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[11 Monthly oxygen budgets for the intermediate waters (100—1000 m) of the Bay of
Bengal were constructed based on Modular Ocean Model (MOM) and oxygen data. The
model results reveal that the oxygen levels in the oxygen minimum zone (OMZ) of the
Bay of Bengal are controlled by physical and the associated biological processes. It
results in maintaining low oxygen levels, with no significant seasonal variability, in the
subsurface layer throughout the year. Low oxygen levels in the OMZ are sustained
during the period of increased supply of organic matter through river runoff by enhanced
supply of oxygen by the physical pump and vice versa. Thus, low oxygen levels in
the OMZ are maintained by supply of oxygen by the physical pump to meet the demands
of the biological processes. The inconsistency observed among oxygen consumption rates
derived based on the present oxygen budget, carbon regeneration rate, and oxygen
consumption rates computed based on electron transport system technique could be due to
inadequate knowledge of seasonal and spatial variability in oxygen consumption in the
latter two estimates. The residence time of intermediate waters (OMZ) of Bay of Bengal
was computed to be 12 years.  INDEX TERMS: 4805 Oceanography: Biological and Chemical:
Biogeochemical cycles (1615); 4806 Oceanography: Biological and Chemical: Carbon cycling; 4845
Oceanography: Biological and Chemical: Nutrients and nutrient cycling; 4820 Oceanography: Biological and
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1. Introduction

[2] The Bay of Bengal is found to experience intense
depletion in dissolved oxygen levels at intermediate depths
[Wyrtki, 1971; Rao et al., 1994]. These zones are important
sites for transformations in redox sensitive elements of
which nitrogen is an important one. Such environments
are unique for biochemical reduction of nitrate ions into
molecular nitrogen (denitrification) by respiratory process
[Richards, 1965]. However, unlike the Arabian Sea [Nagvi
et al., 1992; Mantoura et al., 1993; de Sousa et al., 1996;
Morrison et al., 1998], the influence of oxygen-poor con-
ditions on nitrogen dynamics in the Bay of Bengal is not
well understood, especially the role of hydrography on the
oxygen minimum zone (OMZ). Nagvi et al. [1994] and Rao
et al. [1994] found an absence of significant denitrification
in the Bay of Bengal though random pockets of low oxygen
and nitrate waters were observed. The nitrate minimum in
these pockets is attributed to the consumption of nitrate in
the marginal sediments and their offshore transport by
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western boundary currents [Rao et al., 1994]. Nevertheless,
no secondary nitrite, which is an indicator of denitrification,
was found in the Bay of Bengal [Rao et al., 1994; Nagvi et
al., 1994, 1996; Howell et al., 1997].

[3] The northern Indian Ocean is bounded by landmass in
the north, east, and west resulting in a sluggish renewal of
subsurface waters in the northern Indian Ocean, giving rise
to acute oxygen depletion at intermediate depths [Wyrtki,
1973; Sen Gupta and Nagqvi, 1984]. The penetration of
tritium was found to be shallow and at lower levels in the
subsurface layers in the Bay of Bengal [Ostlund et al.,
1980] due to strong stratification developed by large volume
of freshwater from high precipitation and river runoff which
is more intense during SW monsoon (June to August). The
winds show remarkable seasonal changes in their direction
which blow northeast during December, southerly in April,
and southwest during July to October [Varkey et al., 1996].
It has been shown previously that appreciable changes in
the composition of subsurface waters in the Arabian Sea
may be caused by the seasonal reversals of water circula-
tion, which may extend to considerable depths [Nagvi et al.,
1990; Sarma, 2002]. Surface circulation in the Bay of
Bengal also undergoes large seasonal changes [Shetye,
1993], but it is unknown to what extent these changes affect
the composition of subsurface waters. This issue is impor-

46 - 1



46 -2

25 L 1 I 1

201

-
R

LATITUDE (°N)
o

0 L) T L] T
75 80 85 80 95

LONGITUDE (°E)

100

Figure 1. The station locations of the data used in this
study are shown. Closed circles, data collected during pre-
SW monsoon and NE monsoon, 1991 [Rao et al., 1994];
open diamonds, collected during SW monsoon, 1996
[Sarma et al., submitted manuscript, 2001]; plus, collected
during post monsoon, 1996 [Sarma and Narvekar, 20017;
closed diamonds, WOCE leg 109N, 1995; and open circles,
WOCE leg I01E, 1995.

tant since it can possibly explain the differences in the
biogeochemistry of the two areas. Hence, an attempt has
been made here to evaluate the effects of physical and
biological processes on oxygen levels in the OMZ in the
Bay of Bengal using the Modular Ocean Model (MOM) and
the oxygen data collected by different investigators in the
Bay of Bengal [Figure 1; Rao et al, 1994; Sarma and
Narvekar, 2001; V. V. S. S. Sarma, et al., Control of total
alkalinity in the northern Indian Ocean during SW mon-
soon, submitted to Oceanology Acta, 2001] (hereinafter
referred to as Sarma et al., submitted manuscript, 2001),
plus World Ocean Circulation Expedition [http://whpo.ucsd.
edu] and climatological data [http://Ingrid.ldgo.columbia.
edu/SOURCES/NOAA/NODC/WOA9S; Conkright et al.,
1998].

2. Model Description

[4] The main objective of this study is to make quantita-
tive estimation of supply and demand for oxygen by
physical and biological processes, respectively, in the sub-
surface waters of the Bay of Bengal (Figure 2). In this
model, physical pump supplies oxygen through exchanges
at the boundaries by physical processes such as upwelling,
sinking, and water mass transport. The biological pump
consumes oxygen by oxidation of organic matter in the
subsurface layers. Though most of the organic matter (85—
95%) decomposes in the surface layer itself, only 5—15% of
the remaining organic matter sinks to the subsurface layers
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where it is subjected to bacterial decomposition [Eppely and
Peterson, 1979]. The oxygen content in the subsurface
layers is controlled by the efficiency of the biological pump
and residence time of organic matter in the intermediate
layers.

[5] The model domain is constructed by closing the
eastern, western, and northern boundaries while the south-
ern boundary opens to the Indian Ocean at 10°N, where
exchanges take place. Rao et al. [1994] reported that low
oxygen levels prevail at the depth range of 100—1000 m in
the Bay of Bengal, hence, the upper and the lower bounda-
ries of the model domain are fixed at 100 and 1000 m depth,
respectively. The water fluxes at these boundaries were
computed by MOM Ver.2 [Bryan, 1969; Pacanowski,
1995]. In this model, the grid resolution is 0.5° x 0.3°
longitude to latitude with 20 vertical levels. The complete
details of the model are described elsewhere [Swathi et al.,
2001]. Biological pump is based on sinking fluxes [/ttekkot
et al., 1991] and electron transport system (ETS) measure-
ments [Nagvi et al., 1996]. The regeneration rates of organic
matter are computed using the water mass mixing model of
Kumar and Li [1996]. Sedimentary respiration rates in the
shelf and slope sediments (water column depths <1000 m)
were computed using the equations given by Cai and
Reimers [1995].

2.1. Physical Pump

[6] The physical pump plays an important role in the fate
of elements in the oceans. For instance, physical processes
such as upwelling, sinking, and transport of waters greatly
alter distribution of elements. Rao et al. [1994] identified
three major water masses in the upper 1000 m of the water
column in the Bay of Bengal. They are low-salinity surface
waters, formed due to the excessive river runoff, the North
Indian high-salinity intermediate waters entering into the
Bay after flowing around Sri Lanka, and the deep waters
advecting into the region along the eastern flank of the
Ninety-east Ridge and northward from the Central Indian
Basin [Warren, 1981]. Hence, influence of these water
masses on oxygen budgets has been computed using the
water transports in the present study domain.

2.1.1. Water Fluxes Within the Box (Bay of Bengal)

[7] The horizontal transports of water between 100—150,
150-250, 250—500, and 500—1000 m and vertical transports
across 100 and 1000 m depths were computed using MOM
(Figures 3a—3f). Water flow at 100—150 m along 10°N is
northward into the Bay of Bengal in mid-year (April—July)
and southward in August to February with peak flows of
5.7 x 10" m® month~! north in May and 4.5 x 10'* m?
month ' south in October. The northward peak shifts toward
the beginning of the year at greater depths and the peak
northward flow in April drops from 6.2 x 10'* m® month '
at 250-500 m to 3.3 x 10" m® month™" at 500—1000 m.
Peak southward flow increases steadily with depth, reaching
6.6 x 10'> m® month ™" in August at 500—1000 m.

[8] The vertical flux at 100 m shows sinking from
February to July and upwelling from August to January
with peak flow of 5.6 x 10" m®> month™' downward in
June and 9.5 x 10'* m® month ™' upward in October (Figure
3e). On the contrary, 1000 m boundary layer shows sinking
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Figure 2. Schematic diagram showing the description of model and different sources and sinks of
oxygen in the Bay of Bengal (north of 10°N).
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Figure 3. (a—d) Represents horizontal water transports at different depth ranges along 10°N and (e and
f) are vertical transports across 100 and 1000 m boundaries in the Bay of Bengal. The positive transport
is northward (a—d) and upward (e and f). Please note that the scale in y-axis of (f) is different.
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Figure 4. Net flows of water fluxes and oxygen fluxes at different depth levels in the box.

from February to May and upwelling from June to January
with peak flow of 15.3 x 10'> m® month ™" sinking in April
and upwelling of 13 x 10'> m®> month™' in September
(Figure 3f).

[9] The net flow of water at three boundaries of the box is
depicted in Figure 4. This shows that net flow is out of the
box at all depths (100—1000 m) along 10°N. However, the
net flows in 100—150 and 150-250 m depth ranges are
small, i.e., 0.73 and 0.35 x 10> m® yr!, respectively. The
maximum outflow occurs in 250—500 m (14.96 x 10'* m*
yr~ ") and 500—1000 m (17.01 x 10" m? yr'). As a whole,
about 33.05 x 10" m® water is transported southward
annually along 10°N in the depth range of 100—1000 m.
The net flow along 100 m is downward (14.22 x 10'* m’
yr ') whereas 18.88 x 10" m® yr~' of water upwells into
the box across the deep boundary.

2.1.2. Oxygen Fluxes

[10] Oxygen fluxes are computed as a product of net
water transports and mean oxygen concentration in a
particular depth range. The mean oxygen concentrations
along the box boundaries are given in Table 1. The oxygen

flows at the box boundaries are depicted in Figures 5a—5d.
The oxygen fluxes are well balanced for the 100—150 and
150—-250 m layers with small losses of oxygen (0.09 and
1.08 Tg yr~ ', respectively) through the southern boundary

Table 1. Concentrations of Oxygen at Different Depth Levels
Along 10°N in the Bay of Bengal During Different Months®

Month  100-150 150-250 250-500 500-1000 100 1000
Jan. 1.57 0.93 0.68 0.63 2.14 143
Feb. 1.57 0.93 0.68 0.63 1.57 0.63
March 1.57 0.93 0.68 0.63 1.57 0.63
April 1.28 0.83 0.83 0.63 1.28 0.63
May 1.28 0.83 0.83 0.63 128  0.63
June 1.28 0.83 0.83 0.63 1.28  0.63
July 1.28 0.93 0.85 0.63 128 143
Aug. 1.28 0.93 0.85 0.63 2.14 143
Sept. 1.28 0.93 0.85 0.63 2.14 143
Oct. 1.07 0.93 0.93 0.63 2.14 143
Nov. 1.07 0.93 0.93 0.63 2.14 143
Dec. 1.07 0.93 0.93 0.63 2.14  1.43

Concentrations of oxygen are averaged levels given in g/m®, and depth
levels are given in meters.
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Figure 5. (a—d) Represents oxygen transports at different depth levels along 10°N and (e and f) denote
vertical transports across 100 and 1000 m boundaries in the Bay of Bengal. Note that only inflow of
water is shown. The flow directions are same as in Figure 3.

(Figure 4). Between 250 and 500 m, about 12.91 Tg yr~"
oxygen is injected into the box while 27.62 Tg yr ' is
exported out of the box with a net exchange of 14.71 Tg
yr ' to the south. The deeper (500—1000 m) layer is
estimated to receive 7.25 Tg yr~' of oxygen and exchanges
17.94 Tg yr~' from the box. Against these net exchanges,
about 61.76 and 89.32 Tg of oxygen is being injected
annually into the box across the 100 and 1000 m bounda-
ries, respectively, whereas 19.3 and 24.4 Tg of oxygen is
removed out of the box (Figure 4). The overall oxygen flux
into the box across 10°N is 53.8 Tg yr~ ' whereas 80.3 Tg
yr~!is carried away with net loss of 26.5 Tg yr~'. While a
total of 151 Tg yr ' of oxygen enters through vertical
exchange, 43.7 Tg yr ' of oxygen goes out of the box with
a net gain of 107.3 Tg yr~ . These results suggest that about
60% of the net oxygen is injected through 1000 m boundary
layer while 40% is injected across 100 m boundary layer.
Hence, the dominant supply of oxygen to the OMZ in the
Bay of Bengal occurs through vertical exchange (Figure 4).
In summary, about ~205 Tg of oxygen enters the box
annually while ~124 Tg O, yr~' goes out, which suggests
an annual consumption of ~81 Tg in the OMZ.
2.1.3. Residence Time

[11] Residence time of waters in the OMZ (100—1000 m)
of the Bay of Bengal is computed from

Residence time(#) = total volume of the study domain

(box) /rate of water influx

[12] Residence time of water in the 100—1000 m depth
layer is computed to be 12 years from an inflow rate of
155 x 10'? m® yr ! and the box volume of 1861 x 10'* m>.

[13] In order to examine monthly variability in the move-
ment of waters in the OMZ, water influxes from both
horizontal and vertical boundaries are presented in
Figure 6 for different months. The water movement is
relatively slow during January to March and June months
with an influx of <12 x 10'> m® per month compared to
other months (12—17 x 10'? m® per month).

2.1.4. Loss of Oxygen to the Sediment/Sedimentary
Respiration

[14] Several investigators [for example, Grant et al., 1987,
Walsh, 1991; Walsh et al., 1985] suggested that continental
margin sediments are important sites of organic carbon
oxidation. The major source of the carbon to these sediments
is mostly derived from primary production [Walsh et al.,
1985; Christensen, 1989; Jahnke et al., 1990]. Organic
matter oxidation in the margin sediments may take place
in several pathways; however, these areas are important sites
for biogeochemical cycling of oxygen. Despite the large
importance of margin sediments in the global cycles of
elements, this area is not well studied. Though there are
few studies conducted in the Atlantic and Pacific Oceans,
absolutely no such study was conducted in the Indian Ocean,
especially on the benthic exchange of elements at the sedi-
ment-water interface. Hence, the loss of oxygen to the
sediments is computed here following the work of Cai and
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Figure 6. Total influx of waters into the box from hori-
zontal (closed circles) and vertical (open circles) boundaries
during different months. Out fluxes are not shown in this
figure and zero fluxes mean no influx.

Reimers [1995] who formulated a general and quantitative
correlation between benthic oxygen flux (FO,; pmole cm ™2
yr ') to the bottom water oxygen concentration ([O,]sw;
pmole kg™') and the core top organic carbon content
(Corgs%)

FO, = (Wcorg[02}3w)/(126 + [02}BW)

where © is 44.4 (umole cm 2 yr~' (% dry organic C)™ ).
This equation can be used at different environments such as
suboxic basins, the continental slope, the continental rise,
and oxic open ocean sediments.

[15] Organic carbon content in the surface sediments
varied from 0.34 to 2.5% in the slope sediments [Venka-
tratnam, 1968; Seetharamaswamy, 1968]. Considering bot-
tom water oxygen as 40 pmole kg~ ' [Rao et al., 1994], the
flux of oxygen to the sediments is estimated to be 36.5—
267.5 mmole m~? yr~'. When the area of the seafloor with
depth <1000 m (0.6 x 10'* m?) is considered, the oxygen
loss into the sediments is estimated to be 0.7—5 Tg yr~ .
2.1.5. Oxygen Demand in the OMZ by Organic
Carbon Regeneration

[16] Most of the organic matter, which is produced in the
euphotic zone, oxidizes in the upper 1000 m [Suess, 1980]
that results in the removal of oxygen from the water column
in this depth range. Regenerated CO, in the Bay of Bengal
has been computed [Sarma et al., submitted manuscript,
2001] based on water mass mixing model. In this model, the
observed DIC in a given sample is considered to be a
mixture of preformed, anthropogenic, remineralized, and
added through dissolution. Preformed DIC is computed
from three end-member water mass mixing model described
by Kumar and Li [1996], anthropogenic carbon is calculated
from the study of Sabine et al. [1999], and carbon added
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through dissolution is computed from the change in TA
from that of preformed TA. The difference in sum of these
three fractions from that of observed DIC gives regenerated
carbon dioxide [Sarma et al., submitted manuscript, 2001].
The regeneration of soft tissue showed significant north-
south variability with reference to dissolved oxygen distri-
bution [Sarma et al., submitted manuscript, 2001]. On an
average, the release of CO, due to regeneration of soft tissue
amounts to 20—120 pmol kg~ ' in the OMZ. In order to
compute the inventory of regenerated carbon dioxide for the
entire OMZ, the same has been integrated from 100 to 1000
m for the entire box. This amounts to 390 to 2350 Tg of
carbon released by soft tissue regeneration in the OMZ of
the Bay of Bengal. Based on ventilation time of 12 years for
OMZ in the Bay of Bengal (see section 2.1.2), the rate of
organic carbon oxidation in the subsurface layers is esti-
mated to be 32 to 196 Tg C yr '. Based on available data
sets (see Figure 1), Redfield ratio of O,/C is evaluated for
Bay of Bengal and observed to be 1.20. Using this ratio, the
decomposition rates of carbon are converted to equivalent
oxygen. It is found that about 102 to 627 Tg of oxygen per
year is required to meet the respiratory demands in the OMZ
of the Bay of Bengal. It is much larger than the oxygen
consumption of 81 Tg yr~ ' arrived from the oxygen budget.
The possible reason could be the inadequate knowledge of
spatial and seasonal variability in organic matter regener-
ation rates in the Bay of Bengal. Sarma et al. [submitted
manuscript, 2001] have estimated organic matter regener-
ation along WOCE section during NE monsoon and this
variability during other seasons and with space in the Bay of
Bengal is still unknown.

3. Discussion

[17] Despite large seasonal and spatial variability in
productivity, the oxygen levels in the OMZ are more or
less constant in the Bay of Bengal. The present model
results suggest that both physical and biological processes
are responsible for the existence of such conditions in the
OMZ and also for the absence of denitrification in the Bay
of Bengal. The physical pump shows strong monthly
variability due to the unique circulation pattern that brings
changes in the direction of water movements. Especially, it
is more important for vertical fluxes as oxygen gradients are
high at the depth levels above 100 m (100—150 pmol kg™ ")
and below 1000 m (>60 pmol kg~ ') compared to inter-
mediate waters which are already oxygen depleted (10—40
pmol kg™ ") [Rao et al., 1994; George et al., 1994; Sarma
and Narvekar, 2001]. Figure 6 depicts total influx of waters
into the box across horizontal and vertical boundaries of the
box. Influx of water occurs through horizontal boundary
during January—August and December with highest influx
during April—May. On the contrary, influx of water through
vertical boundary occurs during January and June—Decem-
ber with highest influx during September and November.
Since vertical influx is more during January and June—
December, the input of oxygen is also obviously high
compared to the other months (Figure 7). Despite such
large variability in influx, oxygen levels in the OMZ
showed no significant variability with season. For instance,
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Figure 7. Total oxygen influx from all boundaries into the
box during different months.

oxygen levels in the OMZ of the central and western Bay of
Bengal ranged from 10 to 40 pmol kg ', except few pockets
of 4—6 pmol kg~ ', during pre-SW and NE monsoon
seasons [Rao et al., 1994]. Sarma et al. [submitted manu-
script, 2001] observed 10—40 pmol kg~ ' of the oxygen in
the western and central Bay of Bengal during SW monsoon.
Sarma and Narvekar [2001] found 20—40 pmol kg~ ' oxy-
gen in subsurface water in the eastern Bay of Bengal during
post monsoon season. This suggests that oxygen levels in
the subsurface waters of the Bay of Bengal are more or less
constant, despite a variable productivity pattern. This further
suggests that the biological pump plays an important role in
the control of oxygen levels in the OMZ.

[18] In order to examine the effect of biological processes
on OMZ, consumption rates of oxygen have been computed
as a product of the difference between the input and output
fluxes of oxygen in the OMZ. The net loss, thus, would
represent oxygen consumption in the OMZ. The oxygen
consumption rates vary from 1 to 15 Tg month™' with a
minimum during January—June and a maximum during
July—December. Though, the primary productivity is higher
during the SW monsoon [0.14-5.9 g C m~2 d™'] than
during NE monsoon [0.99—1.68 g C m 2 d™'] or the inter-
monsoon [0.063—0.485 g C m~2 d '] [Devassy et al., 1983;
Radhakrishna, 1978; Prakash and Raman, 1990] periods,
such high rates of consumption might not be due to primary
production alone. The Bay of Bengal receives an enormous
amount of fresh water, nutrients, and suspended load from
the sediments of the shelf region [United Nations Educa-
tional, Scientific, and Cultural Organization (UNESCO),
1969, 1971a, 1971b] that affects biogeochemical cycling of
carbon in the Bay of Bengal [[ttekkot et al., 1991]. The
monthly variability in consumption rates is consistent with
changes in total sinking fluxes (i.e., mass fluxes) at 1000 m
depth [lttekkot et al., 1991]. Unfortunately, data for the
monthly variability in sinking organic carbon fluxes are not
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available, but the ratio of total flux to organic carbon flux is
more or less constant, hence, the comparison may be
appropriate. Nevertheless, the seasonal organic carbon
fluxes are given in Table 2. Ittekkot et al. [1991] found
higher fluxes (100—400 mg m 2 d~') in the 1000 m traps
during June—November in the northern and central Bay of
Bengal, which is consistent with the period of high
discharges from Ganges and Brahmaputra rivers during this
period [UNESCO, 1971a, 1971b]. Similarly, higher total
sinking fluxes were noticed during June—October (150—-350
mg m > d") in the central Bay of Bengal [lttekkot et al.,
1991; Ramaswamy and Nair, 1994]. The sinking fluxes
varied from 50 to 100 mg m 2 d~' during other months.
These results suggest that inputs from terreginous material,
in addition to the organic carbon produced in the surface
layers, may influence oxygen consumption rates in the Bay
of Bengal. This study further reveals that physical pump
supplies more oxygen to the OMZ during July—December,
when oxygen demand is more due to influx of organic
material by the river discharges and low during low
productivity seasons (Figure 7). These results suggest that
coupling of the physical and biological pumps is responsible
for the maintenance of, more or less, constant oxygen levels
throughout the year in the OMZ.

[19] Sarma [2002] studied the occurrence of perennial
suboxic conditions in the Arabian Sea. The major supply of
oxygen (250 Tg yr ') to a mid-depth box in the Arabian
Sea is injected through the upper boundary (100 m) fol-
lowed by the lateral inputs between 100 and 250 m (90 Tg
yr~ ") and the flux across the lower (1000 m) boundary (52
Tg yr'). In the Bay of Bengal, on the other hand, there is
very little supply of oxygen to the subsurface layer through
vertical mixing at 100 m (42.5 Tg yr ', which is five times
lower than that of Arabian Sea probably due to inhibition of
vertical mixing in the upper layers due to low salinities) and
the major source of oxygen to the OMZ in the Bay of
Bengal is the 1000 m boundary. This is in concurrence with
the observations of Kumar and Li [1996] who found that
more than 10% of Antarctic Bottom water mass (AABW)
enters the Bay of Bengal than the Arabian Sea. Furthermore,
oxygen levels at 1000 m are higher in the Bay of Bengal
(>60 pmol kg~ ") compared to the Arabian Sea [~20 pmol
kgfl; George et al., 1994], and residence time of waters in
the OMZ is computed to be 12 years, which is higher than
in the Arabian Sea (6.5 years [Sarma, 2002]; 3—10 years
[Howell et al., 1997]; and 10 + 4 years [Olson et al., 1993]).

Table 2. Sinking Fluxes of Particulate Organic Carbon at
Northern and Central Bay of Bengal During Different Seasons®

Organic Carbon
2

Area Season Flux, g m~
Northern Bay of Bengal NE monsoon 0.51-0.73
NE-SW monsoon 0.45-0.91

SW monsoon 0.72-1.30

SW—NE monsoon 0.30-0.34

Central Bay of Bengal NE monsoon 0.72—-0.89
NE—-SW monsoon 0.45-0.64

SW monsoon 0.91-1.30

SW—NE monsoon 0.27—-0.75

% Adapted from the work of [lttekkot et al., 1991].
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Figure 8. Budget of oxygen in the suboxic waters (100—1000 m) of the Bay of Bengal (in Tg yr ).

Recently Kumar et al. [1998] found a minimum in the
concentration of transparent exopolymer particles (TEP) in
the suboxic zone of the Arabian Sea and suggested that TEP
could serve as a secondary source of carbon to the deni-
trifying bacteria. On the other hand, no such minimum is
found in the Bay of Bengal. Moreover, the percentage of
TEP harboring mineral (terrestrial or marine solid) grains
was greater (75—86%) in the Bay of Bengal than in the
Arabian Sea (33-46%). This trend is in agreement with
TEP numbers, which are higher at 500 m in the Bay of
Bengal (4400—7790 per ml) than in the Arabian Sea (130—
350 per ml) whereas the size of the TEP is smaller in the
Bay of Bengal (7—16 pm) than in the Arabian Sea (21-92
pum) [Kumar et al., 1998; Ramaiah et al., 2001]. This
suggests that TEP coagulate in the water column in the
Arabian Sea accounting for the higher concentration
whereas it gets removed efficiently from the water column
by scavenging in the Bay of Bengal [Kumar et al., 1998].
As a result of scavenging, the residence time of TEP in the
Bay of Bengal decreases, thus, they will be removed to the
sediment in the unoxidized form resulting in low oxygen
consumption rates in the water column. This may also
explain why large quantities of labile organic matter reach
the deep seafloor producing the near-bottom anamolies
observed by Broecker et al. [1980]. Furthermore, despite
high column productivity in the Arabian Sea (1064 x 10°
tonnes C yr~ 12 compared to the Bay of Bengal [394 x 10°
tonnes C yr °; Qasim, 1977] sinking fluxes of carbon at
1000 m are much higher in the Bay of Bengal [2.04—-3.59 g
C m ™2 yr '; Iitekkot et al., 1991] than in the Arabian Sea
[1.53-1.80 g C m 2 yr'; Nair et al., 1989]. This has been
attributed to scavenging of organic matter from the water
column in association with mineral particles [/ttekkot et al.,
1991]. This suggests that though bacterial counts are much

higher in the Bay of Bengal (4.3-10.45 x 10* per ml)
compared to the Arabian Sea (1.3-3.4 x 10* per ml; Kumar
et al. [1998]), the residence time of organic matter in the
water column is much smaller for complete oxidation in the
Bay of Bengal. As a result oxygen consumption rates are
much smaller in the Bay of Bengal (81 Tg yr ') than in the
Arabian Sea (458 Tg yr ).

[20] Nagvi et al. [1996] have measured oxygen consump-
tion rates using ETS activity. This method involves measur-
ing in situ maximum velocity of the dehydrogenase
transferring electrons from their physiological substrates
(NADH, NADPH, succinate) to a terminal electron acceptor
(for instance, O, or NO3) through their associated electron
transfer systems [Packard, 1969, 1971]. They found that the
maximum in ETS activity is generally observed in the
intermediate layers. Interestingly, ETS activity was found
to be higher in the Arabian Sea (10—100 neq 1~' h™") than in
the Bay of Bengal (2—50 neq 17" h™') suggesting much
lower respiration rates in the latter basin compared to former.
Nagqvi et al. [1996] converted ETS activity to oxygen con-
sumption rates and found this to be 5-35nl 17" h™' in the
Arabian Sea and 2—15nl 1" h™' in the Bay of Bengal. This
amounts to an oxygen utilization of 141-992 and 26—-200
Tgyr ', in the Arabian Sea and Bay of Bengal, respectively,
which is in broad agreement with the oxygen consumption
rate (81 Tg yr~ ') computed in the present study.

[21] The oxygen budget for the OMZ in the Bay of
Bengal is depicted in Figure 8. Based on the budget
calculations, about 81 Tg of oxygen is consumed in the
OMZ annually. Out of this, about 0.7—5 Tg yr~ ' of oxygen
is consumed during sedimentary respiration. Hence, a net
76—80.3 Tg of oxygen is utilized in the subsurface waters of
the Bay of Bengal annually. The amount of carbon dioxide
released due to decomposition of soft tissue (32—196 Tg C
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yr ') consumes 102—627 Tg of oxygen annually. Direct
oxygen consumption rates in the OMZ of the Bay of Bengal
by ETS suggest that 26—-200 Tg of oxygen is consumed
annually. The difference between consumption rates of
oxygen computed based on budget and water mass mixing
models and ETS studies could be due to inadequate knowl-
edge of spatial and seasonal variability of these rates in the
latter two estimates in the Bay of Bengal.

4. Conclusions

[22] Despite strong seasonal and spatial variability in the
productivity, the oxygen levels in the OMZ of the Bay of
Bengal are more or less constant throughout the year. Model
results revealed that physical together with biological
cycling of oxygen regulate OMZ in the Bay of Bengal.
Although sinking and river driven organic carbon fluxes are
high during the monsoon, the observed low oxygen levels
are maintained through a higher supply of oxygen from the
physical pump at that time. The oxygen consumption rates
are found to be higher during July—December, which is in
agreement with sinking fluxes at 1000 m depth. This model
results are not in close agreement with oxygen consumption
rates computed based on ETS activity and organic matter
regeneration rates due to inadequate knowledge of spatial
and seasonal variability of the latter two estimates.

[23] Acknowledgments. 1 greatly appreciate P. S. Swathi for provid-
ing vertical and horizontal velocities from the Modular Ocean Model. I
highly appreciate the WOCE working group making available their data to
enable me to do this study. I would like to thank the Director, National
Institute of Oceanography for the fellowship during preparation of this
manuscript.

References

Broecker, W. S., J. R. Toggweiller, and T. Takahashi, The Bay of Bengal:
A major nutrient source for the deep Indian Ocean, Earth Planet. Sci.
Lett., 49, 506—512, 1980.

Bryan, K., A numerical method for the study of the circulation of the world
ocean, J. Comput. Phys., 4, 347—-376, 1969.

Cai, W. J., and C. E. Reimers, Benthic oxygen flux, bottom water oxygen
concentration and core top organic carbon content in the deep Northeast
Pacific Ocean, Deep Sea Res., Part I, 42, 16811699, 1995.

Christensen, J. P., Sulfate reduction and carbon oxidation rates in continen-
tal shelf sediments, an examination of off shelf carbon transport, Cont.
Shelf Res., 9, 223 -246, 1989.

Conkright, M., S. Levitus, T. O’Brien, T. Boyer, J. Antonov, and C. Ste-
phens, World Ocean Atlas 1998 CD-ROM data set documentation,
NODC internal report, Tech. Rep. 15, 16 pp., Natl. Oceaogr. Data Cent.,
Silver Spring, Md., 1998.

de Sousa, S. N., M. D. Kumar, S. Sardessai, V. V. S. S. Sarma, and P. V.
Shirodkar, Seasonal variability in oxygen and nutrients in the central and
eastern Arabian Sea, Curr. Sci., 71, 847—851, 1996.

Devassy, V. P, P. M. A. Bhattathiri, and K. Radhakrishna, Primary produc-
tion in the Bay of Bengal during August 1977, Mahasagar, 16,443 —447,
1983.

Eppely, R. W., and B. J. Peterson, Particulate organic flux and planktonic
new production in the deep ocean, Nature, 282, 667—680, 1979.

George, M. D., M. D. Kumar, S. W. A. Naqvi, S. Banerjee, P. V. Narvekar,
S. N. de Sousa, and D. A. Jayakumar, A study of the carbon dioxide
system in the northern Indian Ocean during premonsoon, Mar. Chem., 47,
243-254, 1994.

Grant, J., F. Volkaert, and B. L. Roberts-Regan, Resuspendable organic
matter in Nova Scotian shelf and slope sediments, Cont. Shelf Res., 9,
11231128, 1987.

Howell, E. A., S. C. Doney, R. A. Fine, and D. B. Olson, Geochemical
estimates of denitrification in the Arabian Sea and the Bay of Bengal
during WOCE, Geophys. Res. Lett., 24, 2549-2552, 1997.

46 -9

Ittekkot, V., R. R. Nair, S. Honjo, V. Ramaswamy, M. Bartsch, S. Mangi-
nini, and B. N. Desai, Enhanced particle fluxes in Bay of Bengal induced
by injection of fresh water, Nature, 351, 385—-387, 1991.

Jahnke, R. A., C. E. Reimers, and D. B. Craven, Organic matter recycling at
the seafloor: Monica Basin, California, J. Mar. Res., 48, 413—-436, 1990.

Kumar, M. D., and Y. H. Li, Spreading of water masses and regeneration of
silica and 2*°Ra in the Indian Ocean, Deep Sea Res., Part I, 43, 83—110,
1996.

Kumar, M. D., S. W. A. Naqvi, M. D. George, and D. A. Jayakumar, A sink
for atmospheric carbon dioxide in the northeast Indian Ocean, J. Geo-
phys. Res., 101, 18,121-18,125, 1996.

Kumar, M. D., V. V. S. S. Sarma, N. Ramaiah, and M. Gauns, Biogeo-
chemical significance of transparent exopolymer particles in the Indian
Ocean, Geophys. Res. Lett., 25, 81 -84, 1998.

Mantoura, R. F. C., C. S. Law, N. J. P. Owens, P. H. Burkill, E. M. S.
Woodward, R. J. M. Howland, and C. A. Llewellyn, Nitrogen biogeo-
chemical cycling in the North Western Indian Ocean, Deep Sea Res., Part
11, 40, 652—-671, 1993.

Morrison, J. M., L. A. Codispoti, S. Gaurin, B. Jones, V. Manghnani, and
Z. Zheng, Seasonal variation of hydrographic and nutrient fields during
the US JGOFS Arabian Sea Process Study, Deep Sea Res., Part I, 45,
2053-2101, 1998.

Nair, R. R., V. Tttekkot, S. J. Managanin, V. Ramaswamy, B. Haake, E. T.
Degens, B. N. Desai, and S. Honjo, Increased particle flux to the deep
ocean related to monsoons, Nature, 338, 749—751, 1989.

Naqvi, S. W. A., R. J. Noronha, K. Somasundar, and R. Gupta, Seasonal
changes in the denitrification regime of the Arabian Sea, Deep Sea Res.,
37,593-611, 1990.

Nagqvi, S. W. A., R. J. Noronha, M. S. Shailaja, K. Somasundar, and R. Sen
Gupta, Some aspects of the nitrogen cycling in the Arabian Sea, in
Oceanography of the Indian Ocean, edited by B. N. Desai, pp. 285—
311, Oxford and IBH, New Delhi, 1992.

Naqvi, S. W. A., D. A. Jayakumar, M. Nair, M. D. Kumar, and M. D.
George, Nitrous oxide in the western Bay of Bengal, Mar. Chem., 47,
269-278, 1994.

Naqvi, S. W. A., M. S. Shailaja, M. D. Kumar, and R. Sen Gupta, Respira-
tion rates in subsurface waters of the northern Indian Ocean: Evidence for
low decomposition rates of organic matter within the water column in the
Bay of Bengal, Deep Sea Res., Part I, 43, 73-81, 1996.

Olson, D. B., G. L. Hitchcock, R. Fine, and B. A. Warren, Maintenance of
the low-oxygen layer in the central Arabian Sea, Deep Sea Res., Part I1,
40, 697-710, 1993.

Ostlund, H. G., R. Oleson, and R. Brescher, GEOSECS Indian Ocean
radiocarbon and tritium results, 7ritium Lab. Data Res. 9, 15 pp., Univ.
of Miami, Miami, Fla., 1980.

Pacanowski, R. C., MOM 2 documentation: User’s guide and reference
manual version 1.0, GFDL Ocean Tech. Rep. 3, Geophys. Fluid Dy-
namics Lab., Princeton, N. J., 1995. (Available at http://www.gfdl.gov)

Packard, T. T., The estimation of oxygen utilization rate in seawater from
the activity of the respiratory electron transport system in plankton, Ph.D.
thesis, 115 pp., Univ. of Washington, Seattle, 1969.

Packard, T. T., The measurement of respiratory electron transport activity in
marine phytoplankton, J. Mar. Res., 29, 235-244, 1971.

Prakash, K. P., and A. V. Raman, Primary production and phytoplankton
pigments in the southwest Bay of Bengal during December 1986, in
Proceedings of the First Workshop on Scientific Results of FORV Sagar
Sampada, Cochin, 5—7 June, 1989, edited by K. J. Mathew, pp. 55-58,
Cent. Mar. Fisheries Res. Inst., Cochin, India, 1990.

Qasim, S. Z., Biological productivity of the Indian Ocean, Indian J. Mar.
Sci., 6, 122—-137, 1977.

Radhakrishna, K., Primary productivity of the Bay of Bengal during
March—April, 1985, Indian J. Mar. Sci., 7, 58—60, 1978.

Ramaiah, N., V. V. S. S. Sarma, M. Gauns, M. D. Kumar, and M. Madhu-
pratap, Abundance and relationship of bacteria with transparent exopo-
lymer particles during the 1996 summer monsoon in the Arabian Sea,
Proc. Indian Acad. Sci. Earth Planet. Sci., 109, 443—-451, 2001.

Ramaswamy, V., and R. R. Nair, Fluxes of material in the Arabian Sea and
Bay of Bengal: Sediment trap studies, Proc. Indian Acad. Sci. Earth
Planet. Sci., 103, 189-210, 1994.

Rao, C. K., S. W. A. Naqvi, M. D. Kumar, S. D. J. Varaprasad, D. A.
Jayakumar, M. D. George, and S. Y. S. Singbal, Hydrochemistry of Bay
of Bengal: possible reasons for a different water column cycling of
carbon and nitrogen from the Arabian Sea, Mar. Chem., 47, 279-290,
1994.

Richards, F. A., Anoxic basins and fjords, in The Sea, vol. 2, edited by J. P.
Riley and G. Skirrow, pp. 26—77, Wiley, New York, 1965.

Sabine, C. L., R. M. Key, K. M. Johnson, F. J. Millero, A. Poisson, J. L.
Sarmiento, D. W. R. Wallace, and C. D. Winn, Anthropogenic CO,



46 - 10

inventory of the Indian Ocean, Global Biogeochem. Cycles, 13, 179—
198, 1999.

Sarma, V. V. S. S., An evaluation of physical and biogeochemical pro-
cesses regulating the perennial suboxic conditions in the water column of
the Arabian Sea, Global Biogeochem. Cycles, 16, doi:10.1029/
2001GB001461, in press, 2002.

Sarma, V. V. S. S., and P. V. Narvekar, A study on inorganic carbon
components in the Andaman Sea during post monsoon, Oceanol. Acta,
24, 125-134, 2001.

Seetharamaswamy, A., Some aspects of the sediments off the Krishna Delta
and Nizampatnam Bay, east coast of India, Bull. Natl. Inst. Sci. India, 38,
428-435, 1968.

Sen Gupta, R., and S. W. A. Naqvi, Chemical oceanography of the Indian
Ocean, north of the equator, Deep Sea Res., 31, 671-706, 1984.

Shetye, S. R., The movement and implications of the Ganges-Brahmaputra
runoff on entering the Bay of Bengal, Curr. Sci., 64, 32—38, 1993.

Suess, E., Particulate organic carbon flux in the oceans: Surface productiv-
ity and oxygen utilization, Nature, 288, 260—263, 1980.

Swathi, P. S., M. K. Sharada, and K. S. Yajnik, A coupled physical-biolo-
gical-chemical model for the Indian Ocean, Proc. Indian Acad. Sci.,
Earth Planet. Sci., 109, 452—465, 2001.

United Nations Educational, Scientific, and Cultural Organization (UNES-
CO), Discharge of Selected Rivers of the World, vol. 1, Paris, 1969.

United Nations Educational, Scientific, and Cultural Organization (UNES-
CO), Discharge of Selected Rivers of the World, vol. 2, Paris, 1971a.

United Nations Educational, Scientific, and Cultural Organization (UNES-
CO), Discharge of Selected Rivers of the World, vol. 3, Paris, 1971b.

SARMA: PHYSICAL AND BIOGEOCHEMICAL PROCESSES REGULATING THE OMZ

Varkey, M. J., V. S. N. Murty, and A. Suryanarayana, Physical oceanogra-
phy of the Bay of Bengal and Andaman Sea, Oceanogr. Mar. Biol., 34,
1-70, 1996.

Venkatratnam, K., Studies on the sediments of the continental shelf off the
regions-Visakhapatnam-Pudimadaka and Pulicat Lake-Pennar River con-
fluence along east coast of India, Bull. Natl. Inst. Sci. India, 38, 472—
482, 1968.

Walsh, J. J., Importance of continental margins in the marine biogeochem-
ical cycling of carbon and nitrogen, Nature, 350, 53—55, 1991.

Walsh, J. J., E. T. Premuzic, J. S. Gaffaey, G. T. Rowe, G. Harbottle, R. T.
W. Stoenner, W. L. Balsam, P. R. Betzer, and S. A. Macko, Organic
storage of CO, on the continental slope off the Mid-Atlantic Bight, the
southwest Bering Sea, and the Peru coast, Deep Sea Res., 32, 853—883,
1985.

Warren, B. A., Tansindian hydrographic section at Lat. 18°S: property and
circulation in the South Indian Ocean, Deep Sea Res., 28, 759788,
1981.

Wyrtki, K., Oceanographic Atlas of the International Indian Ocean Expedi-
tion, 531 pp., Natl. Sci. Found., Washington, D. C., 1971.

Wyrtki, K., Physical oceanography of the Indian Ocean, in The Biology of
the Indian Ocean, edited by B. Zeitzschel, pp. 18—36, Springer-Verlag,
New York, 1973.

V. V. S. S. Sarma, National Institute of Oceanography, Dona Paula 403
004, Goa, India. (sarma@ihas.nagoya-u.ac.jp)



