatat, Oman except EAST station (from Goa, India).

App. Distance from Omani
coast (km)
Nearby JGOFS, ASPS
Stations

Trap depth (m) (depth during Phase II, after turn-around)
0.8 km
808 (809)
828 (849)
998 (999)
903 (924)
2 km (mid-depth)
1974 (1996)
0.5 km (above bottom)
3141 (3159)
Anchor depth (m)
1447 (1448)
3642 (3655)

Phase I (11/11/94}4/30/95)
Longitude
Latitude
Phase II (5/17/95}12/24/95)
Longitude
Latitude

Station

S6,7

588

S11

958

S15

1286

2363
3915
4411

2229 (2215)
3478 (3489)
3974 (3983)

10300N
65300E

MS-5

800

[3916]

(14328N)
(64336E)

(CAST)

821 (807)

15359N
61330E

15320N
61330E

MS-4

Table 1
Summary of mooring locations, trap depths and anchor depths (with Indo-German Joint-Study stations)

540 (from
Goa)
N11

[3767]

(15338N)
(68334E)

(EAST)
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Fig. 1. Location map of the US-JGOFS Arabian Sea Process Study time-series sediment trap array (MS-1
to MS-5) (ASPS TS-array) and relevant topography of the Arabian Sea. ASI Buoy (WHOI Air-Sea
Interface/Bio-optics Mooring) and Indo-German long-term sediment trap moorings (white triangles) are
also indicated.

In order to collect settling particles from late 1994 to late 1995, we deployed the US
JGOFS Arabian Sea Process Study time-series sediment trap mooring array (abbreviated as ASPS TS-array hereafter) in two time segments. The "rst array (MS-1 to
MS-5) was deployed in November 1994; MS-1 to MS-4 were recovered and redeployed in May 1995 as the second segment. At MS-5, the o!shore station, the
mooring was not recovered as part of the second segment, but traps were operated
under a single year-long program (Table 2). All moorings were recovered in January
1996. The sediment trap array work was accomplished by a research consortium of
scientists from Brown University, Oregon State University and Woods Hole Oceanographic Institution. The deployment, turn-around and recovery cruises were made
onboard R/V ¹homas ¹hompson, University of Washington.
Sixteen identical time-series traps were deployed at three depths: shallow traps at
approximately 800 m, middle traps at approximately 2000 m and deep traps at
approximately 500 m above the bottom (except at MS-1) (Table 1; Fig. 2). The mid
and deep traps are regarded as `ocean interior trapsa. Because MS-1 was only 1447 m
deep, traps were deployed at one mesopelagic depth-cluster, 808 and 998 m. The
sediment trap con"guration and mooring design used in this study was the same as
that used for US-JGOFS's Equatorial Paci"c Program (Honjo et al., 1995).
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Table 2
Open/close schedule of time-series traps during ASPS, 1994}95

Period

Subperiod

High-resolution Traps
(Mark 7G-21)

High-volume Traps
(Mark 7GW-13)

Oligotrophic Station (C5)

Event
no.

Event
no.

Date & time

Event
no.

Date & time

01

11/11/94, 11:00

02

11/28/94, 11:00

01

11/28/94, 11:00

03
04
05
06
07
08
09

12/15/94,
12/23/94,
01/01/95,
01/09/95,
01/18/95,
01/26/95,
02/04/95,

11:00
23:00
11:00
23:00
11:00
23:00
11:00

02

12/15/94, 11:00

03

01/01/95, 11:00

04

01/18/95, 11:00

05

02/04/95, 11:00

10

02/21/95, 11:00

06

02/21/95,11:00

11

03/10/95, 11:00

07

03/10/95, 11:00

12

03/27/95, 11:00

08

03/27/95, 11:00

13

04/13/95, 11:00

09

04/13/95, 11:00

14

04/30/95, 11:00

01

05/17/95, 11:00

10

05/17/95, 11:00

02
03
04

06/03/95, 11:00
06/20/95, 11:00
07/07/95, 11:00

11
12
13

06/03/95, 11:00
06/20/95, 11:00
07/07/95, 11:00

05

07/24/95, 11:00

14

07/24/95, 11:00

06

08/10/95, 11:00

15

08/10/95, 11:00

07
08
09
10

08/18/95,
08/27/95,
09/04/95,
09/13/95,

16

08/27/95, 11:00

17

09/13/95, 11:00

11

09/30/95, 11:00

18

09/30/95, 11:00

12

10/17/95, 11:00

19

10/17/95, 11:00

Date & time

Northeast Monsoon (phase I)
1
01
11/11/94, 11:00
1
2
02
11/15/94, 17:00
3
03
11/19/94, 23:00
2
4
04
11/28/94, 11:00
5
05
12/06/94, 23:00
3
6
06
12/15/94, 11:00
7
07
12/23/94, 23:00
4
8
08
01/01/95, 11:00
9
09
01/09/95, 23:00
5
10
10
01/18/95, 11:00
11
11
01/26/95, 11:00
6
12
12
02/04/95, 11:00
13
13
02/12/95, 23:00
7
14
14
02/21/95, 11:00
15
15
3/01/95, 23:00
8
16
16
03/10/95, 11:00
17
17
03/18/95, 23:00
9
18
18
03/27/95, 11:00
19
19
04/04/95, 23:00
10
20
20
04/13/95, 11:00
21
21
04/21/95, 23:00
11
22
22
04/30/95, 11:00
Intermission
01

05/17/95, 11:00

Southwest Monsoon (Phase II)
12
23
02
06/03/95, 11:00
13
24
03
06/20/95, 11:00
14
25
04
07/07/95, 11:00
26
05
07/15/95, 23:00
15
27
06
07/24/95, 11:00
28
07
08/01/95, 23:00
16
29
08
08/10/95, 11:00
30
09
08/14/95, 17:00
17
31
10
08/18/95, 23:00
32
11
08/27/95, 11:00
33
12
09/04/95, 23:00
18
34
13
09/13/95, 11:00
35
14
09/21/95, 23:00
19
36
15
09/30/95, 11:00
37
16
10/08/95, 23:00
20
38
17
10/17/95, 11:00
39
18
10/25/95, 23:00

17 days

34 days

23:00
11:00
23:00
11:00
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Table 2 (Continued)
High-resolution Traps
(Mark 7G-21)

High-volume Traps
(Mark 7GW-13)

Oligotrophic Station (C5)

Event
no.

Date & time

Event
no.

Date & time

13

1/20/95, 11:00

14

12/24/95, 11:00

20
21
22

1/20/95, 11:00
12/07/95, 11:00
12/24/95, 11:00

Period

Subperiod

Event
no.

Date & time

21
22
23
24

40
41
42
43

19
20
21
22

11/03/95,
11/20/95,
12/07/95,
12/24/95,

11:00
11:00
11:00
11:00

MS-1, 808 (809); MS-2, 828 (849); MS-3, 764 (792) m.
 MS-5, all three depths.
 Data was converted from the sub-period into uniform 17-day periods throughout the array experiment.
 Actual period of deployment.

Fig. 2. Pro"le of the ASPS TS-array that was deployed in the late 1994 and recovered in 1996. The solid
triangles are the time-series traps with 21 sequencing sample collectors. Open triangles indicate 13
collector traps designed to prevent clogging by a surge of sudden, large export that was often observed
during the maximum monsoon. Open squares are Indented Rotary Sphere Collector traps (Lee et al, 1999)
whose data is not used in this paper. The open-closing of the all traps in this "gure were synchronized
according to the schedule shown on Table 2. The Air}Sea Interface buoy (Weller et al., 1998) was located
53.7 km south of Mooring Station 4 (MS-4).

The time-series sediment traps were opened for a total of 408 days during this study.
The shortest sampling interval was 4.25 days and the longest was 34 days. As
illustrated in Table 2, three types of open-close programs were used: the highresolution and low-resolution (MS-5 only) programs both used McLane2+
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Mark-7G-21 traps, while the high-#ux program used Mark-7GW-13 traps. The
open-close schedules of all traps were precisely synchronized according to a standard
open-close program with a duration of 17 days. The "rst sample bottle on each trap
opened at 11:00 (GMT), on November 11, 1994, and the last bottle closed at 11: 00
(GMT), on December 24, 1995. Phase I ended when the last bottles were closed at
11:00 (GMT), April 30, 1995. A 17-day hiatus was synchronized on all traps except
MS-5 where the mooring was operated continuously. Phase II began May 17 and
ended December 24, 1995. At the MS-5, the "rst bottle was opened on November 28,
1994; the station operated for 392 days, 17 days less than other moorings.
Extraordinarily intensive export events of settling particles were expected during
the mid-monsoon periods in the western Arabian Sea (Nair et al., 1989; Haake
et al., 1996) which could clog the lower-end of a trap's collecting funnel. To deal with
this potential problem, the Mark-7GW-13 with a large-diameter funnel end (4-times
the area of a Mark-7G-21) and large sample bottle was deployed approximately
100 m above the shallow traps and opened-closed at 8.5-day intervals during
the expected period of maximum particle #uxes (Table 2, Fig. 2). In case a highresolution trap (Mark-7G-21) clogged or over#owed, these Mark-7GW-13's, which
were deployed in parallel to the Mark-7G-21's (100 m above, Table 1) along the same
mooring, would recover samples during the maximum #ux, though with less timeresolution.
All time-series sediment traps functioned as we expected, completing a total
of 708 synchronized events. Although the open-close program was executed with
all traps, samples that represent 39 periods were not properly collected due to clogging during the maximum export periods and thereafter, but the back-up traps
(Mark-GW-13's) worked so that samples were successfully collected for these
heavy export periods by at least one trap at the shallow depth. Two samples were
damaged during the transportation. Sampling intervals from November 11 to
25, 1994 each had 4.25-day resolution. It appears that in some traps particles
may have been stuck along the interior wall of the funnel at the time the second
or third sampling bottles were moved into the open position thus causing the particles that had arrived during the earlier period to end up in the succeeding bottles.
The mooring at the most nearshore station, MS-1, experienced high current events
with velocity greater than 10 m s\ measured at the shallowest sediment trap
(808 m). Trapping e$ciency was therefore low, although mass #ux at 808 m and
998 m matched well (Fig. 14); thus caution is needed in comparing mass #ux data
from this station with the data from other stations where the deep current was less
energetic.
The method for preservation of samples was the same as the previous US-JGOFS
investigations (Honjo and Manganini, 1993; Honjo et al., 1995). All the sample
containers were "lled with seawater collected by a deep-water cast before the mooring
was deployed; laboratory-puri"ed formalin was added to make a 3% solution buffered with sodium borate. Except for the duration when sampling containers were
open according to plan, they were sealed from the ambient water throughout the
study.
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2.2. Laboratory analysis
Immediately after recovery of the sediment trap samples we measured the pH of the
seawater in the sample containers and checked by odor for hydrogen sul"de; we found
no anomaly. Samples were transported to WHOI in refrigerated containers at 23C.
We isolated the '1-mm fraction by a two-stage wet-sieving process (Honjo and
Manganini, 1993). The '1-mm particles were split into 10 equal aliquots using
a McLane2+ WSD-10 wet-sample divider. We used three aliquots of the 1/10 split of
(1-mm samples for this report, and the rest were either distributed to other research
disciplines or archived as for other US-JGOFS programs. The standard error determined from dividing all (1-mm size fractions was $3.4% which is about equal to
that of the US-JGOFS Equatorial Paci"c Ocean Process Study (EqPac) (Honjo et al.,
1995). Particles remaining on the 1-mm mesh were less than 5% of the total mass #ux;
this fraction included the major portion of `swimmersa, but was not further examined
in this study.
We estimated total mass #ux (TMF) from 667 samples. Each of these was analyzed
for: (1) total mass #ux; (2) particulate organic carbon #ux, abbreviated as C

#ux hereafter; (3) particulate inorganic carbon #ux from biogenic CaCO ; C


#ux hereafter; (4) biogenic SiO or opal #ux; e- SiO hereafter; and (5)



and lithogenic particle #ux or Al #uxes. We used analytical procedures that were
almost identical to those used in the EqPac sample analysis by the joint OSU-WHOI
analytical team in 1993 and 1994 (Honjo et al., 1995). The analytical coe$cients of
variation (1d) based upon the multiple analyses of reference materials were 0.93% for
C ; 2.8% for C
; 6.5% for SiO and 5.0% for Al and Fe analyses. All analytical




data obtained from this study reside in US-JGOFS data depository in webform.
A portion of the particulate biogenic components was released to the supernatant
in the sample containers that originally had been "lled with in-situ deep seawater of
known nutrient concentration. The rate of dissolution depends upon the quality/quantity of collected particles, the ambient temperature and the amount
of time a sample remains in the trap before recovery; however, the choice of preservative is the most decisive factor contributing to the dissolution rate (Manganini
et al., 1994). In this ASPS TS-array experiment, the condition in which the
samples were preserved before recovery is similar to that in the EqPac Experiment
in 1993 (Honjo et al., 1995) except that in the shallower traps the oxygen level
during the opening of sample containers was signi"cantly lower than in the EqPac
Experiment. In the Arabian Sea samples, approximately 5% of the SiO #uxes

became soluble } similar to the amount in the EqPac samples. We assumed that
the formalin-preserved traps of US-JGOFS Arabian Sea traps did not release
more than 10% of organic carbon into the solution. Measurement of pH in
the supernatant was above 7.0 at recovery time, indicating that loss of PIC
by dissolution was minimal. Because these soluble fractions are small, we did
not make corrections for dissolution within our data set presented in this paper.
All laboratory data used or generated by this experiment reside in the US-JGOFS
Data System.
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Fig. 3. Abbreviated SST, air-temperature and the wind-velocity records from the ASI Buoy deployed at
15330N 61330E, co-plotted the mass #ux and the export #uxes of organic and inorganic carbon in the
central Arabian Sea during the US-JGOFS ASPS. Demarcation of the Fall Inter-monsoon (FIM),
Northeast Monsoon (NEM), Spring Inter-monsoon (SIM) and Southwest Monsoon (SWM) (top-most of
the diagram) follows a meteorological de"nition suggested by Weller et al. (1998) based on the observation
at the ASI Buoy. Filtered SST and wind-velocity data are based on Baumgartner et al. (1997) from the same
buoy. Superimposed below the wind velocity chart is the variability of mass #ux observed at 2229 m deep at
MS-4 that was located at 15359N 15330E, 53.7 km to the north of the ASI Buoy (>-axis on the right, in
mg m\ day\). Export #uxes of organic and inorganic carbon measured at the same trap are also
superimposed along the same deployment days of all the above criteria in mmol C m\ day\ (>-axis on
the right, the bottom chart). Note that the onset and end of monsoonal export periods are o!set from the
meteorological demarcation of the monsoon periods.
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2.3. Calculation of the `monsoonal a exports
The occurrence of export pulses and periods of minimum export o!-set monsoons
and inter-monsoons are de"ned from the meteorological data obtained at ASI Buoy
(Weller et al., 1998) near MS-4 (Fig. 3). A large export peak at MS-4 (2229 m) occurred
about a month after the onset of Summer Inter-monsoon of 1995 (Figs. 3, 9 and 11).
Three months of a mass-#ux minimum export event continued about one month into
the SW Monsoon. The continuous euphotic pigment measurement at ASI Buoy
(Dickey et al., 1999; Marra et al., 1998) indicated that a large peak of primary
production occurred in March and maintained well into the 1995 Spring Intermonsoon. This production was removed to the ocean's interior, generating the March
peak of export in the interior with only one week's delay. The minimum export period
was maintained until early July, though the meteorological monsoon had already
began more than a month before. During this period, the primary production was at
minimum for the year. A part of the last peak production of SW Monsoon was
continued to the early Fall Inter-monsoon. During nearly the entire period of the 1995
Fall Inter-monsoon, which lasted only for one month (Weller et al., 1999), the
euphotic water around the ASI Buoy location was covered by a primary production
bloom (Dickey et al., 1999; Marra et al., 1998). In this report we include export peaks
before the minimum #ux periods of the NE Monsoon export and peaks after the
minimum #ux period of the SW Monsoon in the divergent stations. These are
consistent with the de"nition used in previous papers that have reported the seasonality of export #uxes (e.g. Nair et al., 1989; Ittekkot, 1991; Haake et al., 1996; Rixen et al.,
1996). The #ux measured during the minimum #ux period (Fig. 3) was regarded as the
export during the Summer Inter-monsoon (Tables 3 and 4 ).

3. Results
3.1. Spatial variability of export yuxes during the SW and NE monsoons
3.1.1. Mass yux
We averaged #uxes and their components measured at both mid and deep depths
except at MS-1 where we used mass data from two traps 190 m apart at depths 801
and 998 m (Tables 3 and 4).
Fig. 4 portrays the #ux pro"les of the mass #ux and biogeochemical component
#uxes to the ocean's interior layers measured during the 1994}1995 experiment. The
annual TMF, with the exception of the near-coast MS-1, represents a continuous
gradient that decreases from the Omani coast to the o!shore moorings. The annual
total mass #uxes were 147, 235, 221, 164 and 63 mg m\ day\ at MS-1-5, respectively (Table 4). Mass #uxes during the SW Monsoon were always larger than during the
NE Monsoon at all stations, except at MS-5 where the di!erences of mass #ux and all
analyzed criteria between monsoons were insigni"cant. The largest seasonal average
#ux was observed at MS-2 during the SW Monsoon: 340 mg m\ day\ (Table 3).
The closer to the Omani coast, the larger the mass #ux di!erence between SW

MS-3

MS-2

808

MS-1

1857

858

764

3141

1974

903

828

998

Depth (m)

Mooring
Station

NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual

Monsoon

71.0
182.7
134.1
80.0
259.4
160.0
120.6
180.1
154.2
148.7
280.0
203.0
187.4
340.0
252.0
173.8
251.2
217.5
90.9
179.0
140.0
194.0
246.0
224.0
173.7
268.9
227.5

TMF

C


6.9
13.2
10.5
5.4
18.3
10.5
12.3
14.5
13.5
15.7
19.4
17.2
15.0
20.6
17.4
11.1
14.9
13.2
10.1
15.6
13.2
18.4
16.7
17.5
13.3
18.7
16.3

4.6
11.8
8.7
6.2
15.4
9.8
7.1
10.0
8.8
7.7
17.5
11.7
10.5
20.9
15.0
10.6
14.9
13.0
5.7
10.4
8.4
11.5
16.4
14.3
9.9
15.2
12.9

Fluxes (mg m\ day\)

C


SiO

7.4
44.0
28.1
9.1
53.5
26.6
16.2
48.0
34.2
23.3
42.9
31.3
33.8
53.0
42.0
36.1
50.5
44.2
13.4
37.8
27.1
22.5
44.9
35.4
28.4
59.4
46.0





0.7
1.4
1.1
0.8
2.4
1.4
1.1
1.6
1.4
1.3
3.2
2.1
1.8
3.1
2.4
2.0
2.6
2.4
0.6
1.3
1.0
1.1
2.1
1.7
1.3
2.9
2.2

Al

9.7
7.2
7.8
6.7
7.1
6.5
10.2
8.1
8.8
10.5
6.9
8.5
8.0
6.1
6.9
6.4
5.9
6.1
11.1
8.7
9.4
9.5
6.8
7.8
7.6
7.0
7.2

C


54.1
53.3
54.1
65.1
49.4
51.3
49.1
46.6
47.5
43.3
52.1
48.3
46.6
51.2
49.2
50.8
49.1
50.0
52.5
48.5
49.9
49.6
55.3
53.1
47.5
47.5
47.5

% in TMF

CaCo


SiO

10.4
24.1
21.0
11.4
20.6
16.6
13.4
26.6
22.2
15.7
15.3
15.4
18.0
15.6
16.7
20.8
20.1
20.3
14.8
21.1
19.4
11.6
18.3
15.8
16.4
22.1
20.2





10.3
8.5
8.9
10.3
10.0
9.5
9.4
9.8
9.7
9.3
12.1
10.9
10.2
9.7
9.9
12.1
11.1
11.4
6.6
7.6
7.4
5.9
9.0
7.9
7.9
11.3
10.2

Litho

Table 3
Summary of Arabian Sea export #ux and percentage of biogenic components estimated from the results of the US-JGOFS ASPS TS-Array experiment
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3915

2363

800

3478

2229

821

NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual
NEM
SWM
Annual

NEM
SWM
Annual
6.5
13.7
8.9
9.9
12.0
11.1
8.8
8.9
8.9
5.7
5.7
3.9
3.7
3.8
3.5
3.2
3.3

72.3
64.8
69.1
66.8
58.3
58.5
58.4

10.2
15.1
12.8

106.3
229.0
147.0
148.9
187.0
170.0
154.2
160.5
157.7
72.3

166.0
255.0
214.0

5.5
4.8
5.1
5.0
4.2
4.2
4.2

9.9
17.9
12.5
8.9
11.6
10.3
9.2
10.2
9.8
5.5

9.7
14.5
12.3

7.2
7.2
7.4
7.3
6.4
6.6
6.5

13.4
33.8
20.2
28.8
31.8
30.4
29.0
25.7
27.1
7.2

28.8
47.5
39.0

0.4
0.5
0.7
0.6
0.7
0.7
0.7

0.4
1.9
0.9
0.9
1.5
1.2
1.1
1.4
1.3
0.4

1.5
2.7
2.1

This table lists the results from the Brown U/OSU/WHOI consortium traps only (Table 1, Fig. 2).
Total mass #ux.

MS-5

MS-4

2871

7.8
6.0
5.3
5.7
5.9
5.4
5.7

6.1
6.0
6.1
6.7
6.4
6.5
5.7
5.6
5.6
7.8

6.1
5.9
6.0

63.2
62.5
61.6
62.5
60.0
60.0
60.0

77.5
65.4
70.8
49.1
51.8
50.8
49.1
53.3
51.6
63.2

48.3
47.1
47.7

10.0
11.2
10.7
10.9
10.9
11.3
11.1

12.6
14.8
13.7
19.4
17.0
17.9
18.8
16.0
17.2
10.0

17.3
18.6
18.2

5.3
8.1
9.2
8.7
11.3
11.7
11.5

6.0
8.2
7.1
10.7
14.3
12.8
7.6
9.1
8.5
5.3

16.2
19.2
18.2
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3.7
3.4
3.6

9.4
10.5
10.0

11.7
16.9
14.6

13.1
17.7
15.3

6.1
15.8
10.5

61.5
63.8
62.1

151.5
173.7
163.9

169.8
261.9
220.8

180.6
295.6
234.8

75.5
221.0
147.1

5.4
13.6
9.3

10.6
17.9
14.0

9.8
14.9
12.6

9.0
10.9
10.0

4.5
4.7
4.6

3.9
22.8
12.8

16.3
24.1
20.1

13.4
25.0
19.8

13.5
13.4
13.4

3.2
3.3
3.2

Si



2 and 0.5 km traps are combined in Table 1.
Total mass #ux.

MS-5
NEM
SWM
Annual
MS-4
NEM
SWM
Annual
MS-3
NEM
SWM
Annual
MS-2
NEM
SWM
Annual
MS-1
NEM
SWM
Annual



0.7
1.9
1.3

1.9
2.9
2.4

1.4
2.8
2.2

1.0
1.4
1.2

0.6
0.7
0.6

Al

1.1
1.2
1.1

1.2
1.0
1.1

1.2
1.1
1.2

1.0
1.0
1.0

0.8
0.7
0.8

C /C
 

C

TMF

C


Ratio: mole

Flux: mg m\ day\

0.3
0.7
0.6

0.7
0.6
0.6

0.6
0.7
0.7

0.6
0.5
0.6

0.3
0.3
0.3

Si/Ca



7.1
8.2
7.9

8.9
8.9
8.9

8.4
8.9
8.7

7.9
8.9
8.5

8.6
8.7
8.7

C /N


1.9
1.5
4.1

4.8
5.2
5.0

4.1
5.6
5.1

4.9
4.9
4.9

3.2
3.6
3.4

Si/N



8.4
8.1
8.2

7.0
6.1
6.5

8.4
6.0
6.7

9.4
7.4
8.1

6.0
5.0
5.6

C /Al


Table 4
Condensed yearly and monsoonal #uxes and percentages of biogenic components to the ocean's interior

8.1
7.1
7.1

7.2
6.0
6.5

6.9
6.5
6.6

6.2
6.0
6.2

5.9
5.4
5.7

C


59.9
51.2
52.4

48.7
50.5
49.6

48.0
47.1
47.5

49.5
52.4
51.2

61.1
61.1
61.1

CaCO


Percent in TMF
Si/O


11.0
22.1
18.6

19.4
17.5
18.4

16.9
20.4
19.2

19.1
16.5
17.6

11.1
11.0
11.0



10.3
9.4
9.2

11.1
10.3
10.6

12.0
15.2
14.1

9.1
11.9
10.7

9.6
10.3
10.0

Lithogenic
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Fig. 4. Quasi-latitudinal pro"le of the annual and monsoonal mass #ux, biogeochemical components and
Al #ux in the ocean's interior from the near-coast station (MS-1) to the oligotrophic, convergent station
(MS-5). The #uxes measured at the mid (approximately 2-km) and deep traps (approximately 0.5 km above
the sea #oor) were combined as in Table 4.
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Table 5
Year-based (365 days per year) export mass #uxes in the ocean's interior: g m\ yr\

MS-5
MS-4
MS-3
MS-2
MS-1

TMF

C


N

CaCO


SiO



Litho.

22.9
59.8
80.6
85.7
53.7

1.3
3.6
5.3
5.6
3.8

0.2
0.5
0.7
0.7
0.6

14.0
30.6
38.3
42.5
28.1

2.5
10.5
15.5
15.7
10.0

2.9
5.4
9.6
10.5
5.6

Total mass #ux.

Monsoon and NE Monsoon (SW Monsoon/NE Monsoon); mass #ux during the SW
Monsoon was approximately 2.9, 1.6, 1.5, 1.2 and 1.04 times larger than those of NE
Monsoon at MS-1 though 5, respectively (Table 4, Fig. 4).
3.1.2. Component of mass yuxes
The percentage of each biogeochemical component in the mass #ux was consistent
throughout the monsoons and inter-monsoons despite the fact that the #uxes of
components di!ered dramatically among these seasons (Tables 3 and 4). In the ocean's
interior, organic carbon #ux content was largest at MS-2 and least at the oligotrophic
station, MS-5, where the di!erence was barely signi"cant (Fig. 4). At MS-5, the annual
percentages of C , CaCO , SiO and lithogenic particles in the mass #uxes were

 

5.7, 61.1, 11.0 and 10.0%, respectively (Table 4). At the stations in the west Arabian
Sea divergent zone (MS-2, 3 and 4), these components averaged, 6.4 (1d"0.27%), 49.4
(1.85%), 18.4 (0.85%) and 11.1% (1.73%), respectively. At the nearshore station
(MS-1), percentages of C , CaCO , SiO and lithogenic particles were 7.6 (7.1),

 

52.4, 18.6 and 10.5 (9.2)%, respectively, and 10.4% was miscellaneous. The percentage
of the C was slightly higher during the NE Monsoon than SW Monsoon (a barely

signi"cant level), 6.8 vs. 6.2% at the stations in the divergent zone. At the near shore
station the content of C in the mass #ux was 8.1 vs. 7.1%. At the oligotrophic station

the average C between NE Monsoon and SW Monsoon was not signi"cantly

di!erent. The Si export di!erence between the monsoons was most signi"cant at

MS-1; the percentage of SiO during the SW Monsoon was twice that of the NE


Monsoon, 22.0 vs. 11.0% (Table 5). At the divergent stations the di!erence was not as
large (&5%).
The percentage of CaCO was consistent or higher during SW Monsoon than NE

Monsoon at divergent stations, except this relationship reversed at MS-1. At the
oligotrophic station the percentage of SiO and CaCO was not di!erent between



the SW Monsoon and NE Monsoon, 11.0 and 61%, respectively. The percentage
di!erence between lithogenic particles in the mass #ux of the two monsoons was
about same in the two near shore stations, MS-1 and 2. At the open-sea stations, MS-3
and 4, the SW Monsoon export contained signi"cantly more lithogenic particles than
that of the NE Monsoon; 13.0 vs. 10.0% and 10.0 vs. 7.9%. The di!erence was less at
MS-5; 12. 9 vs. 12.1%, respectively (Table 4, Fig. 4).
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3.1.3. Organic carbon export
The 1995 annual organic carbon export #uxes to the ocean's interior, e-C , MS-1

through 5 were 10.5, 15.3, 14.6, 9.8 and 3.6, mg C m\ day\, respectively. The e-C

during the SW Monsoon exceeded that during NE Monsoon at all stations except
MS-5 where the di!erence was small. During the NE Monsoon, e-C was 6.1, 13.1,

11.7, 9.4 and 3.7 mg C m\ day\, while during the SW Monsoon #uxes were 15.8,
17.7, 16.9, 10.5 and 3.4, at the 5 stations, respectively (Table 4, Fig. 4). The spatial
distribution of C #uxes at each monsoon and inter-monsoon event is also discussed

by Lee et al. (1999).
3.1.4. CaCO3 and inorganic carbon export
Inorganic carbon is a portion of the biogenic CaCO that is mainly produced by

coccolithophorids and planktonic foraminifera. The annual average export of C
at

MS-1 through 5 was 9.3, 14.0, 12.6, 10.0 and 4.6 mg C m\ day\. The C
export

during the SW Monsoon exceeded that during NE Monsoon at all stations. During
the NE Monsoon, C
export at these stations was 5.4, 10.6, 9.8, 9.0 and 4.5, while

during the SW Monsoon it was 13.6, 17.9, 14.9, 10.9 and 4.7 mg C m\ day\,
respectively (Table 4, Fig. 4). The largest C and C
export was 17.7 and 17.9,


respectively, observed at MS-2 during SW Monsoon. The contrast between C ex
port during NE Monsoon and SW Monsoon was largest at MS-1: 2.6 times more
C
was exported during the SW Monsoon than during the NE Monsoon (Fig. 4,

the third panel).
3.1.5. Biogenic opal yux
The biogenic SiO component of the mass #ux is amorphous silica (biogenic opal)

mainly produced by planktonic diatoms, silico#agellates and radiolarians as their
frustules, skeletons and shells. The annual Si export at MS-1 through 5 was 12.8,

20.1, 19.9, 13.4 and 3.2 mg Si m\ day\, respectively. The e- Si during the SW

Monsoon exceeded that during NE Monsoon at MS-1 to MS-3 and was about equal
at MS-4 and MS-5 (Table 4). The e- Si was largest at MS-3 during the SW Monsoon

(25.0 mg Si m\ day\). At MS-1, the SW Monsoon Si export was very signi"
cantly larger, almost 6 times larger than that of the NE Monsoon; (22.8 vs.
3.9 mg Si m\ day\). At MS-3 during the SW Monsoon, the Si export was twice as

large as that of the NE Monsoon (25.0 vs. 13.4 mg Si m\ day\). There was no
signi"cant di!erence between NE Monsoon and SW Monsoon SiO #uxes either at


MS-4 or MS-5 (Table 3, Fig. 4).
The ratio between exported Si and Ca indicates a relative scale of overturn and

upwelling in a SiO -limited upper ocean. The annual Si/Ca (mole) ratio in the


divergent and coastal Arabian Sea (MS-1 through 4) was 0.92, with relatively small
standard deviation (1d"0.04). At the oligotrophic station, MS-5, the ratio was 0.43
during both the NE Monsoon and SW Monsoon. At MS-1, the Si/Ca ratio during

SW Monsoon was signi"cantly larger than that of NE Monsoon (1.1 vs. 0.49). The
Si/Ca ratio at MS-3 during the SW Monsoon was also as high as 1.1 (Table 4,

Fig. 5).
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Fig. 5. Quasi-latitudinal pro"le of the annual and monsoonal ratio in the biogenic components and Al #ux
in the ocean's interior from the near-coast station (MS-1) to the oligotrophic, convergent station (MS-5).
The error in e-C /N ratio was estimated as large as 1.0 on individual sample analysis.


3.1.6. Al and lithogenic yuxes
The #ux of Al and other lithogenic elements such as Fe and Ti was higher during
the SW Monsoon than during the NE Monsoon at all stations (Table 3, Figs. 4 and 5).
In the divergent zone, the highest SW Monsoon Al #ux was observed at MS-2:
2.9 mgAl m\ day\ or 30.5 mgAl m\ day\ of lithogenic matter. Al #uxes observed at MS-1 and MS-3 were twice as large during the SW Monsoon as during the
NE Monsoon (1.9 vs. 0.7 and 2.8 vs. 1.4 mgAl m\ day\, respectively). Fluxes of Al,
Fe and Ti were strongly coupled in all sample sets. The spatial variability and
gradients of these three lithogenic elements closely resemble each other and the
variability and gradient of organic carbon export #ux (Table 4, Fig. 4).
The annual ratio of C export to Al #ux varied between 8 and 6 (Fig. 5e). The ratio

was always higher during NE Monsoon due to the large Al #uxes during the SW
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Monsoon. The di!erence between the exported C /Al ratio of the NE Monsoon and

that of the SW Monsoon was not signi"cant at the nearshore station, MS-1. The ratio
was lowest at the oligotrophic station, MS-5, and, as at other stations, the ratio was
higher during NE Monsoon (Table 4, Fig. 5).
3.2. Seasonal transition of mass yuxes at two example stations
This section compares in detail the seasonal procession of the variability of biogenic
export #uxes to the interior ocean. The time-series variability of several key biogenic
components and their ratios are shown for the mid-depth of all moorings in Figs. 6}9.
Here, we focus on two contrasting stations; MS-3 and MS-5 (Table 1, Figs. 1 and 2),
during 1995: MS-3 (Fig. 6c) represents a divergent station during the SW Monsoon
and MS-5 (Fig. 6a) re#ects the more standard, tropical, oligotrophic, convergent,
open-ocean station (e.g., Hastenrath and Lamb, 1979).
3.2.1. A divergent station, MS-3
The variability of mass #ux (mg m\ day\) at MS-3 (1857 m) was measured with
temporal resolutions of 4.25 to 17 days for a total of 43 samples (Tables 2 and 3). The
mass #ux at MS-3 clearly exhibited the monsoon and inter-monsoon seasons. During
the FIM mass #ux was as small as 35 to 45 mg m\ day\ at 1857 m but rapidly
increased to reach its "rst signi"cant NE Monsoon maximum (280 mg m\ day\)
from December 13 to 23, 1994. During the next 3 months, until February 21, 1995, the
mass #ux was consistent at an average of 191 mg m\ day\, with a standard
deviation of only 16 mg m\ day\. The second and the last mass #ux maximum
occurred in mid to late February (271 mg m\ day\), then the mass #ux declined
steadily for 2 months until April (Fig. 3). From April 4 to 23, the SIM minimum #ux
was as small as 93 mg m\ day\. The average mass #ux during the SIM was
119 mg m\ day\ with the standard deviation of 20.6 mg m\ day\.
During the collection period of July 7}15, the mass #ux at this station suddenly
increased to 304 mg m\ day\, and during the next period, July 15}24, the mass #ux
reached the 1995 SW Monsoon maximum at this station and depth,
813.5 mg m\ day\ at 1857 m. This mass #ux maximum was among the highest
observed. Mass #ux dropped to values between 400 and 600 mg m\ day\, and
remained so to the middle of September for an average of 470 mg m\ day\ with
a standard deviation of 98.0 mg m\ day\ at 1857 m. The SW Monsoon's background #ux condition was about the same duration as that of NE Monsoon (approximately 3 months), but the background #ux in SW Monsoon was approximately 2.5
times that of the NE Monsoon of the same year. During this interval of high mass
export, a prominent peak (652 mg m\ day\, collection event C32 at 1857 m;
Tables 2 and 3) lasted for a half month during the last half of August (August 18}27 in
two collection periods). Particle export during the SW Monsoon was characterized by
these pulse-like exports events. After the last relatively high peak during September
13}21, the mass #ux declined rapidly and reached the minimum mass #ux of 1995,
82.5 mg m\ day\, from October 25 to November 3 when the Fall Inter-monsoon
(FIM) prevailed. After reaching the FIM, the low mass #ux was maintained to the end
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Fig. 6. Time-series variability of mass #uxes from an oligotrophic station [MS-5; panel a] to the near shore
station [MS-1 (e)] from November 11, 1994 to December 24, 1995, observed at mid depth traps, except at
MS-2 where a deep-trap result is presented, in mg m\ day\. Current at 809 m at MS-1 exceeded the limit
where the e$ciency of the trapping is generally reliable. The #ux scale of MS-5 (a) is expanded 100/12 times
and represented by white squares (on the right axis).
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Fig. 7. Time-series variability of organic #uxes (solid triangles) and inorganic carbon #uxes (white circles)
from the oligotrophic station to a near shore station observed at mid-depth traps (except at MS-2 where the
deep trap result is presented) in mg m\ day\ from November 1994 to December 1995. The #ux scale for
MS-5 (a) is expanded 8 times.
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Fig. 8. Time-series variability of biogenic SiO #ux (solid diamonds) and CaCO #uxes (open triangles)


from the oligotrophic station (a) to the near shore station (b) throughout the 1994, 95 ASPS TS-array
experiment observed at mid depth traps (except at MS-2 where a deep trap result is presented) in
mg m\ day\. The #ux scale (vertical axis) for MS-5 (a) is expanded 5 times.
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Fig. 9. Time-series variability of the ratio of exported organic carbon to inorganic carbon (C /C
) and
 
exported biogenic silicon to Ca in CaCO ( Si/Ca) in mole from the oligotrophic station to the near shore
 
station, observed at mid-depth traps [except at MS-2 (d), where a deep trap result is presented]. The >-axis
of e- Si/Ca in MS-5 (a) is expanded on the right.
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Fig. 10. Time-series variability of export #uxes in mg m\ day\ measured at MS-5, an oligotrophic
station, at three depths (black squares, 800 m; white diamonds, 2219 m; solid circles, 3915 m) are overlaid.

of the experiment, December 24, 1995. The average mass #ux during the FIM was
128 mg m\ day\ with the relatively large standard deviation of 43 mg m\ day\
at 1857 m.
3.2.2. An oligotrophic station, MS-5
The time-series of the mass #ux at MS-5 (Fig. 10) was measured with 17 days'
temporal resolution for 22 periods at 2363 m. Because #uxes at MS-5 are low
compared to other stations, the vertical scale is expanded in Fig. 6a (on the right axis)
to show more details of mass #ux variability. No strong, direct monsoon forcing was
expected at this station which is located in the open sea, far from the SW Monsoon
divergent zone. However, the timing of the variability of the mass #ux at MS-5 largely
coincides with that of MS-3, although in much reduced amplitude (Fig. 6). The
prominent peak of mass #ux at MS-5 during December 15 to January
1 (102 mg m\ day\) is synchronous with the "rst maximum export #ux during the
NE Monsoon at MS-3 (286 mg m\ day\). Although a mid-NE Monsoon plateau
such as observed at MS-3 was absent at MS-5, the mass #ux minimum at MS-5
(43 mg m\ day\) coincided with the minimum at MS-3.
From June 20 to September 30, the mass #ux was high, then dropped to the
minimum in mid-October to mid-November. The onset of the higher SW Monsoon
#uxes at the oligotrophic station was a few weeks earlier than at the divergent stations.
The timing of minimum #ux after the SW Monsoon-like export also overlaps with the
minimum at MS-3. The time-series variability of mass #ux indicates that an oligotrophic station such as MS-5 also has two periods of relatively higher export #ux
similar to that which occurs during the NE Monsoon and SW Monsoon in the other
stations. The SW Monsoon equivalent at MS-5 began approximately 30 days earlier
and ended also about 10 days earlier in 1995 compared to the monsoonal sequence at
MS-3 (Fig. 6c).
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3.3. Total mass yux in the divergent stations; MS-2, 3 and 4
The time - series of seasonal mass #uxes at the three divergent stations, MS-2, 3 and
4, showed similar variability patterns (Fig. 6b}d; export #uxes at MS-4 will be further
discussed below). However, the onset of the NE Monsoon was not synchronous in all
stations. At MS-2 both the "rst and the second NE Monsoon maximum arrived about
2 weeks earlier than at MS-3 (Fig. 6c and d). They arrived later than at MS-4;
speci"cally the arrival of the second maxima at this station was delayed almost
a month from that of MS-3.
The timing for the occurrence of the initial SW Monsoon peak is not synchronous
among the three divergent stations. Onset of SW Monsoon export at MS-2 (Fig. 6d)
was about 2 months behind the "rst export pulse at MS-3 and 4 (Fig. 6b and c). This is
amazing, considering that MS-2 was located only 86 km west of MS-3, and both are
under the divergent zone of the western Arabian Sea. The very large export #ux
peak observed from July 15 to 24 at MS-3 and 4 was completely absent at MS-2
(Fig. 6d). Instead, MS-2 recorded low export #ux, as small as approximately

Fig. 11. Comparison of the time-series variability of mass #ux at 3 di!erent depths at MS-4. White arrows
indicate delayed arrival of export pluses while settling though the water column. Velocity measured at ASI
Buoy station at 10 m is overlaid at the upper most panel (Baumgartner et al., 1997) with the scale-bar
(top-middle) and direction (right of the uppermost panel).
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180 mg m\ day\, until mid-August when the mass #ux increased rapidly. At MS-2,
the SW Monsoon mass #ux was composed of two pulses showing high but uneven SW
Monsoon export. The SW Monsoon export peak ended in mid-October and continued with relatively small mass #uxes until the end of the observations, similar to
MS-3 and 4 (Figs. 11}13) .

Fig. 12. Comparison of the time-series variability of mass #ux in mg m\ day\ at three di!erent depths at
MS-3. White arrows indicate delayed arrival of export pluses while settling through the water column.
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Fig. 13. Comparison of the time-series variability of mass #ux in mg m\ day\ at three di!erent depths at
MS-2. White arrows indicate delayed arrival of export pluses while settling through the water column.

3.4. Seasonal transition of the biogenic export components
The export #uxes of biogenic components at all stations generally followed the
pattern of the mass #ux throughout the year (Figs. 6}8). This coherence re#ects the
relatively consistent proportion of biogenic components to the total mass #ux,
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particularly during the NE Monsoon. The biogeochemical content in the unusually
large SW Monsoon mass #ux peaks were often strongly di!erent from that observed
during periods of relatively low, non-pulsing export. The CaCO export exceeded

SiO export in most samples collected by this investigation. However, large pulse

like exports were strongly SiO -enriched. For example, during the July peak at


MS-3, the export #ux of SiO (306 mg m\ day\) and its percentage of the total


mass #ux (37.6%) exceeded those of e-CaCO (238 mg m\ day\ and 29.3%) while

the annual average export #ux and its percentages of e- SiO and e-CaCO were



42.5/105 mg m\ day\ and 19.2/47.5%, respectively (Fig. 8c).
At the oligotrophic station, MS-5, the seasonal variability of the export #uxes of
CaCO and SiO compare closely to the variability of the mass #uxes (Fig. 6a, Fig.



7a, Fig. 8a). The percentages of the CaCO and SiO export to the mass #ux remained


nearly constant at 61% and 11% throughout the year.
3.5. Comparison of the US-JGOFS 1995 export yux data with historical data sets
Since 1986, scientists from the University of Hamburg, Germany, and the National
Institute of Oceanography, Goa, India, have been investigating long-term, annual
variability of biogenic and lithogenic export #uxes in the interior depths of the
Arabian Sea at three principal sediment trap mooring locations: West (WAST),
Central (CAST) and East (EAST) Arabian Sea Stations (Table 1, Figs. 1 and 2) (Nair
et al., 1989; Ittekkot, 1991; Ittekkot and Haake, 1990; Ramaswamy et al., 1991;
Ittekkot et al., 1992; Curry et al., 1992; Rixen and Haake, 1993; Haake et al., 1993;
Rixen et al., 1996). The conclusions from their long-term study include: (1) Mass
#uxes in the Arabian Sea were largest at WAST, the only divergent station in their
long-term study, but less at CAST and EAST which were east of the active upwelling
during the SW Monsoon. (2) The average annual mass #uxes in the Arabian Sea
measured at WAST, CAST and EAST stations from 1986 to 1990 were 55.9, 31.4 and
33.4 g m\ yr\, respectively. (3) There was relatively large yearly variability in mass
#ux; the 1d-year was as large as 13.8, 11.8 and 9.2 mg m\ day\ at the three stations,
respectively (calculated from Table 2, Haake et al., 1993). (4) At WAST, both biogenic
and lithogenic components are controlled by the two seasonal monsoons, and due to
the enhancement of the primary production caused by upwelling, the SW Monsoon
provided a larger share of annual export #ux than the NE Monsoon. (5) Wind speed
was a signi"cant forcing factor in determining the export variability and the export
#ux maxima in the ocean's interior (Nair et al., 1989; Ittekkot and Haake, 1990). (6) In
general, the relationship between export #uxes and monsoon-related processes in the
surface water is less evident at EAST. (7) At all Indo-German stations, CaCO was

the major component of the mass #ux.
Our MS-4 and ONR's Air-Sea Interaction (ASI) array were located relatively
near WAST, 135 km to the east. Both stations are within the divergent area as well
as being located on the east side of the Owen Ridge. The long-term, average mass
#ux at WAST, 55 g m\ yr\, was close to the 1995 mass #ux at MS-4;
59.8 g m\ yr\(adjusted to 365 days, Table 5). The SW Monsoon export #ux at
MS-4 during 1995 (173 mg m\ day\) appears smaller than the long-term average
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Fig. 14. Time-series variability of the mass #ux in mg m\ day\ measured at 809 m (white circles) and
998 m (solid diamonds) at MS-1 are overlaid. Although the current often exceeded 10 cm s\ at 809 m
(there was no current measurement at 998 m), the mass #uxes at these two depths were within the range of
analytical error.

estimated at WAST (195 mg m\ day\; estimating from Fig. 14.2 in Haake et al.,
1996). These comparisons indicate that the 1995 monsoons provided a near-average
export #ux to the interior of the o!shore divergent zone of the western Arabian Sea.
3.6. Syncronicity and asynchronicity of large export pulses and their
biogeochemical characters
One of the advantages of our dense array of sediment traps is that we can de"ne
events and gradients over the same space and time scales as the mesoscale physical
forcing and processes. In particular, we want to "nd the relationship between the
major #ux events and physical processes of biogeochemical signatures such as Si/Ca

and C /C
ratios in the exported particles. The ratio between exported Si and
 

Ca in mole indicates the relative scale of the nutrient supply by overturn, upwelling
and jet-transport in a dissolved SiO -limited upper ocean. There were a total of four

major export #ux events; two each in the NE Monsoon and the SW Monsoon during
the 1994}1995 ASPS. An exception was MS-2 where three peaks were found (Figs.
6 and 13). These export events were maintained for a few weeks with changing
intensity and patterns in their temporal variability (Figs. 6, 11, 12 and 14).
In general, all four major export events were synchronous throughout the divergent
western Arabian Sea. However, the pulses that occurred in closer synchronicity in all
ASPS stations were limited to December 1994 and occurred in mid-NE Monsoon.
The second peak in late NE Monsoon occurred synchronously at MS-2 and 3, but
delayed for approximately three weeks at MS-4. This peak was not found at MS-1.
The "rst major export pulse of the SW Monsoon in mid-July was ubiquitous at all "ve
ASPS stations as a sharply de"ned pulse. However, this event did not occur at MS-2
(Figs. 6 and 11}13). The large second peak that persisted during mid-to-late SW
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Monsoon was composed of several pulses. The second SW Monsoon pulse at MS-3
and 4 was nearly synchronous, but not at MS-2 the beginning and ending were
delayed for a few weeks.
As an example, we compare the SW Monsoon pulses at MS-2 and 3 in more detail.
At MS-3 there were two large export pulses. The one in mid July provided a spectacular export pulses in the ocean's interior. The arrival of the maximum period of this
export episode from the 764- and 858-m traps to the 1857- and 2871-m traps was
delayed by one 8.5-day collecting period. The Si/Ca and C /C
ratios in the

 
mass #ux of this July pulse were higher than 1.0. However, at MS-2 no sign of
enhanced export was found in July, and the Si/Ca ratio was less than 0.3 during this

period. Two independent export pulses were observed at 828 m during August and
September at MS-2 (Fig. 13, top panel). These two sub-pulses were merged into one
wide pulse with a bifurcated summit, 2871-m trap (Fig. 13, bottom panel). The Si/Ca

and C /C
ratio in the original August sub-pulse elevated slightly but distin 
guishably from the background values (Fig. 15, upper 3 panels). The Si/Ca and


Fig. 15. Comparison of the time-series variability of C /C
(solid circles) and Si/Ca in exported
 

particles (white diamonds) in mole at three di!erent depths at MS-2.
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Fig. 16. Comparison of the time-series variability of C /C
(solid circles) and Si/Ca in exported
 

particles (white diamonds) in mole at three di!erent depths at MS-3.

C /C
ratios in the second sub-peak in September were more elevated than the
 
"rst sub-peak. At 828 m the Si/Ca and C /C
ratios in the second sub-peak were

 
as high as 2.1 and 2.5 (Fig. 15, uppermost panel). The variability of these ratios in the
sub-peak also were used together, forming a bifurcated plateau (Fig. 15, bottom
panel). At MS-3, two large peaks occurred almost synchronously with those at MS-2
and fused into a bifurcated plateau in the ocean's interior. However, in contrast with
MS-2, the Si/Ca and C /C
ratios remained at a relatively low level in the

 
interior while these ratios peaked in July.
The Si/Ca ratio elevated suddenly at the onset of a large/high pulse of export

during the SW Monsoon. Often the ratio drops before a peak is completed thus
skewing the ratio toward the end of the bloom (Figs. 16 and 15). This observation
suggests that the intense export of biogenic SiO particles is concentrated at the

beginning and is not maintained to the end of a longer bloom. Such events are diluted
by the export of CaCO particles almost immediately after the onset.
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3.7. The relationship between eddy features and pulsing export events
Comparison of time-series variability of export #uxes measured at MS-4 and the
eddy features recorded by the ASI array (Baumgartner et al., 1997; Weller et al., 1999),
located 57 km to the south of the MS-4 trap mooring, brought new understanding
regarding how strongly such spatially and temporally constrained upper-ocean phenomena a!ect the biogeochemical cycles in the western Arabian Sea. We regard an
eddy feature as an intense but temporary advective homogenous #ow that occupies
the upper ocean layer. We observed that some large export production pulses were
directly linked to passing eddy features. We propose that an eddy-originated export
pulse can be identi"ed by the elevated Si/Ca ratio in the mass #ux collected in the

ocean's interior. In contrast, some export pulses, even very large ones, appear to
originate from large primary productivity events caused by non-eddy processes
including wind-driven overturn of the upper water column. In these cases, the extent
of the upwelling may not have been great enough to pump silica-rich water into the
euphotic layer to support extensive diatom production such as occurs during the
eddy-driven events. Instead, carbonate-test producers prevailed.
A current meter mooring deployed near MS-4 (Fig. 1) recorded at least two major
eddy features between October 1994 and October 1995 (Baumgartner et al., 1997). The
"rst eddy dominated November and December 1994, and the second feature appeared
later in July to mid September 1995. As recorded in the upper 80 m, their maximum
velocities were 50}100 cm sec\. The eddies maintained uniform maximum velocity in
the upper 50 m. The velocity attenuated at 80 m but kept the same directionality. At
750 m, no eddy-e!ect was observed, but there was a randomly oriented weak current
of a several cm sec\(Fig. 11; Fig. 50, pp. 81 & 82 in Baumgartner et al., 1997).
A NE Monsoon eddy-event appeared around October 22, 1994 (Baumgartner et al.,
1997; R. Weller, pers. comm.). The "rst phase of this eddy was characterized by strong
SE advection that exceeded 100 cm s\ at maximum. The current temporarily ceased
around November 18. The second phase of this NE Monsoon eddy began around
November 20 with a 35 to 40 cm s\ northward current that persisted throughout
most of December but disappeared in early January 1995. An export-peak was
observed at 821 m a few days after the midpoint of maximum velocity of the second
high-current event. The maximum primary production estimated from the bio-optical
sensors at the ASI array (Marra et al., 1998) occurred at the midpoint of that high
velocity. At the 2229 and 3478 m traps, the arrival of the export peak was delayed for
a few weeks, as detailed below.
The SW Monsoon eddy also occurred in two phases with di!erent direction and
velocity (Weller, R., pers. comm.; Baumgartner et al., 1997). As in the NE Monsoon
eddy, the onset was abrupt. The eastward current with a velocity of approximately
70 cm s\ began on July 20 and rotated anti-cyclonically. During early August, the
current direction changed to the southeast while the intensifying speed reached and
maintained over 80 cm s\ for about 3 weeks. The second phase of the SW Monsoon
eddy, although not clearly distinguishable from the "rst one, began in September with
a southward direction and ceased in early October 1995. This SW Monsoon eddy had
a strong impact on export in the interior. Speci"cally, the export #ux at the mid and
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deep traps responded immediately to the passing eddy. At 821 m, the mass #ux surged
to more than 608 mg m\ day\ during the period of August 19 to 28 (the trap
clogged thereafter). The large bloom continued to the end of September at 2229 m,
and the associated export continued to mid September (Fig. 11).
In contrast to the October 1994 and July-August 1995 events, two large events
occurred toward the end of the NE Monsoon and in the early SW Monsoon
that do not appear to be associated with the eddy features. Marra et al. (1998)
show that, as a result of their bio-optical mooring study, a large productivity
peak occurred in early to mid March while the velocity of the upper ocean was lowest
for the year. The resulting export production peak arrived immediately in the interior.
Similar to the large export peak in mid July, euphotic productivity was large while
no conspicuous eddy feature was observed in the upper layers (Fig. 11). A common
physical feature of these non-eddy, export events was the presence of strong winds
at the buoy site that formed isolated wind-velocity maxima (Baumgartner et al.,
1997).
We noted that eddy-caused large export #uxes associated with biogeochemical
signatures such as elevated Si/Ca indicate a more intense supply of dissolved silica

and other nutrients. March and July export pulses, which were not associated with an
eddy feature at MS-4, were associated with a very high C /C
ratio, often '1.5.
 
These events also began with elevated Si/Ca ratios similar to the export events of

November 1994 and early September 1995 that were associated with eddy features.
Although maximum export #ux was seen in the late December 1994 (Fig. 11), the
Si/Ca ratio increased only modestly ((1.0) and was already decreasing from the

maximum ('1.0) that occurred at the sediment trap array experiment's beginning on
November 11, 1994 (Fig. 17). This suggests that the slightly elevated Si/Ca period is

linked to the earlier period when a major eddy brought more dissolved silica to the
upper water. Similarly, the Si/Ca ratio increased very little during the non-eddy

export pulse in mid July (Fig. 17) while C /C
was increasing. The Si/Ca ratio
 

suddenly increased to 1.5 (at 2229 m) at the end of August, corresponding to the
upsurge of eddy-related export #ux that occurred at this time. However, the high
Si/Ca period in early September was short-lived (Fig. 17). The sub-peak occurred

immediately after the second peak and was only recognizable as a separate event by its
high C #ux that was elevated over background values (Fig. 7b). Incoherent vertical

propagation of export #ux with time has been discussed previously (Siegel et al., 1990;
Newton et al., 1994).
The above-mentioned relationship between large export events and eddy features
can be found at many other stations. Despite being only 85 km west of MS-3, we
found no export pulse event at MS-2 during July, though a large export pulse
occurred at MS-3 during this time period (Figs. 12 and 13). The July pulse at MS-3
was a large export event with a rising Si/Ca ratio (Fig. 9). This event occurred

in August}September at MS-2 and MS-3, forming characteristic double peaks in
shallower depths (Figs. 12 and 13) and delivering the largest mass #ux during the 1995
SW Monsoon in the interior of the western Arabian Sea: at MS-2, 3141 m. The mass
#ux was approximately 25 g m\ at the rate of 583 mg m\ day\, with 1.5 g m\
of organic carbon for approximately one month. Further study is warranted to
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Fig. 17. Comparison of the time-series variability of C /C
(solid circles) and Si/Ca in exported
 

particles (white diamonds) in mole at three di!erent depths at MS-4.

understand the processes behind this very large export event during the SW
Monsoon, guessing from (1) the highly
SiO -enriched mass #ux, (2) Their


sporadic occurrence and geographic isolation, and (3) and the location relatively
close to the source area of coastal upwelling, involvement of a mesoscale eddy is
suspected.
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3.8. Direct ewect of strong wind curl on the export yux
The highest sustained monsoon velocity and wind stress during 1995 were recorded
on July 17 and very high wind continued to July 21 (Fig. 3; Fig. 17, p. 48 in
Baumgartner et al., 1997). The mixed layer began to deepen rapidly after the SST
reached its 1995 maximum around June 1 ('313C; daytime); the mixed layer reached
its maximum depth during SW Monsoon throughout July (Dickey et al., 1999). The
mid-July export pulse occurred during this upwelling period, with its associated input
of nutrients into the upper mixed layer that deepened over this period.
Lithogenic #ux represents the intensity and geographic scale of the monsoon and is
coupled with biogenic #ux in the Western Arabian Sea (Ittekkot, 1991). The timeseries variability of Al #uxes were closely followed and are largely synchronous with
the variability of mass #ux. The percentage of Al in the mass #ux was constant at
approximately 0.8% (refer to the right vertical axis of Fig. 18) in the ocean's interior
throughout the seasons. The best example of this lithogenic-biogenic coupling is the
Al peak and all other lithogenic element #uxes from July 15 to 24, which occurred
synchronously at all ASPS sediment-trap stations, even including the distant oligotrophic MS-5 (Fig. 18). The largest Al #ux, approximately 10 mgAl m\ day\, occurred at MS-3, associated with the very large pulse of export #ux. The percentage of Al
in the mass #ux only peaked at MS-2; the percentage consistently remained at about
1.0% at other stations.
The observation that Al #uxes peak synchronously at all western Arabian Sea
stations indicates the maximum wind curl covered all sediment-trap mooring stations.
Therefore, the mid-July export pulse should be found at all stations where the Al #ux
was high. In fact, this was true at all stations except MS-2. The highest Si/Ca and

C /C
ratios were found at MS-3. At MS-4, the C /C
was high, but Si/Ca
 
 

ratio was only slightly elevated above the background values (Fig. 9b and 17). As
already described, eddies did not cover the ASI buoy station and were unlikely at
MS-4. Biogeochemical signatures suggest the possible absence of eddy features at the
rest of ASPS sediment-trap mooring stations. A possible explanation is that at MS-3
conditions simultaneously included both eddy features and turbulent mixing by very
strong winds.
3.9. The ewect of coastal jets on strongly pulsing export events
Our results suggest that the shelf and basin environment are directly coupled to
produce a large export pulse in the o!shore area through advective transport in
nutrient-rich jet features that originate from the vigorous coastal upwelling along the
major jet-producing topography near the Omani coast (Fig. 1). The coastal transition
zone (CTZ) in the eastern boundary current regions is often characterized by the
o!shore protrusion of a narrow cold-water coastal jet in the form of pigment-rich
"laments that extend as much as 350 km o!shore (Hayward and Montyla, 1990; Brink
and Cowles, 1991; Smith and Lane, 1991; Strub et al., 1991). The jets are associated
with high chlorophyll a content and most probably with enhanced primary production (e.g., Abbott and Barksdale, 1991; Chavez et al., 1991).
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Fig. 18. Time-series variability of Al #uxes (white squares) in mg m\ day\ and the percentage (small
solid circles, axis on the right of all panels) during ASPS are overlaid. The >-axis (#ux) for MS-5 is
expanded 10 times. Note that the time-series pattern of Al variability is almost identical with that of the
mass #ux, thereby the percentage in the mass #ux is consistent. An exception was an Al peak that appeared
in mid-July when no conspicuous mass #ux peak was observed. The broad dotted line indicates the period
when the peaked Al #ux apparently covered the entire western Arabian Sea during the SW Monsoon wind
velocity maximum in mid-July (Fig. 3).
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In the western Arabian Sea, AVHRR images show the seasonal evolution of coastal
"laments during the ASPS whose morphology is similar to the ones reported from the
above-mentioned eastern boundary current areas such as o! California (Manghnani
et al., 1999). A detailed 3-D characterization of a "lament by underway instruments
(mainly by a SeaSoar2+ package) at around 193N 593E during mid-June revealed that
the seawater temperature within the "lament was as cold as 233C and that the water
was enriched with chlorophyll a with a concentration of '2 mg m\; outside of the
"lament, water temperature was as high as '28.53C, with half as much chlorophyll a
as inside (K. Brink, pers. comm.).
An AVHRR image on June 25, 1995, provided by R. Arnone, NAVOCEANO,
shows the early development of a "lament which originated from Ra's al Madrakah
(R. Arnone, pers. comm.). This "lament bifurcated to the north and south around
59.53E. The south branch, (40 km wide, which also appeared in a SeaSoar reconstruction (K. Brink, pers. comm.), seems to extend to the south, forming an anticyclonic arc aimed at the area where MS-3 was located (17.23N 59.63E). From this
imagery, the southerly extent of the "lament in late June 1995 is not clear, but the
"lament is clearly traced to 183N 603E on an AVHRR image taken on June 24, 1995,
and was less clearly recorded to the south. The general behavior of the "lament
indicates that it might have continued to extend southward and "nally extend right
over MS-3 within a short time. A large export pulse that occurred in mid July (Fig. 12),
composed of mass #ux with a higher Si/Ca ratio than the background values

(Fig. 16), could have been produced by a combination of the deepening of the mixed
layer by the SW Monsoon winds and the above-mentioned hypothetical "lament
crossing. However, if, as we suppose, a "lament had extended to a farther o!shore
area, it would have been diluted and the export product would have lost its high ratio
of Si/Ca.

3.10. Characteristics of the Arabian Sea export yux; comparison with other ocean basins
The annual export #uxes measured in the divergent area of the Arabian Sea were by
far the largest measured in the interior of the open oceans [excepting marginal
stations associated with upwelling or other factors which could result in extraordinary
export (e.g. Wefer et al., 1989; Wassmann, 1991; Thunell et al., 1994)]. Speci"cally, the
yearly mass #ux at MS-2 of 86 g m\ yr\ (Table 5) and the average daily export of
296 mg m\ day\ during the SW Monsoon (Table 4, Fig. 4), were almost twice as
large as any previously measured annual export #uxes in the interior of the open
ocean } even those which were regarded at that time as the largest, such as the Bering
Sea (52 g m\ yr\ at 3.1 km) (Honjo, 1996) and the central Sea of Okhotsk
(47 g m\ yr\). The Arabian Sea rates are comparable to the 1994}1995 annual mass
#ux, 96 g m\ yr\, observed in the Ullang Basin, East/Japan Sea reported by Hong
et al. (1997). The mass #uxes at the divergent Arabian Sea stations were about two
times larger than #uxes in the Bay of Bengal (Ittekkot et al., 1991). In addition to being
extraordinarily large, the divergent western Arabian Sea mass #ux is characterized by
very large organic carbon #uxes, 3.6}5.6 gC m\ yr\. These values are two to three
times greater than the C export in the interior of other known open-sea locations.
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The C export measured in the Ullang Basin was 2.7 gC m\ yr\ (Hong et al.,

1997).
The percentage of CaCO in the divergent stations is about 50% (Table 3); this is

about same as North Atlantic Ocean stations (e.g. Wefer, 1989) but smaller than at the
Equatorial Paci"c Ocean stations (Honjo and Manganini, 1993). On the other hand,
the percentage of SiO in the coastal and divergent Arabian Sea (18}19%) was


larger than in the north Atlantic Ocean and smaller than in the Equatorial Paci"c
Ocean (Honjo et al., 1995). High C #ux and relatively low C
#ux resulted in


a higher C /C
ratio than in many other open-ocean stations, but similar to that
 
in the North Paci"c Ocean where the C /C
was equal to or greater than 1.0
 
(Honjo, 1997).
Annual Si/Ca ratios in the divergent and coastal stations in the Arabian Sea were

0.57 (MS-4) to 0.67 (MS-3) (Table 4, Fig. 5), substantially higher than in the North
Atlantic Ocean and Equatorial Paci"c Ocean but equivalent to or slightly smaller
than in the North Paci"c Ocean, except in the Sea of Okhotsk and the Bering Sea
where the ratios were as high as 6.9 and 6.2. Thus, according to the de"nition of Honjo
(1997), the western Arabian Sea is in general a `carbonate oceana but is punctuated by
strong `silica oceana pulses that constitute a signi"cant portion of the SW Monsoon
export.
MS-5 is an open ocean site away from the monsoon-divergent zone; its oceanographic and biogeochemical setting may be more directly comparable to the Equatorial Paci"c Ocean (Murray et al., 1995). Annual mass #ux in the interior of MS-5 was
22.9 g m\ yr\. This level is similar to #uxes measured during 1993 at stations in the
southern Equatorial Zone in the Paci"c Ocean, such as at the station at 53S 1403W
that was located far from the upwelling center (around 23N): 22.0 g m\ yr\. Both
stations delivered similar C and C
#uxes: 1.3 and 1.0 gC m\ yr\, and 1.8 and


1.7 gC m\ yr\, respectively. MS-5 exported less SiO than the southern Paci"c


Ocean 53S station, 2.5 and 5 g m\ yr\ (Honjo et al., 1995). The annual average
C /C
ratio at MS-5 was 0.7 and only exceeded 1.0 in early June 1995 for one
 
17-day period. The annual Si/Ca ratio was approximately 0.28 and did not exceed

0.37 during this study (Fig. 9, uppermost panel). These "gures indicate that the water
column at MS-5 is a typical `carbonate oceana with conditions similar to those
investigated in US-JGOFS North Atlantic Bloom Study (NABE) (Honjo and Manganini, 1993) and US-JGOFS Equatorial Paci"c Process Study (EqPac) (Honjo et al.,
1995).
Due to di!erent ocean processes, the mode of the biogenic particle export at the
divergent/coastal stations in the western Arabian Sea was grossly di!erent from that
in the Equatorial Paci"c Ocean. However, one common process at both ocean
settings with regard to the biogeochemical cycle is the pulsing supply of SiO -rich


export associated with a larger C #ux. At the EqPac stations, pulses of diatom
dominated export events appeared in association with the onset of the meridional
instability waves, which occurred during the non- or post-El Nin o setting of the
Equatorial Paci"c Ocean and delivered upwelled cold water from near the Equator to
distant stations where larger particle #uxes were observed (Honjo et al., 1995). In the
western Arabian Sea, a combination of coastal upwelling, open ocean upwelling,
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turbulent mixing and coastal "laments brought upwelled, SiO -enriched water from

the coast to the o!shore stations; this resulted in the pulsing C export events.

4. Summary and conclusion
The western Arabian Sea is characterized by one of the most e$cient biological
pumps that transports CO from the upper ocean layers to the carbon sink in the deep

ocean interior. The alternating monsoon winds directly force this biological pump; the
strong monsoonal wind activates a number of processes that bring nutrients to the
upper ocean under tropical radiation throughout the year. Compared to the other
oceans, the NE Monsoon has a relatively large mass #ux, but it is over-shadowed by
the vigorous export events of the SW Monsoon. Export #uxes are especially high in
the divergent zone on the west side of the summer monsoon where the combination of
coastal upwelling, curl-driven upwelling, turbulent mixing, eddies and coastal jets
deliver one of the world's largest open-ocean export #uxes to the ocean's interior.
During 1995, the divergent zone of the western Arabian Sea delivered #uxes to the
ocean's interior as large as 75.4 g m\ yr\. The mass #ux during the SW Monsoon
was 244 mg m\ day\. This #ux is equivalent to 89.0 g m\ yr\. The average
annual organic carbon export in the divergent zone was 4.9 g m\ yr\. The annual
inorganic carbon #ux (from planktonic CaCO ) was 4.5 g m\ yr\.

The divergent Arabian Sea, during both NE Monsoon and SW Monsoon, is
characterized by large, pulsing primary and export production. Except at the coastaldivergent station, MS-1, four major pulses of export production were found at each
divergent station during the 1994}1995 season. There were two major pulses each
during NE Monsoon and SW Monsoon. The NE Monsoon pulses were smaller and
more coherent than the SW Monsoon pulses, 45}60% of export occurs during
15}30% of the year. This contrast was much more signi"cant in the mesopelagic layer
than in the ocean's interior. These four pulses occurred synchronously at all divergent
stations } although the second NE Monsoon and SW Monsoon pulses were asynchronous in detail.
The year-round averages of the Si/Ca and C /C
ratios in the export #ux in

 
the divergent zone were 0.6 and 1.1, respectively. Thus, the divergent zone of the
Arabian Sea as a whole is a `carbonate oceana. The explosive bloom of SiO 
plankton in the upper ocean can be detected by the suddenly enhanced Si/Ca

and C /C
ratio in the export #uxes at the onset of a large pulse. The `carbo 
nate-oceana biological pump is thus destabilized by the punctuation of a `silica
oceana mode, with the Si/Ca and C /C
ratio rising much higher than 1.0.

 
In `silica oceana mode, CO is removed from the upper ocean more e$ciently

than `carbonate oceana mode. However, the initial diatom bloom is quickly
re-dominated by coccolithophorids before the large export pulse ends as seen by
the reduction of the Si/Ca ratio. Therefore, the overall Si/Ca ratio in the diver

gent Arabian Sea is relatively low. The major contribution to the CO cycle of this

part of ocean compared with other ocean areas is its capacity to export more organic
carbon.
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An outstanding export pulse occurred synchronously at four ASPS stations from
the oligotrophic to coastal ocean in mid to late July, but did not occur at MS-2. Al #ux
distribution strongly suggests that the wind system was ubiquitously strong throughout the Western Arabian Sea at this time. The mid-July pulse occurred at the
maximum SW Monsoon wind curl, and the ASI buoy record suggests that it occurred
at MS-4 at the time when the mixed layer deepened and when no eddy activity was
seen. During the July bloom, a large mass #ux was recorded at MS-3 with a very high
(2.2) Si/Ca ratio; involvement of a passing coastal jet that transported a high level of

silica and other nutrients from Omani coast upwelling area to this station is suspected
as an additional cause of this regional wind-curl-driven upwelling.
Comparison of the pigment concentration detected by bio-optical sensors and
export #ux pulses at MS-4 reveals that biogenic particles that escaped from remineralization arrived at the mesopelagic depth quickly: some pulses arrived at the traps
deployed at 2}3.5 km within the same 8.5-day open period, or their arrival was o!set
by one 8.5-day period.
During the Spring and Fall Inter-monsoons, the mass #ux went down a factor of
3}4 from the high monsoon export periods. However, the daily western Arabian Sea
inter-monsoon mass #ux was comparable to or even larger than average export #ux
observed in the open North Atlantic Ocean and the Equatorial Paci"c Ocean. The
mass #uxes during the both inter-monsoons were characteristically low in Si/Ca

and C /C
ratios.
 
The oligotrophic reference station, MS-5, was not characterized by a pulsing
export, but the annual mass #ux variability at this station follows a gentle, sinusoidal
curve. Timing of the maximum and minimum export events at this station approximately matched the monsoon maxima and inter-monsoon minima observed in the
western Arabian Sea in 1994-1995, although MS-5 was set in the open ocean, well
outside in#uence of wind curl associated with atmospheric forcing of the region. The
variability of mass #ux from the mesopelagic to the interior repeated at the succeeding
three depths throughout the year within the 17-day open period, without temporal
o!-set. The annual #ux and organic carbon #ux were only 22.9 and 1.3 g m\ yr\,
respectively. The annual average C /C
ratio at this station was approximately
 
0.7. The annual Si/Ca ratio was particularly small and only approximately 0.3. The

pattern of mass #ux at this oligotrophic station resembled the EqPac stations in
quality and quantity.
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