VARIABILITY IN FORMS AND FLUXES OF
CARBON DIOXIDE IN THE ARABIAN SEA

Thesis submitted for the degree of |

DOCTOR OF PHILOSOPHY
n

MARINE SCIENCE

to the e
GOAUNIVERSITY — Soeds 74 .92
SAR VAR
. -} 56

V.V.S.S. Sarma

National Institute of Oceanography
Dona Paula - 403 004, Goa, India

December 1998



CERTIFICATE

This is to certify that the thesis entitlied “VARIABILITY IN FORMS AND
FLUXES OF CARBON DIOXIDE IN THE ARABIAN SEA”, submitted by Mr.
V.V.S.S. Sarma for the award of the degree of Doctor of Philosophy in Marine
Science is based on his original studies carried out by him under my
supervision. The thesis or any part thereof has not been previously submitted

for any other degree or diploma in any universities or institutions.

,;wf?{:}_‘::.‘lﬁ\' m/ %/J Q./\,«,Q?

. =.. Dr. M. DILEEP KUMAR

)

Place: Dona Pau

Date: -~ ™/ Research Guide,
s 2 ScientistE |
D). ¢ Chemical Oceanography Division
" National Institute of Oceanography
Dona Paula - 403 004, Goa.
"

) . . -une
DEPI®TwEN" INF TEIFNGE

Kt ff)\h’:dﬂ_“,r
GOa UNIVERSITY.



STATEMENT

As required under the University ordinance 0.19.8 (vi), | state that the
present thesis entited “VARIABILITY IN FORMS AND FLUXES OF
CARBON DIOXIDE IN THE ARABIAN SEA” is my original contribution
and the same has not been submitted on any previous occasion. To the
best of my knowledgem the present study is the first comprehensive work

of its kind from the area mentioned.

The literature related to the problem investigated has been cited. Due
acknowledgments have been made wherever facilities and suggestions

have been availed of.

USSEh6

V.V.S.S. SARMA



Yo

Ty Parents



INDEX

A. Acknowledgements
B. Preface

Chapter 1. Introduction

1.1. Carbon in the earth system

1.2. Carbon cycle in oceans

1.3. Significance of northern Indian Ocean

1.4. Significance of Study Area - The Arabian Sea

1.5. Carbon dynamics in the Arabian Sea - State of the Art
1.6. Importance and objectives of the present study

Chapter 2. Material and Methods
2.1. Sample collection

2.11. Oceanic expeditions
2.1.2. Estuarine expeditions

2.2. Methodology - Experimental
2.2.1. Salinity and temperature
2.2.2. Dissolved oxygen
2.2.3. Nutrients
2.2.3.1. Nitrite, Nitrate
2.2.3.2. Silicate
2.2.3.3. Phosphate
2.2.4. pH and Total Alkalinity

2241 pH
2.2.4.2. Total alkalinity

2.2.5. Total Carbon dioxide

2.2.6. Dissolved Organic Carbon

2.2.7. Transparent Exopolymet Particles

2.2.8. pCO; underway measurements
2.3. Methodology - Computations

2.3.1. Oxygen Utilization and Nitrate Deficits

2.3.1.1. Apparent Oxygen Utilization (AQU)
2.3.1.2. Nitrate deficit (ON)

N

16
20

24
25

28
30

31
32
32

33
34

36
39
40
42

45
46



Chapter 3.
3.1
32

33.
34.

3.5.
Chapter 4.

4.1

4.2.

43.

44.

2.3.2. Carbon components

2.3.2.1. pH conversion from free ion scale to Total scale

2.3.2.2. Carbonic acid constants

2.3.3. Solubility of carbon dioxide

2.3.4. Carbonate saturation

2.3.5. Air-sea fluxes

2.3.5. Quantification of regenrated carbon

2.3.6.1. Based on Redfield Ratio
2.3.6.2. Based on Kroopnick’s formulations

Hydrographic Features
Introduction

Northeast monsoon
Inter-monsoon (Pre-SW monsoon)

Southwest monsoon

3.4.1. Central Arabian Sea
3.4.2. Coastal waters of western India

Late SW-monsoon

Variability in inorganic forms of carbon

. Variability in pHr

4.1.1. Meridional variability in pH t
4.1.2. Zonal variability in pHr

Variability in Total Alkalinity

4.2.1. Meridional variability in Total Alkalinity
4.2.2. Zonal variability in Total Alkalinity

Variability in total carbon dioxide

4.3.1. Meridional variability in total carbon dioxide

4 3.2. Zonal variability in total carbon dioxide

4.3 3. Variations in total carbon dioxide along the coast

Variability in partial pressure of carbon dioxide

4.4.1. Meridional variability in partial pressure of

carbon dioxide
442 Zonal variability in partial pressure of

47
50

51

52
53

55
55

57
59
66

71
76

81

83

86
88

92

95
97

103
104
107
111

114

115



carbon dioxide

4.43. Variations in partial pressure of carbon dioxide
along the coast

4.5. Carbonate solubility
4.6. Variability in regenerated carbon dioxide

4.6.1. Redfield ratio method
4.6.2. Kroopnick’s method

Chapter 5. Dynamics of Organic Carbon

5.1 Variability in organic carbon
5.2. Organic carbon relations

Chapter 6. Air-Sea fluxes of carbon dioxide
6.1. Variability in surface pCO; in the Arabian Sea

6.1.1. SW monsoon
6.1.2. NE monsoon

6.1.3. Inter-monsoon (Pre SW-monsoon)

6.2. Control of surface pCO; in the Arabian Sea

6.2.1. Controlling factors from relations
6.2.2. A one-dimensional model

6.2.2.1. The model

6.2.2.2. Biological effect on fCO, variations
6.2.2.3. Mixing effect on fCO, variations

6.2.2.4. Effect of air-sea exchange

6.2.2.5. Thermodynamic effect on fCO; variations

6.3. Variability in air-sea fluxes

6.3.1. SW monsoon

6.3.2. NE monsoon

6.3.3. Inter-monsoon

6.3.4. Late SW-monsoon

6.3.5. Inter-annual variations (SW monsoon of 1995 &
1996; NE monsoon of 1995 & 1997 and Inter-
monsoon of 1994 & 1996.

6.4. Fluxes from the Northern Indian Ocean

116

119

120
124

125
126

130
136

142

143
145
148

149
149
154
155
158
158
159
161
162
164

165
166

166

169



7. Carbon Budgets

7.1. Computations 175
7.2. Water and carbon fluxes 175
7.3. Cycling of carbon 177

8. Behaviour of carbon dioxide components in estuaries

8.1. Behaviour of pH in the Mandovi-Zuari estuarine complex 181
8.1.1. Field measurements on behaviour of pH 182
8.1.2. Laboratory experiments 183
8.1.2.1. Behaviour of pH during simple mixing of river
and sea waters. 184
8.1.2.2. Influence of soils 186

8.1.3. Effect of interaction with soil on pH of estuarine
waters - 187

8.1.4. Effect of Dissolved Organic Carbon leading from soils 187

8.2. Behaviour of TCO; 189
8.3. Variations in pCO, 191
8.4. Air-Sea fluxes in estuaries. 192
Chapter 9 Summary and Conclusions 194

References



ACKNOWLEDGEMENTS

Ever since I started my research career, there are numerous people who are my friends
and well wishers whose generous support helped me to reach my goal. I have a great
pleasure to acknowledge the following colleagues and individuals involved with this
work or otherwise helped in consolidating my research persuit.

I have no words to express my deep sense of gratitude to Dr. M. Dileep Kumar, my
Research Guide. It is only his encouragement, inspiration and help that has made me
carry out this work. Since beginning of my research career, he never failed to share his
interests in new adventures in science. He provided a working environment in such a way,
I felt free to work, think and grow. It is an ideal atmosphere for any researcher to brighten
his research career. I take this opportunity to express indebtedness and respect to him.
My interaction has not ended with him and has extended to his family members and their
affection is highly appreciable.

Dr. S.W.A. Nagqvi, Assistant Director, Chemical Oceanography Division, N.I.O. for his
constant encouragement and valued guidance in my work. Thanks are also due to his
valuable and critical assessment of the thesis in amazingly short time. This kind help qnd
support that enabled me to get trained at CEREGE, France on Mass spectrophotometer
and also all through my career so far, are highly acknowledged.

My gratitude to Dr. E. Desa, Director, National Institute of Oceanography, Goa for his
kind encouragement, moral support and providing necessary infracture facilities and
award of fellowship under Joint Global Ocean Flux Study programme (JGOFS - Arabian
Sea. I also thank Dr. S.Y.S. Singbal, Head, Chemical Oceanography, for support and
encouragement.

I am indebted to the Department of Ocean Development for supporting me with a
Reseach Fellowship under the national programme, JGOFS. With this financial aid I
could complete this task. I particularly take this opportunity to thank Drs. B.N.
Krishnamurthy and K. Somasundar of DOD, New Delhi.

Thanks are also due to JGOFS namely Drs. S.N. de Sousa, M.D. George, S. Sardessai,
P.V. Narvekar, M.S. Shailaja, P.V. Shirodkar, Ch. Kesava Rao and Mr. D.A.
Jayakumar, Chemical Oceanography, M. Madhupratap, P.M.A. Bhattathiri, N.
Ramaiah, S. Raghu Kumar and Lata Raghu Kumar from Biological Oceanography,
S. Prasanna Kumar, P.M. Muraleedharan, V.S.N. Murty, Y.V.B. Sarma and Mr.
Almeida, from Physical Oceanography and V. Ramaswamy and Mr. Fernando, from
Geological Oceanography, for their help during cruises and allowing me to use their
unpublished data. The discussions made with them, have been exciting and greatly
helped me.



Prof. S. Krishnaswami is highly appreciated for his excellent leadership to JGOFS
group. Just before SK121 cruise, our Coulometer developed a problem. Dr. M. Sarin,
Physical Research Laboratory is highly appreciated for his great help by providing their
Coulometer.

I am greateful to Dr. Catherine Goyet, Woods Hole Oceanographic Institution (WHOI),
USA for providing underway pCO2 measurement system for continuous pCO,
measurements in the Arabian Sea and Bay of Bengal and allowed to me utilize the data in
my thesis. She offered several helpful discussions at different stages of this work and I
acknowledge the same. Mr. Greg Eischeid of WHOI is highly appreciated for the
training offered and technical support provided to utilize underway surface pCO; analyzer
and in processing the raw data sets.

Thanks are due to Dr. Ferial Louanchi and Dr. Nicolas Metzl, Universite de Marie et
Currie, Paris, France for helpful discussions especially when I used their model in
chapter 6.

My thanks are also due to Dr. Richard Sampere, Universite de Luminy, Dr. Gus
Cauwet of France and Dr. Edward Peltzer, MBARI, USA for their help in the
discussions.

I learned the fundamentals and new frontiers in paleoceanography at CEREGE, France
and my sincere thanks are to Prof. Edouard Bard, Prof. Bruno Hamlein and Mrs.
Frauke Rostek whose expertise helped me to learn much about the subject.

My sincere thanks also goes to my best friend Dr. Damien Cardinal, France for his help
and suggestions during his stay in India and as well as my stay in France.

I would like to thank Profs. D. Satyanarayana, N.S. Sarma and Dr. I.M. Rao, Andhra
University, Visakhapatnam for their encouragement.

My thanks also goes to Profs. U.M.X. Sangodkar, G.N. Naik, Drs. M. Vishnu Murty,
and Upadyaya Goa University, Goa for their encourage and help provided at several
stages of my work.

I would like to acknowledge Mr.Louis and Mr. V.N. Choadankar from NIO workshop
who helped me to prepare semi-automated coulometer sampling system. My thanks also
goes to Mr. Rajaram Patil, H.S. Dalvi, Fotu Gauns and M.J.M. Gilbert for their
secretarial and laboratory assistance.

I greatly acknowledge Mr. E.P. Rama Rao and Vishwa Kiran their help during my stay
in hostel (especially good dinners!!) and at several stages of this work.

My special thanks also due to my friend Mr. Mangesh Gauns for his help during cruises
and in laboratory.



[ greatly appreciate the friendship, goodwill and support of my best friends Ms. Chanda
Nasnolkar, Vibha Salkar and Jyoti Borkar and their help during cruises also highly
appreciated.

[ appreciate my friends and colleagues Damodar Shenoy, Hema Naik, Patil, Bhaskar,
Thamban, Balakrishna Nair, Mishra, Subodh and many others at the National Institute
of Oceanography, Goa.

Last but not least, I am indebted to my parents but for whom I would not have been
existing. Their unending love and unrelented support and guidance only moulded me to
what I am today. I find no appropriate words to express my feeling and gratitude to them.
[ am sure they do not expect this from me either. So affectiionate and dedicated they are.
However, I am elated and proud to write these few words. My appreciation also goes to
all my family members and friends back home in Andhra Pradesh.

V.V.S.S.SARMA



PREFACE

The northern Indian Ocean is different from other oceanic areas in terms of its
geographical setting and circulation patterns. The Indian subcontinent splits the
region into two contrasting hydrographical regimes. The Arabian Sea occupies the
area bounded by the African and Asian landmasses in the west and north, the Indian
subcontinent and the Maldives in the east and the main Indian Ocean in the south. The
Arabian Sea is characterised by strong, seasonal oscillations in biological productivity
forced by winds. The wind, which is the key to physical forcing in the basin, blows
from the northeast during winter (December to February) also known as the NE
(Northeast) monsoon. The wind, however, blows in the reverse direction during the
SW (Southwest) monsoon (June-September). Inter-monsoon transitions occur during
October-November and March-May. Monsoonal coupling between atmosphere and
ocean is vigorous and the seasonal shift in wind pattern causes semi-annual reversal of
surface currents in the Arabian Sea. This gives rise to the greatest seasonal variations

in surface water characteristics seen in any ocean basin.

In addition to the temporal variations, considerable spatial variations also occur.
Strong gradients in biogeochemical processes in the pelagic zone are created by the
asymmetric effects of the monsoon within the basin. Upwelling occurs in a few
coastal zones of the Arabian Sea, along the Somali and Omani coasts besides the
~ Southwest coast of India. This is driven by offshore Ekman transport of surface water
under the influence of winds parallel to the coast. Upwelling is most pronounced off

the coasts of Oman and Somalia while comparatively weaker upwelling has been



off the Southwest coast of India. During the SW monsoon, a narrow, low-level,
atmospheric Findlater Jet generates strong gradients in the wind stress over the
Arabian Sea. To the northwest of the jet axis, a positive wind stress curl drives
divergence (open-ocean upwelling) through Ekman pumping whereas to the southeast
of the jet the curl is negative causing convergence (sinking) of surface waters. The
nutrient-rich upwelled water promotes primary production during the SW monsoon.
This makes this basin one of the most productive regions in the world’s oceans. Higher
rates of primary production results in very low levels of dissolved oxygen in
intermediate waters of the Arabian Sea. This oxygen minimum zone (OMZ) occurs
between ~100 and 1200 m of the water column and is the most pronounced in the
central and northern Arabian Sea. The reducing environment in the OMZ has
i‘mportant biogeochemical consequences for nitrogen and carbon cyclihg, as it is
conducive for microbial-mediated process such as denitrification. The only other open
oceanic sites that experience mid-depth nitrate reduction are located in the eastern
tropical Pacific Ocean off Mexico and Peru. Rate of water column denitrification in the
Arabian Sea has been estimated to be 12-33 Tg N y™'. These results indicate that the
Arabian Sea is an area of global significance, accounting for ca. 10-30% of the total

oceanic water-column denitrification.

Dissolved organic carbon (DOC) in sea water represents the largest pool of organic
matter in aquatic environments. Diverse opinions exist on the behaviour of DOC in the
deep sea. Initially, it was thought to be conservative, subsequent studies supported a
non-conservative behaviour. DOC behaviour in the Arabian Sea shows lower

concentrations in the water column in the northern Arabian Sea than in south. These



differences could be due to their chemical and biological systems, triggered mainly by
variations in reducing nature, microbial biomass, primary productivity and consequent

denitrification or nitrification processes.

The surface waters of the northern Indian Ocean are found to be supersaturated with
respect to partial pressure of carbon dioxide in air and also to both calcite and aragonite.
The change-over from supersaturation to undersaturation occurs at ~500m for aragonite.
However, the deep water seems to be generally at near-equilibrium with calcite.
Considerable regional variability in the degree of undersaturation of deep waters were

observed.

In view of the complexity of the north Indian Ocean and its importance to biogeochemical
cycling of carbon a detailed study has been undertaken, mostly as a part of the Indian

JGOFS programme.

The results obtained during JGOFS and other cruises and inferrences drawn on the
variability in inorganic forms of carbon and their fluxes at air-water interface forms the

major theme of this Thesis and are addressed in nine chapters.

Chapter 1 discusses on the carbon in the earth system and their interchange among
different reservoirs. It introduces study area which covering central and eastern parts of
the Arabian Sea (i.e., 11° N to 21° N and 64° E to 78° E) with brief accounts of

oceanographic aspects, with particular emphasis on the present understanding of



carbon cycling. The scientific rationale and major objectives of this study were

highlighted.

Chapter 2 gives detailed account of sampling procedures, analytical instruments used
and methods adopted in this study. In order to achieve the goals specified ten
oceanographic cruises were undertaken on boards ORV Sagar Kanya and FORV
Sagar Sampada. The best available techniques were used to obtain precise and
accurate data sets. Details of computed parameters such as partial pressure of carbon

dioxide, carbonates, apparent oxygen utilization and nitrate deficit etc. are described.

Chapter 3 deals with the hydrographical features of the Arabian Sea. Seasonal and
spatial changes in physical parameters and circulation were discussed in detail.
Influence of changes in circulation and physical forcing on biological productivity and

the consequent reducing conditions in subsurface layers were highlighted.

Chapter 4 discusses the variability in forms of inorganic carbon components in time
and space in the Arabian Sea. Physical and associated biological processes substantially
effect dissolved inorganic carbon components. Winter convective mixing and SW-
monsoonal upwelling bring nutrients and carbon rich subsurface waters into the surface
as a result of which surface productivity increases. High productivity lowers total
carbon dioxide (TCOQ,), partial pressure of carbon dioxide (pCO,) but increases
carbonate ions concentrations and pH. Increased respiration rates in ihe suboxic
waters, on the other hand, enhances TCO, and pCO, whereas pH, TA and carbonates

reduce as proton is released during organic matter decomposition. The detailed



discussion on these topics, along with seasonal and temporal variations, was presented

in this chapter that also include skeletal carbonates dissolution.

Chapter 5 focuses on organic carbon dynamics in the Arabian Sea. DOC mainly
originates from metabolic processes including the breakdown of cells during grazing
and also is an intermediate in the conversion of particulate organic matter into
inorganic carbon dioxide. DOC is known to play a pivotal role in food chain processes
as it serves as substrate for micro-organisms. The POC can occur in visible and
invisible forms. Of these the invisible form is generally referred to as Transparent
Exopolymer Particles (TEP) formed from dissolved carbohydrates. As TEP plays an
important role in carbon cycle than the rest éf particles we studied this class of
particles in detail. In view of the intense water column denitrification in the Arabian
Sea and higher rates of sinking particles in the Bay of Bengal data on TEP were
collected from the North Indian Ocean during August 1996 to understand their role in
the biogeochemical processes. This chapter presents the dynamics of Dissolved
Organic Carbon and Transparent Exopolymer Particles, possible inter-conversions

between them and their importance to biogeochemical processes.

Chapter 6 describes the air-sea fluxes of carbon dioxide in the Arabian Sea. Surface
pCO, is generally higher in surface waters than atmospheric concentrations throughout
the year suggesting that Arabian Sea is a pernnial source for atmospheric carbon
dioxide. Due to the pumping of carbon rich subsurface waters into the surface by
different physical process, emission of CO, into the atmosphere occurs except in a few

coastal regions where fresh water dominance is more. Winds play major role



controlling these fluxes. The effect of physical and biological processes on surface
pCO; concentrations are discussed using one dimentional model and through linear

relationships.

Chapter 7 outlines the carbon budgets for the study regions. The study area has been
taken as one box but with different layers and lateral and vertical fluxes in to the box
were studied using velocities obtained from the run of MOM model. To these model
results the presently observed biogeochemical data have been rcombined to arrive at

carbon budgets of the study area.

Chapter 8 attempts to study the effect of soil-water interactions on pH of the
estuarine waters. Biogeochemical processes occurring in estuaries may modify the
concentrations of river or sea water borne substances. The pH of river waters may be
governed by the nature of rocks in the catchment area. If the terrain rocks are acidic,
the pH will be in the acidic range. If so, this will result in an increase in pCO, in water.
Discharge of industrial and aquaculture effluents can also alter the carbonate equilibria
based on the acidic/alkaline nature of the cffluents. Thus, the changes in dissolved
pCO, will lead to change in its gradient between air and water that determines the

direction of the flux.

A summary of the present work with salient features was outlined in Chapter 9.

This chapter is followed by a complete list of references cited in the text in alphabetical

order.



Chapter 1

INTRODUCTION



1.1 Carbon in the earth system

Carbon is one of the few essential elements for the existence of life on earth. It is
the principal constituent of both the organic soft tissue and inorganic (skeletal)
parts of living beings. The life on this planet largely depends on the atmospheric
carbon dioxide (CO,) fixed photosynthetically by plants, that will be carried over
to higher trophic levels. Furthermore, the life has been sustained over the
geological periods by the warmth generated because of the trapping of long
wave length radiation (greenhouse effect) by CO; together with water vapour,
methane and nitrous oxide in the atmosphere. However, in spite of the fife saving
and sustaining roles of CO,;, one of the most important problems its
accumulation in the earth’s atmosphere threatens the humanity today by raising
the rise in atmospheric temperature. The increasing use of fossil fuels and
deforestation results in the accumulation of CO; in the atmosphere. Carbon
dioxide content of the atmosphere was around 280 ppmv in the pre-industrial era
(Siegenthaler and Sarmiento, 1993) that increased to 360 ppmv at present.
Since the beginning of the industrial era, about 200 x 10° Tg (1 Tg = 10" g or
Mega tonnes) of carbon has been released into the atmosphere as CO,. The
present annual increase is estimated to be ~1.5 ppmv amounting to a build up of
3.4x10° Tg in the atmosphere (Fig. 1.1; Table 1.1). This rate far exceeds the
natural variability. For example, an increase in atmospheric carbon dioxide over

the last glacial - interglacial transition, by 80 - 90 ppmv, occurred over afew
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Fig. 1.1. Schematic diagram showing the global carbon cycle
(after Slegethlar and Sarmiento, 1993)



thousand years whereas man has brought about an increase of almost the
same magnitude in less than two centuries. Studies on ice cores of Antarctica
have shown a convincing positive correlation between changes in temperature
and in atmospheric CO; (UNESCO, 1979). Table 1.1 reveals that carbon
dioxide is released by humans at rates exceeding that of its absorption by
major carbon reservaoirs on the earth surface thereby raising concerns about
the 'missing carbon'. Whether the missing carbon dioxide is mainly absorbed
by the land ecosystems or by the ocean is still being debated (Keeling and
Heinemann, 1986; Keeling ef al,, 1989; Sarmiento et al,, 1992; Tans et al.,
1990; Broecker and Peng, 1992, Kauppi et al, 1992, Quay et al, 1992;
Siegenthaler and Sarmiento, 1993). The latest information, however, suggests
that a large part of this missing carbon could go into enhanced primary
production at high latitudes in the Northern Hemisphere (Tans, 1998). Such
concerns emphasise the need for an improved understanding of carbon cycling
through global efforts that eventually shaped into the Global Change

Programme (International Geosphere-Biosphere Programme).

Among the earth's reservairs, the largest amount of carbon is present as
carbonate sediments while it is the least in air (Table 1.2). The largest aquatic
bady on this planet covering ~71% of its surface is ocean in which about

38,100 Tg C resides in inorganic forms, in addition to 700 Tg C present as

dissolved organic substances. The aoceans are estimated to absorb about 2 Tg



Table 1.1:The average anthropogenic carbon budget (in x 10° TgCy™")

CO, sources

(1) Emissions from fossil fuel combustion and cement production 55+05

(2) Net emissions from changes in tropical land-use 16+£1.0
(3) Total anthropogenic emissions = (1) + (2) 71411
Partitioning amongst reservoirs -

(4) Storage in the atmosphere 32+02
(5) Ocean uptake 20+0.8
(6) Uptake by Northern Hemisphere forest regrowth 0.5+0.5

(7) Additional terrestrial sinks (CO; fertilisation, nitrogen

fertilisation, climatic effects)=[(1)+(2)]-[(4)+(5)+(6)] 14+£1.5




Table 1.2: Amount of carbon in various reservoirs (Tg CO, equivalent) (after
Bolin et al., 1977)

Reservoir Amount
Atmosphere 2 < s
Biomass (living matter) 30
Soils (organic carbon) 25,000
Oceans and freshwater (in soln.) 140
Carbonate sediments 150,000 -

Fossil fuels (plus organic carbon
disseminated in sediments) 27




C of anthropogenic carbon released to air annually. The amount of CO,
penetrating the ocean has been found to increase by a factor of two during the
last forty years (Pearman ef al., 1983). Although, the sizes of carbon in air and
oceans are small compared to those in sediments and soils, the small quantity
in air regulates the temperature of this reservoir. Atmospheric CO,, however, a
function of its exchange between the atmosphere and oceans (Fig. 1). Oceans
control the atmospheric CO, concentration over a period of ~1 x 10° years
(UNESCO, 1979). Therefore, there is a need to study the variability of carbon
in the ocean and to understand the changes in the extent of its transfer across
the air-sea interface that have implications for regulating the atmospheric

temperature.

1.2 Carbon cycle in oceans

While carbon dioxide is the major form of inorganic carbon in the atmosphere it
comprises of four different species in sea water: gaseous carbon dioxide [CO,],
carbonic acid [H,COs], and bicarbonate [HCOs] and carbonate [CO,] ions.

Transformations among these species can be shown by the following equilibria:

CO, + Hy0 <==> H,CO5 <==> H+ + HCOy<==>2 H+ + CO5



Total carbon dioxide (TCO,) or dissolved inorganic carbon (DIC) refers to the

sum of these four inorganic carbon species, i.e.,

TCO; = [CO;] + [H.COs] + [HCO5] + [CO4?]

Gaseous CO, is the only species that can be exchanged with air. However,
CO; ), CO2uq and H,CO; are nearly indistinguishable in water since their
interconversions are fast. Thus, E)arti'al pressure of carbon dioxide (pCQO,) is
generally used to represent the sum of these three form@ At pH values <3
negligible ionization occurs and thus the dissolved inorganic carbon existing
almost entirely as CO, @q + H,COs. At a pH of 6.5 only =15% of the total
inorganic carbon is in the form of HCOs. The percentage of CO;” is not
significant at pH <7.5. However, above 7.5 CO+> becomes significant and\
dominates at pH>9. At a normal sea water pH range (7.5 to 8.3) bicarbonate

ion is the predominant form (Skirrow, 1975).

A large amount of atmospheric CO, is absorbed by the ocean especially in high
latitude regions (Takahashi, 1961; Keeling, 1968; Takahashi et al., 1980). The
geographical variations in carbon dioxide absorption by the ocean is mainly
due to the increased CO, solubility with decreasing temperature (Weiss, 1974).

The equatorial regions of the world oceans and vast areas in the north-eastern



Pacific Ocean are noted to be sources of atmospheric CO, (Takahashi, 1989;

Tans et al., 1990),

Both Physical and biological pumps regulate the dissolved carbon in the ocean.
Transport of waters from one region to an other and from one depth to an other
results in the transfer of dissolved substances as well. The main means of
transportation are advection and diffusion. Oceanic processes such as
convection in winter and seasonal upwelling lead to supply of carbon from the
subsurface to the surface layer. These physical processes ultimately drive the
magnitude of biological processes by controlling the availability of nutrients.
Therefore, the physical pump exerts a control over the biological production,
with the eventual regulation of carbon dioxide at a given location in the sea by

both the processes.

About 3 x 10° Tg of carbon is stored in the surface biota (Fig. 1.1). A part of the
biogenic debris produced in the euphotic layer sinks into the deep ocean,
which is subjected to microbial oxidation. The calcium carbonate in skeletal
materials of some organisms is the primary source of mineral carbonate in
marine sediments. These transport processes together are referred to as the
biological pump. If this pump acts with high efficiency the level of atmospheric
CO, could be reduced. However, the complex physical, chemical and biological

factors determine the overall efficiency of the pump. The phytoplankton



biomass is recycled within a few weeks, and most (90%) of this recycling
occurs in the mixed layer. Transport of particulate detritus from the euphotic
zone to the deep ocean can be of the order of 3-10% of primary production
(Broecker, 1974a). The oceanic organic carbon reservoirs are living matter,
detrital particulate organic carbon and dissolved organic carbon. The Dissolved
Organic Carbon (DOC) is the most abundant followed by detrital, planktonic
and bacterial forms. The remaining organic forms are of insignificant sizes

compared to planktonic forms.

The overall cycle of carbon among the atmosphere, biota, soils and ocean has
a residence time of about 100,000 years; most of which is spent in the deep
sea. The upward transport by physical processes and sinking through
biological pumping greatly vary seasonally and geographically. These
processes, coupled with a slow air-sea CO, transfer rate are responsible for
the high degree of CO, disequilibrium between the oceanic surface layers and

the atmosphere.

1.3 Significance of northern Iindian Ocean

The northern Indian Ocean is different from other oceanic areas in terms of its
geographical setting and circulation patterns. The Indian subcontinent splits

the region into two contrasting hydrographical regimes. The Bay of Bengal



(north eastern Indian Ocean) is essentially tropical, lying to the south of 22° N
and its maximum zonal extent is about 1200 km. Irrawady, Brahmaputra,
Ganges and Godavari discharge annually ~1.5 x 10> m® of fresh water into the
bay (Martin et al., 1981). In addition, annual rainfall over the bay varies
between 1 m off the east coast of India to more than 3 m in the Andaman Sea
and in the coastal region to the north of the latter (Baumgartner and Reichel,
1975). Large amounts of fresh water inputs in to the north-eastern Indian
Ocean cause strong thermohaline stratification which greatly inhibits vertical

mixing (Ku and Luo, 1994; Naqvi et a/., 1994, Rao ef al., 1994).

The Bay of Bengal is an area of positive water balance. A large excess of
precipitation and river runoff over evaporation leads to very low surface
salinities. In addition to supplying large amounts of dissolved and suspended
materials, the runoff is also expected to influence the chemistry by controlling
circulation and mixing. The rivers from this region are known to make
disproportionately large contributions to the global suspended load to the
ocean (Milliman and Meade, 1982). The lithogenic substances strongly
influence the sedimentation of biogenic matter (ittekkot et al,, 1992). This is
expected to significantly alter the water column regeneration processes, the
extent of which remains unknown. Unlike Arabian Sea, the Bay of Bengal does
not appear to be an active denitrification site although this region also contains

nearly sub-oxic intermediate waters (Rao et al., 1994).



The north-western Indian Ocean (Arabian Sea), on the other hand, is a region
of negative water balance; where the evaporation far exceeds precipitation and
runoff, consequently, the upper layers in this region are much more saline and
relatively weakly stratified as compared to those in the Bay of Bengal. The
multi-layer watermass structure in the Arabian Sea is modified seasonally with
variable extents of evaporation in the Arabian Sea and its neighbouring bodies,
the Persian Gulf and the Red Sea. In the Arabian Sea, the Arabian Sea High
Salinity (ASHSW) watermass forms at the surface whereas those in
intermediate and deep waters, such as Persian Gulf Water (PGW), Red Sea
Water (RSW), Antarctic Intermediate Water (AAIW), Circumpolar Water (CW)

and Antarctic Bottom Water (AABW), originate elsewhere (Wyrtki, 1973).

The flux of terrigenous material, apart from inputs of high salinity waters
through the Gulf of Oman and the Gulf of Aden, into the north-western Indian

Ocean could significantly influence the carbon budget (Table 1.3).

Overall, carbon budget of the Arabian Sea appeared to be negatively balanced
that could possibly be balanced by the carbon supply through Antarctic Bottom
Water (AABW). Bethoux (1988) emphasized the importance of the transport of
materials (carbon, nutrients and oxygen) through the Red Sea outflow on the
geochemistry of intermediate waters of the adjacent Indian Ocean. The

Arabian Sea is the most productive part of the Indian Ocean (Qasim, 1977).
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Table 1.3. Carbon budget of the Arabian Sea (after Somasunder et al., 1990)

Reservoir

Carbon Flux (Tgy™)

Inputs

Outputs

Rivers runoff
Persian Gulf

Red Sea

Surface Production

TOTAL

Persian Gulf

Red Sea
Sedimentation
Flux to atmosphere

TOTAL

Net

2.62-
80.24 -
316.00~
50.66 -

449.52

91.91-
358.80-
1.74
75.73 -

528.18

-78.66
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The actual values of surface primary productivity (Babenerd and Krey, 1974)
show a wide variation, ranging between 1 and 74 mg C m? d”' in low-productive
zones and between 2450 and 5790 mg C m? d”' in high-productive zones. The
indian Ocean, in general, has a mean productivity higher than the other
oceans. High surface productivity, especially in the northern region, leads to a
large sinking carbon flux. As a result, near anoxic conditions occur in:
intermediate waters of the Arabian Sea (Sen Gupta et al., 1976; Naqvi, 1987).
Physical and biogeochemical processes in the northern Indian Ocean are

strongly affected by seasonal changes associated with the monsoons.
1.4 Significance of Study Area - The Arabian Sea

The Arabian Sea occupies the area bounded by the African and Asian
landmasses in the west and north, the Indian subcontinent and the Maldives in
the east aﬁd equator in the south. The Arabian Sea is characterised by strong,
seasonal oscillations in biological productivity (Yoder et al., 1992) forced by
winds. The wind, which is the key to physical forcing in the basin, blows from
the northeast during winter (December to February), also known as the NE
(Northeast) monsoon. The wind, however, blows in the reverse direction during
the SW (Southwest) monsoon (June-September). Inter-monsoon transitions
occur during October-November and March-May (Schott et al., 1990).

Monsoonal coupling between atmosphere and ocean is vigorous and the

12



seasonal shift in wind pattern causes semi-annual reversal of surface currents
in the Arabian Sea. This gives rise to the greatest seasonal variations in

surface water characteristics of the Arabian Sea than seen in any ocean basin.

In addition to the temporal variations, considerable spatial variations also
occur. Strong gradients in biogeochemical processes in the pelagic zone are
created by the asymmetric effects of the monsoon within the basin. Upwelling
occurs in a few coastal zones of the Arabian Sea, along the Somali and Omani
coasts besides the Southwest coast of lndié. This is driven by offshore Ekman
offshore transport of surface water under the influence of winds parallel to the
coast (Smith and Bottero, 1977). Upwelling is the most pronounced off the
coasts of Oman and Somalia (Swallow, 1984) while comparatively weaker
upwelling has been noticed off the Southwest coast of India (Wyrtki, 1973).
During the SW monsoon, a narrow, low-level, atmospheric Findlater Jet
(Findlater, 1969, 1974) generates strong gradients in the wind stress over the
Arabian Sea. To the northwest of the jet axis, a positive wind stress curl drives
divergence (open-ocean upwelling) through Ekman pumping whereas to the
Southeast of the jet, the curl is negative causing convergence (sinking) of

surface waters.

The nutrient-rich upwelled water promotes primary production during the SW

monsoon. This makes this basin one of the most productive regions in the
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world’s oceans. The primary production ranges from <0.3 g Cm? d’ in the
oligotrophic gyre to >2.5g C m2d" in the upwelling zone off the Oman coast
(Owens et al., 1993). The ‘f-ratio’ (new/total production) for phytoplankton
varies between 0.1 in the oligotrophic waters to 0.9 in the upwelling region. The
new production is defined as that equivalent to organic matter exported from
the euphotic zone (Dugdale and Goering (1967). Higher rates of primary
production results in very low levels of dissolved oxygen in intermediate waters
of the Arabian Sea. This oxygen minimum zone (OMZ) occurs between ~100
and 1200 m of the water column and is the most pronounced in the central and
northern Arabian Sea. Various hypotheses have been proposed for the
maintenance of the OMZ, including slow advection of water allowing long
periods for organic decomposition (Sverdrup et al., 1942) and high local

respiration rates due to enhanced production in surface waters (Ryther and

Menzel, 1965). The dynamic processes required for the maintenance_of the

g

oxygen budget constructed for the OMZ reveals that near-zero oxygen
cggc':gngragi_pvns“a[g maintained by moderate consumption in waters of initially
low oxygen content which pass through the layer at a moderate speed (Olson
et al., 1993). Other recent estimates of the renewal time are lower down to _1
year (Naqvi, 1987; Somasundar and Naqvi, 1988; Naqvi and Shailaja, 1993,

Howell et al., 1997).
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The reducing environment in the OMZ has important biogeochemical
consequences for nitrogen and-carbon cycling, as it is conducive for microbial-
mediated process such as denitrification. The only other open oceanic sites
that experience mid-depth nitrate reduction are located in the eastern tropical
~ Pacific Ocean off Mexico and Peru (Codispoti et al, 1992). Rate of water
column denitrification in the Arabian Sea has been estimated to be 12-33 Tg N
y"' (Naqvi and Shailaja, 1993; Mantoura et al., 1993). These results indicate
that the Arabian Sea is an area of global significance, accounting for ca. 10-
30% of the total oceanic water-column denitrification (Naqvi, 1987; Law and

Owens, 1990; Naqvi and Shailaja, 1993).

Nair et al. (1989) found a strong seasonal variability in sedimentation using
traps moored at 2000-3000 m in the Arabian Basin. The pattern of
sedimentation was strongly correlated to the monsoon activity. The observation
that biogeochemical processes such as sedimentation in the ocean interior can
be related to atmospheric forcing, together with the decadal time-scale for the
turn-over of the OMZ (Olson et al., 1993), makes the Arabian Sea an important
location to study ocean-climate interactions. Furthermore, the upwelling also
facilitates the ventilation of greenhouse gases, generated in the 5MZ, such as
CO, CH4 and N,O to the atmosphere and provides a climatic feedback
mechanism. The biogeochemical balance between such processes must be

sensitive to the climatic changes. The Arabian Sea OMZ may therefore be a
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sensitive ‘marine barometer’ for global climate change (Mantoura et a/.,, 1993).
Thus, although the Arabian Sea is a small ocean basin, the diverse physical
processes it experiences and biogeochemical regimes it houses has led to a
spurt of in research activities .in this region in recent years under numerous
international programs, such as International Indian Ocean Expedition (lIOE),
GEOSECS (Geochemical Ocean Sections, led by United States), World Ocean

Circulation Experiment (WOCE) and Joint Global Ocean Flux Study (JGOFS).

1.5. Carbon dynamics in the Arabian Sea - State of the Art

The primary productivity in surface waters of the Arabian Sea is higher than in
other open oceanic regions of the Indian Ocean (Qasim, 1977, 1982).
Kabanova (1968) observed strong seasonal variations in surface productivity
associated with changes in upper ocean circulation. During the Northeast
monsoon, surface productivity in the Arabian Sea is less than 0.1 g C m? d™.
The high surface primary productivity during the SW monsoon is due to
upwelling. Brock et al. (1991) observed plankton blooms during the 1979
summer monsoon and attributed the same vertical nutrient fluxes caused by
coastal upwelling but to local upward dynamics for a phytoplankton biomass in
1987. Time-series sediment trap experiments in the Arabian Sea revealed
large temporal variability in particulate fluxes primarily controlled by seasonal

changes in the upper ocean circulation driven by monsoon winds (Nair et al.,
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1989). Similarly, using the remote sensing data on ocean colour
Sathyendranath et al. (1991) showed that the SW monsoon promotes seasonal
upwelling of deep water, which supplies nutrients to the surface layer and leads
to a marked increase in phytoplankton growth. Strong seasonal variability in
the distribution of phytoplankton may also influence the seasonal variation of
sea surface temperature that has significant implications to ocean atmosphere
interactions. Besides, surface sediments of the Arabian Sea are enriched with
organic carbon and its distribution appears to be controlled by éurface primary
productivity, sedimentation rates and the oxygen concentration in the overlying

waters (Slater and Kroopnick, 1984).

Dissolved organic carbon (DOC) in sea water represents the largest pool of
organic matter in aquatic environments. Diverse opinions exist on the
behaviour of DOC in the deep sea (Wangersky, 1978). Initially, it was thought
to be conservative (Menzel, 1964; Menzel and Ryther, 1968), but subsequent
studies supported a non-conservative behaviour (Craig, 1971). Sugimura and
Suzuki (1988) demonstrated the presence of a Iarge class of previously
unknown organic compounds dissolved in sea water that could fuel deep-sea
respiration. Kumar et al. (1990) studied DOC behaviour in the Arabian Sea
while reporting lower concentrations throughout the water column in the
northern Arabian Sea than in south. These differences could be due to their

chemical and biological systems, triggered mainly by variations in extents of
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oxygen-deficient environment, microbial biomass, primary productivity and

consequent denitrification or nitrification processes.

The surface waters of the northern Indian Ocean are found to be
supersaturated with respect to both calcite and aragonite (e.g., Kumar et al,,
1992, George et al, 1994; and references therein). The change-over from
supersaturation to undersaturation occurs at ~500m for aragonite (George et
al., 1994). However, the deep water seems to be generally at near-equilibrium
with calcite. Considerable regional variability in the degree of undersaturation
of deep waters were observed (George ef al., 1994). The northern Arabian
Sea, where calcite saturation depth lies at ~1500 m, is the only region in the
northern Indian Ocean that is Qndersaturated with respect to this mineral at
these depths. Based on the observed changes in alkalinity, Anderson and
Dyrssen (1994) found the dissolution of CaCQ; to be significant below 600 m in

the Arabian Sea.

Distribution of sediment organic carbon and calcium carbonate in the Arabian
Sea has been studied by various workers (e.g., Paropkari et al., 1992 and
Calvert et al., 1995). Paropkari et al. (1992) reported that the organic carbon
content is generally high (4 to 12%) along the margins and exhibitsl a
decreasing trend towards the centre of the basin. High organic enrichments

(>4%) are observed along the mid-slope of the Arabian peninsula and western
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India. The sediments of deep Arabian Sea are poor in organic carbon (<1%). It
was also observed that the organic carbon distribution mirrors the surface
productivity to some extent, being high in the peripheral portions and low in the
open ocean. However, a critical examination of the data reveals that there is
no direct correspondence between the intensity of primary productivity and the
organic enrichment in the sediments beneath. This suggests that the primary
productivity is not necessarily the fundamental control of the organic
enrichment in the Arabian Sea. Calcium carbonate in the sediments was
extremely high in shelf and upper parts of the slope, ranging up to 96% by
weight, whereas at the deeper depths CaCQ; ranged from 24 to 60% by weight
(Calvert et al., 1995). On the slope, the carbonate occurs as foraminiferal
shells, which appear to show little evidence of dissolution (Von Stackelberg,
1972; Naidu, 1993), while on the shelf it occurred as reworked, relict
macrofaunal shell debris, calcareous algae and oolites (Nair and Hashimi,

1980, 1981).

Somasundar et al. (1990) worked the carbon budget through inward and
outward fluxes of carbon in the Arabian Sea (446 and 530 Tg y " respectively).
Annually, ~74 Tg of carbon in the form of CO, escapes into the atmosphere
from the Arabian Sea; this is higher than expected from the global averag_e‘;
fluxes from the equatorial oceans. The occurrence of denitrification in the‘

Arabian Sea appears to enhance the pCO; in the subsurface layers of the
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Arabian Sea (George et al.,, 1994). The Arabian Sea is found to serve as a
significant source of carbon dioxide (74-79 Tg C y') to the atmosphere
(Somasundar et al, 1990; Kumar et al., 1992; George et al., 1994). Using an
average carbon concentration (including both particulate and dissolved forms)
of 8.74 g m® in world rivers (Meybeck, 1982) the annual carbon flux into the
Arabian Sea is calculated as ~2.32 Tg (Table. 1.3). Fluxes from rivers did not
seem to be significant to thg cqrbon balance. Burial of carbon through the
sed‘i;fne»ntation process is even less than input by rivers. The Arabian Sea has
been found to be a carbon source for the Persian Gulf and the Red Sea. Based
on the standing crop and net outfluxes, estimated residence time for carbon in

the Arabian Sea is ~944 years (Somasundar et al., 1990).

1.6 Importance and objectives of the present study

The Arabian Sea is a small ocean basin with a large number of unusual
features. It is, for instance, the only ocean basin where a comblete reversal of
surface circulation occurs semi-annually basis. Although small on a global
scale, the Arabian Sea also encompasses a wide range of oceanographic
conditions. While some surface waters are almost devoid of nutrients, others
are nutrient rich and extremely productive. On the otherhand, while the surface
and deep waters are well oxygenated, waters between 100 and 1,200 m are

sub-oxic. Based on these considerations it is obvious that the Northwest Indian
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Unlike the Arabian Sea which seems to serve as a source of atmosphere CO,
throughout the year, some parts of the north-eastern Indian Ocean act as sink
for atmospheric carbon dioxide during NE and pre-SW monsoon seasons
(Kumar et al., 1996). However, not much is known about its behaviour during
the SW monsoon. Also whether the estuarine regions, where high productivity
and intense regenerative processes is expected, act as source or sink to
atmospheric carbon dioxide is still not clear. Total Carbon dioxide (TCO,) in
global average river water is only about 750 uM (Meybeck, 1982) against its
abundance in sea water of >1800 yM. Such low TCO, levels may result in
lower pCO; in river and estuarine waters than in the atmosphere. Therefore, it
is of extreme importance to understand the CO, exchange in estuarine regions,

which might make a significant contribution to global air-water CO, flux.

Under this programme, a systematic study has been undertaken to understand
the biogeochemical cycling of carbon in various regimes of the Arabian Sea

with the following main objectives:

o to understand seasonal and spatial variability in carbon components,

o to understand the physical and biological controls on the partial pressure of
carbon dioxide in surface layers,

e to quantify the air-sea CO; fluxes with respect to identifying its sink and

source areas in the Arabian Sea and in the Bay of Bengal,
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to study the influence of dissolved organic carbon on the abundance of

other carbon components and denitrification,

to understand the role of transparent exopolymer particles in the biological
pump,

to quantifying the extent of regeneration of organic carbon,

construction of carbon budgets in the Arabian Sea., and

to understand the air-sea exchange of CO, in estuarine regions and its

controlling mechanisms,
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Chapter 2

MATERIAL AND METHODS



The Arabian Sea has been selected as one of four oceanic areas for detailed
process studies as a part of the international JGOFS by the IGBP. A major
portion of the present study was carried out under the multi-institutional and
national project JGOFS (India) supported by the Department of Ocean
Development, Government of India, New Delhi. Field observations for this
study were made during a number of cruises in the Arabian Sea and the Bay of
Bengal, in addition to local trips in the Mandovi-Zuari estuarine complex of
Goa, west coast of India. Dissolved gas measurements in natural waters
require extreme care from the time of sampling to the data generation. Even a
slight contamination from atmospheric carbon dioxide during sampling would
alter the pCO, value and the carbonate equilibria. Hence, utmost care has
been taken in minimising the uncertainties and to generate quality data
comparable with the international standards. The data generated under this
programme will be accessible to the international community for global

synthesis of data and for developing predictive models.

2.1 Sample collection

2.1.1. Oceanic expeditions

Nine cruises were undertaken in the Arabian Sea on boards ORV Sagar Kanya

and FORV Sagar Sampada (Table. 2.1). Six (Fig. 2.1a) of these were under
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JGOFS (India) programme and were inter-disciplinary in nature. The tracks for
the other cruises were shown in Fig. 2.1b including for expeditions in the Bay of

Bengal.

The physical variables (temperature and salinity) and water samples were
collected using a Sea Bird CTD (model SB9) having é rosette fitted with Niskin
or Go-Flo bottles of 1.8/12/30 litre capacity. Water samples were sub-sampled
in the order: dissolved oxyger{ total carbon dioxide (TCOy), pH total alialinity
(TA), transparent exopolymer particles (TEP), dissolved organic carbon (DOC)
and nutrients (nitrate, nitrite, phosphate and silicate). Care was taken to avoid
trapping the bubbles during collection of water samples. All samples were
measured on board within 24 hours of sampling, except for DOC the analysis

for which was performed in the shore laboratory within two months.
2.1.2. Estuarine surveys

Sampling was carried out in the estuaries of Mandovi and Zuari, the two major
rivers of Goa (Fig. 2.2). Southwest monsoon sampling was done on 22 August
1995 in the Zuari and on 25 August 1995 in the Mandovi and that of post-
monsoon on the 2 November 1995 and on 5 December 1995 in the Mandovi
and on 6 November 1995 and on 7 December 1995 in the Zuari. Since the
Aguada Bay is closed for traffic during the monsoon, the work during this

period was confirmed to the upstream position of the rivers. The monsoon
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Table: 2.1. Oceanographic expeditions undertaken for the present study.

No

Area Period Vessel Cruise No.
1 Arabian Sea April-May 1994 ORV Sagar Kanya 91
Arabian Sea February-March ORYV Sagar Kanya 99
1995
3 Arabian Sea June-July 1995 ORV Sagar Kanya 103
4 Arabian Sea July-August 1995 ORV Sagar Kanya 104
5 Arabian Sea September-October | FORV Sagar Sampada 136
1995
6 Arabian Sea April-May 1996 FORV Sagar Sampada 141
7 Arabian Sea June-July 1996 ORV Sagar Kanya 115
8 Bay of Bengal | July-August 1996 ORV Sagar Kanya 116
9 Andaman Sea | October-November | ORV Sagar Kanya 118
Bay of Bengal | 1996
10 Arabian Sea February-March ORV Sagar Kanya 121

1997
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sampling in Zuari was performed in three sections half the way upstream. The
post-monsoon sampling was done from Aguada bay to Usgao (~60 km
upstream) in the Mandovi whereas it wés from Dona Paula to Durbhat (~40 km
upstream) in the Zuari. Since these rivers are freshwater dominated during

monsoon, sampling strategy provided good coverage for studying the

behaviour of CO, components at varying salinities.

The samples were collected using Tarangini a small research boat of 30 feet
length. Surface samples were collected using a plastic bucket tied to a nylon
rope.%\; the aim of this work is to understand the behaviours of TCO, and pH
during the estuarine mixing, extensive collection of surface waters was made
for covering the full salinity rang_él The water was subsampled in 125 ml
stoppered glass bottles for salinity, pH and TCO,. The bottles were rinsed well
with the samples prior to collection. Samples for TCO, were preserved using
0.2 mi of saturated mercuric.chloride. The preservative was added to inhibit the
microbial activity in the sample which may change the original carbon dioxide
concentration. The analyses of the samples were completed within 48 hours of
the sampling. Salinity was analysed by argentimetric titration (Strickland and
Parsons, 1972), pH by spectrophotometry and TCO; by coulometry. The latter
two are detailed in the following sections. A brief account on methodologies
used for various parameters studied along with the precisions obtained during

the present study is given in Table 2.2. Ore samples for laboratory experiments
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were collected from mine field whereas the soil samples were obtained from

river banks beyond the head of the estuary.

2.2 Methodology - Experimental

2.2.1. Salinity and temperature

Measurements of temperature and conductivity were made using respective
sensors fitted to a Sea-Bird CTD system (No. SB 9). Salinity values, calculated
through conductivity, were calibrated against measurements made using an
Autosal salinometer (model 8400). The salinity samples were filled, after three
initial rinses, to bottle shoulder. The cap was then replaced and firmly
tightened. These samples were stored in a temperature-controlled laboratory
until analysis. Salinity values reported are in Practical Salinity Units (psu,
Fofonoff, 1983). Temperatures sensed by CTD probes were also checked
occasionally against those measured using reversing thermometers. Potential
temperature and density were calculated based on the algorithms of Fofonoff
(1983), the International Equation of State of sea water of Millero et al. (1980)
and Bryden's (1973) formulation of adiabatic temperature gradients (Fofonoff,

1983).
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Table: 2.2. Details of parameters studied, methods used along with the

precisions.

S.No Parameter , Method Precision
1 Salinity Conductivity probe 0.001 psu
2 Temperature Temperature probe 0.01°C
3 Dissolved Oxygen | Winkler method or 0.02 uyM

Spectrophotometry
4 Nitrite Azo-dye method 0.02 uM
5 Nitrate Reduction of NO; followed by 0.2 uM
Azo-Dye method
6 pH Multiwavelength
spectrophotometric method 0.002
involviing Cresol Red
7 Total Alkalinity Multiwavelength
spectrophotometric method 2 UM
involving Bromo Cresol Green
8 Total Carbon Coulometric analysis ‘ 2 uM
dioxide
9 Dissolved Organic | High Temperature Catalytia 5%
Carbon Oxidation
10 Underway partial | Infra Red analyser 0.2 yM/M
pressure of
carbon dioxide
11 TEP Colorimetry
12 pCO, computed from TCO, and pH 4 patm
13 Carbonate computed from TCO, and pH 1.7 uM
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2.2.2. Dissolved Oxygen

Dissolved oxygen was measured by classical Winkler method during SK91,
SK103, SK121, SS136 and SS141 and by colorimetric technique (Pai et al.,

1993) during other cruises.

The titrimetric determination of oxygen concentration in sea water is based on
the method first proposed by winkler and modified subsequently by Carpenter
(1965). The principle of the method is that oxygen in sea water sample reacts
with Mn (il), in a strongly alkaline medium, and oxidises it to Mn (IV). In the
presence of excess iodide Mn (V) Iibefates iodine on acidification. The amount

of oxygen was computed from the amount of thiosulphate used for neutralizing

the |, liberated.

The colorimetric determination of dissolved oxygen in sea water is found to be
more precise (Pai et al., 1993) particularly at lower levels. The technique has
been calibrated using potassium iodate as the standard (Fig. 2.3). After the
fixed sample is acidified, the amount of iodine liberated is measured through
the absorbance at 456 nm. While the liberated iodine was titrated with
thiosulphate in Winkler method it is directly measured in colorimetry. The
advantage of colorimetry, therefore, lies in eliminating the loss of molecular

iodine by forcing the sample by applying nitrogen gas pressure into a flow cell

30



0.80
0.60 —
Lu -
O
=
&
@ 0.40 —
o
(/)]
m
Q i
0.20 — .
0.00 T I T T T [ T
0 100 200 300 400

OXYGEN (uM)

Fig. 2.3. Calibration of colorimetric technique of dissolved oxygen with potassium
iodate. Oxygen is expressed in equivalents of iodate stardard.



(Fig. 2.4). Colorimetric method yielded a linear calibration curve for the oxygen
range found in sea water. A comparison with the winkler titration showed that
winkler method underestimates at high concentrations whereas the same
overestimates under low oxygen conditions, due to loss of iodine during the
transfer of solution and excess addition of thiosulphate at the endpoint,
respectively (Figs. 2.5). Barring these minor differences the measured oxygen

concentrations compared well between these two techniques.

2.2.3. Nutrients

2.2.3.1. Nitrite, nitrate

Nitrite, nitrate and silicate were measured using SKALAR (Model 5100-1)
autoanalyser (Segmented Flow Analysis). Nitrite in the sample is allowed to
react with an aromatic amine leading to the formation of a diazonium compound
which on coupling with a secondary aromatic amine forms an azo-dye

(Grasshoff et al., 1983). The absorbance of the azodye is

measured. Nitrate in the sample was first reduced to nitrite in a reductor
column filled with copper amalgamated cadmium granules. The conditions of
the reduction column were adjusted such that the nitrate reduction was

complete to nitrite and not reduced further. The principal reaction is
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NO; + Me ot 2H" ==> NO, + Me"™ + H,O

2.2.3.2. Silicate

The determination of dissolved silicon compounds in sea water is based on the
formation of a yellow silicomolybdic acid when an acidified sample is treated
with a molybdate solution. To this oxalic acid is added for two reasons: (1) to
avoid’ reduction of the excess molybdate and (ii) to eliminate the interference of
phosphate present in the sample. As the silicomolybdic acid has only a limited
stability in the presence of oxalic acid, a reductant (ascorbic acid) is added
immediately. The absorbance of the silicomolybdenum complex is measured

using SKALAR autoanalyser.

2.2.3.3. Phosphate

Phosphate was measured following the method of Koroleff (1983). This method
is based on the reaction of the phosphate ions with an acidified molybdate
reagent to yield a phosphomolybdate complex, which is then reduced to a
highly coloured blue compound by ascorbic acid. To suppress the interference
from silicate, reaction pH is maintained to less than 1 and that the ratio of
sulphuric acid to molybdate between 2 and 3. The absorbance of the blue

complex was measured at 880 nm by JASCO spectrophotometer.
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2.2.4. pH and Total Alkalinity
2.2.41. pH

The state of equilibria among different forms of inorganic carbon is dominantly
controlled by the pH. Therefore, it is essential to measure the pH very precisely.
The widely used potentiometric technique is prone for uncertainties such as liquid
junction potential and stabilization of electrode. The multi-wavelength
spectrophotometric techniques use acid-base indicators and are highly precise and
sensitive (Byrne and Breland, 1989). Cresol red (a sulphonephthalein indicator)
absorbance ratios provide the basis for spectrophotometric measurement of pH in
sea water. The indicator occurs in protonated and unprotonated 'forms. The

maximum absorption for these two forms occurs at 433 and 573 nm respectively.

The sea water sample, thermostated at 25+0.2°C in a water bath, was transferred
to 10 cm long cylindrical quartz cuvette, with the least exposure to air and capped.
Blank absorbances of this sample were measured at 730, 573 and 433 nm.
Subsequently 50 pl of cresol red (2 x 10™ M) was added to the sample in cuvette,
dispersed well and measurements repeated. Absorbance measurements were
made on a JASCO spectrophotometer (Model 7011). The absorbance at 730 nm

wave length was to account for baseline drift, if any, between the
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measurements. The ratio of cresol red indicator absorbances at 573 and 433

nm is used to calculate sea water pH using the following the equations:

R= As7a/ Aaas
PH%s =7.8164 + 0.004 (35-S) +log ((R - 0.00286) / (2.7985 - 0.09025*R))

where X is the absorbance corrected for baseline drift and S is the salinity

(Byrne and Breland, 1989). The pH thus obtained is on free ion scale.

2.2.4.2 Total alkalinity

Spectrophotometric procedure proposed by Breland and Bryne (1993) was
used to determine total alkalinity of sea water. One-step volumetric acid
addition followed by the spectrophotometric measurement of excess acid
enabled precise estimation of total alkélinity. In the present case, excess acid
was quantified using the sulphonephthalein indicator éromocresolgreen (BCG).
Measurement of bromocresolgreen absorbances at 444 and 616 nm at a
temperature of t° C and a salinity of S yields molal scale total hydrogen ion

concentrations ([H'}y = [H'] + [HSO4] + [HF]) according to
pHr =-log[H'}r
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= log, Byr + log {[R(25) - 0.00131] / [2.3148 - 0.1299 R(25)]}

where

R (25) = R o[1 + 0.00907 (25 - )

log, Bir = 4.2699 + (2.578 x 10°) (35-S) and

R @ = (As16/ Aaaa)

Using [H'}y the TA of sea water is calculated from

(TA)svs - Mava =- [H#]T Vsa

where

(TA) is total alkalinity of the sea water sample

M. is the concentration of HC| added to the sample -

V, is volume of HCI added to samplev

V., is total volume of sample and acid added -

[H'] 1 is the total excess hydrogen ion concentration in the sample after having

been purged of CO, completely.,
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Required amounts of hydrochloric acid-BCG (0.1 N) mixture (ranging between
1.290 and 1.300 ml) measured using a high accuracy Radiometer Autoburette,
were placed in dry 125 ml glass bottles. 50 mi of sea water sample was added
to this mixture and purged with nitrogen gas for 10 minutes. Absorbances of
original and treated samples were measured using a 10 cm long cylindrical
quartz cell at 444, 616 and 750 nm on a JASCO spectrophotometer.
Measurements at 750 nm were used to correct for the baseline drift, if any,

between the measurements.
2.2.5. Total Carbon dioxide

We measured TCO, in sea water through coulometric titration. In coulometry
the electrical current required to convert a particular chemical species to a
different species is measured. The present coulometric titration involves
electrolytic generation of a strong base to titrate the weak acid formed by the
reaction between CO, and ethanolamine. Thus, CO, stripped from sea water is
first quantitatively converted to hydroxyethylcarbamic acid which is then titrated
by OH’ ions automatically generated through the reduction of H,O at a platinum
cathode. The equivalence point is detected photometrically with
thymolphthalein as the acid-base indicator. The coulometric sequence includes

neutralization, redox, and complexation reactions.
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Neutralization:

2CO, + 2NH; (CH,) ,0H ==> 2HO(CH,),NHCOOH

ethanolamine hydroxyethylcarbamic acid

2HO(CH;) ,NHCOOH + 20H" ==> 2HOH + 2HO(CH,) ,NHCOO

Oxidation - reduction:

2Ag° (s) ==> 2Ag" + 2¢’ Silver electrode (anode)

2HOH + 2e" ==>H, + 20H Platinum electrode (cathode)

Complexation:

2Ag" + 41 (saturated Kl) ==>2Agl*" (anode)

Net reaction:

Ag’® (s) + 2I' +CO, +NH; (CH;),OH ==> Agl, + 0.5H; + HO(CH,) ,NHCQO"
To be quantitative, the reduction of H,O must occur without the involvement of

any other chemical species and each faraday of electrical current must bring

about a chemical change corresponding to one equivalent of the analyte. If
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true, 100% current efficiency is maintained even when the neutralization
reaction is secondary to the electrode reaction, i.e., CO, is not required to
directly participate in the electron transfer process at the electrode. The cell
solution (supplied by the manufacturers, UIC Inc., U.S.A.) is originally blue
since it contains thymolphthalein (blue at pH 10.5 and colourless at pH 9.3).
The CO; stripped from sea water forms hydroxyethylcarbamic acid in the cell
and reduces pH thereby increasing the transmittance (%T). This in turn triggers
the redox reactions by generating current at a low (1-5mA) or high (50-100 mA)
level depending on the magnitude of change in %T. The generated current is
measured in coulombs that actually is displayed in ug C through a built-in

conversion mechanism.

A semi-automated sampling system was developed to eliminate atmospheric
carbon dioxide contamination during the sub-sampling and stripping for
measurement. (Fig. 2.6). This involves drawing a specific aliquot of sub-sample
followed by acidification with ortho-phosphoric acid and purging the sample by
CO, free air. The titration of the liberated CO, was performed in coulometric
cell. Air was used as a carrier gas that was passed through potassium
hydroxide scrubber, followed by drierite and ascarite to remove CO, and
. moisture, respectively, from the carrier gas. A comparison made between CO,
free air and nitrogen as carrier gases did not reveal any significant differences

in the results and hence the former was preferred. However, extreme care was
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This zero water was used for the preparation of standards. Ultrapure blank
check, a built-in programme, was run to find out the blank. This was carried out
by injecting the ultrapure water a couple of times into the catalytic chamber and
collecting the condensed water into a reservoir from where it was re-injected
into the catalyst as a fresh sample. This cycle comprised 10 injections. The
mean peak area of the last cycle was considered as the instrument blank which
were 500-600 counts. This nearly equals 10-15 uM and was subtracted from
samples. The instrument was calibrated against potassium hydrogen phthalate

as the standard (Fig. 2.9).

Samples were collected in 30 mi polypropylene bottles. Before the cruise,
these bottles were washed, soaked in 20% ortho-phosphoric acid for 24 hours
and thoroughly rinsed with double distilled water. Samples were preserved with
1 mi of 85% o-phosphoric acid and stored in a refrigerator until analysis in the
shore laboratory. Each sample was injected 4 to 6 times until the coefficient of
variation obtained was less than 1%. The mean value of these injections was

considered.

2.2.7. Transparent Exopolymer Particles

Water samples were collected in 125 ml glass bottles. Well shaken water

samples were passed through polycarbonate (Nuclepore; 0.4 um pore size) or
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Durapore (0.45 um) filters within a few hours of collection. Durapore filters have
been found not to interfere with the colorimetric analysis, similar to Nuclepore
filters. The concentration of TEP, expressed in terms of alginic acid (AA) was
estimated using the alcian blue colorimetric method (Péssow and Alldredge,
- 1995) with minor modifications. We found that although the TEP (in samples)
dissolved in 80% sulphuric acid showed maximum absorbance at 787 nm, the
alginic acid in the same acid medium exhibited inverse relation between its
abundance and absorbance and that AA standard yielded a better (positive)
linear relation at 745nm (Table 2.3). Nevertheless, TEP spectra revealed
proportional changes in absorbencies at the wavelengths, 745 and 787 nm.
Consequently, the TEP was measured at 745 nm since its abundance is
represented in terms of AA. The Arabian Sea samples were analysed mostly in
single, but in duplicates wherever possible, whereas the Bay of Bengal

samples were done in quadruplicates.

Table 2.3: Absorbances of Alginic acid measured at wavelenghs 787 and 745nm.

Alginic Acid Absorbance at Absorbance at

mg/l 787 nm 745 nm

0 1.261 1.104

10 . 1.227 1.131

20 1.178 1.142

30 1.140 1.162

40 1.108 1.185

50 1.046 1.198
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2.2.8. pCO; underway measurements

Carbon dioxide partial pressures in air and water were determined using an
underway pCO, measurement system during SK115. The mole fractions of CO,
(xCO,) in sea water equilibrated air and in atmosphere were continuously
measured with an infrared detector. This automated underway CO, monitoring
system consisted of a "shower-head" equilibrator and a non-dispersive infrared
(NDIR) CO; and H,0 ?nalyser (Li-COR 6262) with a solid state detector (Fig.
2.10). A system consisting of automated valves controls the frequent and
regular switching of gas flows to the NDIR analyzer between sea water
equilibrated air (SEA), marine air sampled from the bridge of the ship (AIR),
and two gas standards (CO, concentrations of 412 and 325 pM/M,

respectively).

The air intake system consisted of an inverted polyethylene funnel mounted at
the top of the bridge of the ship using 3/8" inner diameter Dekoron line. Sea
surface air was pumped by an Air Cadet pump at a rate of several litres per
minute. After the pump line was spljt, part of the air supply went to the
instrument. The remaining portion of the air (>500 ml/min) was used to flush a
"ballast' chamber which was vented to ambient atmosphere. This ballast
chamber was then used to maintain ambient pressure in the equilibrator

headspace. When analysing marine air, a flowrate of 200 mi/min was
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maintained through the NDIR. Once in every 2 h the alternation of the two

sample gases was interrupted for the measurement of the two reference gases

according to 10 min cycle.

The small size (approximately 40 cm high) equilibrator consists of two
concentric cylinders (stages) made of plexiglass, with a drain in the centre (Fig.
2.10). The sea water "showers" from the top of the equilibrator at a rate of 4
I/min, and the first stage of the equilibrator is vented to the clean marine air to
maintain ambient atmospheric pressure. The gas phase is continuously re-
circulated at a rate of 200 m! min™ by an air pump, through a closed loop that
passes through the infrared analyzer. The sea water temperature in the
equilibrator together with both atmospheric pressure and the gas pressure in
the closed loop is continuously monitored. The sea water temperature sensor
in the equilibrator has been calibrated against a platinum resistance

thermometer.

The CO2/H,O differential NDIR analyzer is of small size, precise and
insensitive to vibrations and lateral accelerations. The Li-Cor CO,/H,0O
analyzer uses an internal algorithm to correct wet measurements to dry gas
scale at one atmosphere pressure. Thus, this automated system allows direct
monitoring of xCO, (mole fraction of CO, gas corrected to dry air at a pressure

of 1 atm) in the gas phase without having to pretreat it (no drying nor gas
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separation are required). This not only simplifies the analytical procedure, but
also minimizes the potential errors in the measurements.

During SK 115 and SK 116 cruisés the system was regularly calibrated once
every 2 h, using the secondary CO, standard gases that were calibrated using
primary standards. The 2 h calibration indicated that the infrared analyzer had
been remarkably stable. The computer recorded one xCO, datum per minute
which was an average of 10 readings taken every 6 s. A typical duty cycle
consisted of a 5-min cell flush, followed by five 1-min averages. The same

cycle was then repeated for the measurement of air.

The pCO, was computed from the measured xCO, using the relationship

(UNESCO, 1987):
pCO,=xCO, x pressure x [1-(vapour/pressure)}

where

vapour = 0.981 x exp (27.029 - 0.098T-6163/T)

-

Here, "pressure" represents the ambient atmospheric pressure, "vapour"
represents the saturation water vapour pressure at the air-sea interface, and T

(°K) is the surface temperature in the equilibrator.
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2.3. Methodology - Computations

2.3.1. Oxygen Utilization and Nitrate Deficits

2.3.1.1 Apparent Oxygen utilization (AOU)

Apparent Oxygen Utilization (AOU) is the amount of oxygen utilized during
biological respiration. This is calculated by the difference between expected
oxygen solubility (a function of temperature and salinity) and observed oxygen
concentration, i.e.,

AOU = O3 (exp) - 02 (oby)

The oxygen solubility was evaluated according to Benson and Krause (1984):

M
O, (exp) = €

where
M = -135.9025+1.575701x10°T - 6.642308 x 107/T? + 1.243800 x 10" x T° -

8621949 x 10" x T*- S (0.017674-10.754/T + 2140.7/T%)
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2.3.1.2 Nitrate deficit (5N)

Nitrate deficit indicates the extent of nitrate lost as a result of denitrification
occurring under suboxic conditions in water. It is obtained as the difference
between the nitrate concentration expected in the absence of denitrification

and the sum of observed nitrate and nitrite concentrations.
8N = NO_3 {exp) ~ (NO-3 {obs) + No-z (Obs))

Naqvi and Sen Gupta (1985) have proposed the use of NO, a derived semi-
conservative property, to compute nitrate deficits. Broecker (1974b) originally

proposed NO as the following
NO =9.1 (NO'3+NO,) s + O: (obs)

This approach is based on the assumption that NO behaves conservatively
outside the denitrification zone and should therefore exhibit linear relationship
with potential temperature, in accordance to the linear salinity-potential

temperature relation. Naqvi et al. (1990) proposed the following set of revised

equations to compute the nitrate deficit:
NO =415.934 -8.974 0 10.3820<27°C
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NO =490.254 - 16.126 6 <1039°C
oN = (NO - 02)/9.1 - NO3 - NO>

Here 0 refers to potential temperature (°C) and 9.1 is derived from Redfield

ratios of oxygen and nitrate.

2.3.2. Carbon components

Appropriate equilibrium constants are a prerequisite in the quantitative
evaluation of the carbon dioxide components. Use of these constants along
with any two of the measured variables among pH, alkalinity, pCO, and total
carbon dioxide (TCO,) enables the quantification of all the CO, species. The

relevant procedures and equations used in the present study are summarized

below.

2.3.2.1. pH conversion from free ion scale to Total scale

-

Spectrophotometric pH method yielded hydrogen ion concentration on the free
ion scale at 25° C and atmospheric pressure (pH°). We first converted this

pH®;s to pH in s, according to Millero (1979). pH as a function of temperature,
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pressure and salinity was computed using the constants given by Hansson

(1973) and Mehrbach ef al. (1973).
pHC = pH°,5 + A (t-25) + B (t-25)2
Here t refers to the temperature of the sample, in situ, and

10° A = -9.702 - 2.378 (pH,s - 8)+ 2.885 (pH,s - 8)

B R TETTRE Py SRS

10° B = 1.123 - 0.003 (pHas - 8) + 0.933 (pHys - 8) 2

pH’;s was obtained from the spectrophotometric measurements at 25° C
(please see section 2.2.4.1.). These equations are valid for ranges int of O -
40° C, salinity of 30 - 40 psu and pH°,s of 7.6 - 8.2 (Millero, 1979).

The effect of pressure in the ocean on pH;° was estimated using

plen situ = tho + AP

The slope A is a function of temperature and salinity

-10°A = 0.424 - 0.0048 (S-35) - 0.00282t - 0.0816 (pH", - 8)
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and is valid for salinity range of 32 - 38 psu and t of 0 - 25° C. P is the

pressure, in sity, in decibars.

Hydrogen ion concentration on total scale is ([H]¢= free proton)

[H']+ =[H]s + [HSO(]+ [HF]

Bisulphate ion effect was computed using the formule;:tions given by Hansson
(1973) for the conversion of pHi, st t0 pHt since the effect of fluoride ion will be
insignificant (Dickson, 1993).

The equilibrium constant for bisulphate/sulphate is

Log Kusos/soa =747.39/T - 7.1833 + 0.020234.T - 9.94466 x 10°.5+3.9813.10° &?

this equation is valid for a salinity range of 20 - 45 psu (Hansson, 1973)

Total sulphate (SO4) was caiculated from the salinity of the sample based on

the ‘constancy of ionic composition in sea water’ principle.

804(0 =(0.02823 x S/35
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PHr = pHinsity - 1N (SO4q))
In (sulf) = Log (1+Kusossos * SO4gp)
The effect of pressure on above equations were computed from

A10°V= -18.03+0.0468*t+0.316/t

A10°K= -45.349 * 102 * t
2.3.2.2. Carbonic acid constants:

The apparent dissociation constants of carbonic acid (K, K;), determined by
Goyet and Poisson (1989) at atmospheric pressure and on Total pH scale,
were used in the present study. These are

pK, = 812.27/T +3.356 - 0.00171 x S x In (T) + 0.000091 x S?

pK, = 1450.87/T + 4.604-0.00385 x S x In (T) + 0.000182 x S*

where the constants K, and K, are expressed in moles kg™ of solution
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The effect of pressure on the apparent ionization constants of acid in sea water

were done according to Culberson and Pytkowicz (1968):
In (Ky /K °)= -(AV/RT) P + (0.5AK/RT)P?

where AV, and AK ; are the volume and compressibility change for the

ionization.

The values of AV;and AK; have been fit to equation of the form

- AV, = a, + a; (S-34.8)+azt

-10 AK; = b, + by (S - 34.8) + b,t
Coefficients in these equations are

8,=25.50: 2,=0.151; a,=-0.1271;

b,=3.08; b1=0.578; b,=-0.0877

Using the evaluated pHy, acidity constants and TCO, (or TA in some cases) the

CO, components, particularly pCO,, HCO's, and CO%; were computed.

2.3.3. Solubility of carbon dioxide

The equation given by Weiss (1970) is used for calculating the carbon dioxide
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solubility in sea water.

In K°= Ay + A2 (100/T) + As In (T/100) + S [By + B, (T/100) + B5 (T/100)}]
where

A;=60.2409; A, =93.4517; A3 =23.3585;

B1=0.023517, B, =0.023656 and B; = 0.0047036

where K° is expressed in moles dm™ at T of °K.

2.3.4.' Carbonate saturation

The thermodynamic solubility products of aragonite and calcite were found

from the equations given by Mucci (1983):

Log (K’sp (arag)/ K’ (calc)) = 0.0385 + 63.974/T

and

Log K°(arag) = -171.945 - 0.077993T + 2903.293/T + 71.595 log T
Tisin K
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The following equation was used to find the temperature and salinity
dependence of stoichiometric solubility constants of calcite and aragonite in
sea water.

Log K‘sp(l)" log Kosp o = (bo + by T + bz/T)So"s +C,S + dosts

along with the following constants:

solid b, bi.10° b, Co do10°

calcite -0.77712 2.8426 178.34 -0.07711 4.1249 0.010

aragonite -0.068393 1.7276 88.135 -0.10018 59415 0.009

The pressure dependence of the solubility product was estimated by the

following formula (Millero, 1979).
In (KP a0/ Kp) = (AV/RT)P + (0.5AK/RT)P?
2.3.5. Air-Sea fluxes

The net flux of CO, across the air-sea interface was calculated from:
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F'UX = K (1 (Pa(m = P;)

where K is the transfer velocity (cm h’) o is the' CO, solubility at the
temperature and salinity at the surface, Pay, is the partial pressure of CO; in

atmosphere (patm) and P, that in surface sea water (patm).

The transfer velocity of a gas is a function of wind speed and temperature (Liss
and Merlivat, 1986; Tans et a/., 1990, Wanninkhof, 1992). The formulations of
Wanninkhof (1992) was used for transfer velocity computations. Wanninkhof
(1992) derived a quadratic relation between wind speed and the transfer
velocity, where a proportionality factor of 0.36 was found for discretely

measured wind speeds (u)
K = 0.36 (u?) (Sc/660)*° (discrete winds)

The Schmidt number (Sc) is defined as the kinematic viscosity of water divided
by diffusion coefficient of the gas; it was computed using the following equation

(Wanninkhof, 1992)
Sc=A-Bt+Ct*-Dt’
Coefficients A to D are:
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A=2073.1 B=125.62 (C=3.6276 D=0.043219 t= temperature (°C)

2.3.6. Quantification of regenerated carbon

2.3.6.1. Based on Redfield Ratio

The regenerated carbon dioxide can be computed using the C/O, ratio. Based

on these ratios regenerated carbon can be computed using the formulation

Reg.CO, = (AOU * C/O ratio)

These ratios for the study area were evaluated on a seasonal basis and were

found to be:

NE monsoon +1.025
Inter monsoon +1.366
SW monsoon 95 +1.233
SW monsoon 96 +1.207

2.3.6.2. Based on Kroopnick’s formulations

The carbon dioxide regenerated from the soft tissue and hard parts was
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evaluated following the generalizations made for global oceans by Kroopnick

(1985):

TCOs @ = (TCO; * 35.000)/S
TCOZ (pre)(n) = 2233‘1 036*9

TCO2 geg = TCO2 vy - TCO2 (preyen)

where suffixes ‘n’, ‘pre’ and ‘reg’ indicate normalized, predicted and
regenerated carbon dioxide, respectively. 8 is the potential temperature (°C)

and S is salinity (psu).
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HYDROGRAPHIC FEATURES



3.1. Introduction

The Indian Ocean in the north comprises of the Arabian Sea, the Bay of
Bengal, the Andaman Sea and the Laccadive Sea in addition to the adjoining
Persian Gulf and Red Sea. Although, the geographical setting is somewhat
similar the hydrographical and hydrochemical characteristics widely differ

between the first two regions (see 1.3 and 1.4).

The Arabian Sea receives very little river runoff as most of the Indian rivers
discharge into the Bay of Bengal (Subramanian, 1993). In the Arabian Sea
evaporation far exceeds precipitation and-runoff, except off the west coast of
India where annual precipitation slightly in excess of evaporation (<20 cm)
(Venkateswaran, 1956). The domination of evaporation over the precipitation is
maximal (100-150 cm y') off the Arabia coast that decreases steadily towards
Southeast. The excessive evaporation results in high surface salinities in the
Arabian Sea. The two marginal seas, viz. the Red Sea and the Persian Gulf,
lying in arid zones experience still more intense evaporation. Surface salinities
in these regions are among the highest in the oceans. This, together with
winter cooling in the north, leads to the formation of high-density water masses
which sink and renew deep-waters in the Red Sea and Persian Gulf (Dietrich,.
1973). These deep high-salinity waters flow at subsurface levels into the

Arabian Sea through the Guifs of Oman and Aden. In order to balance the
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outflow as well as the excess evaporation, there is an inflow of Arabian Sea
surface waters into the Red Sea and the Persian Gulf (Grasshoff, 1969, 1975;

Morcas, 1970; Hartmann et al., 1971).

Wyrtki (1971) has extensively dealt with physico-chemical characteristics of the
Arabian Sea and identified the major watermasses and their density (sigma
theta (o)) surfaces. Table 3.1 summarises various water masses (Kumar and
Li, 1996) in the Arabian Sea along with their physico-chemical characteristics
and approximate depths of occurrence. Among these, the shallow salinity
maximum water (SSMW, 64=25.0) could be traced throughout the Arabian Sea
but the Persian Gulf Water (PGW) flows mostly in the southeast direction east
of 63° E (Ramesh Babu et al., 1980). However, the PGW effect could be found
even in the central Arabian Sea (Wyrtki, 1971). Wyrtki (1971) also noticed that
spreading of Red Sea Water (RSW) is'mostly southward while Ramesh Babu

et al. (1980) could not find it north of 17° N. The SSMW is formed due to mixing

between Southern Subtropical water and the Arabian Sea High Salinity Water
(Wyrtki, 1971). Other important watermasses reported to occur in the Arabian
Sea (Kumar and Li, 1996) are waters originating in the Central Indian Ocean
and from the western Pacific Ocean (Indonesian Throughflow Water). The Bay
of Bengal Low Salinity water (BBLS) flows, predominantly, along the southwest
coast of India in winter (Shetye, 1993.). Kolla et al. (1976) and Warren (1978)

found the entry of Antarctic Bottom Water (AABW), having a potential
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Table 2.4. Watermasses in the Arabian Sea and their physico chemical properties.

Water Depth | Potential | Salinity | Density | Dissolve | TCO; Total
mass (m) temp. (psu) (°0) d Oxygen | (uM) Alkalinit
O (M) y
(M)
AABW 4709 -0.615 34.659 27.888 246 2245 2354
MNADW | 2055 1.769 34.77 27.838 206 2237 2348
CIWwW 1383 3.811 34.743 27.638 124 2296 2374
ITWW 723 7.415 34.763 27.215 124 2238 2333
PGW 233 22 36.5 26.880 200 2150 2400
AATWW 4 6.492 33.726 26.525 305 2093 2269
W 17 29.13 34.188 21.423 212 1889 2247
BBLS 9 28.107 33.25 21.097 209 1872 2217
RSW 759 11.06 35.699 27.309 15 2281 2360
ASHSW 5 28.897 24.082 195 2034 2386

36.754

e




temperature (0) of 1.2° C near 10° N, into the Arabian Basin through the Somali
Basin Besides the presence of the above water masses, Somasundar et al.
(1987) observed the occurrence of 22° and 9° discontinuities in the Arabian
Sea. These two discontinuities have been proposed to originate from mixing
between SSMW and PGW, and RSW and North Indian Bottom Water,

respectively.

In addition to several watermasses present in the Arabian Sea at different
depth horizons the mechanisms of mixing vary with seasonal changes in wind
regimes. The dominants of these are upwelling (Shetye et al., 1990) and
divergence (Muraleedharan and Prasanna Kumar, 1996) the Southwest
monsoon and convective mixing during winter monsoon (Banse, 1984). As
these processes influence the productivity pattern and hence have a control
over the carbon cycle it is necessary/important to understand the detailed
hydrography of the study area. This CHAPTER presents the detailed
distributions of physical (temperature, salinity and wind speed) and chemical
(oxygen and nitrate) properties in order to find the prevalent mixing processes
in different seasons and their influence on biological productivity in order to

understand carbon exchanges in the Arabian Sea.

3.2. Northeast monsoon

During the northeast (NE) monsoon period, the circulation in the Arabian Sea is
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not very different from that in the northern Pacific and Atiantic Oceans. North of
the equator, the flow is from east to west in the form of the NE monsoon
current. Beginning in November this flow becomes the maost intense in
February and subsides by April (Wyrtki, 1973). A branch of the NE monsoon
current turns north and flows along the west coast of India during November to
January, bringing low salinity surface waters from the Bay of Bengal. The other
branch turns south off Somalia, crosses the equator and merges with the South
Equatorial Current. An equatorial counter current and an undercurrent are also
found (Wyrtki, 1973). Surface circulation in the Arabian Sea is generally

anticlockwise during this period.

The observed winds were predominantly north/north-easterlies during this
season. Along the shelf, the observed wind speed varies between'_4 andﬂ 10 m
s, except at 18° N where it is about 12 m s”. Along the northern shelf, the
wind speeds are between 8 and 10 m s' decreasing to 4 to 6 m s towards
south. In the open ocean, along 64° E, the wind speed shows a gradual

increase from about 2 m s to 5 m s towards the south and comparatively high

wind speeds are observed north of 18° N reaching upto 8ms’".
Latitudinal variations in wind speed, air temperature, sea surface temperature

(SST) and mixed layer depth (MLD) = shown in Fig. 3.1 to highlight the

conditions in the top layer of the central Arabian Sea during winter, inter-
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monsoon and SW monsoon seasons. The air temperature increased from 22°
C in the north to more than 26° C in thevsouth. The SST rose about 3° C from
north (25° C) to south (28° C). The MLD was generally deep (80 m) in the north
with the deepest value of 120 m at 17° N. South of this latitude the MLD
shoaled steadily to 65 m. Low air temperatures facilitated increased
evaporation in the northern Arabian Sea wherein the latter results in convective
mixing (Prasanna Kumar and Prasad, 1996, Madhupratap et al., 1996). Below
500 m, there found to be no appreciable north-south gradients in temperature
and salinity. Salinity structure showed the presence of ASHSW with >36.4 psu
in the northern region, the core of which deepened towards south (Prasanna
Kumar and Prasad, 1996). The surface salinity decreased from 36.4 psu in the
north to less than 35.7 psu at 11° N. This low salinity water is representative of
the North Equatorial Current (NEC) that carries waters from the Bay of Bengal

as well as the eastern Indian Ocean into the western Arabian Sea.

Under the influence of north/north-easterly winds the possibility of upwelling
along the eastern Arabian Sea in winter can be expected. However, the winds
are too weak to induce any appreciable offshore Ekman transport
(Madhupratap et al., 1996). The specific humidity during this season was lower
by 9 g kg than in other seasons pointing to the prevailing dry air. The cool dry
continental air over the northern Arabian Sea enhances evaporation leading to

surface cooling. It is computed that the surface waters were cooled by 3° C
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during this season (Prasanna Kumar and Prasad, 1996). Apart from the
cooling due to evaporation, the decrease in solar insolation byﬁo__\‘v/\l_.m'2 results
in a further cooling of surface waters. Thus, the reduced SST and deepened
MLD in the northern Arabian Sea during winter resuit from a combination of
enhanced evaporation and reduced solar insolation. Consequently, the Arabian
Sea surface waters, north of 15° N, experience cooling and densification. This
leads to sinking of surface water that sets in convective mixing which brings
about injection of nutrients into the surface layers from the upper thermocline

region.

The oxygen distribution in the subsurface waters showed lowest oxygen
concentrations (below detection limits) in the northern parts. It actually reached
VEE[:Z_QLO_JBBLEISW.during this season (Fig. 3.2). This could be dﬁe to enhanced
productivity driven by winter convection.Lr\l'itrate was about 2 uM in surface
waters of the northern latitudes in NE monsoon (Fig. 3.3). However, it was less
than 1 pM in the south. This clearly suggests the influence of convection in

3y

making nutrients available to plankton in surface layers in the Nort.h;; These
data are consistent with the concurrent primary productivity measurements
(Madhupratap et al, 1996; Bhattathiri et al, 1996). They observed a
productivity of 643 mgC m?d" in the northern Arabian Sea during NE monsoon

whereas it was 1097 mgC m? d”' in SW monsoon 1996. Surprisingly, though

the mixed layer is enriched with nutrients the winter productivity remained less
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than that in SW monsoon (Madhupratap et al., 1996). nghg,r_‘_g_[oductiy_i;y, at the
surfacgw'rv_reﬁgljsﬂ_in,the sinking of large amounts of organic matter that should be
gettivng” oxidized in intermediate layers, thus leading to_more intense oxygen-
deficient conditions (Fig. 3.2). For instance, at 15° N the measured sinking rates
of particles using ?*Th export fluxes during NE- and intermonsoon are 371 and
848 mgC m? d' (Sarin et al, 1996). Comparatively higher oxygen
concentrations (>10 uM) were observed in the southern Arabian Sea because of

the inflow of southern subtropical and polar waters in intermediate and deep

layers.

The depth profiles of nitrate at any given depth show that its concentrations were
lower in the north (Fig. 3.3). This results from nitrate consumption during the
oxidation of organic matter. When oxygen is present at trace levels, the bacteria
utilize nitrate as substitute oxidant in the decomposition of organic material(s

During this process nitrate gets reduced to molecular nitrogen as the end produc

with nitrite as an important intermediate. Thus the presence of secondary nitrit

below the thermocline indicates the occurrence and intensity of denitrification
process. Figure 3.4 depicts the relationships between nitrite and oxygen for the
upper 1000 m water column. There are two distinct ranges of oxygen levels
where nitrite was present. One is in the upper thermocline with oxygen
concentrations of 175-275 yM and the other in intermediate depths with oxygen

largely <10 uM While nitrite present in sub - oxic waters indicates the
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occurrence of denitrification, that in the thermocline region originates from
nitrification process and/or from assimilatory reduction (Sen Gupta et al.,
1976). Data in insets of Fig. 3.4 suggest that secondary nitrite predominantly
occurs at trace levels of oxygen. Oxygen was the lowest in winter perhaps
because of its enhanced consumption cumulatively triggered by the rain of

organic matter from surface layers produced in winter and Southwest monsoon

seasons.

The estimated nitrate deficit (Nagvi et al, 1990), a measure of nitrate
consumed during bacterial reduction and also an indicator of the extent of

PSS

reducing conditions, ranged from O to ~10 uM in intermediate and deep waters.

e e

Figure 3.5 shows the relationships between dissolved oxygen and deficit in
nitrate, at oxygen concentrations <60 pM. A large number of points have
positive nitrate deficit values in winter particularly below 10 uM of oxygen. This

is in good agreement with the nitrite data (Fig. 3.4).

Weakly stratified surface layer extended upto 100 m depth along the shelf.
SST rose from about 24.2° C in the north (21.5° N) to about 29° C at 10° N,
with an approximately 0.5° C increase per degree latitude (Prasanna Kumar
and Prasad, 1996). The MLD was deep and varied between 120 m at 21° N
and about 80 m at 10° N. The packed isotherms below 100 m, along the

southern shelf indicate the occurrence of a strong thermocline. Salinity
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structure also shbwed a weakly stratified layer of high salinity (36.4 psu) in the
north that thinned towards south. The high salinity surface waters (36.4 psu) in
the north lead to the formation of the Arabian Sea High Salinity Watermass
(ASHSW), the core of which deepens towards south (about 100 m depth)

having a salinity of 36.0 psu (Prasanna Kumar and Prasad, 1996).

F ig. 3.6 depicts oxygen and nitrate distributions in waters along the west coast

of India. Many contours of nitrate as well as oxygen rose from a depth of 180 m
between 16 and 19° N whereas the same are deepened between 19° and 21°
N in response to winter convection that must have triggered higher productivity.
Along 21° N, dissolved oxygen concentrations were higher towards the coast
due to enhanced productivity triggered by winter cooling. The oxygen
concentrations were higher by 20-30 uM in the east where high productivity
(860 mgC m? d”') was observed whereas it was 640 mgC m” d" in the west
(Bhattathiri et al., 1996). High nitrate concentrations (2 pM) were observed

towards the coast.

The MLD along the 11° N zonal section increased gradually from about 50 m in
the west to almost 100 m towards the east with SST, in gene}al, greater than
28° C (Fig. 3.7). The presence of NEC brings about drastic changes in the
surface salinity along this section (Fig.3.7) with very low salinity waters (34.6

psu) of Bay of Bengal over-riding the ASHSW. The core of the ASHSW (36.0
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psu) consequently Showed an eastward tapering and deepening. Dissolved
oxygen concentrations in surface waters showed no significant east-west
variations (~220 uM) and the water column was well stratified (Fig. 3.8). Nitrate
distribution shows that the upper 50 m had undetectable nitrate with no
meridional gradient. In the sub-surface layers low nitrate occurred closer to the
western margins of India which could be due to consumption of nitrate from

water immediately above the sediments or to upward diffusion of nitrate

deficient pore waters.
The salient features in NE monsoon are:

e Weak winds generally prevailed

e Winter convection occurred in the north?

o Mixed layer deepened in the north~

e Primary production enhanced in the north driven by convection’

e Clear north-south subsurface gradients occurred in oxygen and nitrate
o Large nitrate deficits were associated with higher production/ sinking

of organic matter

3.3. Inter-monsoon (Pre-SW monsoon)

The inter-monsoon represent transition periods between NE and SW

monsoons when the winds reverse direction during March to May (pre-
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monsoon) and October to November (post-monsoon). The surface winds south
of 17° N during April-May were predominantly northerly and weak (<4 m s) in
the south but became westerlies and progressively stronger towards the north
west. Along the north Indian shelf, wind speeds were between? wand 10m s’
Wind speeds were high north of 18° N reaching upto 8 m s™' in the open ocean
The air temperature along 64° E was, in general, around 28° C but reached up
to 30° C at 13° N (Fig. 3.1). SST decreased from 30° C in the south to 29° C in
the north with large variations (between 13° and 17° N). MLD was shallow and
varied between 30 and 35 m except at 19-20° N where it further shallowed to
10 m. Along the western shelf, thermal structure revealed thin mixed layer that
varied from 10 m to 25 m with SSTs more than 30° C (Fig. 3.1). More or less
uniformly high salinity waters (36.4 psu) were encountered along the northern
shelf (north of 16° N). However, along the southern shelf, relatively low salinity
waters were seen in the upper 20 m. The core of ASHSW was closer to the
surface in the north but deepened to about 80 m in the south (Prasanna Kumar

and Prasad, 1996).

The oxygen isopleuths were well stratified up to a depth of 150 m with no
significant gradient between northern and southern Arabian Sea.
Comparatively low surface oxygen (200 uM) concentrations were observed
than in the NE monsoon (240 uM) which could be due to high production in the

latter season (Fig. 3.2). Surface waters are nearly devoid of nitrate during the
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inter-monsoon period (Fig. 3.3). The 2 yM nitrate isoline was found a»t ~75 m
whereas the same had surfaced in the north during NE monsoon. Although
surface waters are depleted in nutrients, high nutrient concentrations were
found at the base of the euphotic zone leading to subsurface chlorophyll}."
maximum (SCM) (Bhattathiri et a/.,, 1996). The SCM was found to be prevalentﬁ
at ~40 to 60 m during the inter-monsoon period. In this season surface primary

production varied from 0.7 to 11.9 mgC m? d”. The surface production was

comparatively higher in the north than in the south.

The oxygen concentrations at intermediate depths (4-20 uM) were higher than
in the winter (0-10 uM). Although surface productivity was low, bacterial
population has been found to be higher by several folds during inter-monsoon
unlike July/August (Ramaiah et al., 1996). Bacteria showed an increase from
the northern to the southern Arabian Sea. Patches of Trichodesmium blooms
were found in some areas of the southern Arabian Sea. Rapid turnover of
bacteria_ during _the inter-monsoon period of AprillMay suggests the
predominance of a 'microbial loop’ in the foodweb. The depth profile of nitrate
(Fig. 3.3) shows that at any given depth the concentrations were lower at the
northern latitudes. Nitrate deficits were low in this season than in winter as a

consequence of which a large number of data points have moved to the right in

Fig. 3.5.
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The MLD remained thin showing a general deepening, though small, toward
south, as also is the case along the western shelf. Salinity structure resembled
that in February-March, except for the reduced spatial extent of the low salinity
water in the southern region. The thick isohaline layer seen in the north, during
winter, was no longer present. Instead, high salinity water (36.6 psu) intruded
into the column, indicating the spreading and deepening of the ASHSW
towards south. Unlike in winter, the sigma-t structure showed the presence of
low-density waters uniformly from 21° N to 11° N with strong stratification. The
upper thermocline showed a overall trend 6f deepening from 21° N to 11° N,
except between 13.5° N and 15.5° N where isotherms greater than 20° C
shoaled, that appeared to be a signature of a meso-scale (cold core) eddy

(Prasanna Kumar and Prasad, 1996).

Along the Indian western margin, oxygen was lower than in NE monsoon by 20
pM (Fig. 3.6) with' increasing concentrations towards the north. Nitrate
concentrations were also comparatively higher in the north during inter-
monsoon (Fig. 3.6). This could be attributed to a remnant of injected nitrate
concentrations by winter convective mixing that might not have been used
completely. Primary productivity was 310 mgC m? d” during this season

perhaps because of the availability of nitrate in surface waters.
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Thermal structure along 11° N revealed extremely shallow MLD that was at
least 2° C warmer than in winter (Fig. 3.7). Oxygen contours in the upper 150 m
were well stratified and showed no east-west gradient. But high surface oxygen
concentrations were observed close to the coast because of high productivity.
I Surface nitrate was undetectable but appeared (Fig. 3.8) at the base of the
\euphotnc zone (60-70 m) leading to the formation of SCM. Subsurface oxygen
concentrations showed large east-west gradient having higher concentrations
in the west (Fig.3.8). Low concentrations of oxygen in the east coincides with

high concentrations of nitrate suggesting intense remineralisation of organic

matter closer to the coast.
The salient features in inter-monsoon are:

e Wind speeds increased in the north

e Water column well stratified, in general

o Mixed layer was shallow

s Subsurface chlorophyll maximum occurred /

e North-south gradients in oxygen and nitrate were evident

e Bacteria were more abundant than in other seasons-

« Northern coastal waters experience conditions similar to those in
winter, i.e. higher oxygen and nitrate, and relatively deep mixed layer

than in south
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3.4. Southwest monsoon

The flow pattern seen in winter changes completely with the onset of the SW
monsoon.. The reversal actually starts in February and is completed by May.
The westbound NE monsoon current is replaced by an eg_ﬂbound monsoon
current. During SW monsoon the overall direction of winds over thenorth

Indian Ocean is from the southwest and surface currents flow towards the

equator (Muraleedharan and Prasanna Kumar, 1996). A prominent feature of

!
|

| the large-scale surface circulation in the Arabian Sea during the SW monsoon ‘}
| - i

;zis the Somali Current System. The northward flowing Somali Current reaches
éits greatest strength in July (Schott, 1983). Duing (1970) has studied the
dynamic topographies of sea surface during this season, which are dominated
by a complex pattern of cyclonic and anticyclonic vortices. The eastward drift
observed by Duing (1970) is also seen in the ship-drift charté of Cutler and
Swallow (1984). The same charts indicate that in the coastal region of Indig a

southward flow occurs. Nevertheless, the occurrence of upwelling is, by far, the

best characteristic of Southwest monsoon season in the Arabian Sea. Open
ocean regions and continental margins of India have been covered in the

present study (please see Fig. 2.1).

3.4.1. Central Arabian Sea

A prominent signature of the onset of the SW monsoon is the cross equatorial
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wind component in the northern hemisphere. During May this low-level flow
progressively moves northward along the East African coast where it
accelerates an‘d pro~dq¢e§ the Somali Jet --the strongest persistent low-level
wind system in trliworld. During June and July the jet splits over the Arébian

Sea when its northern branch progresses across the Indian subcontinent and

the southern branch moves eastward to the south of India.

The observed wind speeds ranged between 1.6 and 16.7 m s™'. Winds along
64 ° E were stronger, ranging from 8.6 to 16.7 m s with the highest values
occurring near the Jet axis (16-17° N). The winds were highly variable along
the coast with speeds of 1.6-10.2 m s™'. To the Northwest of the jet axis extreme
values of positive (cyclonic) wind stress curl occur which induce a divergent
Ekman transport in the upper ocean with vertical velocities of the order of 1-2 m
d' (Yoshida and Mao, 1957; Smith and Bottero, 1977). This divergence
stimulates an intense biological bloom over ~40% of the surface area of the
basin during the SW monsoon (Smith and Bottero, 1977; Brock et al., 1991).
To the southeast of the jet axis, the curl is negative (anti-cyclonic) and drives
downward Ekman pumping. This results in a warm and deep mixed layer

(Bauer ef al., 1991).

Considerable inter-annual variability in the strength and position of the

Findlater Jet leads to variability in divergence. A weaker or broader jet induces
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weaker cyclonic curl, leading to weak divergence. Whenever the jet is stronger,
winds largely have southerly component, while e;t other times they have -
westerly component, although the axis of the jet remains nearly stationary. The
paleoceanographic records provide evidences of extreme variability in the
strength of the Findlater Jet and the associated divergence over
glaciallinterglacial cycles (Luther et al., 1990; Prell et al., 1990). During glacial
times (i.e., ~18 "C kyr before present), the difference in surface heating
between the Indian Ocean and the Asian continent was less, due to variations
in the Earth’s orbital parameters, that drove a weaker jet 4with weak divergence.
About 9 kyr B.P., when the northern hemisphere summer insolation was its
maximum, the differential heating increased relative to the present day
conditions that resulted in a stronger jet and enhanced intensity in divergence

(Luther et al., 1990).

The mixed layer was found to be deep in the south and shallow in the north in
consistence with the processes expected to the south and north of the Jet axis,
respectively. Dissolved oxygen in surface layers did not show much variation
between seasons (Fig. 3.2). Nevertheless, the notable features were: (a)
comparatively higher concentrations in subsurface layers during the SW
monsoon of 1995, probably due to increased inflow or oscillations of PGW, and
(b) values higher by ~10 pM at the surface at 18-19° N in 1996. The former is

supported by the fact that relatively high concentrations in oxygen nearly
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coincided with higher salinity representative of PGW. The latter may be due to
enhanced biological production at these latitudes triggered by higer availability
of nutrients. Nitrate was at undetectable or very low levels in the upper 50 m
(Fig. 3.3), except that a lens of high nitrate was found at 17° N during SW
monsoon of 1995 and at 19° N in 1996. Nitrate abundance at these locations
was about 4.5 uM in 1995 but was low (< 2 uM) in 1996. The nutrients
apparently are supplied by upwelling/divergent. Oxygen levels in the
subsurface layers of the Arabian Sea during 1996 Southwest monsoon were
nearly the same as those in winter but were lower than those found during
1995 Southwest monsoon. This probably indicates annual variability in waterJ

mass composition and the consequent changes in water column chemistry.

During the summer of 1995, vertical thermal structure showed surfacing of 27°
C isotherm north of 14° N (Muraleedharan and Prasanna Kumar, 1996). The
isotherms in the upper thermocline (above 200 m), in general, showed a
northward shoaling (upward Ekman pumping). A reverse trend was observed in
the lower thermocline. Earlier similar observations have been reported from this
region (Bauer et al. 1991). However, during 1996 SW monsoon, though there
was no outcropping of isotherms but cold SSTs (<27°C) prevailed all along 64°
E and shoaling of the upper and deepening of the lower thermocline waters,‘
respectively, were consistent with those in the previous summer. Prasanna

Kumar et al. (submitted) hypothesised that lateral advection from the western
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A/rgtﬂ)‘ira»n Sea upwelling regions could be the major factor in maintaining the high
nutrient concentrations in open ocean waters in this season. These processes
obviously led to the enrichment of nutrients in surface layers. Thus, a
pronounced subsurface chlorophyll maximum associated with nitracline (at
about 50-60 m), that is usually found in the oceans, was not discernible in
summer; instead higher pigment concentrations were observed throughout the

mixed layer.

Satellite images show higher surface pigment concentrations over large areas
in the Arabian Sea (Yentsch and Phinney, 1992). The contemporary
observations showed that high production indeed occurred also in the interior
Arabian Sea during summer, which is not confined to just northern regions
despite varying physical regimes between north and south.l in SW monsoon
1996, higher surface pigment concentrations (up to 0.54 mg m”) and primary
production (22 mgC m™>d") occurred in the north (19° N, 64° E) compared to
those of 0.32 mg m™ and 8.3 mgC m>d”, respectively, in the south (13° N, 64°
E). The observations along 64° E revealed highest productivity of 1782 and
1760 mgC m? d" at 15° N in 1996 and at 12° N in 1995, respectively. High
production in southern latitudes during summer was also found during
" the US - JGOFS observations (Barber et al., 1998) in 1995 at 10° and 14°

30N along 65° E (1600 mgCm? d' at both stations in July, 600
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and 1600 mgC m? d”, respectively in August). Interestingly, the chlorophyll a
concentrations and production rates in the open central waters are comparable
to those from the active upwelling fields off the Somalia coast in July-August
1992 (Veldhuis, 1997). The NE monsoon values observed during the present
study were much lower when surface chlorophyll a varied from 0.064 to 0.27
mg m™ and primary production ranged between 3.80 and 6.7 mgC m? d” in
south (11° N, 64° E) and north (19° N, 64° E), respectively. Maximal biological
production in surface layers probably leads the subsurface layers with large
quantities of organic matter. As the interfnediate waters in the Arabian Sea are
suboxic, nitrate is used as oxidant that can be seen from the presence of

secondary nitrite (Fig. 3.4).
3.4.2. Coastal waters of western India

A comprehensive study made by Banse (1968) established the occurrence of
cold upwelled water along the west coast of India. However, its extension to the
north of 15° N is unknown. Shetye et al. (1990) found intense upwelling along
the Southwést coast of India which weakened towards the north. Although, the

overall direction of winds over the northern Indian Ocean is from the southwest,

departures from this can be noticed from the distribution of climatic monthly

mean winds in July (Hastenrath and Lamb, 1979). Off the west coast of India

the direction of winds varies from roughly west-southwest in the north to
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approximately west-northwest in the south. Shetye et al. (1984) computed the
climatic annual cycle of the along-shore component of the wind stress off the
southwest coast of India, and compared it with the annual cycle of the mean
thermal structure on the shelf given by Sharma (1968). This comparison
revealed that winds control the upwelling along the coast. Shetye and Shenoi
(1988) studied the annual cycles of wind stress and ship-drift along the coast

and could that local winds could drive the surface circulation.

It has been noted that upwelling along SW coast of India begins sometime in
February (Longhurst and Wooster, 1995), well before the onset of upwelling-
favourable southwest monsoon winds. Longhurst and Wooster (1995)
suggested that the most important element of this process is the Rossby wave
radiation from the Kelvin waves propagating poleward along the western
margin of the Indian subcontinent. Shankar and Shetye (1997) studied the
dynamics of lakshadweep high and low in the Arabian Sea and suggested that
a consequence of the remotely forced Kelvin wave is the formation of é weak,
but nonetheless upwelling-favourable coastal current off Southwest India. The
coastal Kelvin waves may be generated locally by along-shore winds or forced
remotely by along-shore winds in the Bay of Bengal or winds in the equatorial

Indian Ocean.
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During the present study period the local winds were generally from west-
northwest. High eastward wind component (10 m s') has been observed to be

associated with moderately strong southward component (6 m s™)
(Muraleedharan and Prasanna Kumar, 1996). Along 10° N, the observed wind
showed a steep rise in both cross-shore (positive towards east) and along-
shore (positive towards north) components. Along this transect, the negative
along-shore component (northerly wind) dominates over the positive cross-
shore component (westerly wind), with their magnitudes exceeding 6 and 4 m
s, respectively. The shoaling of the isotherm with low SST indicated strong
upwelling and is well correlated to the prevailing winds. Shetye et al. (1990)
observed along-shore component of winds towards equator and showed a

decrease from south to north. The cross-shore wind component is generally

larger than the long-shore by a factor of 10 (Shetye ef al., 1990).

The shoaling of isotherms with decreased SST towards coast in a section off-
Goa studied during SK104 indicate the continuance of upwelling to the north.
Muraleedharan and Prasanna Kumar, (1996) attributed this to the strong cross-|
shore wind present at this latitude, bringing the low saline surface water,
di|uted'by fresh water‘influx from land, thereby supressing the upwelling. Thus
along-shore as well as cross-shore components play significant role in‘
determining the magnitude of the upwelling The thermal structure off Goa

exhibits gentle upsloping towards the coast. However, this trend is reversed in

78



the sub-thermocline region. Surface salinities near the coast were almost 0.8

psu lower than in the offshore.

Figures 3.7 and 3.8 depict the signatures of upwelling in the eastern side of the
east-west section along 11° N during SW monsoon (SK104). This occurred to
the east of 72° E where the surface temperatures were less than 28° C.
Increase in nutrients in surface layers due to upwelling results in higher
productivity. For example, the primary productivity was 1760 mgC m? d” off
Mangalore (12° 30'N, 73° 30'E), 660 mgC m™ d"' off Cochin (10° N, 75° 35'E)
and 440 mgC m? d' off Bombay (Bhattathiri et al., 1996). This shows
patchiness of surface production. The intensity of upwelling along the
Southwest coast of India can be suppressed by land run-off. Consequently,
variable run-off may have caused the observed patches in productivity (de
Sousa et al., 1996). However, during inter-monsoon it was 199 mgC m? d”' near
Cochin (Bhattathiri et al., 1996) which is considerably less than that in SW

monsoon.

Fig. 3.9 depicts the signatures of upwelling observed during SW monsoon
(SK103) along the 9°N, 10° N and 11° N (hereafter referred to as transects 1, 2
and 3, respectively). Strong upwelling has occurred along 10° N although it.s
signatures can be seen at 9°N also. Thermal structure showed surfacing of 24 °

C isotherm in coastal waters. Salinity distribution showed that surface waters in
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the coastal regions were occupied by the low salinity waters whereas high
salinity upwelled waters remained below (transect 2 in particular) suggesting
that run-off from land supresses the upwelling intensity (Fig. 3.9). Oxygen and
nitrate distributions revealed that nutrient depleted fresh waters were capping

the nutrient enriched upwelled waters. The surface oxygen concentrations fall
T T T

to values as low as 90 pM (section 2) occurred (Fig. 3.10). In concurrence,
surface nitrate concentrations were as high as 16 uM (Fig. 3.10). But for

upwelling these values would be found only at a depth of 100 m in the Sea.

The vertical thermal structure off Goa (along 15° N) exhibited upsloping of
isotherms towards the coast (Fig. 3.11). This occurred to the east of 72° E
where the surface temperature was low during post SW monsoon (28° C) than
in other seasons (29° C). The 20° C isotherm, which generally lies in the middle
of the upper thermocline in the north Indian Ocean (Wyrtki, 1971), rosé from a
depth of more than 150 m to a depth of less than 50 m across the length of the
transect. The salinity distribution (Fig. 3.11) exhibits that fresh water inflow

inhibits upwelling at this place as well.

Dissolved oxygen contour surfaced from deep layers near the coast (Fig. 3.12).
Surface concentrations were >180 uM. In general, this concentration occurs in
the middle of the thermocline. Nitrate contours upslopped from a depth of 80-

150 m. Surface nitrate concentration near the coast was 2 uM (Fig. 3.12) which
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might enhance primary productivity. Oxygen distribution in the suboxic waters
showed that lower oxygen concentrations were observed in the east (<5 pM)
compared to those in the west due to higher rates of decomposition in proportion
to the organic matter supply. Westward increase in oxygen in intermediate
waters is in agreement with comparatively high oxygen concentrations observed
along 64° E during the same season of 1995 (Fig. 3.2). Nitrate concentrations
lower by 2 uM, compared to those in off-shore regions, were found near thei
coast indicating that this decrease might have been due to bacterial reSpiration;

near sediment-water interface.
3.5. Late SW-Monsoon (Sept. - Oct. 1996)

Observations along 15° N during September-October, 1996 depicted features
mostly of SW monsoon. Surface temperature ranged between 28 and 28.5° C
where lower values were found closer to the coast. The 28° C isotherm rose from
a depth of 50 m to the surface suggesting the occurrence of upwelled waters
near the coast (Fig. 3.11). Salinity shows the low salinity cap near the coast (Fig.
3.12). The occurrence of a subsurface current was noted by the presence of low
salinity water at a depth of about 50-60 m (Fig. 3.11). Dissolved oxygen
upslopped from depths of 80-150 m. Low oxygen and nitrate of 2 uM

concentration were observed closer to the coast driven by upwelling.
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Low oxygen concentrations (<5 yM) were found in the sub-surface waters

leading to denitrification.

The salient features of the present observations during Southwest

monsoon are:

e Strong winds prevailed over most of the study area

e Inter-annual variability in water column conditions were evident

e Nutrients in the surface layers enriched due to
upwelling/divergencel/lateral advection

¢ Biological production in the offshore regions also was high

e River influx reduced upwelling intensity in coastal regions/

e Monsoonal conditions off Goa continued to occur even in the late-

monsoon period
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Chapter 4

VARIABILITY IN INORGANIC FORMS OF
CARBON



Carbon dioxide exists in different forms (see 1.2) in sea water whose
distribution patterns needs to be clearly understood for the assessment of CO,
fluxes across the Arabian Sea air-sea interface and their dynamics in the water
column. Thus, to evaluate the variations in different species of dissolved
inorganic carbon a systematic sthy was carried out on total carbon dioxide,
partial pressure of carbon dioxide, regenerated carbon dioxide, carbonate and
bicarbonates distribution in association with total alkalinity and pH. Different
physical and biological processes play important roles on the inorganic carbon
system. For instance, physical processes bring nutrient rich subsurface waters
into the surface leading to an increasé in productivity. These relatively cold
waters influence the solubility of carbon dioxide to some extent. Increased
surface productivity would influence water column carbon chemistry since
phytoplankton fixation of carbon dioxide increases pH marginally. The opposite
occurs in subsurface layers. The variability in carbon dioxide chemistry in the
Arabian Sea is not much known Therefore, this chapter examines the spatial,
seasonal and inter-annual changes in the dissolved inorganic carbon species

in the‘Arabian Sea.
4.1. Variability in pHy

As stated earlier, pH is a key variable controlling the inorganic carbon system.

A chemical change in carbonate equilibrium brings corresponding shift in pH.
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pH in oceanic surface layers generally ranges from 7.8 to 8.2. It decreases to
about 7.5 in the oxygen minimum/sub-oxic zone. In sea water pH is represented
in pH on free (pHr), National Bureau of Standards (pHnss) and total (pHr) scales.
In this work data are presented on pHy (see 2.3.2) since this scale is more
appropriate here in view of the proton complexation with the dominant sulphate
ion in sea water. Precision of our measurements are comparable to
measurements made by experts in carbon dioxide methodologies else where

(Table 4.1).

Figure 4.1 exemplifies the vertical distribution of pHr in the Arabian Sea. It shows
low values in intermediate waters with a sharp fall in thermocline layers. Protons

are used during primary production leading to an_increase -in.pH-in.surface

waters (Anderson and Dyrssen, 1994) whereas it decreases in sub-oxic zone
due to release of protons during organic matter decomposition (Redfield et al.,
1963):

(CH20)106 (NH3)16H3 PO4 + 138 O, ==>

106‘COZ/+ 16 NO3 + HPO, 2+ 18 H' +122H,0  (4.1)
The northward decrease in pHr in sub-surface waters during all the seasons

(Fig. 4.2) is in agreement with dissolved oxygen (Fig. 3.2) and it is caused by

proton release during the decomposition of organic matter, in response to high

84



8.20

7.40
0
1000 — -w
[ J

3 .
= - o
o.
w
o

2000 — °

3000 -

Fig. 4.1. Vertical profile of pH_ (total scale) in the Arabian Sea during NE monsoon.



Table 4.1. Precision of our measurements are compared with measurements

made by experts in carbon dioxide methodologies else where.

Paramete | Precisio | Method Precision |Method they |Reference
r n of our|used of other |followed
study workers
pH 0.002 |Colorimetry | 0.0005 |[Colorimetry Byrne and
with Cresol with Cresol Breland, 1989
Red Red
0.0004 | Colorimetry Clayton and
with m-purple [ Byrne, 1993
0.002 | Potentiometry |Millero et al.,
1993
Total 2 uM | Colorimetry 2puM | Colorimetry Breland and
alkalinity with BCG with BCG Byrne, 1993
- 4 uM | Potentiometry | Millero et al,
1993
2 uM | Potentiometry |Millero et al.,
1993
Total 2 pM | Coulometry 2 pM | Coulometry Millero et al.,
carbon 1993
dioxide
1pM | Coulometry Johnson et al.,
1993
0.3-1.3 | Coulometry Goyet and
pM Hacker, 1992
Partial 4 patm | Computed 2 patm | Computed Miliero et al.,
pressure using TC & from TC & pH [ 1993
of carbon pH
dioxide
0.2 Infra Red 0.5 patm | Infra Red Wanninkhof
patm and Thoning,
1993
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productivity in the north. A large extent of regeneration of soft tissue and the
prevalence of reducing conditions result in a decrease in pHy in the subsurface

waters of the Arabian Sea (George ef al., 1994).

4.1.1. Meridional variability in pH~

Along 64°E, pHr in surface waters varied from 8.0 to 8.10 during NE monsoon
and Southwest monsoon 96 (Fig. 4.2) with no significant north-south gradients.
This is not as expected because the values should have been higher in the north
because of higher production. However, the productivity was triggered by
thWHT. Thereforg_—z, _mixing between thermocline waters and
high productive surfga”cv_:em waters | in the north resulted in no pHy gradient
meridionally. This distribution pattern is in agreement with dissolved oxygen (Fig.
3.2). Winter convection was evidenced by the shoaling of 2 pM nitrate isoline
(Fig. 3.3) from a depth of 100 m to the surface (de Sousa et al., 1996). Column
productivity varied from 643 mgC m? d”' in the north to 335 mgC m* d”' in the
south. On the other hand, pHr is comparatively lower (~8.00) during inter-
monsoon. Low pHr values in this season could arise both from low primary
productivity (Bhattathiri et al,, 1996) and higher bacterial activities (Ramaiah et
al., 1996). Mostly, the primary productivity was < 310 mgC m? d™' except at 21°

N where it was 1097 mgC m2d™".
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In suboxic waters, low pHy waters of ~7.60 were observed in the study region
during NE monsoon and SW monsoon (Fig. 4.2). Infact, values <7.60 were
common during NE monsoon and SW monsoon whereas they varied between
7.60 to 7.85 in intermonsoon. pHy in suboxic waters is mainly controlled by
decomposition of soft tissue (eq. 4.1). Dissolution of Calcium carbonate
increases pH. During the decomposition of organic matter oxygen is utilized.
The oxygen utilized in this process can be evaluated (see 2.3.1.'1) as Apparent
Oxygen Utilization (AOU). The AOU higher during NE monsoon and 1996 SW
monsoon than during intermonsoon and 1995 SW monsoon (Fig. 4.3). The
seasonal variations in AOU agreed well with productivity patterns. AQU
generally showed north-south variations. Denitrification is a bacterial process
in which nitrate is reduced to molecular nitrogen under low oxygen conditions.
There is a good correspondence in spatial and seasonal distributions of nitrate

deficits (Fig. 4.4), pHr and AOU. The negatve rela‘l_giﬂ_q_gvbgty\_/_e_e_r)_“_AO_'l_Jma‘lnq pHy

——— e

(Fig. 4.5) is c}:ggg?dﬂ_gy_g_l}grqt_ign_s in organic matter synthesis/decomposition.
Retlvationship between nitrate deficit (see 2.3.1.2), a measure of the extent of
denitrification, and pHy (Fig. 4.5) does show explicit negative relation as
observed between the latter and AOU, mainly because the pHy has already
reached near minimum when the deficit turned positive. On the other hand, Fig.

2 does not suggest any significant differences in sub-surface pH; values

between 1995 and 1996 SW monsoon seasons.
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4.1.2. Zonal variability in pHy

Zonal variability in pHr was studied along three sections, along 21° N, 15° N
and 11° N. Along 21° N, the observations could be made only during NE
monsoon and inter-monsoon seasons. Inclement weather covnditions in 1995
and time constraints in 1996 prevented us from covering this section during
SW monsoon. The pHr values in surface waters were mostly ~8.00 when the
7.99 isoline has deepened towards coast in winter (Fig. 4.6) due to intense
convective mixing off-Gujarat coast as evidenced by nitrate distribution where 2
KM isoline surfaced (Fig. 3.6). Column productivity was also high in the east
(860 mgC m? d”) than in the west (643 mgC m” d"'). Surface pHr was >7.98
but < 8.00 during inter-monsoon. The sub-surface pHy in near-shore waters is
marginally highér in the west (Fig. 4.6). AOU showed strong variability between
these two seasons with variations between 100 and 220 uM, and 100 and 140
MM during NE monsoon and inter-monsoon, respectively (Fig. 4.7). Nitrate
deficit was found to be correspondingly intense (> 4 uM at 200 m) during NE
monsoon which does not seem to be significant during inter-monsoon (Fig.
4.8). pHy distribution in sub-surface layers is in accordance with those of

oxygen and nitrate deficits.

Along 15°N, observations were made during pre-monsoon, (SS141), SW

monsoon (SK103) and late-SW monsoon (SS136). The surface pHr varied from
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8.00 to 8.05 during SS141 and SS136 monsoon whereas it wa}s >8.10 during
SK103 (Fig. 4.9) due to higher rates of primary production driven by coastal
upwelling. The upwelling resulted in enrichment of nutrients in surface layers
along the coast (Fig. 3.12). The 2 uM nitrate contour has risen to surface from
a depth of 150 m. During all periods of observations comparatively higher pHr

was observed in coastal regions than in open sea regions.

In sub-oxic waters, pH; was low and centred around 7.65 which is due to
decomposition of higher loads of organic matter in response to NE monsoon
overturning and upwelling driven primary production. Intensity of decomposition
depends also on the time lag between production and bacterial response
(Ducklow, 1993), rates of sinking flux and availability of dissolved oxygen. Low
pH (<7.60) in shallow coastal waters could again be due to higher rates of
remineralization. Higher amounts of oxygen utilization (>250 uM, ‘Fig. 4.10) and
high nitrate deficits (2-6 uM; Fig. 4.11) observed during the SW monsoon

suggest prevalence of reducing conditions which trigger denitrification.

Along 11° N, surface pHy was mostly around 8.03 during all seasons (Fig. 12),
except for high pH values in the coastal region (~8.10) during SW monsoon as
a consequence of upwelling driven productivity. The isolines become shallower
towards coast during SW monsoon due to wind induced upwelling. Lower pHy

values prevailed in the sub-oxic waters during SW monsoon than in inter-
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monsoon and in NE monsoon due to higher rates of regeneration. The AOU
distribution appears to be nearly the same in all seasons (Fig. 4.13) while the

nitrate deficit seems to be high during the NE monsoon (2-4 uM; Fig. 4.14).

pHy along 90° E, in the Bay of Bengal, showed significant north-south
variability (Fig. 4.15). pHy in surface waters varied from >8.03 to <7.99 from
north to south. High pHy in the north can be attributed to high productivity and
to influx of fresh waters where 32.200 psu salinity was observed. In sub-oxic
waters pH; was lower in the north due to intense remineralization. AOU was >
240 uM (Fig. 4.16) in subsurface layers that increased northward due to high
rates of remineralization in the north whereas no deficit in nitrate seemed to
occur (Fig. 4.16) in concurrence with the results of George et al. (1994). The
measured pHy in the Andaman Sea (SK 118) agree with the vertical trends
shown in Fig. 4. 15. While the values in surface ranged betweeﬁ 8.00 and 8.10,
at 1000 m they were ~7.65. The former (surface) were higher whereas the
latter were lower when compared to those to the west of the Andaman Sea (see
Fig. 4.15). This might have been due to higher productivity in the Andaman Sea

than in open Bay of Bengal.
Meridional and zonal variabilities suggest that pHy reflects a net effect of

biological and physical forcings in the surface waters. Winter cooling and SW

monsoonal upwelling inject nutrients into surface leading to enhancement in
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Fig. 4.16. Distribution of AOU (uM) and nitrate deficit (uM) along 90° E in the Bay of Bengal.
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surface productivity. Such injected waters are of low pH;. Consequently, pHy
does not exhibit a definite northward increase since the observed one is net
from both these forcings. Bacterial decomposition and/or denitrification
processes play major roles in regulating the pHy in sub-surface layers. High
organic matter input from surface layers during monsoons leads to intense
reducing conditions in subsurface waters. As proton is released dUring
decomposition processes (eq.1) it leads to lowered pH; values in sub-oxic
waters. During inter-monsoon seasons, however, the conditions appear to be
different. Surface waters are depleted in nutrients and oligotrophic. Although,
organic matter synthesis is less the regeneration of organic matter produced in
the earlier seasons continues in inter-monsoon. Furthermore, Ramaiah et al.
(1996) have observed a seyeral fold increase in bacterial population during
inter-monsoon compared to monsoons. This accounts for the northward

decrease in pHy, particularly in intermediate waters.

From the foregoing the highlights in pH; variability are:

e Neither seasonal nor north-south gradients in pHr in surface waters in
Arabian Sea could be discerned but northward increase in Bay of
Bengal was evident in surface layers.

o Coastal surface waters have relatively high values
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e Surface values reflect net pHy resulting from physical and biological
forcings

e Sub-surface values are low in the north in all seasons in Arabian Sea
and Bay of Bengal

* No great seasonal variability occurred in intermediate layers

e pH distribution was consistent with trends in AOU and nitrate deficits
4.2. Variability in Total Alkalinity

Total Alkalinity (TA) is defined as the amount of hydrogen ions required to

neutralize all the carbonate, bicarbonate and borates in 1 kg of sea water
TA =2 COz* + HCO; + B(OH)4 + OH - H’ 4.2)

A shift in inorganic carbon system occurs as a result of primary production/

decomposition processes

106 CO, + 16 NO'3 + MgHPO,4 + 16 H™ + 122H,0 ==>

(CH20)105(NH3)15(MQHPO4)(0|-9) + 138 O, (4.3)

that can alter alkalinity levels. According to the above reaction, the shift in

alkalinity will be +15 units since 16 H" and one base are removed. During
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decomposition this reaction will be reversed and consequently the hydrogen
ion increases with corresponding decrease in alkalinity. In case of

denitrification
2 NHs g + 1.5 0z ===> N; + 3 H,0 (4.4)

15 units organic nitrogen consumes 11.25 units of oxygen instead of 30 units

required for the formation of nitrate

NH; g T 2 Oy ===> H + NO; + H,0 (45)

in calcium carbonate formation 2 moles of bicarbonate ions are consumed for
each mole of calcium ion (eq. 4.6) and one mole each of calcium and CO; lead
to shifts by 2 and 1 units, respectively, in alkalinity and total carbon dioxide.
The released CO; goes either to atmosphere or consumed by plankton.

Ca® + 2 HCOy ==> CaCOsy + CO, + H,0 (4.6)

CO; + H,0 ===> CH0(eg + O2 (4.7)

in general, carbohydrate production is about five times larger than the

carbonate production in open ocean. Thus, this will facilitate increase in pH
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(Dyrssen, 1992) due to autoprotolysis (eqs. 4.8 or 4.9)

2 HCO5 ===> CO, + H,0 + COy” (4.8)
or
H* + HCO5 ===> CQ, + H,0 (4.9)

Decomposition of organic matter facilitates simultaneous calcium carbonate

dissolution (eq. 4.10)

CaCOj; g + CHy0 (g + O, ===> Ca ** + 2 HCOy (4.10)

Precision of our TA measurements was shown in Table 4.1. A typical total
alkalinity profile in winter (Fig. 4.17) in the Arabian Sea depicts a general low
(at ~200 m) compared to that in surface and deep layers. In relation to deep
waters surface waters have low alkalinity because of the removal of carbonate
ion through precipitation of calcium carbonate by organisms belonging to
foraminifera, pteropoda and cocolithophoridae in the euphotic zone. Such
precipitation triggers the carbonate pump (Sabine et a/, 1995), which is a part
of the biological pump. After the death of organisms these skeletal tests sink

into deep waters that are under-saturated with respect to the carbonate mineral
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phase. The consequent dissolution of these tests in deep ocean releases
carbonate ions thereby increasing the alkalinity of the deep waters. The rapid
decrease in TA with depth in the upper 200 m water column is because of the
effect of oxidation of organic matter (eq. 4.3) on alkalinity. In these layers the
magnitude of organic matter decomposition dominates over that of carbonate
minerals and hence a net decrease in TA. Below 500 m, TA begins to increase
since dissolution of carbonate minerals become more important than soft tissue

regeneration.
4.2.1. Meridional variability in Total Alkalinity

Total alkalinity exhibited significant variability along 64° E in the Arabian Sea
(Fig. 4.18). Surface TA varied from 2200 to 2350 uM during NE monsoon
whereas it varied between 2400 and 2420 and from 2320 to 2360 uM during
SW monsoon and inter-monsoon, respectively. TA values in SW monsoon
1996 seem to be slightly higher than in other periods shown in Fig. 4.18.
Comparatively higher values of TA were observed in the north, by about 40-60
MM than in southern Arabian Sea, due to higher productiviiy. The productivity
was much higher along this meridional section ranging between 347 and 1782
mgC m? d"' compared to that in other seasons. In both the SW monsoon
seasons of 1995 and 1996 TA increased around 17° N, as shown by surfaced

relatively higher TA contours, because of sub-surface/lateral inputs driven by
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divergence or coastal upwelling processes. These higher surfaced TA
signatures (Fig. 4.18) are in corroboration with those of oxygen (Fig. 3.2),

nitrate (Fig. 3.3) and pHy (Fig. 4.2) in SW monsoon.

TA in the sub-surface waters showed large variations during all three seasons.
Low alkalinity waters (of 2260-2280 uM) observed during NE monsoon are due
to a decrease in pH triggered by intense organic matter decomposition. Higher
AQOU (Fig. 4.3) and lower pH (Fig. 4.2) values provide evidence for this,
particularly in the north. Relatively low TA in NE monsoon is also in association
with the largest extent of denitrification (Fig. 4.2). During inter-monsoon, TA
varied from 2280 to 2320 uM in intermediate waters. Although, oligotrophic
conditions prevail during this season, bacterial activity was observed to be

several folds higher than in other seasons which was in response to increased

- organic matter supply promoted by NE monsoon convective mixing (Ramaiah
f’et al., 1996). Higher oxygen utilization (Fig. 4.3) and deficit in nitrate (Fig. 4.5)

suggest the prevalence of reducing conditions that lead to a decrease in pH.

Although low pH waters are corrosive to skeletal bodies the decrease in
alkalinity in these waters is due to complexation of released carbonate ion by
proton. Below the oxygen minimum zone, TA increased with depth due to
increase in dissolved carbonate ions, through enhanced dissolution of calcium
carbonates, at high pressures. Sediment trap experiments along 15° N (Nair et

al., 1989) revealed invariable carbonate fluxes from east to west, although, the
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productivity is higher in the coastal upwelling regions of eastern and western
Arabian Sea (Qasim, 1977). Therefore, the high TA values can be accounted
for excess dissolution under reducing conditions (George et al., 1994). The
denitrification processes obviously plays a major role on the dissolution of

carbonate minerals in the Arabian Sea, in particular.

4.2.2. Zonal variability in Total alkalinity

Along 21° N, TA varied from 2280 to 2340 uM with low values towards the
coast during NE monsoon whereas it centred around 2360 pM during inter-
monsoon (Fig. 4.19). Low alkalinity isolines reaching the surface near the coast
are driven by NE monsoon cooling. The convective mixing brings relatively low
~ alkalinity waters, from the upper thermocline region (Fig. 4.17), upward. As this
mixing triggers higher productivity (860 mgC m” d') large amounts of skeletal
carbonates might have been produced. Sub-surface TA concentrations were
low (2280 to 2300 uM) during NE monsoon whereas they were from 2300 to
2380 pM during inter-monsoon due to intense remineralization following
increased productivity in the NE monsoon. AOU distribution (Fig. 4.7) supports
this since it is higher by ~100 uM during NE monsoon than in inter-monsoon.
Nitrate deficit was 2-6 UM during NE monsoon while no deficit occurred in inte.r-
monsoon (Fig. 4.8) suggesting that regeneration processes largely control

alkalinity in the sub-oxic waters. Low pH (Fig. 4.6) values were also observed
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Fig. 4.19. Seasonal variations in total alkalinity (uM) along 21° N in the Arabian Sea during different seasons.



during NE monsoon compared to those in inter-monsoon. These observations
support intense remineralization as the mechanism for the observed low

alkalinity values in the oxygen minimum zone.

While there was no significant east-west gradient in TA in surface layers along
11° N in inter-monsoon season the differences were greater in winter and SW
monsoon (Fig. 4.20). For instance, between 71 and 74° E at 20 m the TA
changes by nearly 200 uM in SW monsoon. TA was also higher during SW
monsoon than in other two seasons (Fig. 4.20). Coastal waters contained very
low TA (<1900 uM) than in the offshore waters in SW monsoon due to high
- river discharge. Widespread low alkalinity waters in the sub-surface layers
were in agreement with high AOU (Fig. 4.13) and nitrate deficits (Fig. 4.14)
which is a reflection of extent of organic matter decomposition. Low pH values
were also in accordance with this (Fig. 4‘12.).

TA was generally lower in the Bay of Bengal than in the Arabian Sea (Fig.
4.21). The GEOSECS data (Weiss et al., 1983) showed slightly lower values in
the upper 500 m of the water column in the Bay. There was no significant
difference in waters deeper than 500 m. In the surface layers, TA decreased
northward in accordance with the salinity distribution (Fig. 4.21) while there
were no significant north-south gradients in subsurface layers of the Bay of

Bengal. The measured TA in the Andaman Sea (SK 118) agrees with the
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vertical trends shown in Fig. 4. 21. While the values in surface ranged between
2100 and 2160 pM, at 1000 m they were between 2320 and 2340 uM and lower
values in the surface waters of northern Andaman Sea could be due to influx of
river waters from Irrawady-Salween system. Surface salinities are lower (32.2-
32.8 psu) in the north and increased towards the south (32.3-33.4 psu).
Comparatively, lower values were observed in the northern Andaman Sea than
in the eastern Bay of Bengal could be due to influence of water discharge from
Irrawady-Salween system (Varkey et al 1996) and also due to high rates of
precipitation which exceeds evoporation by atleast 0.80 m y'1 (Ramanathan and
Pisharoty, 1972). Surface waters alkalinity were lower throught the water column
when compared to those to the west of the Andaman Sea (see Fig. 4.21). This
might have been due to higher productivity in the Andaman Sea than in open

Bay of Bengal.

A plot of salinity versus alkalinity in the Arabian Sea (Fig. 4.22) shows that TA
behaves nearly conservatively in surface waters despite the precipitation of
calcium carbonate. Subsequent dissolution of these skeletal tests and the
consequent alkalinity enrichment in deep waters can be clearly be seen in Fig.
4.22 when low salinity waters (<35.500 psu) deviated from the main positive
relationship. On the other hand, lower TA in surface low salinity waters together
with higher temperatures suggest that these low salinity warm water have their

origin in the Bay of Bengal (Fig. 4.22). The Total Alkalinity decrease at 10-20° C
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Fig. 4.22. Relation of total alkalinity with salinity and potential temperature in the Arabian Sea.
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corresponds to its low in the sub-oxic zone (Fig. 4.17). The increase at 8<10° C
is due to increased dissolution of skeletal matter in deep waters under
pressure. The relation between pH; and alkalinity (Fig. 4.23) is positive, in
general, but with two clusters of points with somewhat negative relations at
both ends of the positive curve. The cluster with high pH belongs to surface
waters since biological production ideally leads to higher pHT and lower TA.
The other at 'Iowe'r pHr represents deep waters where pH; variation is not so
great but TA increases due to pressure effect. In spite of the expected
aragonite dissolution TA decreases in sub-oxic waters due to the dominant
release of proton during organic matter regeneration. This is well supported by
the observed TA relation with AOU, which is exactly the opposite of trend with
pH; (Fig. 4.23). These relations suggest three segments in TA relations with
pH: and AOU; one each for surface and deep waters while the other for
thermocline and sub-oxic waters. The relations for alkalinity with salinity and
potential temperature in the Bay of Bengal are shown in Fig. 4.24. Alkalinity is
strongly correlated to salinity and temperature exhibiting its conservative
behaviour although a break in each relation is obvious separating surface and
intermediate waters. The relation with salinity is in excellent agreement with the
Bay of Bengal trend noted by Takahashi et al. (1982) based on limited data
obtained in GEOSECS expedition. Its relations with pHy and AOU (4_.25)
however exhibit opposite relationships compared to those observed for the

Arabian Sea (Fig. 4.23). These relations are also a result of low salinity and
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low alkalinity in Bay of Bengal surface waters that have higher pHr and lower

AOU values.

The specific alkalinity, i.e., alkalinity normalised to salinity, distribution should
indicate the changes in alkalinity due to the calcium carbonate precipitation or
dissolution, since this derived property is a corrected one for mixing of
watermasses. Wattenberg (1933) used the term ‘specific alkalinity’ in the
Atlantic waters and found a constant value of 0.123. Koczy (1956) found this to
range varies between 0.119 and 0.130 in all the oceans. Sen Gupta and Pylee
(1968) observed specific alkalinity to vary between 0.120 to 0.126 in the
Arabian Sea along 68° E. Figure 4.26 compares the vertical variations in
specific alkalinity in the Arabian Sea. Large difference at thev surface is due to
variations in the extent of productivity between north and south. High
productivity leads to higher TA. As the reducing nature in intermediate waters
increases northward the specific alkalinity is lowered in the upper intermediate
waters at 21° N compared to that in south. As per egs. 4.1 and 4.3 the
decomposition of organic matter would reduce pH; that enhances the
dissolution of calcium carbonate. On the other hand, proton release from
organic matter oxidation -would enable the formation of bicarbonates by
complexing the carbonates dissolved from skeletal materials. Nevertheless, the
concave nature of profiles in Fig. 4.26 suggests the dominance of organic

matter regeneration over skeletal dissolution in the oxygen minimum zone.
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Increase in specific alkalinity in deep layers is a result of dominance of
dissolution of,carbonates which again appears to be more in the north. In the
Bay of Bengal the specific alkalinity values between 0.119 to 0.122 whiie in the
Andaman Sea the range was 0.115 - 0.120. These two latter regions have

relatively higher pH and aiso the waters are not reducing uniike the Arabian

Sea.

The salient features related to TA in the study area are:

e Clear seasonal variability observed in surface TA

e Surface TA is higher in SW monsoon driven by divergence/upwelling
than in other seasons

e Coastal-offshore gradients are obviously the most significant in SW
monsoon

e Surface TA are largely controlled by circulation, including in the Bay

e Low TA and low salinity surface waters in the Arabian Sea actually
originate in the Bay

e Well defined TA minimum occurred at ~200 m because of intense
remineralisation of organic matter

e TA exhibits linear }elations with pHr and AOU stemmed by two
clusters belonging to thermocline and sub-oxic waters in the Arabian
Sea but opposite in the Bay of Bengal

o Specific alkalinity reflected the productivity trends
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4.3. Variability in total carbon dioxide

The total dissolved inorganic carbon content of sea water may be defined for

convenience as:

TCO, =[CO,] + [HCO4] +[CO57] (4.11)

where brackets denote the total concentrations of respective components in
solution (uM) and [CO;] represents the concentration of all the unionised
carbon dioxide species present (as H,COj3, hydrolysed CO, and CO, @) The
precisions obtained in this study is comparable to the best found elsewhere

(Table 4.1), in spite of the fact that we used semi-automated sampling system.

Total carbon dioxide gradually increases from surface to bottom with a sharp
increase across the thermocline (Fig. 4.27). Unlike TA (Fig. 4.17), TCO, does
not decrease with depth in the upper 500 m of the water column (Fig. 4.27)
since CO; is released both by the oxidation of organic matter and skeletal
dissolution. While the former is dominant in the upper few hundred meters the

latter becomes significant in deeper layers.
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4.3.1. Meridional variability in Total Carbon dioxide

Mixing and biological processes largely control the concentrations of dissolved
substances in surface waters of the oceans. The TCO, distribution in upper
layers of the Arabian Sea exhibited lowest values during the 1995 SW-
monsoon and highest during the NE monsoon seasons in the central Arabian
Sea (Fig. 4.28). Nitrate was found to be relatively higher around 16° N during
the 1995 SW-monsoon (~4 pM; de Sousa et al., 1996), whereas it was ~1 uM
in the same season in 1996 (Fig. 3.3). Availability of high nitrate might have
resulted in lower TCO, in 1995 through biological fixation. Primary production
is found to be the highest in the SW monsoon (347-1782 mgC.m>.d") followed
by that in NE monsoon (337-643 mgC.m”.d") and inter-monsoon (119-1097
mgC.m2d", the highest at 21° N) seasons (Dr. M. Madhupratap, personal
communication 1996). The surface TCO, decrease in the north during the 1995
SW monsoon is accompained by a concomitant decrease in alkalinity only by
~15 peq. This small decrease is perhaps due to minority carbonaceous groups
where the diatoms dominated the phytoplankton populations (Sawant and
Madhupratap, 1996). Presence of high nitrate with TCO;decrease in 1995
indicates that the CO, fixation could have been largely due to siliceous
organisms. Senescent phytoplankton blooms, together with thick mucus that
clogged the zooplankton nets, were noticed during 1996. Hence the elevated

TCO, levels, than those in 1995 might have been due to rapid regeneration of
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organic material in the upper layers in 1996, in addition to that laterally
advected (Waniek et al,, 1996) and regenerated, in situ. The Findlater Jet
(Findlater, 1969) is expected to drive divergence to the north of its axis in the
Arabian Sea (Muraleedharan and Prasanna Kumar, 1996). This may have led
to the observed patterns in nitrate during the 1995 SW monsoon (de Sousa et
al., 1996) and TCO; (Sarma et al., 1996, 1998), particularly to the north of 15°
N. The highest TCO, during the NE monsoon (Fig. 4.28), particularly in the
north, is due to cdnvection. However, in spite of relatively high surface nitrate
in the north (~2 uM) (Fig. 3.3) the primary production surprisingly has remained

lower than in the SW-monsoon (Madhupratap ef al., 1996).

The high rate of biological production at the surface results in higher
respiration rates in sub-surface layers. Intense regeneration of organic matter
leads to the development of sub-oxic conditions (Figs. 3.2 and 4.4) and to
relatively lower pH values (Fig. 4.2). North-south gradient, in the suboxic zoné,
generally shows 80-100 uM more TCO; in the north due to the export of large
quantities of particulate organic carbon from the euphotic zone and its
subsequent decomposition. Application of Suess (1980) model, by which
sinking fluxes can be expected from the surface production, revealed that POC
fluxes were ten times higher at a depth of 3000m in the north (1.6 Tg :B»month.s'1
) than in the southen Arabian Sea (0.16 Tg 3 months™'). Hence, higher TCO

concentrations in the north can be attributed to a combination of higher
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biological production and the consequent regeneration processes, in addition
to the ageing of subsurface waters. The northward increase in TCO, in sub-
surface waters of the Arabian Sea is in agreement with previous results (Kumar
et al.,, 1990,1992, George et al., 1994). The seasonal trends in deep TCO,
concentrations are consistent with those observed in surface layers. The
differences in TCO, have, howeverv, decreased from ~100 uM in the upper
layers to ~80 uM around 1000 m between NE monsoon and inter-monsoon.
The seasonal gradients in TCO, agree well with the nitrate distribution (Fig.
3.3). The nitrate concentrations were less than expected from the general
trends and consequently nitrate deficit was significant during the NE monsoon
and 1996 SW monsoon (~10 uM) than that in inter-monsoon of 6 pM (Fig. 4.4).
This larger nitrate deficit is caused by enhanced oxidant demand by sinking
organic material because of very low concentrations of oxygen (<5 uM) during
NE monsoon and 1996 SW monsoon. Relatively high concentrations of oxygen
during 1995 SW monsoon can be attributed to the increased influence of
Persian Gulf Water (Sarma et al, 1996) that might have annual
variations/oscillations. The salinity distribution in intermediate layers (Fig. 4.29)
clearly indicated the increased influence of Persian Gulf Watermass (PGW),
farther south, during 1995 SW monsoon compared to that in other seasons.
This could be due to seasonal variations in the distribution of PGW outflow in
the Arabian Sea. For instance, the wind fields suggest that the PGW outflow

might be carried along the western Arabian Sea during the NE monsoon but
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along the eastern part in monsoon (Dr. S. Prasanna Kumar, personal

communication 1996). The PGW is relatively depleted in TCO, having ~2150

UM (Brewer and Dyrssen, 1985) in relation to that in intermediate waters of

even the southern Arabian Sea. Hence, lower TCOZ observed in 1995 SW

monsoon in intermediate layers of the Arabian Sea is due to dilution by PGW.
This is augmented by Fig. 3.2 where PGW (rich in oxygen with ~190 uM) leads
to relatively higher oxygen concentrations (~50 uM) in 1995 SW monsoon

compared to those in other seasons in subsurface waters of the Arabian Sea.

4.3.2. Zonal variations in total carbon dioxide

To examine the longitudinal variations in TCO,, data have been collected along
11° N and 21° N during NE monsoon (February), pre-monsoon (April-May) and
1995 SW monsoon (July-August) but along 21° N data could not be collected
during SW monsoon due to technical problems. Besides JGOFS cruises, data
were also collected along 15° N during pre-monsoon (April-May; SS141), SW
monsoon (June-July; SK103) and towards the end of SW monsoon
(September-October; SS136). Extensive sampling was also done close to the
coast along 9° N, 10° N'and 11° N (hereafter called as transect 1,2 and 3
respectively) during SW monsoon to examine the upwelling intensity and

relative effects on inorganic carbon distribution.
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Along 21° N, higher TCO, concentrations were observed (Fig. 4.30) during NE
monsoon as a result of convective mixing which brings CO, rich sub-surface
waters into surface layers. Nitrate was higher during NE monsoon (~2uM; Fig.
3.6) whereas oligotrophic conditions pfevailed in inter-monsoon. Surface TCO,
values ranged between 2145 and 2160 uM during NE monsoon while these
were comparatively lower by 80 pM (2060-2080 pM) during inter-monsoon.
Availability of high nitrate might have triggered high primary production since
column productivity was 860 mgC.m>.d” in winter as compared to 310 mgC.m
".d'1 in inter-monsoon. Sub-surface TCO, concentrations were higher by 40 uM
during NE monsoon than in intermonsoon because of higher respiration rates.
AQOU was higher by ~80-100 pM during NE monsoon than in inter-monsoon

(Fig. 4.7). As a result reducing conditions developed during NE monsoon

leading to denitrification (Fig. 4.8) as also revealed by lower pHy (Fig. 4.6).

During the pre-monsoon season surface TCO, concentrations ranged from
1960 to 2040 uM in the west and east, respectively along 15° N (Fig. 4.31).
Lower concentrations in the east can be attributed to the influence of fresh
waters. Low surface TCO, (1840-1940 uM) concentrations were encountered
during 1995 SW monsoon compared to those in other two seasons (Fig. 4.31).
TCO; contours of 2000 uM was found at a depth of 15-20m in the east. Fresh
water from the river appears to play a major role in the biogeochemical cycling

of carbon. Similar to that in the Bay of Bengal, the present fresh water lens
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does not allow upwelled subsurface waters to reach surface. With the receding
discharge in the late SW monsoon the upwelled water reaches the surface
(Fig. 4.31, top third panel). Salinity increased from 35.3 to 36.8 from peak SW
monsoon to end of the season (Fig. 3.11). The seasonal trends in deep TCO,
concentrations are consistent with those observed in surface layers. This is
because of the fact that the increased surface TCO, will be associated with the
supply of nutrients from the base of thermocline that could enhance biological
production in the upper layer. Subsequent sinking and regeneration of this
material in the sub-surface layers would lead to proportional increase in TCO..
Concentrations were higher throughout the water column during pre and late
SW monsoon seasons compared to those in peak monso'on season. These
could be due to higher respiration rates in response to increased organic
matter inputs driven by upwelling where a certain time lag is imminent for
bacteria to respond (Ducklow, 1993; Azam et al.,, 1994). Nitrate deficit was
higher in the west, in general (Fig. 4.11) and comparatively higher values were
found in the water column during SW monsoon probably due to drawing of

upwelled waters at sub-surface from the west.

Along 11° N, relatively higher TCO, occurred at shallower depths towards the
coast during SW monsoon due to upwelling (Fig. 4.32); this can also be seen
in the shoaling of 27° C isotherm to 10 m from 100 m (Fig. 3.7). Surface TCO,

was 1800 uM and contours appear to be upsloped from a depth of 100 m (Fig.
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4.32). A patch of low TCO, waters near the coast is an effect of river discharge.
In agreement with this a large variation in surface TCO, parallels with the
eastward decrease in salinity, due to the influx of fresh water with lower TCO,
from land. Consequently, the TCO; gradient between surface and 20 m was
about 180 uM in the east that decreased to 20 uM in the west. On the other
hand, surface TCO, concentrations were high 2002 and 2018 uM during inter-
monsoon and NE monsoon seasons, respectively. TCO; in sub-surface waters
exhibited a clear eastward increase. Comparatively lower concentrations during
the SW monsoon might be due to faster removal of organic matter from the

water column, along with river discharged particles.

As a result of upwelling, surface nitrate was as high as 16 uM with very low
oxygen levels (90 uM; Fig. 3.10) near the coast (along transect 2; Fig. 4.33).
Very high TCO, of 2047 uM was found because of the intense upwelling.
Maxima in surface TCO; concentrations were 1944 and 1874 uM, respectively,
along transects 1 and 3 (Fig.4.33). All contours were upsloped from a depth of
75m. The salinity distribution (Fig. 3.9) shows the influence of fresh water in
inhibiting the upwelled waters reaching the surface. Occurrence of high TCO;
waters below the low saline waters leads to a large gradient (>150 uM)

between surface and waters at 10 m.

Horizontal gradients in TCO; in surface waters of the Bay of Bengal were
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evident (Fig. 3. 34). Concentrations were lower in the north mainly because of
dilution by river waters. In the deep, however, there were no apparent north-
south gradients with the values centring about 2300 uM. Concentrations in the
Bay are relatively lower than those in the Arabian Sea, in the same 1996 SW
monsoon season. These observations are in accordance with the earlier
observations (Gedrge et al., 1994, Kumar et al., 1996) despite the fact that the
seasons covered between these studies were different. George et al. (1994)
studied CO; system during pre-SW monsoon while Kumar ef al. (1996) during
pre- and post- SW monsoon seasons. These comparisons reveal that the
differences in CO, contents between the Arabian Sea and Bay Bengal and
between northern and southern parts of the Bay exist in all seasons. The
computed TCO; in the Andaman Sea (SK 118) agrees with the vertical trends
shown in Fig. 4. 34. While the values at the surface ranged between 1800 and
1850 uM at 1000 m they were between 2250 and 2300 uM. Lower values in
the surface waters of the northern Andaman Sea could be due to influx of river
waters from Irrawady-Salween system. Surface waters alkalinity were lower
throughout the water column when compared to those to the west of the
Andaman Sea (see Fig. 4.34). This might have been due to higher productivity
in the Andaman Sea than in the open Bay of Bengal and the consequent less

intense regeneration in the subsurface waters of the Bay.

4.3.3. Variations in total carbon dioxide along the coast
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Fig. 4.35 depicts variations in TCO; during three seasons along the Indian

coast of the Arabian Sea. Surface TCO; concentrations ranged between ~2020
and 2160 pM with an increase of 140 pM from south to north during NE
monsoon. The NE monsoon convective mixing (Fig. 3.6) drives this increase in
the north. The range and gradients are less (2010-2060 pM) in inter-monsoon.
Surface nitrate concentration was >1 pM during NE monsoon but below
detection limits during inter-monsoon. Column productivity is higher in winter
(860 mgCm™d™") than in inter-monsoon season (310 mgCm™d™). During SW
monsoon, low concentrations (1800 pM) in the south are due to fresh water
drainage from the land and comparatively higher productivity (50 mgCm?d" at
10° N 75° E whereas in the north it was 12 mgCm?>d™" at 18° N 70°E with higher
surface TCO; of 1970 uM). The influence of fresh water leads to stratification
because of which high plankton production occurs below the surface but within
the euphotic zone. Around 20. m at 12°N, 74° E a primary production of 71
mgCm>d™" was observed. TCO, concentrations were lower up to 100m during
SW monsoon compared to inter-monsoon. North-south gradients in TCO, were
not significant in winter and inter-monsoon but were barely significant in SW

monsoon.

In order to examine controlling factors of TCO,, the same has been correlated

to salinity and potential temperature (Fig. 4.36). TCO,-salinity plot shows that
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these are linearly correlated in surface and deep regimes where they exhibited
‘positive and negative trends, respectively. On the contrary, the clear negative .
correlation between TCO, and potential temperature (Fig. 4.36) suggests a
near conservative behaviour. Nevertheless, linearity with respect to potential
temperature stems from two pools of data points representing depths shallower
than 100-150 m and deeper than oxygen minimum zone. The regeneration
processes in the oxygen minimum zone actually cause the hump. These
relations (Fig. 4.36) clearly reveal that TCO, in the Arabian Sea is largely
controlled by physical processes although the large scatter, in each segment of
the relationship, is because of biological processes. Better linear relations (Fig.
4.37) for TCO, with pHr and AOU support the role of biological processes in
regulating the TCO, in intermediate waters (OMZ). Apparently, mixing

processes seem to chiefly influence TCO, distribution both in surface and deep

layers.

The main highlights from the results and discussion on TCO.are:

Large seasonal and spatial variability in TCO, was found

The variability was driven by physical and biological pumps
e Very high TCO, levels surfaced in upwelling regions
e River discharge prevented ventilation of TCO, rich upwelled sub-

surface waters

e Winter convection also enhanced TCO, in surface layers
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e Seasonal variability in TCO, complimented nitrate, in particular

e TCO; in coastal waters is seasonally and spatially (at surface) variable

e Gradients in TCO;, between Arabian Sea and Bay Bengal exist in all
seasons

e Mixing processes appear to be dominant in regulating TCO, over

biological ones
4.4. Variability in partial pressure of carbon dioxide

Among all the inorganic carbon species, pCO, is the most representative of
inorganic carbon available to phytoplankton during photosynthesis. Transfer
across air-water interface can occur only in this form. T'he typical vertical
distribution of pCO; in the Arabian Sea (Fig. 4.38) shows that pCO, increased
from surface to a depth of about 300-400 m and gradually’ decreased
thereafter. Lower values in the surface layers are due to consumption by
phytoplankton and continuous exchange with atmosphere. In addition to this,
surface pCO, depends on temperature, salinity and on regeneration. Higher
concentrations in intermediate layers are due to its release during
decomposition of organic ﬁwatter. Increase in TCO; (Fig. 4.27) and decreases in
TA (Fig. 4.7) and pHy (Fig. 4.1) are in good agreement with the higher pCO,
values in intermediate layers. Therefore, OMZ is an important zone for

production CO, that can influence pCO, levels in surface layers and thereby
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the magnitude of air-sea exchanges. Gas exchange across the thermocline
would depend on diffusion coefficients and on its concentration gradient in
surface and intermediate layers. Decrease in pCO; in deep waters is because
of decreased organic matter oxidation in addition to pH increase since these
waters originate at surface in polar regions. Enhanced dissolution of skeletal

carbonates at high pressures could also result in increased pHr (Fig. 4.1).

4.4.1. Meridional variability in partial pressure of carbon dioxide

pCO, values in surface waters were higher than in atmosphere (355 patm)
during all the seasons. It mostly centred around ~420 patm during NE monsoon
but ranged from 360 to 420 patm during the other periods (Fig. 4.39). Higher
concentrations during NE monsoon and 1996 SW monsoon seasons seems to
be driven by physical mixing and by bacterial activity during inter-monsoon. A
patch of high pCO, waters at surface were observed during 1995 SW monsoon
at 16°N (Fig. 4.39) which could be the result of divergence caused by Findlater

jet or lateral advection of upwelled Oman waters (Waniek et al., 1996).

Regeneration of CO, from soft tissue and the prevalence of reducing conditions
result in a build up of pCO, that lowers the pHy in sub-surface waters of the

Arabian Sea. AOU (Fig. 4.3) and nitrate deficits (Fig. 4.4) distributions show

intense reducing conditions during the NE monsoon and 1996 SW monsoon
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seasons as a consequence of higher sinking fluxes of organic matter from the
base of euphotic zone. The reducing conditions intensified northward.
Consequently, pCO, increased to 1100+100 patm in intermediate waters (200-
1000 m) with clearly discernible seasonal variations (Fig. 4.39). In general,

pCO, in intermediate waters were higher during NE monsoon compared to

other seasons. The pCO, peak generally oc;:urred in denitrifying zone and did
not coincide with AOU maximum (1000-1200m) due to intense remineralization
in this zone (George et al, 1994). Even though sub-surface pCO,
concentrations were 1100-1200 patm in other seasons also, the depth range

covered by 1200 patm contour was larger during the NE monsoon season.
4.4.2. Zonal variability in partial pressure of carbon dioxide

Along 21° N, pCO, was studied during NE monsoon and inter-monsoon
seasons (Fig.4.30). Higher pCO, concentrations were observed in NE monsoon
as a result of convective mixing, that brings CO, rich upper thermocline waters
to the surface. Surface pCO, ranged between 470 and 480 patm whereas
during inter-monsoon these were comparatively lower (by 20 patm). High
surface pCO, values were associated with high nitrate. This is in agreement
with the trends in column productivity. it was 860 mgC.m?2d" during NE
monsoon whereas it was 310 mgC.m‘zAd‘1 in the inter-monsoon at 21°N and

67°E.
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Along 15° N, high surface pCO, of >400 ptam occurred at 15-20 m during SW
monsoon that seem to have surfaced in the late season (Fig. 4.31). It was
prevented from reaching the surface at the peak of SW monsoon by the low
salinity cap (Fig.3.11). Surface salinity increased from ~35.300 to ~36.800 psu
from peak to late SW monsoon indicating the decreasing of river influx. During
pre-SW monsoon season also surface pCO, of >420 patm occurred. The pCO,
concentrations were higher in surface as well as in intermediate waters in pre-
monsoon and late SW monsoon seasons compared to those seen during the
peak SW monsoon season due to higher respiration rates (see 4.1.1 and
4.1.2). Comparatively higher pCO, near the coast in the late SW monsoon
might have been due to regeneration of sinking organic material produced
during peak monsoon season along the margins. It can be seen from Fig. 4.31
that higher pCO, (by ~100 patm) was found near the coast than in the west
during September-October period whereas this difference was ~60 patm during
peak SW monsoon. This strongly indicates the influence - of sinking organic
matter produced during SW monsoon on the CO, regeneration particularly

along the slope regions of western India.

Along 11° N, low surface pCO; concentrations of 345 patm were found during
NE monsoon (Fig. 4.32) which could be due to influence of fresh water from the
land, where surface salinities ranged between 33.54 and 33.60 (Fig. 3.7).

Below these layers high pCO, of 600 patm occurred at 100 m (Fig. 4.32). There
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was a large gradient in pCO, between surface and 10 m of 250-350 patm, near
the coast due to stratification in SW monsoon. Upwelling during SW monsoon
led to high concentrations of pCO,. Sub-surface waters showed similar trends
as was shown by TCO,. Moreover, pCO; increased towards the east during all
the seasons. In fact, the gradient was more during inter-monsoon and NE

monsoon (>60 yatm) whereas it was low during SW monsoon (Fig. 4. 32).

Very high surface pCO, of 682 patm was recorded near the coast along
transect 2 (Fig. 4.33) which has never been reported so far from this region.
However, pCO, along the coast of Oman in July has been reported to be
around 660 patm by Goyet et al. (1998) and around 750 patm by Kortzinger
and Duinker (1997). The presently observed value is nearly twice that in
atmosphere, therefore these regions can act like a chimney of CO, emission to
the atmosphere during SW monsoon season as the winds are also usually
strong. All contours upsloped from a depth of 75m (Fig. 4.33). It is clear from
Fig. 3.9 that the influence of fresh water suppresses the intensity of coastal
upwelling. The down slopping of high pCO, contours closer to the coast were
due to prevalence of low density fresh waters that would not allow upwelled
sub-surface waters to reach the surface. It is clear from Fig. 4.33 that high
pCO, waters occurred immediately below the low saline waters. Surface pCOz
concentrations were 550 and 600 patm, respectively, at the shallow ends of

transects 1 and 3. Effect of river water discharge could be seen here as well.
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Vertical profiles in the Bay of Bengal (Fig. 4.34) are in concurrence with those
of George et al. (1994). Higher levels of ~1200 patm occurred in intermediate
waters. Further, the depth range covering this concentration increased
northward in accordance with the expected productivity batterns and the
resultant decreasing AOU (Fig. 4. 16). The computed TCO, in the Andaman
Sea (SK 118) agrees with the vertical trends shown in Fig. 4. 40. While the
values at the surface ranged between 350 and 490 patm, at 1000 m they were
~1000 patm. Lower values in the surface waters of the northern Andaman Sea
could be due to influx of river waters from Irrawady-Salween system. pCO,
levels were lower by 100 patm in the suboxic waters and this could be due to a

less intense decomposition of organic matter.
4.4.3. Variations in partial pressure of carbon dioxide along the coast

Fig. 4.35 depicts the variations in pCO, during three seasons along the coast
of India. The pCO, levels increased with a gradient of ~25-30 pétm from the
south to north during NE monsoon. This increase to the north is obviously (Fig.
3.6) driven by convective mixing. Surface productivity was higher (21.4 mgC m’
2 d") during this season relative to inter-monsoon (8.76 mgC m? d). During
SW monsoon, all deeper contours shoaled up towards the south because of
the wind-induced upwelling. The 600 upatm contour occurred at 25 m in the

south during SW monsoon season and below 100 m in other seasons. But the
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surface pCO, was lowered by the influx of fresh water. Highly stratified pCO,
contours during inter-monsoon and higher levels could be attributed to the
influence of bacterial regeneration in response to increased inputs of organic

matter, resulting from the high NE monsoon productivity.

Important points on pCQO; are:

o High seasonal and temporal variability occurred in surface pCO,

e Very high pCO; values were associated with upwelling/divergence

e Coastal upwelling brings pCO, double to that in air in to top 20 m
water column |

e |[ncreased in bCOz in sub-surface layers throughout the northern Indian
Ocean

o Higher pCO; associated with nitrate rich upwelled waters and also with

nitrate depleted sub-surface waters

4.5. Carbonate solubility

Marine organisms secrete mainly two types of carbonate skeletal minerals.
These are aragonite and calcite with same chemical composition (CaCO3;) but’
with slightly different crystal structures. In this section, regional and seasonal

variability and biological influence on carbonate ion distribution with respe‘ct to
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these polymorphs were studied. The surface ocean is generally supersaturated
with respect to calcite by a factor of 5.5 in warm equatorial oceans and of 2.5 in
the cold polar oceans (Takahashi, 1975). For aragonite, the saturation factor
ranges from 3.7 to 1.7. This supersaturation persists up to considerable depths
(Broecker and Takahashi, 1978). The tropical surface ocean will not become
under-saturated with respect to aragonite and caicite until the partial pressure
of carbon dioxide increases by 5.3 and 8.5 times, respectively, to the present
atmospheric value (Broecker et al., 1979). Surface water of the northern Indian
Ocean have been found to be super-saturated with respect to both calcite and
aragonite (Naqvi and Reddy, 1975; NaqVi and Naik, 1983; Kumar et al.,, 1992;
George et al., 1994). Carbonate concentrations decrease from surface to deep
sea due to organic matter synthesis in the former layer and decomposition in

the latter.

Vertical distribution of carbonate ion (Fig. 4.41) is similar to that of pH (Fig.
4.1). Considerable variations occurred in carbonate ion distribution from south
to north in coastal as well as in open seas that reflected productivity pattern
(Fig. 4.41). During the SW monsoon carbonate concentrations in the southern
surface waters were lower by 50 pM than in the north (Fig. 4.41) and this
decrease might have been due to upwelling in the south. The difference was
less (25 uM) during NE monsoon but no significant difference occured during

inter-monsaon between the northern and southern Arabian Sea. Figure 4.41
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shows that this difference is significant only up to a depth of 150 m. The
general low carbonate content in the south is a consequence of lower
production and lower salinities than in the north. The open sea results (Fig.
4.41) exhibit similar seasonal variations. Low carbonates (by 25-50 uM) were
found during SW monsoon in the southern Arabian Sea in 1995 and 1996
compared to those in other seasons. It could be due to the higher productivity
in the south (column productivity 119, 335 and 770 mgC.m?.d”", respectively,
during intermonsoon, NE monsoon and SW monsoon at 11° N, 64° E) in this
season. Figure 4.41 (reveals that while carbonate ion is under-saturated with
respect to aragonite at depths even shallower than 500m it is super-saturated

with reference to calcite at all depths sampled.

Sub-surface carbonate distribution depends strongly on the extent of release of
CO; from organic matter decomposition by bacteria. During this process the
increase in CO, will lead to increased acidity of water thereby enhancing the
corrosivness to carbonate skeletal matter

CaCO0;+ CO,+H,0 =9 Ca® +2HCO; or

CaCO; + H' = Ca” + HCO,
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Aragonite appears to be more susceptible to these reactions since its
saturation curve occurs within the oxygen minimum zone. Figure 4.42 depicts
the variability in aragonite saturation depth (ASD) in the central Arabian Sea.
During NE monsoon, saturation depth occurred at 400m in south and north but
shallowed to 200 m at 17° N coinciding with the deep mixed layer at these
latitudes (Fig. 3.1). Increased productivity in surface layers and consequent
enhanced decomposition rates in subsurface layers lead to higher pCO; and
lower in pHy. Comparatively low pHr was observed during NE monsoon (Fig.
4.2). At low pHr waters are corrosive to skeletal carbonates and this leads to
shallowing of ASD. Aragonite saturation depth occurred around 400-450 m in
inter-monsoon with no significant north-south variations. During the SW, it
varied from 200-400m. Seasonal change in productivity seems to be
responsible for oscillations in ASD. The saturation horizons observed in the
present study are in agreement with those reported in the literature. For
instance, George et al. (1994) calculated the saturation horizon for aragonite to
be at 500 m during pre-monsoon whereas Kumar et al. (1992) found it to be
200 m for arago}nite just before the SW monsoon. Howéver, these are

shallower than that reported (500 m) by Mintrop et al. (1998)
Along 15° N, ASD showed large east-west variations (Fig.4.43). During all the

seasons ASD shoaled up towards the coast which is in agreement with

dissolved oxygen and nitrate. ASD was at 300m in the west but shallowed to
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200m in the east during pre-monsoon whereas it varied from 400 m to 100 m
during the SW monsoon. In the fate SW monsoon, however, it did not show
large great variation. Upwelling seems to account for the observed regional

oscillations seen in Fig. 4.45.

Highlights of the skeletal carbonate dissolution are:

e Mixing processes influenced carbonate ion abundance in surface
waters
e Organic regeneration predominantly controls carbonate ion with in

omz

e Seasonal variations in ASD seem to be brought in by changes in
productivity
e Carbonate ion is super-saturated against calcite in the depth range

studied

e Coastal upwelling lowers ASD near the coast.

4.7. Variability in regenerated carbon dioxide

During photosynthesis CO, is absorbed from water thus lowering TCO,. The

fixed carbon sinks from surface to sub-surface waters as detritus. Most of the
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organic detritus decompose according to equation 4.1 in the top 1000 m (Suess,
1980) thus returning the carbon back to dissolved form. The released carbon is
generally referred to as regenerated CO,. In general, the regeneration is
expected to be more in the northern Arabian Sea where denitrification is
dominant. Low oxygen concentrations (Fig. 3.2) in intermediate layers of the
northern Arabian Sea in all seasons (de Souza et al., 1996) is a result of higher
inputs of organic matter from the surface layers. To assess the contribution of
the biologically cycled carbon to that of TCO, observed the regenerated carbon
dioxide was computed using (a) Redfield ratios, (b) Kroopnick’s formulations and

(c) mixing methods.

4.6.1. Redfield ratio method

According to eq. 4.1, for each mole of oxygen consumed, 0.76 moles of CO2 are
liberated from organic matter. Hence, C/O should be 0.76 (Redfield et al., 1963).
The presently observed ratio varied considerably with significant seasonal and
temporal changes. The C/O ratio was +1.025 during NE monsoon whereas it
was +1.366, +1.233 and +1.207 during intermonsoon and during 1995 and 1996
SW monsoons, respectively. Using these ratios, regenerated carbon from the
soft tissue was computed. The most intense regeneration (>340 uM) occurred
during inter-monsoon season (Fig. 4.44) as bacterial population was very high in
response to higher organic matter inputs from winter productivity and the

inherent time lag. Bacterial population in inter - monsoon is higher by several
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folds than in other seasons (Ramaiah et a/ 1996). During the SW monsoon
season regenerated carbon amounted to >320 uM whereas it was about 280
KM during NE monsoon. Along 15° N, higher amounts of regenerated carbon
(Fig. 4.45) were observed during pre- and late- SW monsoon with
comparatively higher values towards the coast due to high productivity in the
overlying waters. Regenerated carbon amounted to more than 360, 320 and

360 uM, respectively, during pre-, peak and late- SWW monsoon seasons.

4.6.2. Kroopnick’s method

Using the formulae given in section 2.3.6.2, the regenerated carbon dioxide
(Fig. 4.46) was found to behave almost similarly to TCO, (Fig. 4.28). During the
NE monsoon it is higher by 70-80 uM than in inter-monsoon and by more than
100 uM compared to that in 1995 SW monsoon. The regeneration amounted to
a CO; release of 140 uM at 200-300m in inter-monsoon whereas it was about
230 uM, 80 uM and 180 pM, respectively, during NE monsoon, and SW
monsoon of 1995 and 1996. During all the seasons there was a clear north-
south gradient, i.e., increasing trend towards northern Arabian Sea at any
depth level. Along 15° N, higher regeneration was observed in the west, except
near the coast during the SW monsoon (Fig. 4.47). This is due to fixation of
higher amounts of organic matter driven by upwelling. It amanted to ~240 and

160 uM during the peak and late SW monsoon, respectively.
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Highlights on regenerated carbon are:

o Redfield regeneration decreased in the order inter-, SW and winter
monsoons

o Kroopnick’s generalizations yielded opposited to that of Redfield's,
i.e., Winter, SW and inter- monsoons

e Considerable variability in regeneration between 1995 and 1996 SW
monsoons occurred

¢ Regenerated carbon evaluation is highly subject to the method used
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Chapter 5

DYNAMICS OF ORGANIC CARBON



Organic carbon occurs in dissolved and particulate forms in sea water.
Dissolved Organic Carbon (DOC) represents the biggest pool of organic
carbon in sea water. DOC mainly originates from metabolic processes
including the breakdown of cells during grazing and also is an intermediate in
the conversion of particulate organic matter into inorganic carbon dioxide. It is
known to play a pivotal role in food chain as it serves as a substrate for micro-
organisms. The nature and importance of various processes regulating the
DOC pool, particularly in the Arabian Sea, are not well understood. Although
DOC is largely produced at the surface by phytoplankton, bacteria play a major
role in regulating its concentration through the processes of decompaosition/
regeneration. Ducklow (1993) found mesopelagic bacterial carbon demand to
be an order-of-magnitude greater th'an the sinking flux, in the Arabian Sea,
suggesting a large scale DOC import into the mesopelagic zone from other
sources such as lateral advection and vertical transport. Similarly Naqvi and
Shailaja, (1993) found an imbalance between surface primary productivity and
bacterial carbon demand in the denitrifying oxygen minimum zone.
Measurements of electron transport system activity indicated that bacterial
carbon demand was the highest beneath the offshore oligotrophic waters.
Kumar et al. (1990) proposed that microbial population plays a major role in
regulating the DOC contents in waters of this region. Their studies further
suggested that denitrifying bacteria and other micro-organisms involved in

nitrogen cycling in the Arabian Sea are related to DOC dynamics; their
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increased abundance is responsible for decreased DOC concentrations in the
north. Since the oceanic DOC pool is large and recycles faster than thought
earlier (Toggweiler, 1988) it is important to study the dynamics of DOC which
has implications to carbon cycling in sea water and in fufure to long term

changes in atmospheric CO, concentration.

Tiny organisms such as plankton, bacteria etc. together with dead/detrital
organic matter form particulate material. The POC can occur in visible and
invisible forms. Of these, the invisible form is generally referred to as
Transparent Exopolymer Particles (TEP) formed from dissolved carbohydrates.
Dissolved carbohydrates constitute the major fraction of dissolved organic
compounds in sea water. In view of the fact that TEP plays an important role in
carbon cycle (Alldredge et al., 1993) than the rest of particles, this class was
studied in detail. TEP exists as discrete particles rather than as cell surface
coatings (Alldredge et al, 1993) that are probably formed abiotically from
dissolved extracellular polysaccharides (Passow and Alldredge, 1994) which
diatoms excrete copiously (Hama and Handa, 1983, 1987; Williams, 1990).
During diatom blooms TEP occurs in abundance and sizes comparable to
phytoplankton (Passow and Alldredge, 1994). Degradation of organic matter
can be accelerated in the presence of TEP as these large particles appear to
be more hospitable to bacteria than their source colloids (Kepkay, 1994).

These particles are expected to have far reaching implications to aggregation
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processes. Particle aggregation rates can be higher in the presence of TEP
because surfaces of these are sticky and their size variation is quite large.
Aggregation rates depend on concentrations and sizes of all particles present
(Jackson, 1990). TEP are polysaccharides and so are easily
consumed/decomposed by bacteria while playing a vital role in particle
dynamics in aquatic systems (Fig. 5.1). In view of the intense water column
denitrification in the Arabian Sea and higher rates of sinking particles in the
Bay of Bengal data on TEP were collected from the North Indian Ocean during
August 1996 to understand their role in the biogeochemical processes. DOC
data were collected in the same season (SK 115) in the Arabian Sea. Due to
unforeseen technical problems seasonal studies could not be performed in this
study. Nevertheless, this is the first such effort to understand the processes
involving organic carbon with respect to total carbon cycling. This chapter
presents the dynamics of Dissolved Organic Carbon and Transparent
Exopolymer Particles, possible inter-conversions between them and their

importance to biogeochemical processes.

5.1. Variability in organic carbon

Vertical distribution of DOC (Fig. 5.2) suggests highly variable trend between
north and south. Surface DOC concentrations varied from 90 to 120 uM. The

patchy surface distribution seems to reflect variations in primary productivity.
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Relatively higher DOC in surface waters at 15° N is perhaps due to the
dominance of production over its consumption which increases towards south
as observed by Kumar ef al. (1990). The primary production in August 1996
was the highest at 15° N. The production was found to be 792, 1782, 1030, 830
and 349 mgC m? d" at 13°, 15°, 17°, 19° and 21° N, respectively. Interestingly,
at 17° and 19° N higher concentrations of DOC were observed at or below the
thermocline (100-200 m). Figure 5.2 suggests DOC accumulation in
thermocline waters with an increasing trend towards north. DOC concentrations
varied from 60 to 100 uM in the sub-oxic waters when lower concentrations
were observed in the northern parts. Decrease in DOC concentrations towards
north could be attributed to high rates of respiration (Kumar et al., 1990).
Minima in DOC coincide with maxima in nitrate deficit suggesting its utilization
in denitrification (Fig. 5.2 ). These profiles, in general, clearly suggest a
negative relationship between DOC and nitrate deficits in the depth range 200 -

600 m.

Here, TEP are expressed as mg equivalents of alginic acid per litre.
Concentrations of TEP were higher in the Arabian Sea than in the Bay of
Bengal (Fig. 5.3). Higher TEP in Arabian Sea could have been a direct
consequence of Phaeocystis blooms with diatoms in significant numbers during
the study period (M. Madhupratap, Personal Communication, 1997).

Phaeocystis blooms generally follow diatom blooms (Gieskes and Kraay,
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1975). Polysaccharide exudates from Phaeocystis (Lancelot and Methot, 1985)
and diatoms (Passow et al., 1994) might have led to the observed higher TEP
levels in Arabian Sea (Fig. 5.3). Lancelot (1984) observed that about 50% of the
carbon fixed by photosynthesis is secreted as mucus by Phaeocystis. Surface
TEP was higher (>25 mg equivalents of AA I'") at 18-20° N in the Arabian Sea
(Fig. 5.3) where upwelling signatures (a temperature of 26.3° C and nitrate >1
uM; Figs. 3.2 and 3.3) were evident. Availability of nutrients in these waters
might have triggered intense biological production leading to a higher release of
extracellular materials. Productivity was very high around these latitudes (1030
and 830 mgC m? d' at 17° and 19° N) that also corresponds well with the
highest DOC values observed in the thermocline region (Fig. 5.2). Thick mucus
materials in this region clogged the zooplankton net above the thermocline. The
higher surface signatures of TEP, between 18° and 20° N, were conspicuous
down to 300 m (Fig. 5.3). Very high concentrations of TEP (~102 and 94 mg
equivalents of AA.I", respectively) were, however, found at ~600 m at 18° and
~20° N, where upwelling occurred. These anomalous high concentrations might
have been generated through bacterial activities, in situ (Passow and Alldredge,
1994) and/or due to sinking of aggregates from highly productive surface waters.
Such concentration gradients were not seen in the Bay of Bengal where TEP
varied within a narrow range (7-13 mg equivalents of AAI"). Although the TEP
concentrations were higher in Arabian Sea their numbers (Table 5.1) were low

(130-350 mI™") in
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contrast to those in Bay of Bengal (4400 to 7790 ml") since the TEP sizes were
relatively large in the former region than in the latter. In Table 5.1 the data from
~500 m are presented to understand the role of mineral-organic matter
interactions in particle sinking mechanism. Higher productivity in Arabian Sea
might have resulted in enhanced stickiness and hence in large TEP sizes.
Bacterial numbers were higher in the bay thus aiding reduction in stickiness
(Passow and Alldredge, 1995) and particle breakdown thereby increasing the
TEP numbers. While these are the first measurements of bacteria from the
central bay; the bacterial population in Arabian Sea seasonally vary by a factor

of ~1000 (Madhupratap ef al., 1996; Ramaiah et al., 1996).

The high concentrations of DOC below the mixed layer (~120 m) could be
attributed to the release of DOC from TEP as somewhat negative trends
observed between TEP and DOC at these depths (Fig.5.4). High bacterial
carbon was also observed at this depth suggesting that TEP hydrolysis
significantly contributes to the release of DOC. Since TEP is mainly comprised
of polysaccharides, it is easily degradable/decomposible into small
compounds. This view is supported by the observed association of the DOC
maxima with a steep increase in nitraté deficit, (Fig. 5.2) barticularly at 17° and
19° N. Cho and Azam (1988) hypothesized that bacteria attached to parti'cle
aggregates solublize these by hydrolytic enzymes. If DOC is produced much

faster than its uptake by attached bacteria then most DOC tends to remain in
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TABLE 5.1: Transparent Exopolymer Particle characteristics and bacterial counts in the
North Indian Ocean

Lat. Long. Depth Bacterial TEP TEP TEP with TEP
°N) (°E) (m) Counts® mean Total mineral without
(per ml) length® counts® particles’ mineral
(um) (per ml) particles’

Arabian Sea

15 64 600  2.94 37142 0.026 3 5
17 64 500 1.64 92197 0.013 1 5
19 64 500 1.29 21+23 0.033 1 6
21 64 500 3.40 42467 0.035 4 3
Bay of Bengal
8 90 500 1045 9+10 0.440 21 4
10 90 500 7.41 1618 0.669 7 4
16 90 500 4.28 11£18 0.779 15 6
18 90 500 0.94 7+12  0.480 10 2

*Bacteria (x10*) and TEP counts were total numbers in seawater.

®The mean lengths of TEP were determined from a minimum of 30 particles.

°TEPs associated with and without mineral particles were based on those counted in
randomly selected 10 fields on each filter.
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sea water (‘uncoupled solubilization’). The enzyme activity of bacteria on
aggregates could generate slow-to-degrade DOC (Smith et al, 1992) by
creating high concentrations of hydrolytic products within the aggregate matrix.
For instance, peptides and sugars produced by protease and glucosidase
activities, respectively, can condense (Maillard, 1913) to form substances
similar to humics which pelagic bacteria can not utilize rapidly (Keil and
Kirchman, 1993). Azam et al. (1994) suggested that simultaneous and intense
enzymatic activities on the structurally diverse and complex particulate
aggregates produce a great variety of molecular species, some of which are
not readily utilized. Mass aggregations during a bloom will thus result in a
large-scale production of slow-to-degrade DOC. This may be particularly so
around 19° N where mucus materials were found following the intense blooms

triggered by upwelling.

The DOC depletion in sub-surface waters of northern Arabian Sea appears to
be due to consumption by bacteria. Figure 5.2 clearly suggests that the
depletion of DOC in the north is associated with higher oxidant utilization by
bacteria. Nagvi (1994) argued that the carbon demand for denitrification in the
sub-oxic zone can not be supported by the vertical particle flux alone and
hypothesized it to be DOC lateral transport. Significantly, TEP levels were
lower in 200-500 m range than those in layers above and below in Arabian

Sea, particularly to the north of 18° N (Fig. 5.3). In contrast, there was no such
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decrease in TEP levels in Bay of Bengal. Interestingly, decreased levels of
TEP coincide with higher secondary nitrite and nitrate deficits (Fig. 5.5)
suggesting the utilization of TEP in bacterial respirétion/production in
denitrifying layers. A few higher values, inside the dashed circles in Fig. 5.5
might have been due to sinking or in situ specific bacterial/coagulation

processes (Kumar et al., 1998).

5.2. Organic carbon relations

Negative relationships for AOU with DOC and TEP were found (Fig. 5.6). The
observed higher values of AOU and lower values of DOC occurred in the
oxygen minimum zone due to their consumption during bacterial metabolism
(Kumar et al., 1990). Depending upon whether the oxidation of POC to DOC or
of DOC to CO, is dominant, the expected relations between oxidation and DOC
would be negative or positive, respectively (Kumar et al., 1990). Hence, the
relation between oxygen/AOU and DOC/TEP should represent which process
is dominant. In other words, if the rates of DOC production from POC/TEP and
its subsequent oxidation to CO, are equal, and so the amounts of oxygen
consumed are equal, no specific trend should be discernible. Alternatively, if
POC oxidation directly proceeds to CO,, as can occur at particle surfaces, the
relationship of an oxidant with DOC should be random. The weak negative

relationships between DOC/TEP and AOU (Fig. 5.6) illustrate the dominance of
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DOC/TEP oxidation to CO,. However, the scatter could be due to variations in
organic matter flux, oxygen availability and bacterial activity. This scatter could
have been also the result of POC oxidation to CO, Kumar et al. (1990)
observed the weak negative correlation between AQOU and DOC in the Arabian
Sea and high scatter of points were attributed to the degradation of POC
(detritus and other sinking biogenic particles), which might precede the in situ
decomposition of DOC, should have consumed at least a part of subsurface
oxygen. Menzel and Ryther (1968) obined that the in situ decomposition of
organic matter does not necessarily account for the observed oxygen
distribution. Our results show that not all of the sub-surface oxygen is used for
the in situ decomposition of DOC alone, but that some could have been used
for particle degradation, for example, TEP. This could also explain the DOC
observations of Craig (1971) and of Ogura (1970), which accounted for about
only one-third of the AOU. Results of Druffel et al. (1989) for a station in the
central North Pacific Ocean revealed that oxygen was used not only for DOC
but also for POC decomposition. The Arabian Sea intermediate layers
experience widely variable reducing conditions where nitrate also acts as an
electron donor (Fig. 4.4). Therefore, oxygen consumption may not solely
represent the total oxidant used during the organic matter oxidation in sea
water (Jackson and williams, 1988). Denitrification in subsurface layers of the

Arabian Sea has been shown to be related to the occurrence of intermediate
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nepheloid layers (detectable by a transmissometer) and enhanced electron

transport activity (Naqvi and Shailaja, 1993).

Dissolved organic carbon consumption occurs in denitrification (Kumar et al.,
1990) which is augmented by the negative relationship in Fig. 5.7 between
DOC and nitrate deficit. North of 15° N particulate carbohydrates are found to
be lower in intermediate waters in the Arabian Sea (Bhosle and Wagh, 1989).
In agreement, respiration rates are comparatively higher in ihe upper 1 km of
the Arabian S.ea than in the Bay of Bengal (Nagvi et al., 1996). Sinking fluxes
of carbon (11.8 to 29.1 mg C m? d” at 100m; based on Ducklow, (1993) and
Banse (1994)) have been found to be insufficient to meet the respiratory
carbon demands of denitrifiers of 155 mg C m? d" (Naqvi et al., 1993) and
bacterial production of 173 to 758 mg C m? d"' (Ducklow, 1993) in the sub-oxic
layers of the Arabian Sea. Hence, the presently observed negative relation
between TEP and nitrate deficits in the oxygen minimum zone (Fig. 5.7) is
significant since some of these TEP may not sink rapidly but can remain in
suspension, depending on the density structure of the surrounding medium and
concentrations of extraneous/mineral particles, and in the meanwhile, can
serve as substrate for respiratory activity. Alldredge (1998) estimated that the
carbon cor}tent in marine snow could rangeg)from 17 to 39%. Consequently,
this hitherto unknown carbon pool of TEP may account for a substantial part of

the ‘insufficient carbon substrate’ required to satisfy the bacterial respiration
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demands in subsurface layers of the Arabian Sea. For instance, using a density
difference between particle and water of 10-6 g cm™, particle area of 25x10°®
cm’, viscosity of sea water, corresponding to subthermocline depth with 10° C
and 35 psu, of 1.3866x107 cms™ and acceleration due to gravity of 981 cm s?
the estimated stokes settling velocity of transparent particle is calculated to be
3.395 gm?d'. Therefore assuming 10% of TEP would be constituted by
organic carbon, the sinking carbon flux in form of TEP could be 340 mgCm?d™.
Hence, TEP carbon appears to sustain significant bacterial

production/respiration in intermediate layers of the Arabian Sea.

Positive relationships appear to exist between bacterial carbon and
concentrations of TEP and DOC (Fig. 5.8), even though the scatter appears to
be large for the former. This indicates that the bacterial metabolism is fueiled
by the availability of labile fractions of organic carbon in the Arabian Sea.
Overall primary production exhibited poor correlations with DOC and TEP (Fig.
5.9) indicating that these organic forms in surface layers do not depend on
productivity alone but on regeneration aiso, i.e. net metabolic activities. The
particulate and dissolved organic components are assimilated by water column
bacteria, which in turn are important for sustaining moderate to higher numbers
of microzooplankton (10-85 I'") in waters immediately below thermocline (200-
400 m) in the Arabian Sea. Comparison between the concentrations of DOC

and bacterial abundance suggests that the DOC in deep layers is somewhat
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recalcitrant and, unlike TEP, is not easily consumable to bacteria. It is
estimated, by assuming 20-33% efficiencies in bacterial growth rates, their
carbon demand could be in the range of 0.04 to 3.6 - 0.06 to 5.0 ugC I'" b in

surface waters (Dr. Ramaiah, personal communication).

Negative relationships in Fig. 5.10 suggest that DOC and TEP undergo
oxidation to CO,. The TCO; values increase by 20-160 uM in northern Arabian
Sea than in the southern Arabian Sea with a decrease in DOC concentration
from 20 uM to 60 pM. The net increase in TCO, in the oxygen minimum zone
cannot be accounted for by DOC/TEP oxidation alone. Hence, it is probable
that dissolution of biogenic carbonate minerals which are relatively more
abundant in northern Arabian Sea also partially contributes to elevated TCO,

values in the north.

The percentage of TEP harbouring mineral (terrestrial or marine solid) particles
were more (75 to 86) in the Bay of Bengal than in the Arabian Sea (33 to 46).
This trend is in concurrence with the total number of TEP counted
microscopically (Table 5.1). Low numbers of TEP with mineral particles in the
Arabian Sea could have been due to lower inputs primarily of terrigenous
particles by rivers and atmosphere. Flux of terrigenous materi;ls
(Subramanian, 1993) into the Bay of Bengal is quite substantial in which rivers

from the Indian sub-continent alone pour in ~1387x10° tons y' while the
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Arabian Sea receives only 195x10° tons y'. Consequently, TEP can be more
efficiently scavenged by mineral particles undergoing sedimentation from the
surface layers in the Bay of Bengal (Fig. 5.1). This explains the higher sinking
fluxes of organic carbon (2.04-3.59 and 1.53-1.80 gC m? y", respectively) in
the Bay of Bengal (lttekkot et al., 1991) than in the Arabian Sea (Nair et al.,
1989) and provides direct evidence to the mineral ballast hypothesis (lttekkot et
al., 1992), that links the mechanism of long-term storage of atmospheric carbon

dioxide in the ocean to the organic-mineral interactions in water column.

Important conclusions from Chapter 5 are:

-

. DOC levels are highly variable in location and depth

2. DOC is consumed in denitrification in the northern Arabian Sea
3. Negative relation was found between DOC and TEP

4. Bacteria appears to utilize TEP in denitrification

5. Bacterial carbon was linearly related to DOC and TEP

6. TEP-Mineral ballast hypothesis seems to work in the Bay of Bengal
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Chapter 6

AIR-SEA FLUXES OF CARBON DIOXIDE



The oceans are expected to absofb a significant proportion of
anthropogenically emanated CO,. The Indian Ocean has been shown to be a
net sink of atmospheric carbon dioxide through a one-dimensional model
(Louanchi et al., 1996). Results from the North Indian Ocean indicated that the
Arabian Sea is a source (Kumar et al., 1992, George et al., 1994; Sarma et al.,
1896) while the Bay of Bengal could be a seasonal sink (Kumar et al., 1996).
However, variability in CO, air-sea fluxes and processes controlling the

distribution of surface pCO; in space and time is poorly known.

This chapter focuses on variations in surface pCO,, effects of physical,
biological and microbial processes on its distribution, also through a one-
dimentional model; and diurnal, seasonal and inter-annual variability in air-sea
fluxes of CO; in the Arabian Sea; and comparison of these pCO; fluxes to

those from the Bay of Bengal and Andaman Sea.

6.1. Variability in surface pCO; in the Arabian Sea

The study area is a dynamic region with winter convection occurring in north
during NE monsoon (Banse, 1984; Madhupratap ef al., 1996) and upwelling in
SW monsoon (Shetye et al, 1990, Muraleedharan and Prasanna Kumar,
1996), and highly stratified water column during inter-monsoon (Prasanna

Kumar and Prasad, 1996). Due to these physical processes mixed layer is
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[ deepér in winter and very thin during inter-monsoon. Such processes may have
/

significant control on the distribution of surface pCO, along with biological

ones. In this section we discuss the variability in surface pCQO, and affect of

physical and biological processes on its variations.

6.1.1. SW monsoon

The concentrations of dissolved substances in surface layers of the oceans
are largely controlled by circulation which also determines the extent of primary
production. The pCO, distribution in surface layers of the Arabian Sea along
64° E (Fig. 6.1) suggests super-saturation in the Arabian Sea surface waters,
with respect to that in the atmosphere, in all seasons with values around 420
patm. At 200m, however, lowest values occurred in 1995 SW-monsoon and
inter-monsoon and the highest in winter and 1996 SW monsoon seasons.
Primary productivity in the Arabian Sea is known to be the highest during SW-
monsoon that led to localised low pCO, levels in surface layers, around 16° N
in 1995, which is not the case in SW-monsoon 1996 (Fig. 6.1). Oxygen and
nitrate have been found to be relatively higher in this region during 1995 SW-
monsoon (nitrate ~4 uM; Figs. 3.2 and 3.3) whereas nitrate was around 1 pM
during the same season in 1996. Near-surface pCO, differed by ~50 patm
between south and north with comparatively higher values around 16-20° N,

except at 13° N in 1996 (Fig. 6.2). During 1996 SW monsoon, surface pCO,
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Fig. 6.1: Distribution of partial pressure of carbon dioxide (uatm) in the
central Arabian Sea
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data were collected using an underway continuous pCO; system. Figure 6.3
shows the underway-surface pCO, distribution along 64° E. There is an
increasing trend towards north with values ranging from 320 to ~385 patm.
High pCO; levels (385 patm) at 17-19°N could be the effect of Findlater jet. The
underway data are comparatively lower than the values computed from TCO,
and pHr. This discrepancy might have arisen because of two different methods
used. Phytoplankton blooms were noticed during 1996 and hence the elevated
pCO; levels might have been due to rapid regeneration of organic material in
upper layers itself, in addition to that laterally advected (Waniek, ef al.,, 1996).
The Findlater Jet is expected to drive upwelling to the north of its axis in the
Arabian Sea (Muraleedharan and Prasanna Kumar, 1996) that led to the

observed patterns in nitrate (Fig. 3.3) and pCO; in 1995 (Figs. 6.1 and 6.2).

Figure 6.4 depicts longitudinal variations in near-surface pCO, along 11° N,
which varied from 340 to 400 patm where lower values came from the coastal
regions, influenced by fresh water input by rivers. The surface salinity varied
from 33.300 to 36.300 from the coast to open sea. In agreement with such a
decrease in pCO; in runoff afftected coastal waters Fig. 6.5 also shows lowest
values obtained using the underway measurement system along the west coast
of India. Very low pCO; at the surface (200 patm) was observed along the
coast off Bombay due to monsoonal discharge from Narmada river that is

carried by the southerly currents. The observed low pCO; values could also
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Fig. 6.3. Surface pCO2 distribution in the north Indian Ocean measured by continous underway measurement system.
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arise from biological fixation triggered by terrigenous nutrient inputs, as has
been found in the Bay of Bengal (Kumar et al., 1996). This is in addition to the
fact that river waters contain <700 uM of TCO, and therefore ‘has relatively low
pCO; (Kumar et al., 1996). Despite the occurrence of higher pCO, below the
mixed layer the same can not be pumped up because of the prevailing lens of
low salinity surface water which prevents vertical mixing. This leads to the

drawing of atmospheric CO, through biological production.

The pCO, increase (to 500 patm) around 15° N in Fig. 6.4 is due to wind
induced upwelling. The sea surface temperatures were in the range 25-27° C at
this location confirming the occurrence of upwelling. Data to the north of 10° N
in Fig. 6.5 were collected during SK 115 cruise while those to the south of this
latitude were taken during SK 116 cruise. Low values were found just south of
10° N because of the run-off influence from River Kali. Figure 6.4 shows
surface pCO, distribution along 15° N where again coastal regions were
occupied by low salinity waters (~35.200 psu). pCO, mostly ranged between
250 and 350 patm in coastal waters whereas it was above 400 patm in the
open sea. The high pCO, of 500 patm seen in Fig. 6.5 (SK 115) is absent in
Fig. 6.3 (SK 104) because of the different periods of sampling. During July-
August 1995, low values (~266 patm) also occurred along Goa-Mangalore
coast due to fresh water influence, as indicated by a salinity of 31.500 psu.

Although, the coastal regions receiving freshwater inputs appear to act as a



sink of atmospheric carbon dioxide some of these regions act as sources since
intense upwelling occurs. In June-July 1995 the pCO. value along the
Southwest Indian coast was between 520 and 685 patm as a result of intense
upwelling. This is the first ever high concentration known so far from any
oceanic region. Simultaneously, Kortzinger et al. (1997) recorded high pCO; of

~700 patm in the Omani upwelling region during the same period.

During the late-SW monsoon surface pCO; levels were higher than those in the
atmosphere with a range between 360 and 460 patm along 15° N (Fig. 6.3).
This could be again due to increasing surface temperatures and regeneration
of organic debris months, since there could be time lag for bacteria to respond
to increased productivity. After the surface nutrients are depleted chiorophyil a
may drop rapidly but pCO, would be released more siowly through
decomposition of organic rhatter (Peng et al., 1987). Closer to the coast,

however, the values dropped (Fig. 6.3) because of freshwater influence.

6.1.2. NE monsoon

The highest surface pCO; in winter, particularly in the north, is attributed to
winter convection. This convection also resulted in relatively high nitrate (~2
M) and oxygen ranged between 190 and 270 pyM along 64° E (Figs. 3.2 and

- 3.3). These concentrations were increased from south to 16° N then decreased
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around 17° N followed by an increase further north. Low oxygen concentrations
at 17° N could be attributed due to intense winter mixing where the deepest
mixed layer of 120 m was observed (Fig. 3.1). pCO; increased from 351 patm
in the south (11° N) to 433 patm at 18°N but decreased to 375 patm further
north (Figs. 6.1 and 6.2). Madhupratap et al. (1996) observed that intense
winter mixing around 17° N leads to a relatively high productivity north of 15° N
(447 to 643 mgC m? d”'). Reduced convection to the north of 18° N resulted in
low surface pCO.. pCOz marginally increased towards the coast (Fig. 6. 4),
although, salinities decreased but not as much as they did during the SW
monsoon. High pCO, levels in which compared to the SW monsoon are
probably due to the absence of river run-off. Along 21° N, surface pCOQO, levels
ranged between 370 to 445 patm with an increase towards the coast (Fig. 6.4).
High values towards the coast are because of vigorous winter mixing which is
much stronger in the north (Fig. 3.6). Shetye et al. (1992) observed intense

winter cooling close to the Saurashtra coast.

During the NE monsoon of 1997, time series observations were made for 14
days at 21° N and 64° E. Surface pCO, varied from 368 to 494 patm and the
oscillations of high and low coincided with surface temperature and chlorophyll

suggesting a close coupling (Fig. 6.6).
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6.1.3. Inter-monsoon (Pre SW-monsoon)

Although, the upwelling or convection do not occur during the inter-monsoon,
pCO, levels remained higher than the atmospheric value along 64° E ranging
between 379 and 478 patm with the highest value occurring in the northern
Arabian Sea at ~18° N (Figs. 6.1 and 6.2). Its range was 350-450 patm along
15° N while it was well above the atmospheric concentration at 11 and 21° N
(Fig. 6.3). Increased solar radiation (Prasanna Kumar and Prasad, 1996) and
higher bacterial activity might have led to higher surface. pCO, during this
season. Bacteria are found to be more abundant during inter-monsoon which
can not be supported by primary production (Ramaiah et al., 1996), and hence
such higher bacterial respiration might have resulted in higher pCO,. For
instance, the bacterial abundance have been reported to be 0.24-0.9 x 10° I'" in
inter-monsoon, 0.13-0.64 x 10° I in SW monsoon and 0.05-0.09 x 10° " in
winter monsoon (Ramaiah et al., 1996). Importantly, the bacterial carbon far
exceeded the phytoplankton carbon during this season. _Unlike, the SW
monsoon season, the fresh water influence was absent in the coastal regions

where pCO, remained in the high range of 416-428 patm.

Interestingly, surface pCO, values were higher between 16 and 20° N in the
central Arabian Sea in all seasons (Fig. 6.1 and 6.2). This region houses the

most intensely denitrifying waters at intermediate depths (Naqvi, 1991). Hence,
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higher pCO, between these latitudes could have arisen from the relative

increase in upward pumping from subsurface layers as suggested by Kumar et

al. (1992).

Highlights of surface pCO, distribution are:

e Seasonally and spatially variable pCO, abundance was observed

e Highest pCO; values were associated with coastal upwelling

e pCO; Levels were supressed by river discharge in near-shore surface
waters

e Consistently higher valueS were found at 16-20° N in the central

Arabian Sea driven by upward pumping
6.2. Control of surface pCO; in the Arabian Sea
6.2.1. Controlling factors from relations

Different processes - physical, chemical and biological - determine the levels of
surface pCQO,. Contributioh from each of these may change with season. The
pCO; in euphotic zone (0-80 m) and the surface mixed layer (depth varies
seasonally and regionally, from 10m to 30-120 m) can be influenced by

biological production/regeneration, and physical processes such as run-off,
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upwelling and winter convection. The variable depth ranges necessitate the
consideration of a definite depth interval so as to understand the dominance of
physical or biological processes in regulating the pCO,; distribution in surface
waters. Therefore, data obtained from the upper 60 m of the water column were

utilised.

Figure 6.7 depicts ’the seasonal near surface dissolved oxygen. Along 64° E
oxygen ranged between 190 and 270 uM in all seasons whereas in coastal
waters it varied from 90 to 245 pM. Despite the conspicuous seasonal
variability in the levels of oxygen the gradients were not significant between the
south and the north. While the SW monsoonal upwelling signature of low
oxygen was obvious along the Southwest Indian coast its concentration was
the highest in winter in coastal as well as in the central Arabian Sea. Inter-
monsoon and SW monsoon levels along.64° E were nearly the same. Higher
values in winter could have been due to convection driven higher biological
production. Less turbulence at the interface, due to low wind speeds in this
season (Sarma et al., 1998) might have restricted the éxygen ejection to
atmosphere. Clustered points at 15° and 21° N along 64° E in winter indicate

the results of two time series experiments (Fig. 6.7).

While oxygen varied between 195 to 260 uM in all seasons it exhibited the

highest values in winter at 21° N, 64° E (Fig. 6.7). A decrease towards the
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coast along this latitude is obvious since the convective mixing was more
vigorous here (Fig. 3.6) than in the open sea (Fig. 3.2). Higher values were
observed near the coast during winter and SW monsoon due to winter cooling
and coastal upwelling. Chlorophyll data at 21° N and 64° N showed higher
values in SW (29 mgC m>) and NE (19 mgC m®) monsoons than in inter-

monsoon (7.6 mg m>).

Chlorophyll &, in the upper 60 m, varied in ranges of 0.014-0.433, 0.027-0.458
and 0.045-1.343 mgC m” during inter-, winter and SW- monsoon seasons,
respectively. The corresponding surface primary production ranges were 0.37-
20.89, 0.6-43.8 and 0.3-98.3 mgC m> d' (Dr. M. Madhupratap, personal:
communication 1996). High chlorophyll a values in SW monsoon were in

response to upwelling whereas those in winter were due to convective mixing.

The near surface pCO, levels in the study area were almost always higher than
in the atmosphere throughout the year (Fig. 6.2 and 6.4). Except in inter-
monsoon, pCO, (Fig. 6.8) and oxygen (Fig. 6.9) exhibited specific relations with
temperature due to winter cooling and SW monsoonal upwelling, that bring
cold and carbon dioxide rich sub-surface waters to the surface. Such
processes do not occur during inter-monsoon. While pCO, showed negative
relations in all seasons, it was so with oxygen only in winter (Table 6.1). The

biological properties, however, did not show any specific trends in relation to
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changes in pCO, (Fig 6.10 and 6.11). Inter-monsoon characterized by the most
oligotrophic conditions that resulted in low chlorophyll‘ a and primary
productivity. Sun‘éce layer was relatively well stratified from north to south in
inter-monsoon compared to that in other seasons (Prasanna Kumar and
Prasad, 1996; Madhupratap et al,, 1996). When the CO, at surface is fixed by
photosynthesis and is not rapidly replenished by upward pumping due to
stratification, the continued release of CO, through decomposition of organic
matter by the bacteria becomes dominant which would have led to the poor
correlation (Table 6.1) in inter-monsoon. Increase in bacterial abundance in
inter-monsoon has been related to the decay of organic matter produced during

winter (Ramaiah et al., 1996) by phytoplankton blooms (Duckiow, 1993).

Table 6.1. Relationships for temperature ( °C) with oxygen (uM) and pCO,
(natm) in different seasons in the Arabian Sea.

Season Slope r

(a) temperature vs oxygen

Intermonsoon 1.9 0.04
NE monsoon -2.8 0.05
SW monsoon 25 0.84

(b) temperature vs pCO;

Intermonsoon ‘ -2.8 0.01
NE monsoon -9.0 0.22
SW monsoon -75 0.90
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The data from the North Atlantic between 47° N and 60° N showed large spatial
variations with strong to weak negative correlations between chlorophyll a and
surface pCO. during the spring (Watson et al., 1991) suggesting a possible
biological control. The present results, however, indicate weak relations for
pCO; with biological parameters (Fig. 6.10 and 6.11) than with temperature
(Fig. 6.9; Table 6.1). This strongly suggests that pCO, in the Arabian Sea is
largely controlled by physical rather than biological processes. Besides, a
slope of -75 andl correlation of r’=0.9 (Table 6.1) reveals that the physical
processes during the SW-monsoon led to a large change in pCO; (Fig. 6.9)
than in any other season. The lesser slope with large scatter (r?=0.2) in winter
suggests a more important role of biological processes in regulating surface
pCO,, than in SW monsoon. For instance, the minimal pCO, values at
temperatures <25°C might have resulted from higher biological fixation. This
enhanced biological control of pCO, is augmented by the negative relation
between temperature and oxygen caused by the linkage: winter overturning-
nutrient pumping- photosynthetically produced oxygen. Poor correlations for
oxygen and pCO. with temperature (Table.6.1), together with the higher
surface abundance of pCO,, than in winter (Fig. 6.1) and its unclear relations
with Chlorophyll a and prirhary production, strongly suggest the biological
(microbial) dominance over the physical processes in controlling the pCQ;

distribution during inter-monsoon.
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6.2.2. A one-dimensional model

6.2.2.1. The model

Recently, Louanchi et al. (1996) have developed a model to quantify the
influence of different processes on surface pCO,. Although, this model may
have limitations in identifying the role of biological pump in the Arabian Sea
especially during inter-monsoon season when the euphotic zone is deeper than
mixed layer depth, it is expected to identify major processes responsible in

controlling the surface pCQ..

This model consists of two boxes, a surface mixed layer box in which the
physical and biogeochemical processes control the pCQO, variations and a
subsurface box in which dissolved inorganic carbon system is considered
invariant with definite boundary conditions. Four processes‘ are defined to
control pCO, ’distribution; air-sea exchange, biological pump, exchange
between two boxes and thermodynamic effects on the CO, system in the

surface box. The variations in pCO, are expressed by:

OHCt = (Ofitt)s + (A + (GAIC)e + (OFIR) 1 (6.1)
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where 5f/6t is the total pCO, variation within a time period of &t; (0f/ot)s is the
biological contribution to pCO, change; (&fict)y is the contribution from mixing

processes,; (dffot)r is the air-sea exchange contribution; and (of/dt)rs is the

thermodynamical contribution.

First three terms in eq. 6.1 are estimated from total dissolved inorganic carbon

(TC) and total alkalinity (TA) variations:

8TCIot = (6TCIt)g + (OTCICt)w + (ETCIEt): (6.2)

OTA/St =(0TAIOt)g + (OTA/Ct)M (6.3)
fugacity of carbon dioxide (fCQO,;) is computed at each step as a function of TC
and TA according to Peng et al. (1987) and using dissociation constants K; and
K2 of Goyet and Poisson (1989).

6.2.2.2. Biological effect on fCO; variations

Variations in TC and TA are linked to biomass production/decomposition and
calcite formation in the euphotic zone. These variations are considered

in biological effects on fCO, changes
(0TClot)s = (0IN/ct)g * RCN -Sy (6.4)
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(OTA/Ot)g = -2 * Sg (6.5)

Whereas (0IN/¢t)s represents the inorganic nitrogen (IN) variation with time,
resulting from photosynthesis, respiration and mortality, which is expressed in

terms of carbon units. This variation is calculated using the following equation
(OIN/ot)g =-(u-r*q) *Chi*RN (6.6)

where u is the growth rate which depends on the maximal growth rate u,, and
on the single nutrient (inorganic nitrogen, IN) following a Michaelis-Menten
formulation [u=u,*IN/(IN+Ky)] where K is the half-saturation constant. v is
computed at each time step, r is the removal factor and g, which represents the
respiration, mortality and grazing rate, is calculated at each time-step using the

following equation
oChi/ot = (u-q) * Chi (6.7)

Where SChi/at, the temporal variation in chliorophyll, is known and used as
constraint in the model. RN is the N:Chl Redfield ratio (Table. 6.2).

The second term in the equation 6.4, S, represents the temporal variation of
calcite concentration which is expressed as 20% of the total export production

according to Broecker and Peng (1982)
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S = 0.2 * (0P /1) (6.8)

The export production, P, consists of two parts (inorganic and organic

carbon) and is computed in terms of carbon at each time step by
(OPexplct) =(1-r)*g *Chi*RCC (6.9)

where RCC is the C:Chl Redfield ratio

The quantity, TA, is assumed to be unchanged during the production of organic

carbon.

These formulations imply that the chiorophyll and inorganic nitrogen changes
adequately represent biological pump. The former one is a constraint of the
model and the latter one a computed variable. The biological coefficients used

in the model! are given in Table 6.2.

Table:6.2 Biological coefficients which are used in this model

Parameter Symbol Value Units
Removing factor r 0.5

Maximal growth rate " Unm 2.0 day”
Michaelis-menten half- K 0.11 pmol kg™
saturation constant

C:N ECN 6.0

C:.Chl RCC 40.0

Km, RCN and RCC taken from Tayler et al., 1991 and U,, is taken from Louanchi et al., 1995.
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6.2.2.3. Mixing effect on fCO, variations

Entrainment-detrainment model of Peng et al. (1987) was used to estimate

(OTClot)w, (0TA/Ot)w and (CIN/Ct)y terms in the surface layers.

For Z>0 concentration variations after entrainment are:

Ys=Yp-Ys)*UZn (6.10)
where Y is the dissolved substance (TC, TA and IN) in the surface layer (Ys)
and the subsurface layer (Y,). The surface properties do not change when Z,
decreases (Y,=0) (Louanchi et al., 1996). Therefore, the terms (OTC/ot)m,
(GTA/St)m and (OIN/ct)w are affected by the sub-surface conditions of TC, TA
and IN, respectively.

6.2.2.4. Effect of air-sea exchange

The quantity of CO; lost or gained by the mixed layer because of the air-sea

exchange is given by:

(OTCIot)e = FIZn ‘ (6.11)
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where 0TC is the variation due to the accumulation or out-gassing of CO, over

time interval &t. F is the air-sea CO, flux and Z, is the mixed layer depth at the

end of the time step.

6.2.2.5. Thermodynamic effect on fCO, variations

The effect of SST and salinity variations on fCO; is estimated using the relation

proposed by Goyet et al. (1993).

This model was used for 3 stations in the central Arabian Sea at 21° N, 15° N

and 11° N along 64° E. Results of this model are given in Table 6.3.

Table: 6.3: The result of model on effect of different processes on surface pCO,

21° N, 64°E Biology Mixing Flux Thermo- pCO. pCO;
dynamics (model) (observed)

Intermonsoon -0.010 0.00 118.8 -32.1 4417 437.4
SW monsoon -14.78  70.33 21.45 7.03 439.0 4325
NE monsoon -12.46 53.5 0.82 29.25 426.1 442 0
15°N, 64° E

Intermonsoon -0.024 0.00 8.10 -20.77 343.2 450.2
SW monsoon 0.062 45.5 2.14 10.84 4135 417 1
NE monsoon -25.18 6.16 14.72 14.06 364.7 426.5
11°N, 64°E «
Intermonsoon -0.005 0.00 12.6 -64.63 303.0 365.3
SW monsoon -10.15 36.37 1.13 5.38 387.7 381.0
NE monsoon  -6.82 -21.70 2.04 6.28 334.8 377.1
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These results reveal that mixing processes dominated during the SW monsoon
at all the three stations and is the major contributor in maintaining the high

surface pCO, levels followed by flux effects at 21° N and thermodynamic

effects in south.

During inter-monsoon, fluxes contribution is more significant probably due to
higher surface temperatures in response to increased solar radiation. Here
regenerated fraction is probably underestimated because the model assumes
that 50% organic matter is regenerated in the mixed layer and taken as a
constant in all seasons. In fact, during this season the carbon regenerated was
actually produced. in the previous season (NE monsoon). Biological uptake
was also underestimated since the light penetrates beyond the mixed layer

depth.

The major effects during winter season are thermodynamics and mixing. Due to
surface cooling by 4-5°C compared to that in inter-monsoon, inorganic carbon
system shifts towards the formation of carbonate ions leading to the absorption
of atmospheric carbon dioxide. As a result of convective mixing carbon dioxide
will be pumped up. Effect of winter éonvection was seen north of 17° N (Fig.
6.1). As a result, mixing effect is high at 21° N. Fluxes effect is small excépt

at 15° N where it is the determining factor.
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Highlights on pCO, controlling factors are:

Better pCO, correlaions were observed with physical than biological

parameters

e Physical processes largely controlled surface pCO; distribution

e Physical to biological dominance appeared in the sequence from SW,
NE and inter-monsoons

e Inter-relations and model results concur on the dominance of mixing
processes in regulating pCO, in SW and NE monsoons

e Relations suggest biological processes while the model projects

thermodynamics to control pCQO,; in surface layers in inter-monsoon

6.3. Variability in air-sea fluxes

The quantum of flux depends on transfer velocity of carbon dioxide which is
largely determined by wind speeds while direction of flux is determined by the
gradient across the air-sea interface. Intensity of wind varies with season
leading to changes in the magnitudes of fluxes. Hence, the spatial, seasonal
and inter-annual variability in fluxes were studied by dividing the Arabian Sea
into 8 areas (see Fig. 6.12). The data were pooled and average flux values

evaluated are given in Table 6.4. The numbers in the parentheses show
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number of data points used for averaging.

6.3.1. SW monsoon

Strong upwelling manifested by high nutrient levels (nitrate up to 16 uM) and
extremely high pCO, concentration (682 patm) at surface were found off Kerala
coast (Fig. 4.33). This is the highest values recorded so far in the eastern
Arabian Sea. Therefore, this region may act as a large source of carbon
dioxide to the atrﬁosphere in this season. During this season, the winds have
strong cross-shore component with positive trends from south to north and
relatively weak long-shore component with a similar trend, except at 15° N
where a steep rise in wind speed is noticed (Muraleedharan and Prasanna
Kumar, 1996). The winds along the Southwest coast of India ranged between 4
and 9 m s”. This led to a very high flux along the Southwest coast of India (58
mmol.m? d') where strong upwelling occurred. In the central Arabian Sea,
wind speeds were 5m s™ in the south increasingto 10 ms™ at 17° N at axis of
the Findlater Jet. A patch of high surface pCO, was observed at ~16° N (Fig.
4.39). The flux was about'45 mmol.m? d” around 16° N in the Arabian Sea,
where a gyral upwelling or lateral advection occurred, while it was ~8 mmol m?
d'in the south. Gas fluxes at the air-water interface, however, depend not only

on the concentration gradient between the two phases (air and water) but
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Table 6.4. Seasonal and temporal variability in sea-to-air fluxes (mmol m?d™")
of carbon dioxide in the northern Indian Ocean. Areas are shown in Fig.

6.12. Numbers in square brackets denotes number of measurements made in

the respective area and wherein parenthesis wind speeds (m s™).

AREA
1

2 3 4 5 6 7 8
SEASON
ARABIAN SEA
NORTHEAST 7.20 362 0.98 1.94 0.28 1.67 139
MONSOON [2] (5] [12] [12] [5] (3] (2]
1995 ) (6) (3.3) (3.6) (5.2) (4.2) (4.4)
NE MONSOON L 5.35 _ . _ o
1997 (23]
(3.6)
INTER 4.10 185 132 0.85 0.08 3.52 110
MONSOON (2] (3] (4] (3] (3] [2] (1]
1994 (5) (88)  (5.6) (2 ) (5) (2.6)
INTERMONSO . . 1.36 . _ L 1.42
ON 1996 [2] (6]
®) (5)
SOUTHWEST . . 415 24.4 6.94 1.02 -10.2 -0.80
MONSOON (1] (2] (3] (5] [2] (6]
1995 (16) (12) (9.6) 6.6) (5.4) (9)
SOUTHWEST . . 14.3 13.9 6.15 . . _
MONSOON [4] (4] (1]
1996 (6.5) (6) 3)
LATE SW . . _ 3.07 . . . 3.77
MONSOON (1] (4]
1995 &) (3)
BAY OF BENGAL
SW 2.41 2.82 4.26 - - -
MONSOON (3] [3] (3]
1996 6.2) (5.7) (6)
POST L L 2.00 -0.60 1.49 317
MONSOON 8] (4] (8] [4]
1996 (6.2) (5) (26) (6.3)
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winds, in fact, plays a major role in driving these fluxes. Usually higher fluxes

were found from areas 3 and 4 in Table 6.4, particularly during this season.

During the SW monsoon coastal regions receive enormous amounts of fresh
water from the continents which substantially brings down the surface pCO..
For instance, very low pCO; (200 patm) was recorded off Bombay where
freshwater influence was evident. Low salinity water was also found at 15° N
due to fresh water discharge by Mandovi and Zuari rivers. CO, flux of -16
mmol.m? d” (air to sea) was recorded ih these regions with an average of —
10.2 mmol.m? d" (Table 6.4). An extrapolation of the average flux in this
season to the study area of 1.6x10'> m? (assuming % of the total Arabian Sea

area) yielded 22 and 20 Tg.season’, respectively, for SW monsoons of 1995

and 1996.

6.3.2. NE monsoon

Convective mixing largely controlled the pCO, gradient at the air-sea interface.
The winds were typically north/northeasterlies (average winds of 4 m s™') along
64° E. During this season, CO; flux amounted to 0.28-7.20 mmol m*d”. Low
fluxes during this season were due to relatively weak winds. As shown‘ in
Table. 6.4, fluxes were higher in the northern Arabian Sea than in the south.

Fluxes in coastal regions were several folds higher than in offshore regions in
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the northern Arabian Sea. This is due to the high wind speed (5-10 m s™) in the
coastal region where overturning also appeared to be high (Fig. 3.6). The CO,
flux ranged between 0.16 and 5.70 mmol m? d' near the Southwest coast
whereas in the southern Arabian Sea it varied from -0.15 to 1.54 mmol m?d™.

Average flux to atmosphere from the study region was calculated to be 4 Tg.

season .

During NE monsoon 1997, time series observations were made for 14 days at
21° N, 64° E. Surface pCO; varied from 368 to 494 patm during the study
period. The wind speeds were between 1 and 6.5 m s™ and as a result CO,
fluxes varied widely from 0.18 to 13.2 mmol m? d'. There is not much
difference in fluxes observed between NE monsoon seasons of 1995 and 1997.
when time series observations were performed. During 1995 NE monsoon,
fluxes varied from 6.35 to 8 mmol m?d” over a period of 5 days at the same

location.

6.3.3. Inter-monsoon

Fig. 6.13 compares the solubility of carbon dioxide during different seasons
revealing low solubility for carbon dioxide in inter monsoon than in SW
monsoon due to higher temperatures during the former season. Consequently,

higher fluxes were found in the central northern Arabian Sea (13-18 mmol m?d’
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') whereas these were lower in the south (0.08 mmol m? d™') due to changes in
wind speeds. Coastal regions of the northern Arabian Sea seem to emit

relatively higher fluxes of 4.1 mmol m? d” than in the southern Arabian Sea (1-

3.5 mmol m? d") due to higher wind speeds in north (3.7 to 6.3 m s7). It is
estimated that the study region emanates ~10 Tg.season’ of carbon dioxide to

the atmosphere.

6.3.4. Late SW-monsoon

Although winds are weak, the CO, fluxes ranged between 1-8 mmol m? d’

due to higher pCO, concentrations resulting from intense bacterial
decomposition of organic matter and high sea surface temperatures. High
fluxes were obServed. in the coastal waters (5-8 mmol m?d) than in opén sea
regions (3-5 mmol m?d™"). This might be due to higher pCO; resuiting from the
decomposition of organic matter produced in coastal regions driven by SW
monsoonal upwelling. No differeﬁce was found between the fluxes from coastal
and off-shore regions along 15° N. The study region acts as a source of

atmospheric carbon dioxide to an extent of 9 Tg.season™ during this period.

6.3.5. Inter-annual variations (SW monsoon of 1995 & 1996; NE monsoon

of 1995 & 1997; Inter-monsoon of 1994 & 1996)

The present results show significant inter-annual pCO, variations during SW
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monsoon and winter seasons due to changes in physical and biological
processes. These variations were not only significant in the surface layers but
also extended below the thermocline (Fig. 4.39 and 6.1). From‘ the wind speeds
and chemical data’, it can be deduced that the influence of Findlater jet was
more intense during the SW monsoon of 1995 than in 1996. The surface pCO,
at the axis of the Findlater jet did not show much variation (432 and 426 patm)
but the mixed layer nitrate varied from 4 to 1 uM, respectively. Air-sea flux of
carbon dioxide at the Findlater jet was several folds higher during the 1995 SW
monsoon (45 mmol m?d") than that in 1996 monsoon (13 mmol m? d”') which
is due to high wind speeds during the former year. Inter-annual variations
during NE monsoon were studied at 21° N, 64° E. Low SST and higher
salinities were observed during 1997 than in 1995. No significant variations
were observed in wind speeds (range 2-6 m s'). pCO, concentrations were
higher during 1997 compared to those in 1995 by at least 50 patm which was
due to more intense convective mixing during 1997 than in 1995. In 1997
nitrate concentration of ~ 4 nM occurred whereas it was ~ 2 uM in 1995 at the
air-sea interface, indicating the higher intensity of convective mixing in the
former year. Air-sea fluxes of carbon dioxide were higher during 1997 with a
range between 0.18 and 13.2 mmol. m? d" whereas it varied from 0.35 to 8

mmol. m?d” during 1995 at 21° N.
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Pre-SW monsoon variations at 15° N, 64° E were not very significant with
respect to pCO, distribution but in cése of air-sea fluxes due to variations in
wind speeds. pCO; varied from 456 to 464 uatm during inter-monsoon of 1994
whereas it was 415 patm in 1996 (SS141). Air-Sea fluxes of CO, amounted to
1.54-1.81 mmol.m?.d" and 1.69 mmol.m?.d" during inter-monsoon seasons of

1994 and 95, respectively.

Air-sea fluxes of carbon dioxide, in general, showed significant seasonal and
spatial variability. Average fluxes of carbon dioxide from different regions are
listed in Table 6.4. These ranged between 0.08 and 18.5 mmol m? d” in inter-
monsoon but varied from 0.28 to 7.2 and —-10.2 to 41.5 mmol m? d,
respectively, during NE- and SW monsoon 1995. High spatial variability during
this season was caused by river runoff in the coastal zone as well as upwelling.
As upwelling brings subsurface waters to the surface it leads to higher fluxes
whereas fresh water acts as a sink for atmospheric carbon dioxide. Interannual
variations seem to be significant in SW monsoon. Higher fluxes were observed
in 1995 (-17.8 to 53.8 mmol m? d') than in 1996 (0.1 to 25 mmol m? d). Inter-
NE monsoonal variations at 15° N, 64° E seem to be only marginal between
1995 and 1997 as they varied from 0.1 to 13.5 mmol m? d” in 1995 but from
0.1 to 8 mmol,m'? d’ during 1997. Inter-premonsoonal variability was also
observed at 15° N, 64° E during 1994 and 1995 where fluxes varied from 1.54

to 1.81 and ~1.69 mmol m? d”, respectively. These data results that Arabian

168



Sea exhibits high spatial and seasonal variability in CO, fluxes which are

especially high during the SW monsoon.

Highlights of CO, fluxes from the Arabian Sea are:

Fluxes were highly variable being functions of wind speeds and pCO,

gradients

e Most of the SW monsoonal efflux seemed to occur in the central
Arabian Sea

e Sea-to-air fluxes from coastal regions in SW monsoon were reduced
because of low salinity surface lens resulting from river discharge

e Fluxes in winter and inter-monsoon were more in north than in south

o Significant inter-seasonal and inter-annual variability was found

6.4. Fluxes from the Northern Indian Ocean

Kumar et al. (1996) highlighted the influence of freshwater on pCO, distrithion
in the Bay of Bengalywhere‘ freshwater. discharge from rivers of the Indian sub-
continent exerts a dominant control over TCO, and pCO, distributions in
surface waters. Low pCO; levels occur within the low-salinity zones. Thereforé,
a large area in the north-western bay acts as a sink of atmospheric CO,. Only a

part of the observed pCO, variation can be accounted for by the effect of
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salinity. The rest could be due to biological production supported by external
nutrient inputs in conjunction with strong thermohaline stratification which
seems to be more important in lowering surface water pCO, by >100 patm

relative to that in atmosphere.

Here, a comparison is made to understand the variability in CO, fluxes in the
central parts of the Arabian Sea and the Bay of Bengal during SW monsoon.
The data were collected during SW monsoon along 90° E in the Bay of Bengal
and along 64° E invthe Arabian Sea in 1996. As the coulometer developed
technical problemé the pCO; data in the Bay of Bengal were calculated from TA
and pHy. During this season, the surface pCO; levels were higher than the
atmospheric values with variation between 400 and 440, and 360 and 411
patm. respectively, in the Arabian Sea and Bay of Bengal. Wind was stronger
in the Arabian Sea ( to a maximum of 12 m s) than in the Bay of Bengal (3.6
m s”'). This together with higher pCO, (than in atmosphere) resulted in CO,
evasion from the Arabian Sea as well as from the Bay of Bengal during this
season. The fluxes varied from 2 to 22 mmol.m?.d” in the Arabian Sea and
_ from 0.6 to 3.5 mmol.m2.d” in the Bay of Bengal (Table. 6.4). These values
indicate that the Arabian Sea a much stronger source of atmospheric carbon
dioxide, in concurrence with earlier observations (Kumar et al., 1992; George et
al.,, 1994) in Southwest monsoon as well (Sarma et al,, 1998). On the other

hand, unlike the northwestern Bay of Bengal, the central Bay also acts a mild
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source during this period. No significant north-south gradients occur in fluxes in
the central Arabian Sea except for the higher values at 18 and 19° N due to
divergence. However, there is a general gradual northward decrease in the
sea-to-air fluxes in the Bay of Bengal. Thus, CO, air-sea fluxes during SW
monsoon seem to be much higher than those in other seasons both from the
Arabian Sea and the Bay of Bengal. It is estimated that a flux of (2 mmol.m? d
', area 4.087 x 10° km?) 8.4 Tg y"' is pumped out to the atmosphere from the
Bay of Bengal. George et a/ (1994) reported that the Bay of Bengal is emits
about 6 Tg y' of carbon into the atmosphere. Our estimate of the Bay of
Bengal may be an overestimation as low salinity coastal regions act as a sink

for atmospheric carbon dioxide.

The data from the Andaman Sea (Fig. 6.11) were collected during post
monsoon season. pCO; varied from 354 to 394 patm in the study region except
for one value (479 patm) at 11.5° N, 93.5° E where low salinity (31.95) and
warm (>32.1) waters, compared to rest of the Andaman Sea were encountered.
Although the winds varied from 1 to 10 m s, the air-sea fluxes of carbon
dioxide were low and ranged between -0.11 and 7.75 mrﬁol m? d'. On an
average the flux was around 0.2 mmol m2d". This suggests that the Andaman
Sea also acts as a mild source (0.7 Tg y"') of atmospheric carbon dioxide in

this season.

171



Arabian Sea seems to act as a source of atmospheric carbon dioxide except in
the coastal areas during SW monsoon season. The average flux amounts to
6.4 mmol m?d" which is equivalent to ~45 Tg y"'. These fluxes far exceed the
earlier estimates: 60 Tg.y™ for the North Indian Ocean (Takahashi, 1989) 74,
79 and 8.4 Tg y" for the entire Arabian Sea (Somasundar et al., 1990; George
et al., 1994; Goyet et al., 1998, respectively). Goyet et al. (1998) used an
interpolation of surface temperatures for pCO; evaluations, without taking into
accound biological effects, and hence their fluxes could have been an under-
estimate. Kortzinger et a/.,} (1997) reported that Arabian Sea in general, and
the areas of upwelling in particular, represent a significant source of
atmospheric CO, with flux densities varying from 2 mmol m? d"' in the open
ocean to 119 mmol m? d” in the coastal upwelling zones. Present fluxes also
seem to be higher since Fig.8 of Louanchi ef al. (1996) indicates an average
flux of 10 Tg month (~120 Tg y'") for the region between 10° S and 20° N in
the Indian Ocean. Hence, the Arabian Sea is a significant and perennial source
of atmospheric Cbz except in coastal pockets influenced by run-off. It should,
however, be noted that the present data sets do not cover the most intense
Somali and Omani upwelling regions in the Arabian Sea from where even
higher fluxes are expected. Biological CaCQ; precipitation releases CO; to
water (Anderson and Dyrssen, 1994) that could further enhance the above

estimated fluxes specifically in the western regions.
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Highlights of CO, fluxes in the North Indian Ocan are:
e Central Bay of Bengal and Andaman Seas act as mild sources of

atmospheric CO; in SW Monsoon

e Arabian Sea is a perennial source of atmospheric carbon dioxide
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Chapter 7

CARBON BUDGETS



In order to understand the biogeochemical cycling of an element it is essential
to quantify its fluxes among various major reservoirs (physical, biological and
geological) as well as between compartments (dissolved and particulate) in
each reservoir. The situation in the Indian Ocean is complicated by the
presence of marginal water bodies that continuously exé:hange water and
solutes with the Arabian Sea. Inputs of waters from the Gulf of Oman and the
Gulf of Aden into the northwestern Indian Ocean and from the southern Indian
Ocean could significantly influence the carbon budgets of this region
(Somasundar et al.,, 1990). Bethoux (1988) observed a temporary subsurface
outflow and surface inflow in the Red Sea during SW monsoon. Attempts have
been made by Somasundar et al. (1990) and Kumar et al. (1995) to quantify
carbon budgets of the Arabian Sea. Somasundar et al. (1990) have found the
carbon in the Arabian Sea to be negatively balanced by ~84 MtC y' and
proposed that this deficit could be balanced by input through northward flowing
Antarctic Bottom Water. In the earlier budget evaluations the surface layer has
been assumed to be in equilibriﬁm, as it has been in continuous exchange, with
the atmospheric carbon dioxide (see Somasundar et al., 1998). Further,
detailed exchanges of water laterally and vertically, and influence of such
exchanges on carbon turnover have not been addressed. Thus, in the present
model we considered carbon exchanges laterally with watermasses as well as

vertically across 100m boundary layer and across air-sea interface.

174



7.1 Computations

Earlier studies have been based on limited data sets ahd with several
approximations assumed. Therefore, an attempt has been made here to
evaluate carbon fluxes in the surface 100m of our study region (Fig. 7.1) with
detailed data sets obtained in the present cruises (Table 2.1) and from Modular
Ocean Models (MOM). The eastern boundary of the box was the section along
the Indian coast (Fig. 7.1). while 21° N has been chosen to be the northern
boundary. Sections along 64° E and 11° N act as western and southern
boundaries, respectively. The model inputs are physical, biological and
geological parameters. Physical inputs include velocities of water across the
boundaries of the box laterally and vertically. The horizontal and vertical
velocities were obtained from the runs of MOM model (courtesy Dr. P. S.
Swathi, C-MMACS, Bangalore). Horizontal and vertical fluxes of water in to/out
of the box were computed at one degree interval. Figures.7.2 and 7.3 show
water and carbon transports in to and out of the surface box, seasonally and
annually. Carbon fluxes are products of net water transport and total dissolved

carbon concentration, of the source, along the section in question.

7.2 Water and carbon Fluxes

Along 21° N, 9.6 x 10" m® of water goes out of the surface box which carries

0.26 x 10° Tg of carbon during NE monsoon whereas 7 and 19 x 10> m® of
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water enter during inter- and SW monsoon seasons, respectively, thus bringing
0.18 and 0.51 x 10° TgC in to the box. Therefore, the annual input of carbon
into the surface box across 21° N amounted to 0.43 x 10° TgC. About 13 and
9.6 x 10" m® of water seem to be transported westward, respectively, across
64° E boundary of the box during NE- and inter-monsoon seasons but 35 x 10"
m®> water enters the box during SW monsoon. These amount to carbon
transports of 0.35, 0.25 and 0.94 x 10° TgC in the three seasons, with an
annual flux of 0.34 x 10° TgC in to the box. The resultant net transport of
carbon out of the box amounts to 0.31 x 10° TgC y" through the eastern
boundary, across which water transport was towards the coast in NE- (4.8 x
10" m® and SW- (10 x 10'> m®) monsoons but in to the box.in inter- (2.5 x 10"
m®) monsoon (Fig. 7. 2). Along the southern boundary (11° N) the transport is
poleward during NE- (53 x 10> m®) and inter-monsoon (26 x 10> m®) seasons
whereas it is equatorward in SW monsoon with a voluminous transport of 90 x
10" m®. These amounted to 1.4, 0.67 and 2.2 x 10° TgC fluxes in respective
seasons with a net annual outflux of 0.13 x 10° TgC. These results indicate that
the surface box is positively balanced during NE monsoon (0.92 x 10° TgC)
and inter-monsoon (0.305 x 10° TgC) but is negative in SW monsoon (1.0 x 10°
TgC). The annual carbon budget in the surface box is +1.96 x 10° TgC with

flows of west to east and north to south.
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The vertical fluxes of water (Fig. 7.2) indicate downwelling from surface layer in
NE- (33 x 10" m®) and inter- (22 x 10> m®) monsoon seasons while it upwelled
in SW monsoon (21 x 10" m’). These water flows lead to a sinking carbon of
0.81 x 10° TgC and 0.6 x 10° TgC and to an upwelled carbon of 0.58 x 10° TgC.

Therefore, the net dissolved sinking carbon flux is 0.83x 10° TgC (Fig. 7.3).

7. 4 Cycling of carbon

Although considerable geographical variation in column productivity within the
Arabian Sea is observed, an average value of 700 mgC m? d” was used here.
The actual values varied from 281 to 17760 mgC m? d"' in coastal regions and
193 to 1097 mgC m? d’in open sea regions (Bhattathiri et al., 1996). On an
average, 0.41 x 10° TgC y” is fixed annually through primary productivity in the

study region (Fig. 7.4).

Most of the organic material thus derived from the first trophic level may be
remineralized through various metabolic activities in the surface mixed layer
and the remaining portion escapes thé euphotic zone. The sediment trap and
and Th-scavenging studies during the JGOFS cruises yielded a sinking flux
(Fig. 7.4) of 0.11 x 10° TgC y” (Dr. V. Ramaswamy, personal communication,
1‘998). This reveals that nearly three-fourths of the photosynthetically fixed

carbon gets remineralised in the surface layer itself.
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Fig. 7.4. Carbon budget for the surface mixed layer for the study region (Tg y-1)
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The laterally transported (325 TgC y') and photosyrithetically fixed (410 TgC y’
") carbon appeared to be the sources to that in surface layer box. The sum of
these, however, is less than the total outflux of 985 TgC y"' (=830+110+45) x
10° TgC y™") by 250 TgC y™'. The only other carbon source to this surface layer
box can be atmospheric carbon dioxide. Therefore, the present study reveals
that although the study area perennially emits carbon dioxide to atmosphere
(45 TgC y™) this region absorbs nearly 5 times of the emitted. Ironically, the
surface layer of the study region is almost always supersaturated, sustained by
very high pCO, gradient between surface and intermediate layers, with respect
to atmospheric carbon dioxide. Hence, it is difficult to specify the actual
mechanism of absorption which, nevertheless, is presumably driven by a
combination of intense physical, chemical and biological forcings. The carbon
proportion of biologically fixed to emitted (410/45 = 9.1) in the study area is out
of prortion compared to that of global values (45,000/90,000 = 0.5). This could
be due to the rapidity of processes occurring in the Arabian Sea with respect to
productivity and circulation patterns, atypical of those in the rest of the world
oceans. The sinking of carbon from surface layers seem to be logical since
evaporation at the surface results in the formation of high deﬁsity Arabian Sea
High salinity Watér. Moreover, biological processes catalyse the absorption of
atmospheric carbon dioxide although not directly, unlike those of physical

processes.
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Highlights

e Nearly three-fourths of the photosyntheticélly produced carbon
remineralizes in the surface layer itself

o Despite the perennial emission, carbon budget, in toto, suggests the

surface Arabian Sea to be a net sink
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Chapter 8

BEHAVIOUR OF CARBON DIOXIDE
COMPONENTS IN ESTUARIES



Estuaries are the zones where river water mixes with sea water under the
continuous influence of physical processes. The intensity of mixing depends on
tidal, wind forces and of run-off. The estuaries represent very complex and
important systems through which the continental materials are transported to
oceans. The materials present in both dissolved and suspended forms,
originate from weathering and biological activities on land. It has been
estimated that nearly 25 x10° Tg y' of material is put into the sea of which
~85% passes through the estuarine environment (Garrels and Mackenzie,
1971). The mixing of fresh and saline water in the estuaries controls the

distribution and speciation of chemical substances.

Biogeochemical processes occurring in estuaries may modify the
concentrations of river or sea water borne substances. Such modification in a
property is generally assessed through the comparison of the said property
against a conservative property, chlorinity or salinity (Liss, 1976). If the
observed concentrations of a property fall nearly on the theoretical dilution line,
that joins the property levels in freshwater and sea water end-members, then
the respective property is said to be behaving conservatively. On the other
hand, when the property distribution deviates from the theoretical dilution line,
either positively or negatively, its behaviour is termed as non-conservative.
Positive deviation in a property could arise from regeneratibn,

desorption/dissolution and inputs from sediments whereas negative deviation
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can occur through biological removal, adsorption and precipitation process
occurring within the estuarine zone.

The TCO; in average global river water is ~720 uM whereas in sea water it is
>1800 uM. However, the behaviour of TCO, in estuaries is not much known. It
is important to understand the dynamics of TCO, in this zone since these are
highly productive regions where the organic carbon regeneration is quite
significant. These biological processes may not only alter the TCO, but can
also bring out changes in pH of these waters. Although the pH of sea water
varies over a narrow range 7.8 - 8.3, the pH of river waters varies widely as it
is governed by the nature of rocks in the catchment area. If the terrain rocks
are acidic, the pH will be in the acidic range. If so, this will result in an increase
in pCO; in water. Discharge of industrial and aquaculture effluents can also
alter the carbonate equilibria based on the nature of the effluents. Changes in
pH in sea water are largely because of changes in CO, system which is not the
case for estuaries. This is because of the fact that pH of waters in proximity to
land can be altered by other means such as pollution or a natural addition of
substances other than carbon. Thus, the changes in dissolved pCO, will lead to
change in its gradient between air and water that determines the direction as

well as the magnitude of the flux.

8.1. Behaviour of pH in the Mandovi-Zuari estuarine complex

" The behaviour of pH during estuarine mixing has not been given its due
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importance and hence remains largely unknown. This is particularly required
because of the relatively high productivity in estuaries that can alter pH and
thus acid-base reactions. For instance, intense regeneration of organic matter
may lower the pH substantially that would result in the build-up of pCO, in
water. The pH may also be altered by the river transported suspended material
or the resuspended bottom sediments.. Since, this estuarine system is used by
barges for the export of iron and manganese ores a change in pH, if any, is
expected due to rock-water interaction which might alter the chemical

equilibria.

8.1.1. Field measurements on behaviour of pH

The pH of river water did not change much during the study period. It remained
in acidic range (~6.8). Sea water pH was relatively less compared to that of
normal surface sea water of 8.1+0.2. The pH values seemed to somewhat
follow the curve expected from the linear mixing between river ’and sea water in
the Mandovi-Zuari estuarine system. (Fig. 8.1). This suggests that the pH
largely behaves conservatively in the study area. The low salinity (1.300 psu)
water in the Mandovi - Zuari Estuarine system has an average pH of 6.80 while
the sea water with a salinity of 34.4 psu has a pH of 7.85. Significant deviation
was observed around a salinity of 10-15 psu where several observed pH

values were substantially higher than expected from the regular trend. Waters
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of these high pH values were found to have higher salinities (~12 psu),
compared to the neighbouring water salinities of ~5 psu, due to discharge from
salt pans. Wide variations in pH observed at any salinity is due to CO;
exchange with the atmosphere, productivity/regeneration processes in water
column/sediments and/or mineral-water proton exchange equilibria. The
increase in CO; absorption from atmosphere lowers the pH of a solution while
its ejection raises it. In biochemical reactions, the synthesis of a particulate
organic molecule consumes protons whereas regeneration releases them
(Anderson and Dyrssen, 1994). Low salinity waters dominate the present
estuarine system during SW monsoon when low pH were observed.
Occurrence of these low pH values is of vital importance for the CO, system
since this would enhance the partial pressure of CO, in water. This will enable
the escape of larger quantities of this greenhouse gas to the atmosphere from

this region.
8.1.2. Laboratory experiments

Dué to comparatively higher pH values observed between salinities of 10-15
psu (Fig. 8.1), mixing experiments were conducted in the laboratory to
ascertain whether or not the pH behaves conservatively, and if not, what are
the controlling processes. These mixing experiments were conducted with and

without minerals (iron and manganese) ore/sand soils.
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8.1.2.1. Behaviour of pH during mixing of river and sea waters

The end-members of sea water and river water were mixed in varying
proportions, to obtain a full range of salinities, under nitrogen atmosphere and
the positive preséure maintained by over head nitrogen prevented CO,
exchange. For this purpose we obtained water from the upper reaches of the
Mandovi river was used. Three rounds of such experiments were conducted
during the study period. The pH exhibited a non-conservative behaviour with a
rapid rise from ~6.6 in river water to ~7.9 at 15 psu (Fig. 8.2). Thereafter a
slight drop in pH was noticed up to about 35 psu. The rise in pH at lower
salinities could be attributed to the complexation of proton by anions, such as
sulphate and carbonates, which are abundant in sea water as compared in
river water (Turner et al., 1981). In view of the higher abundance of H" at
salinities <20 this ion would also compete with Ca*? and Mg*? for complexation
with anions. The minor drop in pH at >20 psu could have be'en due to a release
of a few H' ions because of the heavy competition from highly abundant
alkaline earth ions at higher salinities. Burton (1976) attributed pH changes
during mixing between sea and brackish waters to variations in anionic
composition. Equilibrium model calculations of Turner et al. (1981) indicate that
free anions are much higher in sea water than in freshwater of pH 6. Hence,
the observed and seemingly near conservative pH behaviour in the Mandovi-

Zuari estuarine system in Fig. 8.1 is caused by a process other than simple
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mixing of end members. On the other hand, the dissolved organic material from
rivérs could also contribute to low pH in fresh waters. This organic material is
likely to flocculate during the early estuarine mixing (Aston, 1978). Hence, the
non-linear behaviour of pH ih our mixing experiments could have been a result
of complexation of rivers borne H' by free anions present in sea water and to

some extent to the flocculation of dissolved organic materials.

Comparision of our field and mixing experiments reveal a clear incompatibility
in the pH behaviour. The pH values from field measurements were lower than
those obtained from simple mixing experiment. For instance, tﬁe difference was
about 0.4 pH units around 15 psu. This is a significant decrease which can not
result from the dominance of regeneration over production. Since, these are
shallow rivers, an alternative mechanism to account for the lowered pH is the
role of resuspended particulate matter. The estuarine sediments are rich in
organic carbon that is conducive for microbial reactions in the presence of
oxygen or any other oxidant. Thus the decomposition of organic matter
releases proton to pore waters. The continuous tidal mixing leads to the
resuspension of bottom sediments where the pore fluids are released to
overlying waters.'”llhus a reduction in pH occurred in estuarine waters of
Mandovi-Zuari estuarine complex compared to that expected from mixing. On
the other hand, whether or not interaction of estuarine water with the draiﬁed

soils from catchment areas or spilled ores from barges would lower the pH of
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water is unknown. Therefore, further experiments were conducted in the

'

laboratory using these mineral substances.

8.1.2.2. Influence of soils

These experiments were performed in almost the same way as in simple mixing
experiments but with ore or soil materials in required quantities. The behaviour
of pH noted in Fig. 8.2 was totally different from the results of experiments
using ore and soils (Fig. 8.3). A pH decrease compared to those expected
from the simple fniyxing experiments was found. Haowever, the decrease was
more significant with the soil than with ore materials. For instance, the initial
experiments conducted with 1 g of soil resulted in pH values much lower than
~6.5. Hence, in the actual experiments we used only 0.25 g (Fig. 8.4). Even
with the smaller quantities of soils (0.25 g) the pH decrease was more .
significant compared to that obtained using 1 g of ore materials (Fig.8.3).
Hence, thé pH in the Mandovi-Zuari estuarine system seems to be largely
maintained by solid-solution interactions, with the soils in particular. These
rivers and the estuarine system are shallow and therefore there is a continuous
resuspension of solid materials. In fact, large amounts of soil from the
catchment areas are transported through these estuaries foliowing heavy rains
(~300 cm y™' on an average) during the Southwest monsoon; when the coaétal

waters are quite turbid and brownish in color.
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8.1.3. Effect of interaction with soil on pH in estuarine waters

Figure 8.4 shows a composife diagram on the behaviours of pH found in Figs.
8.j-3. These data clearly underscore the fact that the lowering of pH in the
estuarine waters of Goa is mainly because of the interactions with the soils.
This decrease in pH could have been a result of proton release and also
leaching of organic matter from the soils. This could more likely be the humic
material which is copiously present in the soils. Interestingly, ‘at extremely low
salinities in the’ mixing experiments with soil/ore resuited in a slight increase in
pH was observed, p;ossibly, because of the consumption of proton in river water
by the humic material on the particulates. However, at higher salinities the
protons complexed with humic materials in soils may be released due to heavy
competition from Ca' and Mg in sea water, thus resulting in lowest pH
values. Simultaneously, dissolved organic materials may also be leached from

soils. Hence we estimated these, in terms of dissolved organiq carbon (DOC),

using high temperature catalytic (platinum) oxidation method (see 2.2.6.).

8.1.4. Effect of Dissolved Organic Carbon leaching from soils

Fig. 8.5 depicts the behaviour of DOC in mixing experiments using 0.25 g of
soil. DOC increased with increasing salinity from 0 to 20 psu with no significant

variation at higher salinities. The increase at these salinities is apparently due
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to leaching of humic acids from the soil.'The measured DOC would in fact also
represent some fraction of colloidal form since the samples after the mixing
experiments were not filtered before the analysis (Fig. 8.5). However, this
fraction could be of minor importance as the sample, after the experiments, was
found to be clear. Insignificant variations at salinities <10 might be due to a
passible balance between leaching and coagulation processes. Aggregation of
DOM is important gt lower salinities (Sholkovictz, 1976). Humic acid acts as a
chelating ligand because of phenolic and carboxylic groups (Reuter and
Perdue, 1977; Perdue, 1978). The metal-humic acid association constants
have been found to correlate reasonably well with the corresponding hydroxide
and carbonate stability constants (Turner et a/ 1981). Humic acid complexation
is therefore most significant for cations which are bound to carbonate and
hydroxides. It has been observed that copper (Il), manganese(ll), cobolt(ll),
nickel (1), zinc (II), cadmium (), mercury (ll) and lead (ll) are significantly
complexed by the humic acid in sea water at pH 8.2 (Turner et a/ 1981). In
fresh waters low amounts of organic Ii'gand is bound by the major cations where
trace metal complexation is also weaker (Mantoura et a/ 1978). Ong and
Bisque (1968) examined the coagulation by metal ions of an alkali-soluble
fraction of peat. Trivalent cations were shown to be more effective than divalent
cations in coagulating humic matter and divalent ions more effective than
univalent. Fig. 8.5 essentially confirms the fact that the catchment soils contéin

significant qualities of organic matter that is leachable during estuarine mixing.
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This increased leaching at higher salinities could be aided through
complexation and dissolution of organic acids in soils by cations in sea waters.
These reactions release protons to water which result in pH decrease (Fig. 8.4)

in Mandovi-Zuari estuarine system than expected from simple mixing of end

members.

Highlights of pH behaviour are:

e Behaviour of pH in the estuarine waters appeared to be conservative
e Simple laboratory mixing studies revealed its non-conservative
behaviour

s Expected non-conservative behaviour was modified by soil-water

interactions

e Leaching of soil organics contribute to decreased pH during soil-water

interaction

8.2. Behaviour of TCO,

The TCO; in river water is lower (720 uM, Meybeck, 1982) than that in surface
sea water (1800-2100 uM). Whether the TCO, behaves conservatively during
the estuarine mixing or not is not known. In the Mandovi-Zuari estuarine system

the TCO; of the low salinity end-member (0.079 psu) was 438 uM whereas the
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highest TCO, obtained in sea water of 34.59 psu was 2103 uM. The TCO;
content of river waters is much less than that of global average (720 uM,
Meybeck, 1982). The behaviour of TCO, in the Mandovi-Zuari estuarine
complex indicates that total carbon dioxide behaved conservatively during the
study period, i.e., the TCO; in sea water has been largely diluted by the TCO,
in river to yield the linear relationship in Fig. 8.1. The reasons for a few low
TCO, values at salinities >30 psu are not known at present. The carbon dioxide
in surface waters could also be effected by biological ancli air-sea exchange
processes (Baes, 1982). The deviation.of a few data points in Fig. 8.1 could
have been due to biological and exchange processes but this does not greatly
influence the apparent conservative behaviour of TCO, in Mandovi-Zuari
estuarine complex. The effect of mixing between river and sea water on TCO,
distribution was studied in laboratory experiments. The results were shown in
Fig. 8.2 that confirm the conservative behaviour of TCO,. This figure includes
the resuits of mixing experiments conducted in 3 batches.

Highlights of TCO, behaviour are:
e Lower TCO, values -were found Mandovi-Zuari river waters than in

average global river water

e Behaved conservatively in field and laboratory experiments
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8.3. Variations in pCO,

The bicarbonate-carbonate equilibrium governs the pH in aqueous solutions.
Biological processes largely modify this equilibrium. For instance, removal of
carbonate for the formation of skeletal material leads to bicarbonates
conversion to'carbonates resulting in a build up of CO, (eq. 4.8). However,
pCO; variations i|L1 Mandovi-Zuari estuarine complex is of particular interest
since pH is substantially lower than expected from simple mixing. The pCO; in
the study region showed large variability at the freshwater end (Fig. 8.6). At
lower salinity ranges pCO; varied from ~60 to 140 patm without any definite
trend. At salinities >10 psu pCO, varied between 300 and ~1000 patm.
Interestingly, pCO, levels were found to be higher at the fresh water end and
decreased towards the sea water end. This trend coincides with the large
difference found in pH values between the observed distribution in estuarine
waters and in mi;(ing experiments. The field pCO, data have been compared
with laboratory experimental data (based on pH variation in Fig. 8.2) in Fig. 8.7.
These were high about 750 patm at lower salinity and decreased to 380 patm
with a further increase to 750 patm. Thus the lowered pH values in estuarine
waters, due to soil-water interaction, leads to enhanced pCO, levels in the

Mandovi-Zuari estuarine system.
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Highlights of pCO, behaviour are:

e Large variability was found in pCO, abundance at lower salinities

o Soil-water interaction enhances pCO; levels compared to those from

simple mixing
8.4. Air-Sea fluxes in estuaries'

The carbon dioxide in natural waters is in continuous exchange with that in
atmosphere. The difference in CO, between the atmosphere and water
determines the direction of the flux at the interface but winds play a more
important role in determining the magnitude of the flux. It is obvious that the low
salinity waters shall absorb atmospheric carbon dioxide while those of
intermediate and higher salinities emit the CO,. Figure 8.7 compares air-sea
fluxes computed based on experimental data without soil interactions and that
of field measurements. It shows that CO, fluxes evaluated from experimental
pH (Fig. 8.2) varied from 2-~40 mM m? d"' and mainly centred at 15 mM m? d™.
While field data show flux variation from -24 to ~150 mM m? d". Based on
these results it is suggestéd that the lowered pH values, because of soil-water
interaction, result in higher pCO; levels than expected by simple mixing and
hence make the Mandovi-Zuari estuarine system a disproportionately large

source of atmospheric carbon dioxide. For instance, even with the strongest
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divergence in 1995 occurred at ~17° N the sea-to-air flux was only ~41.5

mM m? d” while the fluxes in Fig. 8.7 reached 100 mM m? d' at moderate

salinities.

Hence although river influenced coastal waters found to be sinks for
atmospheric carbon, those waters where soil-water interaction is intense may
emit carbon dioxide depending on the nature of interaction, such as that

occuring in Mandovi-Zuari estuarine system.
Highlights of CO, fluxes are:
e Fluxes varied very widely

« Soil-water interactions lead to disproportionately large fluxes from

estuaries
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Chapter 9

SUMMARY AND CONCLUSIONS



The Arabian Sea is one of the most productive regions of the world oceans
where the biolggical fixation of carbon is largely driven by monsoonal forcings.
Though many stuaies have been carried out on the distribution of dissolved
inorganic carbon (DIC) and dissolved organic carbon (DOC) in other oceans,
the dynamics of these constituents in the Arabian Sea are nearly unexplored.
In view of this, the present work has been undertaken to study spatial and
seasonal variability in inorganic carbon components and their fluxes at the air-
water interface, and to understand their physical and biological controls. This
work has been carried out as a part of the Joint Global Ocean Flux Study, a
national programme of International Geosphere-Biosphere Programme,
supported by the 'Development of Ocean Development, Government of India,

New Delhi.

Ten cruises were undertaken in the Arabian Sea and Bay of Bengal. Besides
hydrographic parameters and nutrients, inorganic extensive data on carbon
components such as pH, total alkalinity (TA) and total carbon dioxide (TCOy),
were collected. From these data, partial pressure of carbon dioxide (pCO), and
carbonate ion (CO;*) were computed. Simultaneously collected physical and
biological and microbiological data were utilised to understand the carbon
cycling. Study has been carried out using the latest methoqologies to obtain
high precision data of international standards. This study covers estuarine,

coastal and open sea regions of the Arabian Sea wherein the latter two areas
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were studied for seasonal and spatial variations. The salient findings of this

study in summary are described below:

The wind direction and speeds exhibited highly seasonal and spatial variations.
They are mostly northerlies and weak in NE- westerliés in north and
northerlies in south with moderate speeds in inter-monsoon; and predominantly
westerlies and strong in SW monsoons. The surface mixed layer was
controlled by different physical processes in various seasons, i.e., convection
in NE-, stratification in inter-monsoon and upwelling/divergence in SW
monsoon. The surface mixed layer depth showed large seasonal variability. It
was deep in north (120 m at 17° N) but shallow in south (~60 m) in NE-
shallow without north-south variation in inter-monsoon; and deep in south but
shallow in SW-monsoon in the north. The north-south variations in mixed layer
depth in winter and summer monsoons were due to convection and divergence,

respectively.

The intensity of the coastal upwelling seems to have been reduced by
monsoonal river discharges. Low saline waters at the surface prevent the
upwelled waters to reach the surface. Highly variable pronctivity patterns,
driven by inject%on of nutrient rich waters into the surface by convection and
upwelling processes, were observed. The observed seasonally invarient north-

south gradients in oxygen and nitrate in intermediate layers were a result of
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high surface production and ageing of subsurface waters in the northern
Arabian Sea. As a result, perennial denitrification was observed with the

reducing conditions intensifying northward.

TA, TCO, and pCO, showed very high spatial and temporal variability driven by
physical and associated biological processes. No seasonal or spatial variations
in pHr were observed since physical and biological processes contribute to
different magnitudes and with opposite effects. Organic matter decomposition
leads to lower pHT, TA and carbonate ions in suboxic waters, but to high pCO,
levels in the nortlhern intermediate layers in all seasons, reaching to a
maximum of ~1200 patm. Physical processes largely controlled surface TA
variability and mainly upwelling A complimentary behaviour between TCO, and
nitrate in all seasons were observed. Significant north-south gradients in TA in
suboxic waters were due to a large flux of protons released by intense organic
matter decomposition in the north. Significant gradients in TCO, and TA
between Arabian Sea and Bay of Bengal were due to different surface
hydrographical regimes where the influence of river discharge reduced their
abundance in the Bay.

High pCO, values were associated both with nitrate enriched (upwellegj)
surface water and nitrate depleted (OMZ) waters in subsurface layers.

Upwelling brings very high pCO, levels to surface thus facilitating the pumping
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of carbon into thé atmosphere, which, however, depends on the intensity of
wind speeds. Inter element-relations and a one-dimensional model results
reveal that physical processes.largely control surface pCO, distribution. The
shift in control factors from physical to biological ones occurred in the order
SW-, NE- and inter-monsoon. Highly variable CO, fluxes, being functions of
wind speeds and levels of surface pCO,, were found to be large in SW
monsoon because of divergence in the central Arabian Sea (~17° N) and
waters of southwest coast of India. Sea-to-air fluxes from these coastal
upwelled waters We're not large as expected as these were reduced because of
the prevalence of low salinity water lense. Significant inter-annual variability in
fluxes were observed. These results reveal the Arabian Sea to be a perennial
source to atmospheric CO, whereas Bay of Bengal and Andaman Sea are mild

sources to atmosphere.

DOC concentrations were highly variable in agreement with the patchiness in
the productivity pattern. North-south gradients in subsurface DOC indicate
that it fuels denitrification in north leading to subsurface minima. DOC exhibited
linear relations with AQU, nitrate deficit, TEP and bacterial carbon and thus
suggesting its pivotal role in the biogeochemical cycling of carbon in this
region. TEP were minimal in the oxygen minimum zone indicating their
consumption by bacteria during denitrification. Bacterial carbon was linearly

related to DOC and TEP suggesting a close  coupling among these
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reservoirs. A general negative relation between DOC and TEP indicates
possible interconversions between them. Low TEP concentrations and their
association with mineral particles in the Bay of Bengal supports mineral-ballast
theory that explains faster scavanging of organic particles from the water
column. Estimation of regenerated carbon using elemental ratios (Redfield
ratios), and circulation changes (Kroopnick's formulations) differed significantly
due to seasonal changes in stoichiometry in case of the former and due to
incompatibility of the generalised world ocean formulations to those occurring

in the Arabian Sea, in case the latter.

Physical and biogeochemical carbon box-model for the study region revealed
that nearly three-fourths of the photosynthetically produced carbon
remineralises in the surface layer itself. But despite the perennial emission,
carbon budget, in toto, suggests the surface Arabian Sea to be a net sink of

atmospheric CO,, that is to be ascertained in future studies.

Soil-water’interactions modified the expected pH behaviour ‘in the estuarine
waters of Goa, 'wes't coast of india. Leaching of organics from soil appears to
contribute to a pH decrease. Nevertheless, TCO, behaved conservatively both
in field and laboratory experiments. Our studies reveal that soil-watgr
interactions significantly influence pCO, levels in the estuarine system of Goa

and thus leading to higher fluxes, than expected from simple mixing between
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river and sea waters. As a result disproportionately large , CO; fluxes from
water-to-air occurred in these estuaries. This study therefore suggests that the
role of estuarine /coastal waters to act as sink or source of atmospheric CO,

shall depend with the nature of catchment soil and soil-water interactions.

From the results obtained in this detailed study and the salient features

identified the recommendations for the future work are:

Understanding the carbon dioxide dynamics in surface layers of the ocean is
very important.,lts 'cycling within the surface layer and its exchanges with
atmosphere and subsurface layers is still to be understood satisfactorily.
Further, an integrated, systematic and detailed measurements on all carbon
components with concomitant physical and biological parameters are essential
to quantify carbon exchanges. Use of stable isotopes of carbon will be of
extreme importance in measuring the extents of atmospheric carbon absorption
by Arabian Sea surface waters. This study suggested the Arabian Sea to be a
net sink of atmospheric carbon dioxide, if found true, this region will be the
most significant améng the world oceans to absorb anthropogenic carbon

dioxide. -

It is also important to monitor the surface pCO, concentrations using the

continuous monitoring sensors on moored buoys that are being placed at
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several places in the oceans as a part of the Global Ocean Observing System
(GOO0S), World Climate research Programme (WCRP) etc. Such automatic and
continuous recording of data particularly in the North Indian Ocean would

enable understand the variability of this region with respect to sink/source of

atmospheric CO,.

Intense measurements on CO, compone.nts in estuarine and coastal waters of
India are required as the North Indian Ocean, Bay of Bengal in particular,
receives enormous amounts of run-off and suspended loads. The nature of
soil-water interactions might differ from regién to region based on the
characteristics of drainage basin and soil of the terrain. Therefore, it is
important to understand these interactions through in situ and in vitro studies in

Indian rivers, estuaries and coastal waters around India..

Very littie is known on the carbon dynamics in the Bay of Bengal, a region of
intense Iand-oéean-atmosphere interactions. Low salinity regions in the open
bay act as sinks of atmospheric carbon. The mineral particles, land derived or
of marine origin, enhance the rate of organic carbon depositi‘on in the bay.
However, the detailed linkages and actual mechanisms of carbon turnover is
still to be known. Hence, the Bay of Bengal should be aimed for extensive(

measurements of carbon components in the near future.
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