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Abstract

Seasonal cycle of biogenic fluxes obtained from sediment trap at two locations 5◦ 24′ N,
86◦ 46′ E (SBBT) and 3◦ 34′ N, 77◦ 46′ E (EIOT) within the equatorial Indian Ocean
(EIO) were examined to understand the factors that control them. The sediment trap
data at SBBT were collected for ten years from November 1987 while that at EIOT was5

for one year period from January 1996. The characteristic of biogenic flux at SBBT was
the strong seasonality with peak flux in August, while lack of seasonality characterized
the flux at EIOT. At the SBBT and EIOT, the higher chlorophyll biomass during summer
monsoon was supported by wind-mixing, which supplied new nitrogen to the upper
ocean. The stronger winds at SBBT compared to EIOT resulted in greater entrainment10

of nutrients to the euphotic zone, which supported higher chlorophyll biomass. High cell
counts of phytoplankton (>5 µm) at SBBT dominated by diatoms suggest the operation
of classical food web and high carbon export. On the contrary, one-and-half time higher
magnitude of micro-zooplankton biomass dominated by picophytoplankton along with
2-fold lesser meso-zooplankton at EIOT indicated the importance of microbial loop. The15

substantial decrease in the carbon export at EIOT indicated faster remineralization of
photosynthetically produced organic matter. We see a striking similarity between the bi-
ological process that operates in the SBBT with that of the equatorial Atlantic and EIOT
with that of the equatorial Pacific, though the physical forcing in these three regions,
namely EIO, the equatorial Atlantic and the equatorial Pacific, are very different.20

1 Introduction

Equatorial regions are special areas of the world ocean where intense air-sea interac-
tion occurs. The tight coupling between the ocean and atmosphere makes this region
sensitive and hence important for earth’s climate. The global carbon cycle plays an
important role in earth’s climate and primary production forms an integral part of it.25

Studies of primary production often use chlorophyll as an estimator of phytoplankton
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biomass (Harris, 1986). Phytoplankton produces half of the oxygen we breathe, draw
down the atmospheric CO2, and ultimately controls the global climate system (Siegel
and Franz, 2010). In the ocean, productivity is controlled by the availability of nutrients
and sunlight. Productivity signal can be transferred rapidly to the deep sea by settling
particles from the surface (Asper et al., 1992). The biological pump in the upper ocean5

transfers biogenic compounds from the surface into deep waters in the form of partic-
ulate organic matter (Bishop, 1989; Longhurst, 1995; Ittekkot, 1993). Each year, the
biological pump removes 7.9–13.1 GT C (1 GT=1015 g) of the estimated 40–60 GT C
produced in the surface ocean (compiled in Boyd and Trull, 2007; Carr et al., 2006).
Between region and events, the export fraction may vary between 2–20 % (Buesseler,10

1998). The fraction of primary production which is exported to waters deeper than
1500 m is also highly variable and ranges between 0.1–8.8 % (Lutz et al., 2002). In the
equatorial Pacific, physical as well as biological processes such as upwelling and rem-
ineralization by smaller organisms make it a large source of CO2 to the atmosphere
(Murray et al., 1994). This remineralization in turn leads to less export of carbon to15

ocean interior in the equatorial Pacific (Beatriz et al., 2001). In contrast, strong up-
welling and the dominance of faster-sinking diatoms (Bradtmiller et al., 2007) support
high export of biogenic flux into the deeper ocean in the equatorial Atlantic. However,
we do not have such information in the equatorial Indian Ocean.

The equatorial Indian Ocean (EIO) behaves uniquely compared to the other equato-20

rial regions of the world ocean primarily due to the seasonal reversal of the winds be-
tween winter (November–February) and summer (June–September) (Hastenrath and
Greishar, 1989). In response to the wind reversals surface currents also reverse in the
EIO. During June to September the summer monsoon current (SMC) flows eastward in
the EIO, while the winter monsoon current (WMC) flows westward during November to25

February (Shankar et al., 2002). Between the monsoons, during the spring (April-May)
and fall (October-November) transition periods, the consistent westerly winds drive
a strong narrow eastward jet known as Wyrtki jet (Wyrtki, 1973) which is equatorially-
trapped (Knox, 1976; Gonella et al., 1982; Reverdin and Luyten, 1986). The jet initially
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develop in the central EIO and then propagate westward (Qui et al., 2009) at semian-
nual periodicity. A recent study by Nagura and McPhaden (2010) showed the average
phase speed of the westward propagation to be −1.5 ms−1. In addition to these zonal
currents the coastal currents along the coast of India, the East Indian Coastal Current
(EICC) and the West India Coastal Current (WICC) which also reverse their direction5

twice a year (Shetye and Gouveia, 1998), may play an important role in the distribu-
tion of nutrients and chlorophyll in the equatorial region. Equatorial upwelling does not
occur in the Indian Ocean as it does in the Pacific and Atlantic where southeast trade
winds blow across the Equator and cause surface divergence. In the Indian Ocean, no
such wind system exists in either season of the year (Schott et al., 2002). Another dis-10

tinction is in the occurrence of the eastward equatorial undercurrent in the EIO which
is seen only during winter (Knox, 1976; Leetma and Stommel, 1980; Bubnov, 1994;
Reppin et al., 1999; Schott and McCreary, 2001; Masumoto et al., 2005), unlike the
other oceans where it exists throughout the year (Stalcup and Metcalf, 1966; Knauss,
1960). Thus, EIO is a region of strong zonal currents (Tsai et al., 1992) and exhibits15

a strong semi-annual signal (Luyten and Roemmich, 1982; Reverdin, 1987; Clark and
Liu, 1993).

Most of the previous studies pertaining to the EIO circulation addressed the clima-
tological seasonal cycle (e.g. Gent et al., 1983; McCreary et al., 1993; Anderson and
Carrington, 1993; Han et al., 1999; Prasanna Kumar et al., 2005) or interannual vari-20

ability (e.g. Reverdin et al., 1986; Murtugudde et al., 1999; Schiller et al., 2000) either
using in situ data or model. Apart from the above-mentioned studies on the circulation
and hydrography of the EIO, there were some attempts to understand the biophysi-
cal interaction in the Indian Ocean (IO), including the EIO using models. For example,
Wiggert et al. (2006, 2009) studied the annual cycle of the ecosystem variability of25

the tropical IO using a coupled bio-physical ocean circulation model. Subsequently,
Lévy et al. (2007) characterized the summer and winter blooms in the tropical IO using
chlorophyll climatology constructed from Sea-viewing Wide Field-of-view sensor (Sea-
WiFS) data and ocean general circulation model. More recently, McCreary et al. (2009)
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and Koné et al. (2009) studied the dynamics of the surface bloom in the context of the
bio-physical process in the IO using coupled bio-physical circulation model. In addi-
tion Resplandy et al. (2009) studied the seasonal and intraseasonal biogeochemical
variabilty in the southern tropical IO using satellite observations and biophysical simu-
lations.5

More specifically in the EIO based on the silicate to carbonate ratio obtained from
the sediment trap data Ramaswamy and Gaye (2006) showed that the foraminiferal car-
bonate is the major contributor to the biogenic flux and the reason for low productivity in
the EIO was attributed to the dominance of carbonate producers. In fact, direct compar-
ison of fluxes at southern Bay of Bengal trap (SBBT) and equatorial Indian Ocean trap10

(EIOT) revealed that carbonate fluxes were comparable at both sites, while opal fluxes
as indicator for diatom production were much higher at SBBT (Unger and Jennerjahn,
2009). This is consistent with in situ measurements of Fernandes et al. (2008) who
obtained low bacterial abundance as well as production in the EIO. Based on monthly
mean climatology of chlorophyll pigment concentration Narvekar and Prasanna Ku-15

mar (2009) studied the seasonal cycle and showed that EIO had the least chlorophyll
biomass compared to the Arabian Sea and the Bay of Bengal. More recently Sardessai
et al. (2010) showed that the top 20 m of the water column close to Equator was devoid
of nitrate irrespective of the season.

Though our understanding of the dynamics of the EIO has increased considerably20

over the years, information pertaining to the biogeochemistry of this region still remains
very limited due to paucity of data. In the present study, using the biogenic flux data
collected from the sediment trap mooring in the EIO, we explore (1) the role of physical
and biological processes in mediating the observed variability and (2) coupling between
the deep ocean biogenic flux and biological production at the upper ocean. Finally, we25

compare these with similar observations from the equatorial Pacific and the Atlantic
oceans
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2 Methodology and data sources

2.1 Study area

In the Indian Ocean, eight sediment trap moorings were deployed during the period
1986 to 1997 under Indo-German bilateral program to quantify the export of carbon
from the ocean’s surface into the ocean’s interior (see Ittekkot, 1993; Rixen et al., 2009).5

For the present study we have selected sediment trap moorings that are located within
the EIO. In order to define the latitudinal boundary of the EIO, we used monthly mean
climatology of sea surface height anomaly (SSHA) (see Sect. 2.4 for details on SSHA)
and subjected it to Fast Fourier Transformation (FFT) following Clark and Liu (1993).
From the spatial distribution of the amplitude of the semi-annual signal (Fig. 1a) and10

the latitudinal distribution of zonal-averaged semi-annual amplitude (Fig. 1b) we define
the region between 4.09◦ S and 5.57◦ N having the maximum amplitude as the EIO.
See Clark and Liu (1993) for a similar argument to define the domain in the eastern
equatorial region and Rao et al. (2009) for defining the equatorial wave guide.

Thus, we defined the region bounded by the broken line in Fig. 1b as the domain15

of EIO. Within this domain there are two moorings (Fig. 1a). The moorings located at
5◦ 24′ N, 86◦ 46′ E and at 3◦ 34′ N, 77◦ 46′ E are designated as southern Bay of Bengal
trap (SBBT) and equatorial Indian Ocean trap (EIOT), respectively (see Rixen et al.,
2009).

2.2 In situ data20

2.2.1 Biogenic flux data

The biogenic flux data which contain organic carbon, calcium carbonate and biogenic
silica were collected by using PARAFLUX Mark VI time-series sediment traps deployed
at the SBBT (Unger et al., 2003) and EIO (Ramaswamy and Gaye, 2006). The SBBT
data is for a period of ten years from November 1987 to December 1997, while the EIOT25
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data is for one year period from January to December 1996. The sampling intervals at
both the locations varied between 9 days to 42 days. Though two traps (shallow and
deep) were deployed at each location, we used only shallow trap data for the present
study as our aim is to understand the processes and coupling between the biological
production in the euphotic zone and the mid-depth biogenic flux. The nominal depth5

of the shallow trap at SBBT was 1000 m while that at EIOT was 912 m. At first we
converted this data in to respective calendar month for the entire period and from this
the monthly mean climatology was generated to study the seasonal cycle at both the
locations.

We are aware of the methodological shortcomings that are associated with flux10

measurements using sediment traps. Biases due to hydrodynamic flows over the trap
mouth, particle transformation by bacteria and zooplankton as well as the influence of
swimmers within the trap may lead to an under or overestimation of particle fluxes by
a factor of up to 2. The calibration of particle fluxes with U-Th radionuclides has shown
that fluxes at depths <1000 m may be compromised because currents are stronger15

and zooplankton mainly migrates within this depth horizon (see Buesseler et al., 2007;
Boyd and Trull, 2007). Depending on trap depth, sinking speed of particles and cur-
rent speed, particles captured at one site may derive from a surface area as large as
several hundreds of kilometers in diameter above the trap position. In addition to the
large potential source area, the origin of particles might also vary in course of one year20

so that the obtained time series might represent export not from a defined but rather
from a variable source region making it difficult to relate it to euphotic zone processes
over the trap alone (Siegel and Deuser, 1997; Siegel et al., 1990, 2008; Waniek et al.,
2005).

However, sediment traps are the only tool to monitor fluxes to a certain water depth25

continuously and over longer time spans and the usefulness of trap data have been
proven by many studies showing that the observed fluxes actually relate to surface
water processes. They are consistent with spatial variation of surface production and
sediment properties (e.g. Jickells et al., 1996; Honjo et al., 1999; Waniek et al., 2005)
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and reveal consistent seasonal as well as interannual variation driven by surface water
processes (e.g. Waniek et al., 2005; Haake et al., 1996; Rixen et al., 2006; Holmes
et al., 2002; Fischer et al., 1988; Wefer and Fischer, 1993; Voss et al., 1996).

For the SBBT site, consistent pattern of flux and composition prove that particle
flux measured is suitable to characterize the relation between surface water processes5

and deep water particle fluxes both on seasonal as well as on interannual time scales
(Unger et al., 2003, 2006). Limited data of 230Th flux suggest that trap efficiency at
SBBT is reasonably good (Sarin et al., 2000). In general, flux pattern persists through-
out the water column, and for example the δ15N signal hardly change with depth (Unger
et al., 2006) indicating either that the particle sinking speed is sufficiently high to trans-10

port surface signals from a restricted region to depth, or that surface processes are
not characterized by significant small scale variation. Less information is available for
the EIOT site. Time coverage is much shorter. However, comparison with SBBT flux
pattern reveals seasonal and episodic similarities between the two sites indicating that
both sites are affected by the same surface ocean processes even though to a different15

extent (Unger and Jennerjahn, 2009).

2.2.2 Biological mesurements

All the biological parameters used for the present study were measured during the
cruise of ORV Sagar Kanya SK-227 during August 2006. Water samples from eight
depths (0 m, 10 m, 20 m and thereafter every 20 m interval up to a depth of 120 m)20

were collected and analyzed for measurements of various biological parameters (see
below). The data from stations 5◦ N and 83◦ E and 2.5◦ N and 77◦ E in the vicinity of
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SBBT and EIOT, respectively were used for all the parameters except for the meso-
zooplankton in the vicinity of SBBT which was from 2.5◦ N and 83◦ E.

Chlorophyll a (Fluorometric)

For estimation of total phytoplankton biomass (Chl a), 1L (litre) of water was filtered
through the Whatman GF/F filter paper (47 mm diameter, 0.7 µm pore size) under low5

vacuum pressure. The pigments were extracted in 10 ml of 90 % acetone in the dark
for 24 h in the refrigerator. Fluorescence was measured before and after acidification
with two drops of 1.2 N HCl following the JGOFS protocol (UNESCO, 1994).

Size fractionated chlorophyll a

Size fractionation of phytoplankton biomass was measured from selective depth (sur-10

face, chlorophyll maximum and 120 m depth) with the help of gravity filtration by serially
passing water sample (5 L) through 200, 60, 20 and 10 µm mesh. Finally filtrate was
passed through 0.7 µm GF/F filters by applying very low vacuum. Particulate material
retained on all of these filters was then analyzed following similar protocol as in TChl a.
The percentage biomass was calculated for different fractions.15

Primary productivity (PP)

Water samples from eight depths were transferred to four 300 mL capacity Nalgene
Polycarbonate bottles (3 light and 1 dark). 14C was added (5 µCi; 185 kBq) to each
bottle, and these bottles were incubated in situ at the respective depths from dawn to
dusk (12 h). Incorporation of NaH14CO3 by phytoplankton was determined following the20
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JGOFS Protocols (UNESCO, 1994). All samples were analyzed on a Packard 2500 TR
(USA, Packard) scintillation counter.

Phytoplankton cell number

For qualitative and quantitative analysis of phytoplankton (size >5 µm), 250 ml of wa-
ter samples were collected from the euphotic zone (8 depths; 0–120 m) fixed in acid5

Lugol’s iodine (1 %w/v) and preserved in 3 % formalin solution. The samples were
stored in dark at low temperature until enumeration within a period of one month after
collection. A settling and siphoning procedure was followed to obtain 50 ml concen-
trate. One ml in duplicates of this concentrate was then mounted on a Sedgwick Rafter
counting chamber and examined through Olympus inverted microscope (magnification10

100–200×). Generic and species identification was done according to various standard
taxonomic keys (Subrahmanyam, 1946; Tomas, 1997; Lebour, 1978).

Meso-zooplankton

Samples were collected at mid-night using Multiple Plankton Closing Net (Hydro-Bios;
mouth area 0.25 m2; mesh size 200 µm) equipped with a pre-calibrated flow meter.15

Five depths were sampled at each station: 1000–500 m, 500–300 m, 300-base of ther-
mocline (BT), BT-top of thermocline (TT) and TT-surface (mixed layer). Samples are
preserved in 5 % buffered formalin solution. Biomass was determined by displacement
method. Depending on the size of the sample aliquots of 5–25 % were examined for
microscopic identification and enumeration to the generic/species level using a stereo-20

zoom microscope.

Micro-zooplankton

For qualitative and quantitative analysis of microzooplankton, water samples were ob-
tained from the same eight depths mentioned above for phytoplankton. Known volume
(5 L) of water sample pre-filtered through 200 µm net was slowly passed through a wide25
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area of 20 µm net. The filtration was done carefully and slowly to avoid bursting of del-
icate forms due to pressure exerted while filtering. The filtered micro-zooplankton was
then transferred to 100 mL GF/F filtered sea water and preserved with 1 % Acid Lugol’s
solution (with 2 mgL−1 of strontium sulphate) and 1 % EM Hexamine buffered formalde-
hyde. Samples were refrigerated in dark until analyzed later in the laboratory.5

2.2.3 Hydrographic data

Monthly mean temperature and salinity data with resolution 1◦ ×1◦ for
the period 1987 January to 1997 December were obtained from the op-
erational ocean reanalysis system (ORA – S3; Balmaseda et al., 2008)
at European Centre for Medium-Range Weather Forecasts (ECMWF;10

http://apdrc.soest.hawaii.edu/datadoc/ecmwf oras3.php) and computed MLD us-
ing 0.2 kgm−3 density criteria and also static stability of the water column was
computed. The water column nitrate data for the month of August was taken from
US National Oceanographic Data Centre (USNODC) for EIOT and from Indian
Oceanographic Data Centre (IODC) for SBBT.15

2.3 Reanalysis data

The monthly surface current data was taken from Ocean Surface Current Analy-
sis – Real time (OSCAR) (http://www.oscar.noaa.gov/) during January 1993 to De-
cember 2010, which is real time reanalysis of currents averaged over the top 15 m
with spatial resolution of 1◦ ×1◦ (Bonjean et al., 2002). From these data the monthly20

mean climatology was computed. The zonal and meridional wind stress having
a spatial resolution 1◦ ×1◦, for the period January 1970 to December 2009 have
been taken from the operational ocean reanalysis system (ORA – S3) (Balmaseda
et al., 2008) at European Centre for Medium-Range Weather Forecasts (ECMWF;
http://apdrc.soest.hawaii.edu/datadoc/ecmwf oras3.php). Using this data zonal (u) and25

meridional wind (v) speeds, and Ekman pumping velocity (Gill, 1982) were computed.
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2.4 Remote sensing data

In addition to the in situ data we also used remotely sensed satellite data. The monthly
mean data on the chlorophyll a pigment concentrations and photosynthetically active
radiation (PAR) were obtained from (oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/
Monthly/) Sea-viewing Wide Field-of-view Sensor (SeaWiFS) having a spatial resolu-5

tion of 9 km for the period September 1997 to December 2010. Monthly mean sea sur-
face height anomaly (SSHA) with spatial resolution 0.33◦ ×0.33◦ for the period 1993
to 2010 was obtained from AVISO (www.aviso.oceanobs.com). Monthly mean sea
surface temperature (SST) with resolution 1◦ ×1◦ was taken from HadSST1.1 (www.
metoffice.gov.uk/hadobs/hadisst/) period January 1970 to December 2009 (Rayner10

et al., 2003).

3 Results

The biogenic flux data used for the present study at SBBT is a monthly mean clima-
tology that has been computed by taking the mean during the period 1987 to 1997.
However, at EIOT we have only one year data from January to December of 1996. The15

obvious question is: will this be a representative flux data of EIOT? To explore whether
1996 is a normal year we compared the oceanic (SST), as well as the atmospheric
(zonal and meridional components of the wind) parameters at EIOT with that of the cli-
matology and presented it in Fig. 2 along with SD. The period from June to September
is shaded in the figure as the focus is on the elevated biogenic flux at SBBT with that20

of EIOT during this period (see the following section). It is evident from the Fig. 2 that
1996 is well within 1SD of the climatology for all the three parameters considered. This
gives us the confidence to consider the flux at EIOT during 1996 as representative.
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3.1 Biogenic flux

The seasonal cycle of biogenic flux at SBBT showed strong seasonality in both clima-
tology as well as atmospheric parameters for the year 1996 (Fig. 3). Since both fol-
lowed similar pattern of seasonal variability, though with varying magnitudes, we limit
our discussions to climatology. The average biogenic flux during January to May was5

52.0 mgm−2 d−1, which showed an increasing trend from June to August and attained
the maximum value of 160.9 mgm−2 d−1 in August. The lowest flux of 40.6 mgm−2 d−1

occurred in December. In contrast, no distinct seasonality could be deciphered at EIOT.
In general, the biogenic flux at EIOT was lower than that at SBBT. During summer mon-
soon (June–September) the average biogenic flux at SBBT (116.1±68.1 mgm−2 d−1)10

was about two-and-half times higher than that at EIOT (42.9±18.2 mgm−2 d−1). The
strong seasonality of biogenic flux at SBBT and lack of seasonality with very low flux
at EIOT is intriguing considering the fact that both the traps were located within the
equatorial region (see Fig. 1a) and hence expected to experience similar atmospheric
forcing. Since it has been shown that the biogenic flux to the deeper ocean is to a large15

extent determined by the phytoplankton production in the euphotic zone (Honjo, 1982;
Betzer et al., 1984; Waniek et al., 2005; Helmke et al., 2010; Lutz et al., 2010), as a first
step we compared satellite derived chlorophyll concentrations to unravel the discrep-
ancy between fluxes at both sites.

3.2 Satellite derived chlorophyll20

In order to understand the relation between phytoplankton and biogenic flux at deeper
ocean, we calculated the climatological monthly mean remotely sensed chlorophyll
pigment concentration averaged within 1◦ ×1◦ grid centered at SBBT and EIOT, re-
spectively. It is pertinent to note that remotely sensed chlorophyll data reveals only the
surface layer concentrations and will not be able to detect the presence of subsurface25

chlorophyll maxima (SCM). The chlorophyll pigment concentrations, though in gen-
eral low, showed distinct seasonal cycle at both SBBT and EIOT (Fig. 4). Consistent
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with the biogenic flux at SBBT the peak chlorophyll concentration occurred in Au-
gust. The chlorophyll concentrations during January to April were low at both SBBT
(0.13–0.18 mgm−3) and EIOT (0.13–0.19 mgm−3) and showed an increase from May
attaining the maximum value of 0.34 and 0.27 mgm−3, respectively. Again, unlike the
biogenic flux the chlorophyll during summer monsoon at SBBT (0.30±0.08 mgm−3)5

and EIOT (0.25±0.06 mgm−3) did not show large differences. From the close cor-
respondence between the time variations of chlorophyll with that of biogenic flux at
SBBT it would seem that they are closely coupled. However, at EIOT the seasonality
of chlorophyll and lack of seasonality of biogenic flux would need an explanation. Be-
fore attempting to address this we explored the reason for (1) the observed seasonality10

in chlorophyll at both SBBT and EIOT and (2) lower chlorophyll at EIOT compared to
SBBT during summer monsoon.

3.3 Photosynthetically active radiation (PAR)

Light, apart from nutrients, being one of the limiting factors for the growth of phyto-
plankton, we analyzed the PAR at both the locations. PAR showed a bimodal distri-15

bution at both SBBT (standard deviation 3.25 Em2 d−1) and EIOT (standard deviation
3.19 Em2 d−1) with a primary peak in March and a secondary peak in August (Fig. 5).
Though PAR was high during summer at SBBT (45.7 Em2 d−1) compared to EIOT
(43.8 Em2 d−1) the difference was less than the estimated bias (2.2 Em2 d−1, Frouin
and Murakami, 2007). From the above it is evident that the marginal difference in PAR20

between SBBT and EIOT cannot account for the observed variability in the chlorophyll.
The obvious reason for the variability in chlorophyll between SBBT and EIOT must
be the difference in the availability of nutrients at these locations which in turn would
depend upon the processes that make this nutrient available to the upper ocean.

The processes that could supply sub-surface nutrients to the upper ocean are25

the wind-mixing, Ekman-pumping, and advection which we examine in the following
sections.
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3.4 Wind speed and static stability

The average wind speed during summer monsoon was higher in SBBT (9±0.9 ms−1)
than in EIOT (6±1.0 ms−1) (Fig. 6). The higher winds would generally result in greater
wind-mixing and the extent of this mixing depends on the stability of the water col-
umn. The static stability parameter [E] of the upper 200 m water column was calculated5

following Pond and Pickard (1978) and is given by

E ≈ −1
ρ
∂ρ
∂z

(1)

Where “ρ” is in situ density and z is the depth taken as negative. The static stability
of the water column is analogous to potential energy, which is due to the virtue of its
position. A positive value of “E” indicates that the water column is stable. If a parcel of10

water is displaced when the water column is stable, then the parcel will tend to return
to its original position. On the other hand, if E is negative the water column is unstable
and a displaced parcel of water will continue its displacement. When E is zero, the
water column is neutrally stable. During August, static stability parameter at EIOT and
SBBT showed similar positive values in the upper 40 m (Fig. 7) indicating a stable and15

stratified water column at both locations. Below this depth, “E” showed an increase up
to 100 m followed by a decrease below it. Since the stability of water column in the
upper 40 m was similar at EIOT and SBBT, an increase in the magnitude of the wind at
SBBT during summer monsoon should lead to a greater mixing and make the mixed
layer deeper compared to EIOT. An examination of mixed layer depth (MLD) showed20

that during August MLD was deepest at SBBT, which was 9m deeper than that at EIOT
(Fig. 8). Thus, the stronger winds at SBBT during summer results in greater wind-
mixing and this would presumably lead to an enhanced nutrient supply to the euphotic
zone in SBBT compared to EIOT. To ascertain this we will examine the nitrate profiles
in Sect. 3.7.25
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3.5 Ekman-pumping

To explore the role of Ekman-pumping in bringing about the observed changes in the
chlorophyll the spatial distribution of monthly mean Ekman-pumping velocity, computed
from the ECMWF reanalysis wind, were superimposed on to the chlorophyll a pigment
concentrations for analysis for all the months from January to December (Fig. 9). The5

positive (negative) Ekman pumping velocity indicated the divergence (convergence)
and upwelling (downwelling). During March-April the Ekman-pumping velocity in the
vicinity of both SBBT and EIOT were zero with a chlorophyll value of 0.1 mgm−3 in-
dicating oligotrophic regime. From June to September the Ekman-pumping velocity at
SBBT and EIOT was negative indicating downwelling process. Hence, we infer that the10

observed enhanced chlorophyll in SBBT as well as EIOT during summer monsoon was
not due to Ekman-pumping.

3.6 Horizontal advection

To understand the role of horizontal advection, we analyzed the spatial distribution of
monthly mean climatology of chlorophyll pigment concentration overlaid with currents15

derived from OSCAR (Fig. 10). During summer monsoon (June–September) two strong
currents were evident from the OSCAR data, the southward flowing West India coastal
current (WICC) along the west coast of India (Shetye and Gouveia, 1998), and the
eastward flowing southwest monsoon current (SMC) to the south. The strong WICC is
capable of transporting chlorophyll from the phytoplankton bloom (Banse, 1987; Lier-20

heimer and Banse, 2002) that occurs along the southern part of the west coast of India
and Sri Lanka during summer monsoon. However, the spatial distribution of chloro-
phyll pigment concentration (Fig. 10) did not lend support to this as the location of both
EIOT and SBBT was away from the region of high chlorophyll. Considering the large
distances of both the trap locations from the coastal upwelling regions, we discount the25

role of advection in enhancing the chlorophyll.
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3.7 Nitrate profiles

The vertical distribution of nitrate in the upper 120 m of the water column at SBBT and
EIOT during August showed that surface water at SBBT had nitrate in excess of 0.3 µM
(Fig. 11a). In contrast, at EIOT the nitrate value near surface (3 m) was 0.1 µM. At 40 m
SBBT had a nitrate concentration of 1.95 µM as against 0.88 µM in EIOT. Recall that5

MLD at SBBT and EIOT was 50 m and 41 m, respectively. Since MLD was deeper than
the top-of-nitracline at SBBT, a strong wind-mixing would support a higher chlorophyll
biomass through entrainment compared to EIOT where nitracline was deeper than MLD
and winds were comparatively weaker.

Thus, from the above it is clear that the physical process that led to the enhancement10

of chlorophyll at both SBBT and EIOT was the wind-mixing and subsequent nutrient en-
trainment into the upper ocean. To understand the processes that led to the observed
lower biogenic flux in the EIOT compared to SBBT we examined the biological param-
eters.

3.8 In situ chlorophyll a15

The vertical profile of in situ chlorophyll a (Chl a) in August 2006 showed the pres-
ence of a characteristic subsurface chlorophyll maximum (SCM) at both the regions
(Fig. 11b). At SBBT, the SCM was seated at 20 m and had a chlorophyll concentration
(0.61 mgm−3) almost twice that of surface (0.36 mgm−3). The SCM contributed 29 %
of the total chlorophyll in the upper 120 m water column whereas the surface biomass20

contributed only to 14 % of the total. At EIOT the SCM was located at 60 m depth and
had a chlorophyll biomass (0.36 mgm−3) which was six times higher than that of sur-
face concentration (0.06 mgm−3). The SCM contributed 34 % of the total chlorophyll in
the upper 120 m water column at EIOT whereas surface chlorophyll contributed to 6 %.
The Overall, the integrated chlorophyll a concentration in the upper 120 m at SBBT25

was much higher (29.6 mgm−2) than that at EIOT (18.7 mgm−2). The major difference
in biomass was in the upper 60 m of the water column.
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3.9 Primary production

The vertical profiles of primary production (PP) showed much higher PP at SBBT com-
pared to EIOT (Fig. 11c). Surface PP at SBBT (1.59 mgCm−3 d−1) was four times
higher than that of EIOT (0.38 mg C m−3d−1). The subsurface PP-maximum was seen
at 10 m at SBBT (8.4 mgCm−3 d−1). The EIOT showed two maxima – the first one at5

10 m (2.56 mgCm−3 d−1) and the second one at 60 m – which were comparable. The
column integrated (120 m) PP values at SBBT (353.6 mgCm−2 d−1) were more than
three times higher than those at EIOT (108.4 mgCm−2 d−1).

3.10 Phytoplankton abundance and assemblage

The phytoplankton abundance (Fig. 12a) and composition at SBBT and EIOT was an-10

alyzed to understand community structure and its spatial variation (Table 1). Numerical
abundance showed a subsurface maximum at SBBT which was located at 40 m with
a value of 2576 cells L−1. This was 8times higher than the maxima at EIOT located
at10 m and 60 m with a value of 330 cells L−1 (Fig. 12a). Further, the phytoplankton
community was largely dominated by diatoms which was 8-times higher compared to15

EIOT (Table 1).
The phytoplankton community (diatom and dinoflagellates) was also found to be

more diverse at SBBT (20 genera) as compared to EIOT (9 genera). The domi-
nant forms at SBBT were Rhizosolenia styliformis (16.9 %), Pseudonitzschia turgidula
(9.2 %), Chaetoceros didymus (6 %), Nitzschia delicatissima (5 %) whereas Lepto-20

cylindrus danicus (28 %), Synedra spp. (7.8 %), Nitzschia spp. (5.4 %), Thalassiothrix
longissima (4.7 %) dominated EIOT stations. Among dinoflagellates that contributed
less than 10 % includes Gymnodinium spp. (3 %) and Prorocentrum micans (1.9 %) at
SBBT while Ceratium trichoceros (2.7 %) and Phalacroma circumsutum (1.9 %) domi-
nated EIOT.25
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3.11 Mesozooplankton biomass

The mesozooplankton biomass in upper 1000 m was largely dominated by copepods
which are 2-fold higher at SBBT (24.47 mLm−3) than at EIOT (14.7 mLm−3). Vertically,
the highest biomass was concentrated in the MLD (0–60 m Fig. 12b). In the upper
300 m also the mesozooplankton biomass at EIOT was lower than that at SBBT.5

3.12 Microzooplankton

The microzooplankton was largely comprised of Protozoans, particularly ciliates and
flagellates. We considered microzooplankton abundance along with mesozooplankton
biomass as an added parameter, to have a basic understanding about the system and
about the kind of food web that might be functional in SBBT and EIOT. Spatial variation10

in microzooplankton abundance along 77◦ E (EIOT) and 83◦ E (SBBT) showed high
microzooplankton abundance at EIOT (1000 organisms L−1) compared to SBBT (500–
600 organisms L−1) (Fig. 12c).

3.13 Size fractionated chlorophyll a

Size fractionated chlorophyll a along 77◦ E (5◦ N and at Equator) as shown in Fig. 13,15

which indicate that the pico-phytoplanktons (<10 µm but >0.7 µm) dominated the phy-
toplankton biomass at all the depths (Fig. 13). At selected depths (surface, SCM, and
120 m) picophytoplankton accounted for 79 %, 94 %, 66 % at 5◦ N and 93 %, 94 %, and
70 % at Equator, respectively.

4 Discussion20

The characteristic feature of the mid-depth biogenic flux at SBBT was strong season-
ality with peak flux during summer monsoon (June–September), which was observed
regularly over the period 1988–1997 (Unger et al., 2006). In contrast, EIOT showed
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a consistently low flux without any seasonality, the flux being two-and-half times less
than that of SBBT. This large difference appears to be an anomaly as both EIOT and
SBBT traps were located within the equatorial region which experiences similar at-
mospheric forcing. The observed differential biogenic flux at SBBT and EIOT could be
understood in the context of prevailing physical as well as biological processes at these5

locations, both of which influence the chlorophyll biomass. At any given location chloro-
phyll biomass depends on the availability of sunlight and nutrients (bottom-up control)
and grazing (top-down control). The bottom-up control in turn is controlled by physical
processes. We first examined the physical process to understand the observed vari-
ability in the chlorophyll biomass and then the processes that control the biogenic flux10

to the deeper ocean.
The time evolution of satellite derived chlorophyll, unlike the biogenic flux, showed

distinct seasonality at both SBBT and EIOT. Though the peak chlorophyll occurred
during summer monsoon, the magnitude at SBBT was marginally higher than that at
EIOT. The in situ measurements of chlorophyll a in August 2006 also showed a similar15

result. The column integrated chlorophyll a as well as PP was also higher near SBBT
compared to EIOT, the former was one-and-half times higher. An examination of PAR
showed only a marginal difference between the two locations. The time evolution of
wind speed showed good correspondence with chlorophyll. Higher winds at SBBT than
at EIOT during summer monsoon indicated the role of wind-mixing in supplying the20

nutrients to the upper ocean. However, the amount of nutrient supply will depend upon
the stability of the upper water column and the vertical gradient. Since the static stability
of water column in the upper 40 m at SBBT and EIOT during August was comparable,
a stronger wind at SBBT should lead to a greater mixing. An examination of the mixed
layer as well as the nitrate profile during August showed that (1) MLD at SBBT was25

deeper than that at EIOT, (2) top-of-nitracline was within the MLD at SBBT, while it
was deeper than MLD at EIOT and (3) at 40 m the nitrate concentrations at SBBT was
twice higher than that at EIOT. Hence, though the wind-mixing during summer monsoon
supplied nutrients to the upper ocean at both locations, the stronger winds at SBBT
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compared to EIOT resulted in greater entrainment of nutrients to the euphotic zone
in SBBT. Thus, the observed enhancement of chlorophyll during summer monsoon at
both SBBT and EIOT resulted from wind-driven entrainment bloom. The magnitude of
the chlorophyll enhancement was controlled by the vertical distribution of nitrate and
strength of the wind. However, this does not explain the mismatch between the biogenic5

flux and chlorophyll at EIOT.
In the light of the inadequacy of the bottom-up control to explain the mismatch be-

tween the chlorophyll biomass and biogenic flux during summer monsoon, we exam-
ined the longitudinal differences in the prevailing plankton community and the associ-
ated biological processes that operate at these locations. Buesseler (1998) reported10

a decoupling between primary production and export of organic carbon to the deep
and found that high export rates were mostly related to diatom based food webs.
Against this background we used available in situ data of nitrate, chlorophyll a, primary
productivity (PP), phytoplankton cell number, meso-zooplankton biomass and micro-
zooplankton that were collected near SBBT and EIOT during August 2006 as a part15

of the equatorial Indian Ocean Process Study (EIOPS) programme (Prasanna Kumar
et al., 2010) to evaluate food web structure at the respective sites. Glover et al. (1985)
showed that when the productivity maximum occurs at depth shallower than SCM,
there will be a dominance of larger phytoplankton cells. Hasle and Syvertsen (1997)
noticed that whenever high chlorophyll as well as larger phytoplankton cells (>5 µm)20

were supported by the new nitrogen, diatom would dominate over the other phytoplank-
ton. We encountered a similar situation at SBBT where productivity maximum was at
much shallower depth than SCM. Further, our results based on microscopic as well
as size fractionated chlorophyll a studies showed that the cell count of larger (>5 µm)
phytoplankton was dominated by diatoms at SBBT and was several times higher than25

that compared to EIOT. We presume that the higher cell count of larger phytoplankton
at SBBT was supported by the higher concentration of new nitrogen made available by
strong wind-mixing. The meso-zooplankton biomass at SBBT in the upper 300 m was
more than twice that at EIOT, while the micro-zooplankton at SBBT was one-and-half
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times less than that at EIOT. Thus, the dominance of diatom and meso-zooplankton
over micro-zooplankton at SBBT suggested the prevalence of classical food web. The
resulting export could be both via aggregation following a diatom bloom and through
fecal pellets due to meso-zooplankton grazing.

In contrast, at EIOT, the peaks of both primary productivity and chlorophyll a at5

EIOT were at 60 m located in the low light region, which indicated the prevalence
of picophytoplankton (see Glover et al., 1985; Platt et al., 1983). Our size fraction-
ated chlorophyll a also showed that the enhanced phytoplankton biomass at EIO was
dominated by pico-phytoplankton. The high micro zooplankton abundance and lesser
meso-zooplankton biomass at EIOT indicated the importance of the microbial loop in10

the microbial component. This food web is believed to be more efficient at re-cycling
(Beatriz et al., 2001) and is generally associated with low export.

Having explored the physical and biological processes that control the biogenic
fluxes in the SBBT and EIOT, it is important to quantitatively compare the export of or-
ganic carbon at these locations with that of the equatorial Pacific and Atlantic. At SBBT,15

the biogenic flux accounts for 45.5 % of the primary production (Table 2). A compari-
son of similar values in the equatorial Atlantic showed that 43.2 % of the primary pro-
duction during August/September (500 mgCm−2 d−1) (Voituriez and Herbland, 1981)
accounted for the biogenic flux of 216.1 mgm−2 d−1 (Fischer and Wefer, 1991). How-
ever, the organic carbon export in the SBBT was 3.4 % while that in the equatorial20

Atlantic was 6 % (Table 2). This is understandable, as strong upwelling in the equato-
rial Atlantic (Monger et al.,1997) supplies enough new nutrients to the euphotic zone to
support greater diatom growth compared to SBBT where the new nitrogen is supplied
by wind-driven entrainment. This faster sinking diatom (Bradtmiller et al., 2007) con-
tributes to the high flux in the equatorial Atlantic. Hence, the processes at SBBT could25

be similar to that operating in the equatorial Atlantic. In contrast, biogenic flux at EIOT
was 37.5 mgm−2 d−1 (Table 2), which accounted for only 13 % of the primary production
(288.2 mgCm−2 d−1) and the calculated organic carbon export was also found to be low
(2 %). This could best be explained through the “microbial loop” in the microbial food
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web (Madhupratap et al., 1996; Gauns et al., 2000). This is comparable to the situation
in the equatorial Pacific where the total biogenic flux during August/September showed
a maximum value of 88.6 mgm−2 d−1 and the primary production was 500 mgCm−2 d−1

(Honjo et al., 1995), indicating that only 17.2 % of the primary productivity is transferred
to the ocean interior in the form of biogenic flux (Table 2); the organic carbon export5

was 0.9 %. From the above we surmise that the process operating in the EIOT may be
similar to that of the equatorial Pacific. The difference being lack of upwelling at EIOT
that leads to much less primary production compared to the equatorial Pacific.

Thus, the high biogenic flux at SBBT was supported by the faster sinking of diatoms
as well as through fecal pellets of mesozooplankton (classical food web), a process10

similar to that of equatorial Atlantic. This is also evident in the direct comparison of
opal and carbonate fluxes at SBBT and EIOT, which showed comparable carbonate
fluxes, while opal fluxes were significantly higher at SBBT (Unger and Jennerjahn,
2009). This difference in fluxes is also mirrored in the phytoplankton community, which
was more diverse near SBBT (20 genera) as compared to that near EIOT (9 gen-15

era) wherein, large standing stock of picoautotrophs expectedly consumed by protozoa
(ciliates, flagellates), dominant forms of microzooplankton (Madhupratap et al., 1996;
Gauns et al., 2000). This is also reflected in the comparatively higher foraminifera fluxes
at the EIOT site (Ramaswamy and Gaye, 2006). Further, foraminifera are part of the mi-
croplankton taxa, suggesting their importance (possibly through grazing) in the micro-20

bial components of the region. Thus, at EIOT most of the photosynthetically produced
organic matter is remineralized within the upper ocean leaving very little carbon to sink
(Williams, 1998), a situation similar to that of the equatorial Pacific. Finally, we present
a schematic picture (Fig. 14) that depicts the above discussed processes starting from
production of organic carbon in the upper ocean to its export into the deep ocean as25

captured by the sediment trap at SBBT and EIOT and its comparison with equatorial
Atlantic and Pacific oceans.
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5 Concluding remarks

Sediment trap data from the equatorial Indian Ocean region provided an insight into
the processes that link the primary production to the sinking organic carbon in which
physical and biological processes are intimately coupled. Our study demonstrates that,
though SBBT and EIOT are within the same geographical entity, the processes that5

control the primary production in the euphotic zone and the biogenic flux to the deep
ocean are very different. We see a striking similarity between the biological process
operating at EIOT with that of equatorial Pacific, and SBBT with that of the equatorial
Atlantic, though the physical forcing in these three regions are very different. There
are some uncertainties in our study, especially the role of meso-zooplankton grazing,10

which needs to be quantified. We also would need data on dissolved organic carbon to
have a better handle on the microbial food web.
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Table 1. Phytoplankton composition and numerical abundance (cells L−1) at selected stations
in the vicinity of SBBT (5◦ N; 83◦ E) and EIOT (2.5◦ N; 77◦ E) during August 2006.

SK 227 – 1–30 August 2006 5◦ N, 83◦ E 2.5◦ N, 77◦ E
Depths (m) 0 10 20 40 60 80 100 120 0 10 20 40 60 80 100 120

Diatoms (cells L−1)

Centric – – – – – – – – – – – – – – – –
Biddulphia sp. – – – – – – 96 – – – – – – – –
Chaetoceros danicus – – – – – 160 – – – – – – – – – –
Chaetoceros didymus – – – 336 – 160 – – – – – – – – – –
Chaetoceros sp. – – 264 – – – – – – – – – – – – –
Coscinodiscus granii – – 88 – – – – – – – – – – – – –
Coscinodiscus perforatus – – – – – – – – – – 56 – – –
Coscinodiscus sp. – – – – – – – – – – – 56 – – – –
Guinardia flaccida – – 88 – – – – – – – – – – – – –
Leptocylindrus danicus – – – 112 – – – – 240 96 – – – 96 – –
Rhizosolenia curvata – – 88 – – – – – – – – – – – – –
Rhizosolenia imbricata – 240 – – – – – – – – – – – – – –
Rhizosolenia setigera – – – 336 – – – – – – – – – – – –
Rhizosolenia styliformis 168 240 88 672 240 – – – – – – – – – – –

Pennate – – – – – – – – – – – – – – – –
Amphora sp. – 224 – – – – – – – – – – –
Pseudonitzschuia turgidula – – – – – – – 768 – – – – – – – –
Navicula membranaceae – 160 – – – – – – – – – – – – – –
Navicula sp. – – – 224 – – – – – – – – – – – –
Nitzschia delicatissima – – – 336 80 – – – – – – – – – – –
Nitzschia longissima – – – – 80 – – – – – – – – – – –
Nitzschia sp. – – – – – – – – – – 56 – 56 – – –
Synedra sp. – – – – – – – – – 48 – 112 – – – –
Thalassiothrix longissima – – – – 80 – – – – 96 – – – – – –

Dinoflagellates (cells L−1) – – – – – – – – – – – – – – – –
Alexandrium sp. – – – – 80 – – – – – – – – – – –
Ceratium trichoceros – – – – – – – – – – – 56 – – – –
Ceratium sp. – – – – – – 84 – – – – – – – – –
Gonyaulax sp. 84 – – – – – – – – – – – – – – –
Gymnodinium sp. – 160 – – – – – – – – – – – – – –
Ornithoceros sp. – – – 112 – – – – – – – – – – – –
Phalacroma circumsutum – – – – – – – – 40 – – – – – – –
Peridinium sp. – – 88 – – – – – – – – – – – – –
Polykrikos sp. – – – – 80 – – – – – – – – – – –
Prorocentrum micans – – – – 160 – – – – – – – – – – –
Prorocentrum sp. – 80 – – – – – – – – – – – – – –
Protoperidinium sp. – – – – 80 – – – – – – – – – – –
Pyrophacus sp. – – – – 80 – – – – – – 56 – – – –
Dinoflagellate cyst – – – – – – – – – 96 – – 224 – 128 256

Unidentified Phytoplanktons 80 224 80 1176

Total (cells L−1) 252 960 704 2576 1040 320 1260 864 280 336 56 280 336 96 128 256
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Table 2. Comparison of primary productivity, biogenic flux, organic carbon flux and export at
SBBT and EIOT with that of equatorial Pacific and equatorial Atlantic oceans. Primary pro-
ductivity is integrated within the euphotic zone, the biogenic flux and carbon flux are mea-
sured at a nominal depth of 1000. The carbon export (%) was calculated using the formula
Export (%)= [Corg Flux (mgm−2 d−1)/Primary Production (mgCm−2 d−1)]×100 given by Honjo
et al. (1995).

Ocean basin Primary
productivity
(mgCm−2 d−1)

Biogenic flux
(mgm−2 d−1)

Carbon flux
(mgm−2 d−1)

Export
(%)

equatorial Indian Ocean EIOT (2.5◦ N) 288.2 37.4 5.7 2.0
SBBT (5◦ N) 353.6 160.9 12 3.4

equatorial Pacifica (5◦ N) 500.0 88.6 4.5 0.9
equatorial Atlantic (1.5◦ N) 500.0b 216.1c 30.4c 6.0

a Honjo et al., 1995; b Voituriez and Herbland, 1981; c Wefer and Fisher, 1993
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Fig. 1. (a) Spatial distribution of semi-annual amplitude of SSHA (cm) and (b) zonal distribution
of meridionally averaged semi-annual amplitude of SSHA (cm) in the Indian Ocean. Broken line
defines the boundary of equatorial Indian Ocean (EIO) (see text for details). Filled black circles
represent the sediment trap location SBBT and EIOT and filled white triangles represent the
in-situ observation on board ORV Sagar Kanya during August 2006.
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Fig. 2. Climatological monthly mean during the period 1970–2009 (thick line), and monthly
mean of 1996 (dotted line) of SST (upper panel), zonal wind (middle panel) and meridional
wind (bottom panel). Shading represents the summer monsoon period (June–September) and
vertical lines are one standard deviation.
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Fig. 3. Monthly mean climatology (1987–1997) of biogenic flux (mgm−2 d−1) at SBBT (solid
line with filled circle) and monthly mean biogenic flux for the year 1996 at SBBT (broken line
with filled circles) and EIOT (filled triangle). Shading represents the summer monsoon period
(June–September) and vertical lines are one standard deviation.
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Fig. 4. Monthly mean climatology (1997–2010) of satellite derived chlorophyll pigment con-
centration at SBBT (filled circle) and EIOT (filled triangle). Shading represents the summer
monsoon period (June–September) and vertical lines are one standard deviation.
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Fig. 5. Monthly mean climatology (1997–2010) of photosynthetically active radiation (PAR) at
SBBT (filled circle) and EIOT (filled triangle). Shading represents the summer monsoon period
(June–September) and vertical lines are one standard deviation.

2927

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/2889/2013/bgd-10-2889-2013-print.pdf
http://www.biogeosciences-discuss.net/10/2889/2013/bgd-10-2889-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 2889–2936, 2013

Seasonal cycle of
biogenic flux in the

equatorial Indian
Ocean

P. J. Vidya et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 6. Monthly mean climatology (1987–1997) of ECMWF wind speed (ms−1) at SBBT (filled
circle) and EIOT (filled triangle). Shading represents the summer monsoon period (June–
September) and vertical lines are one standard deviation.
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Fig. 7. Monthly mean climatology (1987–1997) of static stability of the water column (m−1) at
SBBT (filled circle) and EIOT (filled triangle) (see text for details) during August.
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Fig. 8. Monthly mean climatology (1987–1997) of mixed layer depth (MLD), at SBBT (filled
circle) and EIOT (filled triangle). Shading represents the summer monsoon period (June–
September) and vertical lines are one standard deviation.
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Fig. 9. Spatial distribution of monthly mean climatology (1997–2010) of the chlorophyll
≥0.3 mgm−3 (shading) overlaid with Ekman-pumping velocity (contour lines) for January to
December. Solid (dashed) lines are for positive (negative) values and thick solid line is for zero
Ekman-pumping velocity. Filled circles denote the location of SBBT and EIOT.
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Fig. 10. Monthly mean climatology (1997–2010) of chlorophyll pigment concentration (mgm−3)
(shading) overlaid with OSCAR current (arrows), white circles represent location of SBBT and
EIOT.
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Fig. 11. Vertical profiles of (a) nitrate (µM) (thick black line cutting across the profiles represent
the mixed layer depth), (b) chlorophyll a (mgm−3) and (c) primary production (mgCm−3) in the
vicinity of SBBT (solid line) and EIOT (broken line) during August 2006. In Fig. 11a., the thick
line cutting across the profiles represent the mixed layer depth.
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Fig. 12. Vertical profiles of (a) phytoplankton abundance (cells l−1) in the vicinity of SBBT (solid
line) and EIOT (broken line) (b) vertically stratified meso-zooplankton biomass in the vicinity of
SBBT (dots) and EIOT (hatches) and (c) Microzooplankton (organisms l−1) at selected stations
along SBBT (dots) and EIOT (hatches) during August 2006.
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Fig. 13. Size fractionated phytoplankton biomass (mg Chl am−3) during August 2006 at 5◦ N
(left panels) and Equator (right panels) along 77◦ E from surface (top panels), chlorophyll max-
imum (middle panels) and at 120 m (bottom panels).
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Fig. 14. Schematic picture summarizing the physical and biological processes starting from
production of organic carbon in the upper ocean to its export into the deep ocean as captured
by the sediment trap at SBBT and EIOT.
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