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Abstract. Seasonal cycle of biogenic fluxes obtained from the global climate system (Siegel and Franz, 2010). The bi-
sediment trap at two locationsZ4' N, 86°46 E (southern  ological pump in the upper ocean transfers biogenic com-
Bay of Bengal trap; SBBT) and°34 N, 77°46 E (equato-  pounds from the surface into deep waters in the form of par-
rial Indian Ocean trap; EIOT) within the equatorial Indian ticulate organic matter (Bishop, 1989; Longhurst, 1995; It-
Ocean (EIO) were examined to understand the factors thatekkot, 1993). Each year, the biological pump removes 7.9—
control them. The sediment trap data at SBBT was collected.3.1 GT C (1 GT= 10'°g) of the estimated 40-60 GT C pro-
for ten years from November 1987 while that at EIOT was duced in the surface ocean (compiled in Boyd and Trull,
for a one year period from January 1996. The characteris2007; Carr et al., 2006). The fraction of primary produc-
tic of biogenic flux at SBBT was the strong seasonality with tion which, is exported to waters deeper than 1500 m is also
peak flux in August, while lack of seasonality characterisedhighly variable and ranges between 0.1-8.8% (Lutz et al.,
the flux at EIOT. The high chlorophyll biomass at the SBBT 2002).
during the summer monsoon was supported by a combina- Equatorial regions are special areas of the world ocean
tion of processes such as wind-mixing and advection, bothwhere intense air-sea interaction occurs. The tight cou-
of which supplied new nitrogen to the upper ocean. In con-pling between the ocean and atmosphere makes the equa-
trast, the elevated chlorophyll at EIOT during summer mon-torial region sensitive and hence important for the climate
soon was supported only by wind mixing. High cell counts of of the Earth. The equatorial Indian Ocean (EIO) behaves
phytoplankton (>5 um) at SBBT dominated by diatoms sug-uniquely compared to the other equatorial regions of the
gest the operation of classical food web and high carbon exworld ocean primarily due to the seasonal reversal of the
port. On the contrary, dominance of pico-phytoplankton andwinds between winter (November—February) and summer
one-and-a-half time higher magnitude of micro-zooplankton(June—September) (Hastenrath and Greishar, 1989). In re-
biomass along with 2-fold lesser meso-zooplankton at EIOTsponse to the wind reversals surface currents also reverse in
indicated the importance of microbial loop. The substantialthe EIO. During June to September the summer monsoon
decrease in the carbon export at EIOT indicated faster remeurrent (SMC) flows eastward in the EIO, while the win-
ineralization of photosynthetically produced organic matter. ter monsoon current (WMC) flows westward during Novem-
ber to February (Shankar et al., 2002). Between the mon-
soons, during the spring (April-May) and fall (October—
November) transition periods, the consistent westerly winds
1 Introduction drive a strong narrow eastward jet known as Wyrtki jet
(Wyrtki, 1973), which is equatorially-trapped (Knox, 1976;
The global carbon cycle plays animportant role in the Earth’sgonelia et al., 1983; Reverdin and Luyten, 1986). In addition
climate and primary production forms an integral part of (o these zonal currents the coastal currents along the coast of

it. Phytoplankton produces half of the oxygen we breathe,ngia, the East Indian Coastal Current (EICC) and the West
draw down the atmospheric GOand ultimately controls
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India Coastal Current (WICC) which also reverse their direc- @ (b)

tion twice a year (Shetye and Gouveia, 1998), may play an*™] e = 2o

important role in the distribution of nutrients and chlorophyll 1o

in the equatorial region. o]
There are two other major differences between equatorial £

regions of 1O and other global oceans. First, equatorial up-

welling does not occur in the Indian Ocean as it does in s e [ oes

the Pacific and Atlantic where southeast trade winds blow 0 57 60 70 808 08 20 28 28 A8 e e

across the equator and cause surface divergence. In the In-

dian Ocean, no such wind system exists in either season dfig. 1. (a) Spatial distribution of semi-annual amplitude of SSHA

the year (Schott et al., 2002). Second, the eastward equatoriéf™) and(b) zonal distribution of meridionally averaged semi-

undercurrentin the EIO is seen only during the winter (Knox, anqual amplitude of SSHA (cm) in the I.ndlan Ocean. Broken line

1976: Leetma and Stommel, 1980: Bubnov, 1994 Reppindef'nes the boundary of equatorial Indian Ocean (EIO) (see text

) . for details). Filled black circles represent the sediment trap loca-
et al,, 1999; Schott and McCreary, 2001; Masumoto et al"tion SBBT and EIOT and filled white triangles represent the in-situ

2005), unlike the other oceans where it exists throughout the,seyation on board ORV Sagar Kanya during August 2006.
year (Stalcup and Metcalf, 1966; Knauss, 1960). Thus, EIO

is a region of strong zonal currents (Tsai et al., 1992) and

exhibits a strong semi-annual signal (Luyten and Roemmich, Methodology and data sources

1982; Reverdin, 1987; Clark and Liu, 1993). In the equato-

rial Pacific, physical as well as biological processes such a9 1 study area

upwelling and remineralization by smaller organisms make

the region a large source of GQo the atmosphere (Mur- |n the Indian Ocean, eight sediment trap moorings were de-

ray et al., 1994) This remineralization in turn leads to |eSSp|Oyed during the period 1986 to 1997 under Indo-German

export of carbon to the ocean interior in the equatorial Pa-pijlateral programme to quantify the export of carbon from

cific (Beatriz et al., 2001). In contrast, strong upwelling and the ocean’s surface into the ocean’s interior (see Ittekkot,

the dominance of faster-sinking diatoms (Bradtmiller et al., 1993; Rixen et al., 2009). For the present study, we have

2007) support high export of biogenic flux into the deeper selected sediment trap moorings that are located within the

ocean in the equatorial Atlantic. However, we do not haveg|Q. In order to define the latitudinal boundary of the EIO,

such information in the EIO. we used monthly mean climatology of sea surface height
Though our understanding of the dynamics of the EIO hasanomaly (SSHA) (see Sect. 2.4 for details on SSH) and

increased considerably over the years, information pertainsybjected it to Fast Fourier Transformation (FFT) following

ing to the biogeochemistry of this region still remains very Clark and Liu (1993). From the spatial distribution of the

limited due to paucity of data. The only information avail- amplitude of the semi-annual signal (Fig. 1a) and the latitu-

able in the EIO are the few studies that addressed biophysidinal distribution of zonal-averaged semi-annual amplitude

cal interactions and associated carbon production in the up¢rig. 1b) we define the region between £@and 5.57N

per ocean using in situ (Fernandes et al, 2008; Narvekar anflaying the maximum amplitude as the EIO. See Clark and

Prasanna Kumar, 2009; Prasanna Kumar et al., 2012) as welliy (1993) for a similar argument to define the domain in the

as ecosystem model (e.g. Wiggert et al., 2006, 2009; Lévy epastern equatorial region and Rao et al. (2010) for defining

al., 2007; McCreary et al., 2009; Koné et al., 2009). There arghe equatorial wave guide.

no studies in the EIO that addresses the entire processes of Thus, we defined the region bounded by the broken line

organic carbon production in the euphotic zone, its transforin Fig. 1b as the domain of EIO. Within this domain there

mation and transportation to mesopelagic zone, except thagre two moorings (Fig. 1a). The moorings located° 25N,

of Ramaswamy and Gaye (2006) in which they showed thege 46 E and at 334 N, 77°46 E are designated as southern

dominance of carbonate producers in the EIO. Bay of Bengal trap (SBBT) and equatorial Indian Ocean trap
In the present study, using the biogenic flux data collected E|OT) respectively (see Rixen et al., 2009).

from the sediment trap mooring in the EIO, we explore (1)

the role of physical and biological processes in mediating the2 2  |n situ data

observed variability and (2) coupling between the deep ocean

biogenic flux and biological production in the upper ocean. 2.2.1 Biogenic flux data
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The biogenic flux data which include organic carbon, cal-
cium 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
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from November 1987 to December 1997, while the EIOT tions 3 N and 83 E and 2.8 N and 77 E in the vicinity of
data is for one year period from January to December 1996SBBT and EIOT respectively were used for all the parame-
The sampling intervals at both the locations varied betweeners except for the meso-zooplankton in the vicinity of SBBT
9 days to 42 days. Though two traps (shallow and deep) wergahich was from 2.5N and 83 E.

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 eu-Chorophyll a (Fluorometric)

photic zone and the mid-depth biogenic flux. The nominal
depth of the shallow trap at SBBT was 1000 m while that at
EIOT was 912 m. At first we converted this data into the re-
spective calendar month for the entire period and from this

the monthly mean climatology was generated to study th one in the dark for 24 h in the refrigerator. Fluorescence was

seasonal cycle at both the locations. measured before and after acidification with two drops of 1.2

We are aware of the methodological shortcomings that Q| Hel following the JGOF'S protocol (UNESCO, 1994)
associated with flux measurements using sediment traps. Bi- ' '

ases due to hydrodynamic flows over the trap mouth, particle

transformation by bacteria and zooplankton as well as the inSize fractionated chlorophylla

fluence of swimmers within the trap may lead to an under-

or over-estimation of particle fluxes by a factor of up to 2. Size fractionation of phytoplankton biomass was measured
The calibration of particle fluxes with U-Th radionuclides from selective depth (surface, chlorophyll maximum and
has shown that fluxes at depths <1000 m may be comprol20m depth) with the help of gravity filtration by serially
mised because currents are stronger and zooplankton maingassing water sample (5L) through 200, 60, 20 and 10 ym
migrates within this depth horizon (see Buesseler et al., 2007meshes. Finally, the filtrate was passed through 0.7 um GF/F
Boyd and Trull, 2007). Depending on trap depth, sinking filters by applying very low vacuum. Particulate material re-
speed of particles and current speed, particles captured at ori@gined on all of these filters was then analysed following
site may derive from a surface area as large as several hua similar protocol as in the case of Cll The percentage
dreds of kilometres in diameter above the trap position. Inbiomass was calculated for different fractions.

addition to the large potential source area, the origin of parti-

cles might also vary in the course of one year. The time serie?j : duction (PP

thus obtained might represent export not from a defined, bu rimary production (PP)

rather from a variable, source region making it difficult to re- \y oo samples from eight depths were transferred to four

late it to euphotic zone processes over the trap alone (SiegeJy capacity Nalgene Polycarbonate bottles (3 light and

and Deuser, 1997; Siegel et al., 1990; Waniek et al., 2005 dark).24C was added (5 uCi; 185kBq) to each bottle, and

Siegel etal., 2098)- _ these bottles were incubated in situ at the respective depths
However, sediment traps are the only tool to monitor fluxesg. o qawn to dusk (12 h). Incorporation of NA€O; by

to a certain water depth continuously and over longer timephytoplankton was determined following the JGOFS Pro-

spans and_the usef_ulness of trap data have been proven l?éfcols (UNESCO, 1994). All samples were analysed on a
many studies showing that the observed fluxes actually rep, .1 ard 2500 TR (USA, Packard) scintillation counter.
late to surface water processes. They are consistent with the

spatial variation of surface production and sediment proper-

ties (e.g. Jickells et al., 1996; Honjo et al., 1999; Waniek etPhytoplankton cell number

al., 2005) and reveal consistent seasonal as well as interan-

nual variation driven by surface water processes (e.g. Waniek©or qualitative and quantitative analysis of phytoplankton
etal., 2005; Hakke et al., 1996; Rixen et al., 2006; Holmes ef(Size >5um), 250 mL of water samples were collected from
al., 2002; Fischer et al., 1988; Wefer and Fischer, 1993; Vos$he euphotic zone (8 depths; 0-120m) fixed in acid Lu-

For estimation of total phytoplankton biomass (@h) 1L

(litre) of water was filtered through the Whatman GF/F filter

paper (47 mm diameter, 0.7 um pore size) under low vacuum
ressure. The pigments were extracted in 10 mL of 90 % ace-

etal., 1996). gol's iodine (1%uw/v) and preserved in 3% formalin so-
lution. The samples were stored in dark at low temperature
2.2.2 Biological mesurements until enumeration within a period of one month after col-

lection. A settling and siphoning procedure was followed
All the biological parameters used for the present study werd0 obtain 50 mL concentrate. One mL in duplicates of this
measured during the cruise of ORV Sagar Kanya SK-227concentrate was then mounted on a Sedgwick Rafter count-
during August 2006. Water samples from eight depths (0 mng chamber and examined through Olympus inverted micro-
10m, 20 m and thereafter every 20 m interval up to a depthscope (magnification 100-2060. Generic and species iden-
of 120 m) were collected and ana|ysed for measurements Oqification was done according to various standard taxonomic
various biological parameters (see below). The data from stakeys (Subrahmanyan, 1946; Tomas, 1997; Lebour, 1978).

www.biogeosciences.net/10/7493/2013/ Biogeosciences, 10, 78082013
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Meso-zooplankton was computed. The zonal and meridional wind stress hav-

ing a spatial resolution°1x 1°, for the period 1970 Jan-
Samples were collected at mid-night using Multiple Plank- yary to 2009 December have been taken from the oper-
ton Closing Net (Hydro-Bios; mouth area 0.25;mmesh  ational ocean reanalysis system (ORA-S3) (Balmaseda et
size 200 pm) equipped with a pre-calibrated flowmeter. Fiveal., 2008) at European Centre for Medium-Range Weather
depths were sampled at each station: 1000-500m, 500Forecasts (ECMWFhttp://apdrc.soest.hawaii.edu/datadoc/
300 m, 300-base of thermocline (BT), BT-top of thermocline ecmwf_oras3.php Using this data zondl:) and meridional

(TT) and TT-surface (mixed layer). Samples are preservedvind (v) speeds, and Ekman pumping velocity (Gill, 1982)
in 5% buffered formalin solution. The biomass of meso- were computed.

zooplankton was determined by the displacement volume

method, wherein concentrated samples were moped on al%4 Remote-sensing data

sorbent paper and then displacement volume was measured

using a graduated cylinder (see Madhupratap et al., 2001jn addition to the in situ data we also used re-
Depending on the size of the sample aliquots of 5-25 % werdnotely sensed satellite data. The monthly mean data
examined for microscopic identification and enumeration toOn the chlorophylla pigment concentrations and pho-

the generic/species level using a stereozoom microscope. tosynthetically active radiation (PAR) were obtained
from (http://oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/

Monthly/chlor) Sea-viewing Wide Field-of-view Sensor
Micro-zooplankton (SeaWiFS) having a spatial resolution of 9km for the pe-

riod September 1997 to December 2010. Monthly mean
For qualitative and quantitative analysis of micro- sea surface height anomaly (SSHA) with spatial resolu-
zooplankton, water samples were obtained from thetion 0.3% x 0.33 for the period 1993 to 2010 was ob-
same eight depths mentioned above for phytoplankton. Aqajined from AVISO (ww.aviso.oceanobs.comMonthly
known volume (5L) of water sample pre-filtered through mean sea surface temperature (SST) with resolution I°
200 pm net was slowly passed through a 47 mm diametefvas taken from HadSST1.htfp://www.metoffice.gov.uk/

20 pm net. The filtration was done carefully and slowly to hadobs/hadisst/dajgleriod January 1970 to December 2009
avoid bursting of delicate forms due to pressure exerte{Rayner et al., 2003).

while filtering. The filtered micro-zooplankton was then

transferred to 100 mL GF/F filtered sea water and preserve@.5 Limitations of the datasets used and its implications
with 1% Acid Lugol’s solution (with 2 mg E? of strontium

sulphate) and 1% EM Hexamine buffered formaldehyde.lt is to be noted that the monthly mean climatology of dif-
Samples were refrigerated in dark until analysed later in theferent parameters in the present study is built from differ-

laboratory. ent time periods depending on the availability of a particu-
lar dataset. For example, as remotely sensed data on SSHA
2.2.3 Hydrographic data and reanalysis data of surface currents (OSCAR) coinciding

with trap data during the period 1987-1992 is not available,
Monthly mean temperature and salinity data with resolu-their climatology was prepared using data during the peri-
tion 1° x 1° for the period 1987 January to 1997 Decem- ods 1993-2010. Similarly, for chlorophyll pigment concen-
ber were obtained from the operational ocean reanalysis sysration, data is available only after 1997 August and hence
tem (ORA-S3; Balmaseda et al., 2008) at European Centhe climatology was prepared during the period 1997-2010.
tre for Medium-Range Weather Forecasts (ECMWMEpP:  Since the only in situ data available for the summer monsoon
/lapdrc.soest.hawaii.edu/datadoc/ecmwf_oras3.plysing  at EIOT and SBBT was during August 2006, we were left
the above data density was computed and the mixed layegith no choice though this time period did not overlap with
depth (MLD) was determined following 0.2kgTh density  the trap data in either location. Though the above-mentioned
criteria. The water column nitrate and silicate data for theyariations in the data duration and may contribute to some
month of August was taken from the Indian Oceanographicuncertainties, it is difficult to quantify them.
Data Centre (I0DC)Www.nio.org.

2.3 Reanalysis data 3 Results

The monthly surface current data was taken from OcearnThe biogenic flux data used for the present study at SBBT
Surface Current Analysis-Real time (OSCARJtp://www. is a monthly mean climatology that has been computed by
oscar.noaa.goy/during January 1993 to December 2010, taking the mean during the period 1987 to 1997. However, at
which is a real time reanalysis of currents averaged ovelEIOT we have only one year data from January to December
the top 15m with spatial resolution of k 1° (Bonjean et  of 1996. The obvious question is: will this be a representa-
al., 2002). From these data the monthly mean climatologytive flux data of EIOT? To explore whether 1996 is a normal

Biogeosciences, 10, 7493507, 2013 www.biogeosciences.net/10/7493/2013/
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Fig. 3. Monthly mean climatology (1987-1997) of biogenic flux
(mgm~2d~1) at SBBT (solid line with filled circle) and monthly

) mean biogenic flux for the year 1996 at SBBT (broken line with
year we compared the oceanic (SST), as well as the atMOgjjeq circles) and EIOT (filled triangle)b) and(c) represent com-

spheric (zonal and meridional components of the wind) Pa-ponent fluxes (red line-calcium carbonate; blue line-Opal; black
rameters at EIOT with that of the climatology and presentediine-organic carbon) at SBBT and EIOT respectively. Shading rep-

it in Fig. 2 along with SD (standard deviation). The period resents the summer monsoon period (June—September) and vertical
from June to September is shaded in the figure as the foculines are one standard deviation.

is on the elevated biogenic flux at SBBT with that of EIOT

during this period (see the following section). It is evident , ) .
from the Fig. 2 that 1996 is well within 1SD of the clima- fall the 3 component fluxes (calcium carbonate, biogenic sil-

tology for all the three parameters considered. This gives udcd and ‘?rgamc carbon) at SBBT'aIso showed strong season-
ality during summer monsoon (Fig. 3b), but no such season-

the confidence to consider the flux at EIOT during 1996 as® )
representative. ality was observed _a_t EIOT (Fig. 3c). Thus_, the enhancement
of carbonate and silicate fluxes at SBBT indicated that phy-
3.1 Biogenic flux toplankton community was dominated by coccolithophores
and diatoms, while no such enhancement was seen at EIOT.
The seasonal cycle of biogenic flux at SBBT showed strong The strong seasonality of biogenic flux at SBBT and the
seasonality for the year 1996 as well as in climatologylack of seasonality with very low flux at EIOT are intrigu-
(Fig. 3a). Since the monthly mean biogenic flux during 1996ing, considering the fact that both the traps were located
as well as climatology followed a similar pattern of seasonalwithin the equatorial region (see Fig. 1a) and hence expected
variability, though with varying magnitudes, we limit our dis- to experience similar atmospheric forcing. Since it has been
cussions to climatology. At SBBT, the average biogenic flux shown that the biogenic flux to the deeper ocean is to a large
showed an increasing trend from June to August and attaineéxtent determined by the phytoplankton production in the eu-
the maximum value of 160.9 mgTAd—1 in August. In con-  photic zone (Honjo, 1982; Betzer et al., 1984; Waniek et al.,
trast, no distinct seasonality could be deciphered at EIOT2005; Helmke et al., 2010; Lutz et al., 2010), as a first step
In general, the biogenic flux at EIOT was lower than that we compared satellite derived chlorophyll concentrations to
at SBBT. During summer monsoon (June-September) theinravel the discrepancy between fluxes at both sites.
average biogenic flux at SBBT (116+168.1 mgnr2d—1)
was about two-and-half times higher than that at EIOT
(42.9+ 18.2mgnT2d~1). Consistent with the biogenic flux,

www.biogeosciences.net/10/7493/2013/ Biogeosciences, 10, 78082013
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Fig. 4. Monthly mean climatology (1997—-2010) of satellite derived Fig. 5. Monthly mean climatology (1997-2010) of photosyntheti-
chlorophyll pigment concentration at SBBT (filled circle) and EIOT cally active radiation (PAR) at SBBT (filled circle) and EIOT (filled
(filled triangle). Shading represents the summer monsoon periodriangle). Shading represents the summer monsoon period (June—
(June—September) and vertical lines are one standard deviation. September) and vertical lines are one standard deviation.

3.2 Satellite derived chlorophyll PAR between SBBT and EIOT cannot account for the ob-
served variability in the chlorophyll. The obvious reason for

In order to understand the relation between phytoplanktorthe variability in chlorophyll between SBBT and EIOT must

and biogenic flux at deeper ocean, we calculated the clibe the difference in the availability of nutrients at these lo-

matological monthly mean remotely sensed chlorophyll pig-cations which in turn would depend upon the processes that

ment concentration averaged withifi 2 1° grid centered at  make this nutrient available to the upper ocean.

SBBT and EIOT respectively. It is pertinent to note that re- The processes that could supply sub-surface nutrients to

motely sensed chlorophyll data reveals only the surface layethe upper ocean are the wind-mixing, Ekman-pumping, and

concentrations and will not be able to detect the presenc@dvection which we examine in the following sections.

of subsurface chlorophyll maxima (SCM). The chlorophyll . . -

pigment concentrations, though in general low, showed dis3-4 Wind speed and static stability

tinct seasonal cycle at both SBBT and EIOT (Fig. 4). Con-

sistent with the biogenic flux at SBBT the peak chlorophyll :]_.heh a\./e?g;_rwgtdo zpeedl ?Ljring SETQ{T' %Zt Tgnsooln was
concentration occurred in August. The chlorophyll concen- Igher in ( 9ms~) thanin ( 0ms™)

trations during January to April were low (0.1 md@mat (Eig. 6)'. '!'he higher winds would gengr{;\lly result in greater
both SBBT and EIOT and showed an increase from Maywmd-mlxmg and the extent of this mixing depends on the
attaining the maximum value of 0.3 and 0.2 mghe- stability of the water column. The static stability parameter
spectively. Again, unlike the biogenic flux the chlorophyll .[E] of the upper 200 m water column was calculated follow-

during summer monsoon at SBBT (3:3.08 mg n12) and ing Pond and Pickard (1983) and is given by

EIOT (0.2£0.06 mgnm3) did not show large differences. 19p

From the close correspondence between the time variation§ ~ _;a_z @)

of chlorophyll with that of biogenic flux at SBBT it would

seem that they are closely coupled. However, at EIOT thevhere p” is in situ density and: is the depth taken as neg-
seasonality of chlorophyll and lack of seasonality of biogenicative. The static stability of the water column is analogous
flux would need an explanation. Before attempting to addres$0 potential energy, which is due to the virtue of its position.
this, we explored the reason for (1) the observed seasonalitf Positive value of E” indicates that the water column is
in chlorophyll at both SBBT and EIOT and (2) lower chloro- stable. If a parcel of water is displaced when the water col-

phyll at EIOT compared to SBBT during summer monsoon. Umn is stable, then the parcel will tend to return to its orig-
inal position. On the other hand, K is negative the water

3.3 Photosynthetically active radiation (PAR) column is unstable and a displaced parcel of water will con-
tinue its displacement. Whefi is zero, the water column is
Light, apart from nutrients, being one of the limiting fac- neutrally stable. During August, static stability parameter at
tors for the growth of phytoplankton, we analysed the PAREIOT and SBBT showed similar positive values in the upper
at both the locations. PAR showed a bimodal distribution40 m (Fig. 7) indicating a stable and stratified water column
at both SBBT (standard deviation 3.2 Edr!) and EIOT  at both locations. Below this depthZ* showed an increase
(standard deviation 3.1 Edd—1) with a primary peak in  up to 100 m followed by a decrease below it. An examina-
March and a secondary peak in August (Fig. 5). Though PARtion of mixed layer depth (MLD) showed that during Au-
was high during summer at SBBT (45.7 Edr?) compared  gust MLD at SBBT was only 9 m deeper than that at EIOT
to EIOT (43.8EmMd1) the difference was less than the (Fig. 8). Since the stability of the water column in the up-
estimated bias (2.2 Efa~1; Frouin and Murakami, 2007). per 40 m was similar at EIOT and SBBT, an increase in the
From the above it is evident that the marginal difference inmagnitude of the wind at SBBT during summer monsoon did
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Fig. 6. Monthly mean climatology (1987-1997) of ECMWF wind

speed (ms!) at SBBT (filled circle) and EIOT (filled triangle).  Fig. 8. Monthly mean climatology (1987—1997) of mixed layer

Shading represents the summer monsoon period (June—Septembeigpth (MLD), at SBBT (filled circle) and EIOT (filled triangle).

and vertical lines are one standard deviation. Shading represents the summer monsoon period (June—September)
and vertical lines are one standard deviation.

Stability (E* 10-5 m-1)

0 e ing March—April the Ekman-pumping velocity in the vicin-

ity of both SBBT and EIOT were zero with a chlorophyll
—@— SBBT (1987-1997) . . . . . .
i —A— EIOT (1987-1997) value of 0.1 mgm? indicating oligotrophic regime. From
June to September the Ekman-pumping velocity at SBBT
and EIOT was negative indicating downwelling process.
Hence, we infer that the enhanced chlorophyll in SBBT as
well as EIOT during summer monsoon was not due to lo-
cal Ekman-pumping at these locations. However, a region of
positive Ekman-pumping velocity with chlorophyll in excess
of 0.5 mg nT3 was noticed in the southern part of Sri Lanka.

-50 —

Depth (m)
=
8
|

3.6 Horizontal advection

To understand the role of horizontal advection, we anal-
ysed the spatial distribution of monthly mean climatology
of chlorophyll pigment concentration overlaid with currents
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 cur-
-200 — rent (WICC) along the west coast of India (Shetye and Gou-
veia, 1998), and the eastward flowing southwest monsoon
current (SMC) to the south. The strong SMC is capable of
transporting chlorophyll and upwelled nutrients from the re-
gion south of Sri Lanka to further eastward into the trap loca-
tion at SBBT (Fig. 10). Thus, at SBBT combination of wind-
not lead to an increase in the MLD compared to EIOT. Thus,Mixing and horizontal advection contributed to the observed
though the wind-mixing would have contributed to a generalhigh chlorophyll during summer monsoon, while at EIOT
enhancement of chlorophyll in both locations, it could not Wind-mixing led to the moderate enhancement of chlorophyll
explain the enhancement of chlorophyll at SBBT over EIOT. (Fig. 4).

-150 —

Fig. 7. Monthly mean climatology (1987-1997) of static stability
of the water column (m?) at SBBT (filled circle) and EIOT (filled
triangle) (see text for details) during August.

3.5 Ekman-pumping 3.7 Nitrate and silicate profile

To explore the role of Ekman-pumping in bringing about The vertical distribution of nitrate and silicate in the upper
the observed changes in the chlorophyll the spatial distribu-120 m of the water column at SBBT and EIOT during Au-
tion of monthly mean Ekman-pumping velocity, computed gust showed that surface water at SBBT had excess of nitrate
from the ECMWF reanalysis wind, were superimposed on(0.3 uM; Fig. 11a) and silicate (4.1 uM; Fig. 11b). In contrast,
to the chlorophylla pigment concentrations for analysis for at EIOT the nitrate value near surface (3 m) was 0.1 uM and
all the months from January to December (Fig. 9). The pos=silicate was 1.7 pM. At 40m SBBT had a nitrate concentra-
itive (negative) Ekman pumping velocity indicated the di- tion of 1.9 uM as against 0.9 pM in EIOT. Similarly, at 40 m
vergence (convergence) and upwelling (downwelling). Dur-depth silicate concentration at SBBT was 3.7 UM as against

www.biogeosciences.net/10/7493/2013/ Biogeosciences, 10, 78082013
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Fig. 9. Spatial distribution of monthly mean climatology (1997—2010) of the chlorophylI3 mgnt3 (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 (Mé)nishading) overlaid with OSCAR current
(arrows), white circles represent location of SBBT and EIOT.

2 UM at EIOT. From the vertical profiles of nitrate and sili- the MLD at SBBT were much higher than that at EIOT. This
cate, it is obvious that within the MLD the nutrient concen- indicated the conditions congenial for the dominance of di-
tration at SBBT is higher than that of EIOT. Hence, though atoms (Smetacek, 1998) in the SBBT site.

the extent of wind mixing could be similar in SBBT and

EIOT, the nutrient concentration, specifically silicates within
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Nitrate (u M) Silicate (u M) the surface biomass contributed only to 14 % of the to-
0 s 51011520 25 o 10 20030 tal. At EIOT the SCM was located at 60 m depth and had
a chlorophyll biomass (0.36 mgm) which was six times
higher than that of surface concentration (0.06 mgmThe
SCM contributed 34 % of the total chlorophyll in the upper
120 m water column at EIOT whereas surface chlorophyll
contributed to 6 %. Overall, the integrated chloroplaytion-
centration in the upper 120m at SBBT was much higher
(29.6 mg nT?) than that at EIOT (18.7 mgnf). The major
difference in biomass was in the upper 60 m of the water col-
umn.

——e—— SBBT
- —A-— EIOT

—_—

20

40 40

N-I_’___ ——

60 - 60 7

Depth (m)
Depth (m)

80 80 7

3.9 Primary production

100 4 The vertical profiles of primary production (PP) showed

much higher PP at SBBT compared to EIOT (Fig. 11d). Sur-
face PP at SBBT (1.59 mg CTAd 1) was four times higher
than that of EIOT (0.38 mg C n? d~1). The subsurface PP-
maximum was seen at 10m at SBBT (8.4 mgCid1).

The EIOT showed two maxima — the first one at 10m
(2.56mgCm3d1) and the second one at 60 m — which

\ / were comparable. The column integrated (120 m) PP values
204 % 207 * at SBBT (353.6 mg C m*d~1) were more than three times
higher than those at EIOT (108.4 mg Cfd—1).

100

120 —

120 - (@ 18126  Aoao7

Chl a con. (mg m3)
0O 02 04 06 038 0

| |
40 — k 40 J\
\ \ 3.10 Phytoplankton abundance and assemblage

60 >‘ 60 The phytoplankton abundance (Fig. 12a) and composition

/ / at SBBT and EIOT was analysed to understand community

80 — 80 — « SBBT structure and its spatial variation (Table 1). Numerical abun-

[ -—=-— EOT dance showed a subsurface maximum at SBBT which was

I located at 40m with a value of 2576 cellst. This was

100 7 100 ﬂ& 8-times higher than the maxima at EIOT located at 10 m
Q)

and 60m with a value of 330 cellsE(Fig. 12a). Further,
the phytoplankton community was largely dominated by di-
) ] ] ) - ) atoms, which was 8-times higher compared to EIOT (Ta-
Fig. 11.Vertical profiles of(a) nitrate (uM)(b) silicate (uM) [Thick ble 1).

black line cutting across the Pgoflles repregent the mlxe(_JI layer The phytoplankton community (diatom & dinoflagel-
depth] (c) chlorophyll @ (mgm~2) and (d) primary production lat Iso found to b di t SBBT (20
(mng‘3) in the vicinity of SBBT (solid line) and EIOT (broken ates) was also found to be more diverse a ,(
line) during August 2006. genera) as compared to EIOT (9 genera). The dominant
forms at SBBT wereRhizosolenia styliformig16.9 %),
Pseudonitzschia turgidulg9.2 %), Chaetoceros didymus

0, i i i 1 i 0, 1
To understand the processes that led to the observed Iows%{6 %), Nitzschia delicatissimé %) whereas.eptocylindrus

. ) . . anicus (28 %), Synedra spp. (7.8%),Nitzschia spp.
b|og§n|c f!ux in the EIOT compared to SBBT we examined (5.4 %), Thalassiothrix longissimé&4.7 %) dominated EIOT
the biological parameters.

stations. Among dinoflagellates that contributed less than
) 10 % includesGymnodiniumspp. (3 %) andProrocentrum
3.8 Inssitu chlorophyll a micans(1.9 %) at SBBT whileCeratium trichocero€2.7 %)
andPhalacroma circumsuturfl.9 %) dominated EIOT.

120 - (©) 120 —

The vertical profile of in situ chlorophylk (Chl @) in Au-

gust 2006 showed the presence of a characteristic subsurfage11  Meso-zooplankton biomass

chlorophyll maximum (SCM) at both the regions (Fig. 11c).

At SBBT, the SCM occurred at 20m and had a chloro- The meso-zooplankton biomass in upper 1000 m was largely
phyll concentration (0.61 mgn¥) almost twice that of sur- dominated by copepods which are 2-fold higher at SBBT
face (0.36 mgm?). The SCM contributed 29 % of the to- (24.47 mLn13) than at EIOT (14.7 mL m3). Vertically, the

tal chlorophyll in the upper 120 m water column whereas highest biomass was concentrated in the MLD (0-60m;
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Table 1. Phytoplankton composition and numerical abundance (cefls lat selected stations in the vicinity of SBBT°(H; 83° E) and
EIOT (2.5’ N; 77° E) during August 2006.

SK 227 — 1-30 Aug 2006 | 5°N, 8% E | 25N, 7PE
Depths (m) | 0 10 20 40 60 80 100 120 O 10 20 40 60 80 100 120

Diatoms (cells I:l) ‘ ‘

Centric - - - - - - - — — - - - [ — _
Biddulphiasp. - - - - - - 96| - - - - - - — _
Chaetoceros danicus - - - - - 160 - -l - - - - - - - -
Chaetoceros didymus - - - 336 - 160 - - - - - - - - - -
Chaetocerosp. - - 264 - - - - - - - - - - - _ _
Coscinodiscus granii - - 88 - - - - N — - - — - - — —
Coscinodiscus perforatus - - - - - - - - - - 56 - - —
Coscinodiscusp. - - - - - - - - - - - 56 - — — —
Guinardia flaccida - - 88 - - - - - = - - - - - — -
Leptocylindrus danicus - - - 112 - - - —| 240 9% - - - 96 - _
Rhizosolenia curvata - - 88 - - - - - — - - - - _ _
Rhizosolenia imbricata - 240 - - - - - I - - - [ _ _
Rhizosolenia setigera - - - 336 - - - - - - - - - — _ —
Rhizosolenia styliformis 168 240 88 672 240 - - 1 - - - - - - — _

Pennate — - - - — - - - — - — - _ _ — _
Amphorasp. - 224 - - - - - - - - - - -
Pseudonitzschuia turgidula| - - - - - - - 768 - - - - - - - -
Navicula membranaceae - 160 - -
Naviculasp. - - - 224 - - - - - - - — - — _
Nitzschia delicatissima - - - 336 80 - - 4 - - = - - - — —
Nitzschia longissima - - - - 80 - - - - - - - - - - —
Nitzschiasp. - - - - - - - - = - 56 - 56 — - _
Synedrasp. - - - - - - - - - 48 - 112 - - — _
Thalassiothrix longissima - - - - 80 - - - - 96 - - - - - —

Dinoflagellategcells L~1) - - - - - - - 4 - - - - - - - °
Alexandriumsp. - - - - 80 - - [ - - - - - - —
Ceratium trichoceros - - - - - - - - - -  —- 56 - - — —
Ceratiumsp. - - - - - - 84 - - - - - - - - _
Gonyaulaxsp. 84 - - - - - - N - - - - - _ _
Gymnodiniursp. - 160 - - - - - - = - - - _ _
Ornithocerossp. - - - 112 - - - N - - — - - — —
Phalacroma circumsutum — - - - — - - —| 40 - - — — — — _
|Peridinium sp. - - 88 - - - - - = - - - - - — -
Polykrikossp. - - - - 80 - - - = - - - - - - —
Prorocentrum micans - - - - 160 - - B [ — - - - - - — -
Prorocentrumsp. - 80 - - - - - N — - - _ - - — —
Protoperidiniumsp. - - - - 80 - - - - - - - - - - -
Pyrophacussp. - - - - 80 - - - - - - 56 - - - -
Dinoflagellate cyst - - - - - - - -l - 9% - - 224 - 128 256

Unidentified Phytoplanktong 80 224 80 1176
Total (cells 1) | 252 960 704 2576 1040 320 1260 844280 336 56 280 336 96 128 256

Fig. 12b). In the upper 300 m also the meso-zooplanktondance at EIOT (1000 Organismst) compared to SBBT
biomass at EIOT was lower than that at SBBT. (500—600 Organismst!) (Fig. 12c).

3.12  Micro-zooplankton 3.13 Size fractionated chlorophylla

Th i lankt | | ised of Prot Size fractionated chlorophylk along 77E (5°N and at
€ micro-zooplankton was ‘argely tomprised of Fro O'$(:1uator) as shown in Fig. 13, which indicate that the pico-

zoans, partllcull(?rly ct;hatgs and Iflagelllc';tﬁles. We confldek:e hytoplanktons (<10 um but >0.7 um) dominated the phy-
micro-zoopiankion abundance along with meso-z00p1anklo plankton biomass at all the depths (Fig. 13). At selected

biomass to have a basic understanding about the kind of foo epths (surface, SCM, and 120m) pico-phytoplankton ac-

ng that m_ight be functional in SBBT and EIOT. Spatial vari- counted for 79%. 94.%. 66 % at 5l and 93 %, 94 %, and
ation in micro-zooplankton abundance along E7(EIOT) -0, ot the equator respectively

and 83 E (SBBT) showed high micro-zooplankton abun-
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Meso-zooplankton 100% 1
Phytoplankton (cells I't) biomass (ml/100m°)
0 1000 2000 3000 0 ? 10 15 2P 90% 1
i 80%
0-60 i 70%
i i 60% 1 = 0.7um
R — J H 10um
50%
20 um
60-300 SBET 40% " 60um
= - R ot 0% | || = 200pum
=t = ||
§ gﬂ- 20% 1
300-500 0% . | | [ |
.. -
N 5N-S EQ-S 5N-chl-max EQ-chl-max 120m-5N 120m-EQ
500-1000 Fig. 13. Size fractionated phytoplankton biomass (mg @hi—3)
in percentage during August 2006 &t® and equator along 7E
®) from surface, chlorophyll maximum and at 120 m.
1200 — S EIOT
[ sBBT The time evolution of satellite derived chlorophyll, showed
10007 § S a distinct seasonality at both SBBT and EIOT. Though the
800 | peak chlorophyll occurred during summer monsoon at both

the locations, the magnitude at SBBT was marginally higher
than that at EIOT. The in situ measurements of surface
chlorophylla in August 2006 also showed a similar result.
The column integrated chlorophyllas well as PP was also
© higher by one-and-a-half times at SBBT compared to EIOT.
An examination of PAR showed only a marginal difference
between the two locations. Though wind speeds at SBBT
Fig. 12-1 Vertical profiles of (a) phytoplankton abundance qyring summer monsoon was higher than that at EIOT, it
(cells L™%) in the vicinity of SBBT (solid line) and EIOT (broken iy ot result in a significant difference in the MLD be-
!lne) (b) vertically stratified meso-zooplankton plomass in the vicin- tween them as the static stability at both the locations were
ity of SBBT (dots) and EIOT (hatches) aiic) Micro-zooplankton . . .
(organisms 1) at selected stations along SBBT (dots) and EIOT cgmparaplg. However, higher concentration of silicate and
(hatches) during August 2006. n|trate.W|th|n the MLD at SBBT compared to EIOT could
potentially enhance the chlorophyll biomass at SBBT even
when the magnitude of the wind mixing is comparable at
4 Discussion these locations. Another mechanism that could contribute to
the chlorophyll enhancement at SBBT was advection from
The characteristic feature of the mid-depth biogenic flux atsouth of Sri Lanka, a region of high chlorophyll driven by
SBBT was strong seasonality with peak flux during summerEkman-pumping, by the southwest monsoon current (SMC),
monsoon (June—September), which was observed regularlwhich passes through the trap site. Thus, at SBBT combined
over the period 1988-1997 (Unger et al., 2006). In contrasteffect of wind-mixing and horizontal advection contributed
EIOT showed a consistently low flux without any season-to the high chlorophyll during summer monsoon, while at
ality, the flux being two-and-a-half times less than that of EIOT wind-mixing alone led to the moderate enhancement
SBBT. The observed differential biogenic flux at SBBT and of chlorophyll. Though bottom-up control could explain the
EIOT could be understood in the context of prevailing phys-observed differential enhancement of chlorophyll biomass
ical as well as biological processes at these locations botlvetween SBBT and EIOT during summer monsoon, it fails
of which influence the chlorophyll biomass. At any given to explain the mid-depth biogenic flux variability between
location chlorophyll biomass depends on the availability of them.
sunlight and nutrients (bottom-up control) and grazing (top- In the light of the inadequacy of the bottom-up control
down control). The bottom-up control in turn depends up onto explain the mismatch between the chlorophyll biomass
the physical processes. We first examined the physical proand biogenic flux during summer monsoon, we examined
cess to understand the observed variability in the chlorophylthe longitudinal differences in the prevailing plankton com-
biomass and then the processes that control the biogenic flusaunity and the associated biological processes that operate
to the deeper ocean. at these locations. Buesseler (1998) reported a decoupling

600

400

200

Micro-zooplankton (Organisms I'l)

5°N
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between primary production and export of organic carbon to

the deeper part of the water column, and found that high ex-
port rates were mostly related to diatom based food webs.
Against this background we used available in situ data of ni-
trate, chlorophylla, PP, phytoplankton cell number, meso- 6} sgsT
zooplankton biomass and micro-zooplankton that were col- r— Lo ] ‘

{

T
80 ongitude %

lected near SBBT and EIOT during August 2006 as a part

of the Equatorial Indian Ocean Process Study (EIOPS) pro- -

gramme (Prasanna Kumar et al., 2010) to evaluate food web
+ Advection
Wind Mixing
Strong

structure of the respective sites. Our results based on mi-

croscopic as well as size fractionated chlorophylstud-
ies showed that the cell count of the larger (>5 um) phyto- Weal

plankton was dominated by diatoms at SBBT and was sev-

eral times higher than that compared to EIOT. We presume High Nitrate
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 and horizontal advec-
tion. 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 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 pel-
lets due to meso-zooplankton grazing.

In contrast, at EIOT the peaks of both primary production
and chlorophylk (SCM) occurred at 60 m which was located
in the low light region, a condition congenial for the preva-
lence of pico-phytoplankton (see Glover et al., 1985; Platt et
al., 1983). Our size fractionated chlorophyllalso showed
that the enhanced phytoplankton biomass at EIO was dom
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Fig. 14.Schematic picture summarising the physical and biological

: . . P processes starting from production of organic carbon in the upper
inated by pico-phytoplankton. The high micro-zooplankton ocean to its export into the deep ocean as captured by the sediment

abundance and lower meso-zooplankton biomass at EIOT int'rap at SBBT and EIOT (see text for details)
dicated the importance of the microbial loop. This food web '
is believed to be more efficient at re-cycling (Beatriz et al.,

2001) and is generally associated with low export. within the same geographical region. At EIOT, the weak
The above difference in fluxes is also reflected in the\ing mixing and the associated low nitrate levels lead to

phytoplankton community structure, which was more di- the gpserved low chlorophyll biomass. This low chlorophyll
verse near SBBT (20 genera) as compared to that near EIO}iomass and high micro-zooplankton biomass suggests the

(9 genera) wherein, large standing stock of pico-autotrophg,peration of microbial loop which re-mineralizes most of the

were expected to be consumed by protozoa (ciliates, flagelphotosynthetically produced organic matter within the upper
lates), dominant forms of micro-zooplankton (Madhupratapocean. In contrast, at SBBT the higher wind mixing and ad-
et al., 1996; Gauns et al.,, 2005). This is also reflected ingction supplies new nitrate as well as silicate to the euphotic
the comparatively higher opal fluxes at SBBT site. Further,;one to support diatom growth via classical food web. The
foraminifera are part of the microplankton taxa, suggest—high diatom along with high meso-zooplankton biomass con-

ing their importance (possibly through grazing) in the mi- ihted to the export of carbon via both aggregation of faster
crobial components of the region. Thus, at EIOT most Ofsinking diatoms and fecal pellets.

the photosynthetically produced organic matter is reminer-

alized within the upper ocean leaving very little carbon to

sink (Banse, 2013; Boyd and Trull, 2007, Williams, 1998). 5 Concluding remarks

Finally, we present a schematic picture (Fig. 14), that de-

picts the above discussed physical-biological processes starediment trap data from the equatorial Indian Ocean region
ing from organic carbon production in the euphotic zone, provided valuable insight into the processes that link the
its transformation and transportation to mesopelagic zone aprimary production to the sinking organic carbon in which
captured by the sediment trap at SBBT and EIOT locatedphysical and biological processes are intimately coupled. Our
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study demonstrates that, though SBBT and EIOT are withinBubnov, V. A.: Climatic zonal pressure gradient in the equatorial
the same geographical entity, the processes that control the zone of the Indian Ocean, Oceanology, 33, 414-420, 1994.

primary production in the euphotic zone and the biogeniCBuesseler, K. O.: The decoupling of production and particulate ex-
flux to the deep ocean are very different. To the best of our POt in the surface ocean, Global Biogeochem. Cy., 12, 297-310,

knowledge this is the first such attempt in the EIO. There are 1998.

s . Buesseler, K. O., Antia, A. N., Chen, M., Fowler, S. W., Gardner,
some uncertainties in our study, especially the role of meso W. D., Gustafsson, O., Harada, K. Michaels, A. F., Rutgers van

zooplankton grazing, which needs to be quantified. We also der Loeff, M., Sarin, M., Steinberg, D. K., and Trull, T.: An as-
would need data on dissolved organic carbon to have a better sessment of the use of sediment traps for estimating upper ocean

handle on the microbial food web. particle fluxes, J. Mar. Res., 65, 345-416, 2007.
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