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Biogeochemistry of the Arabian Sea: Present information and gaps
This special volume deals with selected topics relating to biogeochemical processes
in the Arabian Sea. These articles were solicited from experts with a view to bringing
together a critical mass of information about these processes, specially those which
have been highlighted from recent studies in the Arabian Sea and in the equatorial
Indian Ocean, and are relevant to the JGOFS (Joint Global Flux Study) program
in the Arabian Sea. The biogeochemical processes are known to be very complex
and the international JGOFS program, by virtue of its comprehensive, multinational
and multidisciplinary approach should hopefully both define and resolve several of
the key issues and concepts. The Indian scientific community ~attaches great scientific
value to the focussed experiments planned under the international JGOFS program
in the Arabian Sea. Realizing this, Professor V. K. Gaur, Chief Editor asked me to
prepare a special publication on this topic in early 1994. The process of bringing
out a scientific volume in itself is quite complex (and unpredictable) since it depends
on human dynamics on the one hand, and the creative process of.scientific erfquiry
on the other. The result, namely this volume, is delayed by more than about half-a-year,
and even as this volume goes to press, the Arabian Sea JGOFS is already underway
with active programs planned during 1994-1996 (Smith 1993). The Netherlands had
a series of cruises to the region during June 1992-April 1993. The first Indian JGOFS
expedition took place in May 1994 aboard the research vessel OR/V Sagar Kanya
with participation by scientists from the National Institute of Oceanography, the
Physical Research Laboratory and the National Chemical Laboratory. The program
envisages sampling the Arabian Sea during four seasons (pre-monsoon, monsoon,
p0st-monsoon, and N - E monsoon) of 1994-95, with an emphasis on (i) measurements
of the spatial and temporal variability in the primary and new production rates, and
their influence on the export fluxes of carbon, CO2 air-sea exchange balance and in
the maintenance of t h e denitrification layer, (ii) burial fluxes of carbon and other
biogenic elements in the margin sediments and their paleofluxes, (iii) tl~e use of U-Th
series nuclides as proxy to study particle scavenging processes in the water column,
and (iv) the role of mesoscale eddies.
In the framework of its goals and emphasis, JGOFS considered it ~ittractive to
study carbon cycle processes in the Arabian Sea. This was considered important for
several reasons: (i) the Arabian Sea provides an opportunity to study carbon
production and transformation processes in a basin, driven by strong physical forcing
which has varied significantly in the past during glacial and interglacial periods, (ii)
the carbon (and nitrogen) cycle process studies in Arabian Sea should hopefully
provide insights into the extremes related to the strong and alternating forcing
associated with the Indian monsoon, resulting in significant cyclic changes in
biological productivity, vertical fluxes of carbon and ocean chemistry, and (iii) these
studies may help to establish linkages between known climatic changes in the Arabian
Sea region with the carbon cycle paleo-record, by simulating physical forcing using
general circulation models. The peculiarities that differentiate the Arabian Sea from
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other oceanic areas essentially arise from its unusual geographical setting which has
tremendous impact on its climate, resulting in the well-known annual reversals in
the atmospheric and upper ocean circulations. This, in turn, leads to the largest
variability in many surface water properties observed anywhere in the world oceans
and also large geographical changes due to the asymmetry of the physical forcing
over the Arabian Sea. Thus the Arabian Sea experiences spectacular changes, both
in space and time. Further this region contains several diverse biogeochemical
provinces packed up within a rather small area. For example, intense upwelling results
in very high levels of biological production in the western Arabian Sea both in the
coastal waters off Somalia and Arabia and in the open ocean northwest of the
Findlater jet during the southwest monsoon. During other periods, however, the same
region is almost oligotrophic. Even during the southwest monsoon period,
oligotrophic conditions prevail in the central Arabian Sea southeast of the Findlater
jet. This high degree of cyclicity in the biological production and the closeness of the
oligotrophic and eutrophic environments makes the exchanges of carbon and other
biogenic elements between various reservoirs markedly different from other parts of
the oceans.
Very high rates of new production sustained by upwdling and vertical mixing
ensure exports of large quantities of organic matter to the deep sea. This contributes
significantly to an almost complete depletion of dissolved oxygen within a large body
of intermediate waters, affecting the transformations of several elements including
carbon and nitrogen. This is one of the most important aspects of the oceanography
of the Arabian Sea which makes biogeochemical cycling of this region globally
significant. The low oxygen levels in conjunction with high terrigenous inputs may
lead to a smaller rate of decay of particulate organic carbon (POC) within the water
column and therefore greater flux to the sediments as compared to the other regions.
This may cause large benthic flUXeS which may in turn account for the unique near
bottom anomalies in concentrations of several elements including nutrients, oxygen
and trace metals.
Several of the key carbon cycle parameters of the Arabian Sea are as yet poorly
understood. For example, it is not known whether the Arabian Sea is a sink for
atmospheric carbon dioxide (because of its high rates of primary productivity and
large accumulation rates of carbon in sediments), or a source via outgassing of deep
FIGURE C A P T I O N
Distribution of phytoplankton pigment in the upper layer of the Arabian Sea and,conceptual
model of carbon flux to the bottom.
I n c o l o r - Median pigment concentrations (mg m-3), August-November 1978-85, from the
NIMBUS-7 Coastal Zone Color Scanner. Individual monthly mean images from NASA's
Global Data Set (Level-3 product) were combined to create the medians for the four calendar
months. The equator is the lower edge of the figure (DC English, University of Washington,
Seattle, WA, USA).
Inset - Conceptual model of carbon flux from the atmosphere to the deep-sea bottom, with
production and consumption of organic matter in the surface box and settling (with
consumption) through a representative intermediate box. Total depth, 3-4 kin; depth of each
box, 100-200 m (not drawn to scale). Open arrows, gas exchange;heavilyshaded curved arrows,
production with consumption (recycling)within boxes; vertical lightly shaded arrows, transport
by settling. Width of arrows suggests flux per unit time. Horizontal solid arrows, water
movement and turbulent diffusion; vertical physical terms omitted (K Banse, University of
Washington, Seattle, WA, USA).
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CO2 rich waters brought to the surface by upwelling. Upwelling and vertical mixing
also result in high rates of pumping of greenhouse gases such as carbon dioxide, nitrous
oxide and methane, and consequently the Arabian Sea is also a very significant source
of these gases for the atmosphere.
Finally, the proximity of the landmass makes the biology and chemistry of the
Arabian Sea quite susceptible to continental influences both through fluvial and
atmospheric inputs of trace metal, nutrients and other elements that can affect ocean
productivity and climate.
Our lack of understanding of the basic biogeocbemical processes in the Arabian
Sea is only partly linked with the fact that comprehensive studies of this basin began
only about 30 years ago when the international scientific community conducted
oceanographic surveys in the Indian Ocean and adjacent seas. During this period,
the Indian scientists, in particular from the National Institute of Oceanography
(NIO), Goa and the India Meteorological Department, have also been very active
in pursuing a wide range of physical, chemical and biological studies, specifically
relating to the Indian monsoon, biological production, fisheries and mineral resources.
Two special symposia were organized in January 1991 and August 1992 and the
papers presented at these symposia have appeared in a book (Desai 1992) and in
Deep Sea Research (401I, 643-849, 1993). It is however to be noted here that even if
these studies had been ongoing earlier, the enigmatic problems relating to the Arabian
Sea mentioned above would still have been with us. The principal reason for this is
the fact that the biogeochemical processes are indeed very complex and we have just
begun to understand the nature of the processes involved. We do not even know
whether we have today the proper mix of essential techniques which must be used
to delineate even the processes emphasized by JGOFS:
9 To determine and understand on a global scale the processes controlling the timevarying fluxes of carbon and associated biogenir elements in the ocean, and to
evaluate the related exchanges with the atmosphere, sea-floor amd continental
boundaries.
9 To develop a capacity to predict on a global scale the response of the biogeochemical processes to anthropogenic perturbations, in particular those related to
climatic change.
These apparently simple questions represent a whole suite of nested processes
which are sensitive to the chemistry of the oceans, and a large number of factors
related to biological production. Consequently the processes exhibit a high degree
of temporal variability even in a given location. Even if one succeeds today in
measuring the carbon production rates and fluxes at a given location, it does not
follow that one can predict the variability at the site arising from different physical
forcing associated with climatic changes.
The following which is a brief account of the scientific emphasis of the papers
in this volume, would underscore the multi-disciplinary and wide ranging
approaches which become necessary to understand the biogeochemical processes.
A comprehensive overview of the physical oceanography of the Arabian Sea is
presented by Shetye, Gouveia and Shenoi. The dramatic seasonally varying monsoonrelated physical forcing seems to predominantly determine the mixed layer dynamics
and circulation including that at depth. In addition to the local forcing, there is also
a possibility that coastal circulation in the eastern Arabian Sea may be strongly
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influenced by Rossby waves radiated from Kelvin waves along the west coast of
India.
As outlined above, the diverse biogeochemical regimes found in the Arabian Sea
provide perhaps the best sites for investigating various pathways of carbon transformations. A number of papers included in this volume should help generate a
better understanding of these transformations. A detailed synthesis of the available
information concerning the production, downward transport and consumption of
organic matter is made by Banse by utilizing wide ranging multi-disciplinary data
from the Arabian Sea and comparing them with observations made elsewhere in the
oceans. While supporting the intriguing insufficiency of the sinking POC flux in
meeting the organic carbon demand at mid-depths, notwithstanding the uncertainties
in rates of both primary productivity and subsurface respiration, Banse's evaluation
highlights the major gaps in our knowledge of biogeochemical cycling in the Arabian
Sea. These include a poor understanding of the relationship between primary
productivity and the sinking POC flux. This itself is related to several unknowns
such as the relative importance of production within the mixed layer and within the
deep chlorophyll maximum layer, and the role of different food webs in determining
carbon exports from the surface layer. A possibility suggested by Banse is that the
diurnal migration of myctophids may play an important role in the downward
transport of organic matter to a depth of a few hundred meters. This problem is also
addressed in a paper discussing the influence of bacteria on carbon flux pathways in
the Arabian Sea by Azam, Steward, Smith and Dueklow. In this paper they discuss
the involvement of bacteria in the aggregation and solubilization of particulate organic
matter and how these processes may affect carbon cycling under the unique conditions
found in the Arabian Sea. In addition, they hypothesize that the paradoxical excess
of carbon demand in the mesopelagic zone relative to the supply from the sinking
flux may be balanced by consumption of a reservoir of slow-to-degrade DOC. They
propose that this DOC acts as an energy buffer by accumulating in surface waters
during bloom conditions. Because it is slow-to-degrade, it can be consumed at other
times and places, such as during oligotrophic periods in surface waters and in deeper
waters where it may be injected as a result of pycnocline shoaling. Two papers provide
insights through modelling into biological processes and their interactions with the
physical and chemical processes. Brock, Sathyendranath and Platt make seasonal
basin-scale simulations of the mixed layer primary production by combining surface
light and photosynthesis-irradiance models. They have shown that the mixed layer
primary production is highly seasonal and reaches peak values during the southwest
monsoon. Sathyendranath and Platt examine the coupling between physical and
biological processes and its effects on carbon exports from the euphotic zone
associated with the biological pump. Their study emphasizes that our understanding
of the biogeochemical cycles in the Arabian Sea will be incomplete if due attention
is not paid to the spatial distribution of parameters which determine plankton growth
and their response to environmental parameters.
Deployment of sediment traps at six sites in the northern Indian Ocean--three
each in the Arabian Sea and in the Bay of Bengal, have led to the generation of
nearly continuous records of fluxes of particulate material to the deep sea since 1986
and 1987, respectively. Results of these experiments, summarized by Ramaswamy and
Nair, reveal a strong variability in the particle fluxes associated with monsoons, and
also appreciable interannual changes. High particle fluxes to the deep Arabian Sea
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during the southwest and northeast monsoons appear to be caused by upwelling or
wind-induced nutrient pumping to the euphotic zone. In the Bay of Bengal, one
observes a correlation between the particle fluxes and the freshwater discharge from
the Ganges-Brahmaputra system. An intriguing aspect of the sediment trap data is
that the regional changes in the annually averaged POC fluxes are smaller than
expected from primary productivity. Also, the decay of sinking POC flux with depth
may be slower than in most other areas. Finally, the particle fluxes, particularly the
organic carbon flux, are generally higher in the Bay of Bengal, in spite of the much
lower productivity. This has been suggested to be linked to greater inputs of lithogenic
matter which may favor the formation of particle aggregates leading to rapid transport
of organic matter to the deep sea. The proposed link between lithogenic inputs and
the efficiency of the biological pump is of considerable relevance to JGOFS and
should be investigated in detail.
The large inputs of terrigenous matter, both fluvial and aeolian, to the northern
Indian Ocean in conjunction with high biological production appear to offer sites for
very intense scavenging of reactive trace metals from the water column. This is
demonstrated by Sarin, Rengarajan and Somayajulu, who present results of extensive
measurements of the activity ratios Z34Th/23sU, 21~176
and 2t~
in
waters of both the Arabian Sea and the Bay of Bengal. Their measurements reveal
that the disequilibria between these radionuclides are much more pronounced
compared to that observed elsewhere. These results have important implications for
cycling of other trace metals, as discussed by Saager who provides an exhaustive
review of the work on several trace metals in the Indian Ocean. Thus the trace
elements which are particle reactive and are regenerated at depths show anomalous
enrichment in the near bottom waters as was found in the case of Ni, Zn, Ba and
Z26Ra. The redox sensitive metals such as Ce, Mn and Fe, on the other hand, show
dissolution of Fe and Mn from particulate matter. Interestingly, the greatest Mn
enrichment occurs outside the denitrification zone. The reasons for the decoupling
of Mn and nitrogen cycles are not clear, but it does appear that the lateral inputs of
Mn mobilized within the reducing sediments of the continental margin may be
important.
Owing to the prevalence of near-zero oxygen levels within a thick layer at
mid-depths, the bacteria utilize nitrate as an oxidant for the decomposition of organic
matter, generating molecular nitrogen through a series of reductive steps. This process
(denitrification) is dealt with in detail by Naqvi. It is shown that denitrification in
the Arabian Sea cannot be fueled solely by the organic carbon supply of organic
matter in dissolved or suspended form required to meet the high demand within
the oxygen minimum zone. Although denitrification has been shown to be associated
with a subsurface turbidity maximum, the available evidence suggests that the
intermediate nepheloid layer is probably not formed through resuspension of particles
along the continental shelf/slope. Naqvi suggests that the turbidity maximum may
be generated by a proliferation of denitrifying bacteria which appear to utilize DOC
efficiently under reducing conditions. This issue is of considerable relevance to JGOFS
and needs further attention.
It had long been believed that the occurrence of oxygen-deficient conditions in
the Arabian Sea was mainly due to a sluggish subsurface circulation resulting from
the semi-enclosed nature of the basin. However, recent estimates of renewal time
utilizing chemical (nitrogen and freons) and enzymatic (ETS activity) measurements
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have revealed that the oxygen-poor waters may actually be renewed very rapidly, on
time scales of a few years if not months. Warren discusses the factors that lead to
creation of suboxic conditions in the Arabian Sea by evaluating the relative roles of
subsurface respiration and renewal processes. He suggests that wind forcing could
result in separate circulations in the northern and southern parts of the Arabian Sea,
but the suboxic zone still receives modest inputs of intermediate waters, both of the
southern origin and those formed in the marginal seas. However, the oxygen supply
is not proportionately large as the waters responsible for renewal do not have high
oxygen contents. This coupled with moderately high respiration rates is responsible
for the nearly complete depletion observed within the main thermocline. He also
argues that inspite of the high biological productivity the respiration rates are not
exorbitantly high because the export of organic carbon from the surface layer may
be relatively small. However, it may be pointed out that there are two observations
that may appear mutually contradictory, but these may actually be related to each
other. First, large quantities of 'fresh' organic carbon do seem to reach the deep sea
and so the organic carbon flux may not be that small and second, the respiration
rates are not extraordinarily large except when the denitrification sets in. Thus, there
is a distinct possibility that the respiration fueled by POC within the low oxygen
zone may not be high as compared to that fueled by DOC under reducing conditions.
Further work, including both experimental and field studies, is clearly required to
test this hypothesis.
The quick renewal of the oxygen-depleted waters and the observed short-term
changes in the mid-depth water composition point to a delicately poised
biogeochemical balance, marking the Arabian Sea susceptible to potential
anthropogenic perturbations. In order to develop models for predicting the potential
response of the intermediate-depth reducing environment to climate change, it would
be useful to reconstruct the changes in the past in response to natural climatic change
(e.g. monsoon variability) by examining the sedimentary record. Following this
strategy, Somayajulu, Yadav and S~in infer changes in redox conditions at four sites
in the northeastern Arabian Sea using the redox sensitive elements, Fe, Mn and U
and also organic carbon and calcium carbonate contents in sediment cores dated by
the Pb-210 method. Their results show that strongly reducing conditions prevailed at
~ 300 m (close to the core of the denitrifying layer) throughout the last ~ 700 years
studied. However, reducing conditions could have been more severe prior to ~ 200 yr.
B.P. as inferred from the prevalence of anoxia in a deeper ( ~ 2.5 km) core probably
due to higher primary productivity. More work of this type is required to investigate
the geographical and temporal changes in the intensity of the oxygen minimum and
relate them to monsoonal variability. Finally, the paper by Chakraborty, Ramesh
and Krishn~wami presents a good discussion of the CO2 exchange fluxes between
air and sea. These authors studied the time histories of bomb 1'C in surface waters of
the Gulf of Kutch, and in the atmosphere using corals and tree tings respectively as
recorders.
Studies of marine nutrient dynamics and processes have long been understood to
be complex, involving a strong interplay between physical, chemical and biological
processes. Progress in this field has been very slow, marked with sporadic jumps in
our knowledge and dictated primarily by two factors: realization of the importance of
key processes and the availability of suitable techniques to study the processes. Another
factor contributing to rapid growth in this field is the acquisition of useful data
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through global scale coordinated efforts, using the presently available state-of-the-art
techniques. The international Joint Global Oceanic Flux Study of carbon through
the oceanic water column has brought international awareness to the importance of
this study, and will no doubt lead to a considerable growth in our understanding of
biological cycles of carbon nitrogen and other nutrients. Nevertheless, it is quite
obvious that mere measurements of carbon flux at a large number of stations,
howsoever globally representative, will not address the principal question of carbon
export through the oceanic column and its dependence on climate, unless the basic
processes are well understood. Some oceanic regions are more instructive than others
in respect to revealing the nature of basic processes. The U.S. JGOFS studies in the
equatorial Pacific Ocean (EqPac) have, for example, proved very exciting, bringing
forth many surprises and highlighting the over-riding importance of some physical
processes (Murray et al 1993). The U.S. EqPac observations could be directly related
to physical forcing since data were available on winds, currents and temperatures in
the equatorial Pacific during the fieldwork period as a result of TOGA's
(Tropical/Global Atmosphere) moored TAO arrays. The TOGA/TAO data show
that during 1991/92, El Nirio was the result of four specific wind events occurring
west of the dateline, which stimulated eastward-propagating downwelling Kelvin
waves, depressing the thermocline. Some of the observations presented puzzles, for
example warm water (28.5~ upwelled during the spring cruises was also relatively
rich in nutrients (nitrate levels up to 4 #M). The origin of this water is still unclear
(Murray et al 1993), but could be related to the easterly winds which were still strong
in April, and the depressed thermocline (> 100 m).
It remains to be seen what surprises and lessons will be forthcoming from the
JGOFS cruises to the Arabian Sea which has several attractive features, outlined
earlier.
I am grateful to Drs S Krishnaswami, S W A Naqvi and B L K Somayajulu for
valuable discussions, suggestions and help at various stages during the preparation
of this summary and also the volume. I would like to express my thanks to Dr Hugh
Ducklow, JGOFS Core Project Officer for providing information on the JGOFS
Arabian Sea field program.
Finally, I am most thankful to all the contributors for taking time off to present
in-depth and state-of-the-art reviews.

D. Lal (Guest Editor),
Scripps Institution of Oceanography,
Geological Research Division,
La Jolla, CA 92093-0220, USA
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