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CHAPTER ONE 

Marine phytoplankton, pigments and halocarbons 
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1.1 Phytoplankton, pigments and chemotaxonomy 

Phytoplankton, the primary producer, is a microscopic plant that can easily 

be transported by ocean currents. Phytoplankton carries out photosynthesis in 

the sunlit layer of the ocean (the euphotic zone) that results in the conversion of 

dissolved inorganic substances (primarily CO2 and nutrients) into particulate 

form. Although the marine phytoplankton amounts to just one-fourth of all plant 

biomass in the world (Jeffery and Hallegraeff, 1990) this group plays a very vital 

role in global carbon fluxes (Falkowski et al., 1998) because of their short life 

cycles and fast turnover. The oceanic primary production is so significant that in 

its absence the dissolved total carbon dioxide CO2 would have been 20% higher 

in the surface ocean and its gaseous form in the atmosphere doubled to that at 

present (Sarmiento et al., 1988). About 90% of the primary produced organic 

material is recycled within the surface ocean while only about 2% or less settles 

at the bottom. Oceanic phytoplanktons comprise many different groups that 

influence the rate of primary production and, the structure and functioning of 

pelagic food webs. 

One group of the major constituents of soft tissues of phytoplankton is of 

pigments that facilitate photosynthesis and other biochemical mechanisms. Each 

of the phytoplankton group generally produces some characteristic pigments 

through which the groups can be identified. This technique of characterization is 

known as chemotaxonomy. Pigment studies are useful in understanding the 
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dominance, physiological conditions and the succession of phytoplankton groups 

and their transformations in the ocean (Llewellyn and Mantoura, 1996). Pigments 

also help in trophic characterization of natural waters due to their 

chemotaxonomic associations (Gieskes and Kraay, 1983a; Wright and Jeffrey, 

1987). 

The phytoplankton composition is largely determined by the prevailing 

nutrient and light conditions. Abundance of pigments in sea water is a function of 

phytoplankton species composition and the photoadaptive nature of the dominant 

groups. Therefore, pigment levels vary with photoacclimatization (Falkowski and 

LaRoche, 1991) or with the deficiency in nutrients (for instance, iron; Van 

Leeuwe and Stefels, 1998). The pigments in phytoplankton comprise several 

diverse compounds with different physical and functional properties and 

generally are divided into 3 basic groups; the chlorophylls (a, b, c1, c2 and c3), 

carotenoids (carotenes and their oxygenated derivatives known as xanthophylls) 

and the biliproteins (allophycocyanins, phycocyanins and phycoerythrins). About 

30 types of chlorophylls and over 600 carotenoids present in algae, fungi and 

cyanobacteria have been discovered (Liaaen-Jensen and Andrewes, 1972). The 

composition of pigments in phytoplankton is quite unique (Wright et al., 1991) 

that serves as chemotaxonomic biomarker and in the identification of dominant 

groups of phytoplankton in a region. However, some pigments are not exclusive 

to a particular group and hence should be used with caution while using as a 

taxonomic tool. Details of pigments and their taxonomic association have been 
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presented in Table 1.1. Pigments and chemotaxonomy have been responsible 

for the improvement in our understanding the distribution and composition of 

oceanic phytoplankton populations in recent years. 

Chlorophylls a, b, c1 to c3 are well known for their photosynthetic role in 

plankton. Among these, chlorophyll a is generally used as a universal indicator of 

total biomass since it occurs in almost all phytoplankton that absorb light, 

specifically in 430-453 and 642-662 nm ranges. In recent years, the use of divinyl 

chlorophyll a as a highly specific prochlorophytes pigment marker has improved 

our understanding of picoplankton in oceans, which contributes to total 

production majorly in oligotrophic waters. The carotenoids absorb in 400-500 nm 

range of the visible spectrum. The carotenoids are functionally classified as 

photosynthetic (PSC) and non-photosynthetic (mainly photoprotecting, PPC; 

Bidigare et al., 1990a; Babin et al., 1996). Photosynthetic carotenoids are 

generally referred to as the antenna that helps in transferring a part of absorbed 

energy to the chlorophyll molecules. The PSC group includes fucoxanthin and 

19'-hexanoyloxyfucoxanthin pigments. The PPC group helps in protecting the 

cells from the influence of singlet oxygen and excessive light. This group includes 

pigments such as zeaxanthin, diadinoxanthin and diatoxanthin. Photosynthetic 

carotenoids are generally high and more prominent in high productive regions 

(Barlow et al., 2002) accounting for 80% of the total carotenoids. The PPC are 

dominant in surface waters with low chlorophyll and can make up 70% of the 

total pigment pool (Gibb et al., 2001). 
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Table 1.1: Marker pigments generally used in chemotaxonomy to identify marine 
phytoplankton groups along with their abbreviations. 

Pigment 	 Abbreviation Groups of phytoplankton 

Alloxanthin 	 Alio 	 Cryptophytes 

19'-Butanoyloxyfucoxanthin 	But 	 Chrysophytes, prymnesiophytes 

Chlorophyll a 	 Chl a 	Total algal biomass 

Chlorophyll b 	 Chl b 	Chlorophytes, prasinophytes 

Chlorophyll c1 	 Chl c1 	Diatoms,dinoflagellates, prymnesiophytes,chrysophytes 

Chlorophyll c2 	 Chl c2 	Diatoms,dinoflagellates, prymnesiophytes,chrysophytes 

Chlorophyllc3 	 Chl c3 	Prymnesiophytes,chrysophytes 

Diadinoxanthin 	 Diad 	 Diatoms,dinoflagellates, prymnesiophytes,chrysophytes 

Diatoxanthin 	 Diat 	 Diatoms,dinoflagellates, prymnesiophytes,chrysophytes 

Divinyl chlorophyll a 	DvCHL a 	Prochlorophytes 

Divinyl chlorophyll b 	 DvCHL b 	Prochlorophytes 

Fucoxanthin 	 Fuc 	 Diatoms, prymnesiophytes,chrysophytes 

19'-Hexanoyloxyfucoxanthin Hex 	 Prymnesiophytes 

Lutein 	 Lut 	 Chlorophytes, prasinophytes 

Peridinin 	 Per 	 Autotrophic dinoflagellates 

Violaxanthin 	 Viol 	 Chlorophytes, prasinophytes 

Prasinoxanthin 	 Pras 	Prasinophytes 

Zeaxanthin 	 Zea 	 Cyanobacteria, prochlorophytes 

5 



Phytoplankton pigments have been used to characterize different oceanic basins 

and their trophic status (Herve Claustre, 1994). Different combinations used as 

pigment indices to identify phytoplankton groups are listed in Table 1.2 

Table 1.2: Pigment indices along with symbols and designated formulas 
based on and Barlow et al. (2007). 

Symbol 	Pigment 	 Designation 

Pigment Sum 

TChla 	 Total chlorophyll a 	 Chl a+DVChIa 

Chlbc 	 Sum of chlorophyll b and c 	 Chlb+ChIc 1 +ChIc2+ChIc3  

PPC 	 Photoprotective carotenoids 	 Allo+Caro+Diad+Diat+Lut+Viol+Zea 

PSC 	 Photosynthetic carotenoids 	 But+Fuc+Hex+Per 

TPig 	 Total pigments 	 TChI a +Chlbc+PPC+PSC 

DP 	 Diagnostic pigments 	 Allo+But+Chlb+Fuc+Hex+Per+Zea 

DVChIa/TChI a 	Divinyl Chlorophyll a to Total Chlorophyll a 	DVChl a/TChl a 

TChIaTP 	Total chlorophyll a to Total pigments 	TChl a /Tpig 

PPC 	Photoprotective 	carotenoids 	to 	Total PPC/ Tpig 

pigments 

PSCTP 	 Photosynthetic carotenoids to Total pigments PSC/ Tpig 

DiatDP 	Diatom proportion of DP 	 Fuc/DP 

FlagDP 	Flagellate proportion of DP 	 (Allo+But+Chlb+Hex)/DP 

ProkDP 	Prokaryote proportion of DP 	 Zea/DP 

Phytoplankton identification and quantification is usually obtained through 

microscopic examination which is cumbersome. Furthermore, small cells of nano 

and pico phytoplankton are generally missed in microscopic analyses. Therefore 
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combination of HPLC pigment analysis and microscopy would be an ideal 

approach to understand phytoplankton diversity in oceans in which limitations of 

both techniques are overcome. For instance, pigment composition obtained from 

HPLC analyses can not provide the same taxonomic resolution as that of 

microscopy. The phytoplankton pigments have been used very effectively to 

characterize different oceanic provinces (Barlow et al., 2007). 

1.2 Halocarbons in the oceans and their significance 

Halocarbons, also known as halogenated hydrocarbons or volatile 

halogenated organic carbon (VHOC) compounds, are hydrocarbon substances 

containing variable number of halogen atoms and have been recognized to 

destroy ozone in atmosphere. While the industrial emissions are important in 

their addition to atmosphere, halocarbons of marine origin are found to be 

significant producers of reactive halogen species in the troposphere (Lovelock et 

al., 1975; Rasmussen et al., 1982). Most of these halocarbons are of biogenic 

origin in the surface ocean but the mechanisms involved are poorly understood. 

A simplified illustration of different processes the halocarbons undergo in 

atmosphere is shown in (Fig 1.1; from Quack and Wallace, 2003) with bromoform 

(CHBr3) as an example. The pathways are extremely important as these 

compounds are known to produce free radicals in atmosphere that break ozone 

molecules. 
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Figure1.1: Schematic diagram showing the processes marine biogenic 
halocarbons undergo in atmosphere and surface ocean (after Quack and 
Wallace, 2003). 

The biogenic sources in the oceans include phytoplankton (Singh et al., 

1983; Tokarczyk and Moore, 1994; Tait and Moore 1995; Moore et al., 1996; 

Scarratt and Moore, 1998) and macro algae (Ekdahl et al., 1998; Manley et al., 

1992) with the latter dominating coastal ecosystems and contributing significantly 

to atmospheric halocarbons. Rates of production of these compounds have been 

shown to be phytoplankton species dependent (Tokarczyk and Moore, 1994) 
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while open ocean studies revealed near equal importance of photochemical 

formation (Bell et al., 2002; Happell and Wallace, 1996; Moore and Zafiriou, 

1994; Richter and Wallace, 2004; Yokouchi et al., 2001). Elevated concentrations 

of some halogenated compounds such as dibromomethane (CH2Br2) and 

bromoform (CHBr3) in air have been linked to marine phytoplankton (Baker et al., 

2000; Klick and Abrahamsson, 1992; Class and Ballschmiter, 1988). 

Enzymatic activities involving haloperoxidase are found to be primarily 

responsible for the production of halocarbon compounds by both micro and 

macroalgae (Scarratt and Moore, 1996; Weyer et al., 1991). For example, 

bromoperoxidase enzymes result in the production of brominated halocarbons 

(Abrahamsson et al., 2003). The enzymatic production mainly occurs during the 

stationary growth phase of the organism and is physiologically dependent on 

light, temperature, nutrients and species. The reasons for the production of 

halocarbons by phytoplankton are believed to be for countering oxidative stress 

(Mtolera et al., 1996) or grazing pressure. Potential losses of halocarbons in the 

water column occur through halide substitution and hydrolysis (Elliot and 

Rowland, 1995), photolysis (Zafiriou et al., 1974) and biological process (King 

and Saltzman 1997, Goodwin et al., 1997). Despite the long recognition of ocean 

as a source of many atmospheric halogenated compounds (Lovelock, 1975) 

large uncertainties exist in methyl halide emissions (Butler, 2000). Besides the 

emission uncertainty the spatial and temporal distributions of these compounds 

are very poorly understood (Quack and Wallace, 2003). In the atmosphere, while 
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iodine containing halocarbons are photolyzed in the troposphere (Solomon, 

1994), chlorine and bromine containing halocarbons have enough lifetime to 

reach the stratosphere. Sea-air gas exchange plays a vital role in supplying 

these compounds to the atmosphere (Fig. 1.1) which then leads to the 

destruction of ozone. As no information is available on halocarbons in the Indian 

Ocean and its significance as a source region we have focused on chloroform 

(CHCI3), carbontetrachloride (CCI4), dibromomethane (CH2Br2), bromoform 

(CHBr3) and 1-lodopropane (C3H71). Sources of different halocarbons and their 

residence times in atmosphere are listed from Law and Sturges (2007) and WMO 

(2006) in Table 1.3. 

Table 1.3 Halocarbon gases and their life times in atmosphere from Law and 
Struges (2007) and (WMO) 2006. 

A = anthropogenic; AN = combination of anthropogenic and natural sources; N = 
natural sources 

Source Gas Formula Local residence times in 
atmosphere (days) 

Atmospheric 
Source 

Chloroform CHCI3 150 AN 

Carbontetrachloride CCI4  14600 A 

1-iodopropane n-C3H71 0.5 N 

Dibromomethane CH2Br2 120 N 

Bromoform CHBr3 26 N 
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1.2.1 Chloroform and carbontetrachloride 

Only 15% of chloroform abundance in the atmosphere is anthropogenic 

(Keene et al., 1999) the rest being contributed by biogenic sources. Its ocean to 

atmosphere flux has been estimated to be 0.35 Tg yr 1  (Tg = 10 12  g) but with 

large uncertainties, due to several inherent assumptions and extrapolations 

(Khalil et al., 1983). While macroalgal source for chloroform has been well 

established (Nightingale et al., 1995; Baker et al., 2001) its production by certain 

diatoms (Scarratt and Moore, 1999) has also been noted, but much remains to 

be investigated and understood. A major difficulty in assessing chloroform 

production in natural waters is its long residence time of 31 days (Zoetman, et al., 

1980). Long residence time leaves a background chloroform concentration which 

makes it hard to resolve the extent of local production. Thus, while there are 

evidences that chloroform does have strong biogenic sources in the ocean our 

realization of its magnitude and nature remains poor. 

Presence of carbontetrachloride in the environment has been attributed to 

anthropogenic sources since no concrete biogenic evidence for its production 

has been found. Therefore carbontetrachloride has been used to trace or date 

water masses and for estimating mixing rates in the ocean (Krysell and Wallace, 

1988; Krysell, 1992; Wallace et al., 1994). It was used with the key assumption 

that dissolved carbontetrachloride behaves conservatively in seawater. Its half 

life ranges from 40 years at 25 °C to 2790 years at 0 °C in water (Jeffers et al., 
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1989). Laboratory experiments have shown that carbontetrachloride undergoes 

rapid degradation under anoxic conditions particularly when denitrifying bacteria 

prevail (Bouwer et al., 1983). Thus its biological removal from seawater could be 

one of the important processes in the oxygen minimum zone (OMZ) of the 

oceans. Some evidence of its non conservative behavior even in oxygenated 

waters has been found (Wallace et al., 1994; Tanhua et al., 1996; Happell and 

Wallace, 1998). 

1.2.2 Dibromomethane and bromoform 

The short lived brominated methanes (CH2Br2 and CHBr3) are important 

source of atmospheric bromines in troposphere and lower stratosphere (WMO, 

2006) that play an important role in the depletion of stratospheric 0 3  (Yang et al., 

2005; Salawitch et al., 2005). The maximal atmospheric bromine is often found 

above the tropical oceans (Atlas et al., 1993; Schauffler et al., 1999; Class and 

Ballschmiter, 1988) suggesting that these regions act as its possible sources, 

specifically the major upwelling areas. Presence of these two compounds has 

been reported in major oceanic basins (Quack et al., 2004; Quack et al., 2007) 

thus showing its widespread distribution. Butler et al. (2007) and Quack et al. 

(2004) estimated the largest bromoform fluxes from open ocean upwelling 

regions, such as near the equator and in frontal regions, and that the tropical 

fluxes are the highest in the Pacific Ocean because of intense equatorial 

upwelling. However, Quack et al. (2007) found low levels of these bromocarbons 
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in Mauritanian upwelling region in contrast to their expectations. Quack and 

Wallace (2003) noted that coastal and shelf regions of the subtropics of both the 

hemispheres contribute significantly to global emissions; 180 (72-270) Gg Br 

(CHBr3) yr -1  (Gg = 109) from the "coastal" regime and 380 (240-940) Gg Br 

(CHBr3) yr-1  from the "shelf" regimes. These amounts to 23 and 48% of the total 

oceanic bromoform flux, respectively. Transport of bromocarbon gases to the 

ocean surface in association with upwelling and mixing is consistent with the 

higher concentrations and fluxes observed at the equator and near ocean fronts 

(Chuck et al., 2005; Butler et al., 2007). This may be significant because 

equatorial upwelling that facilitates emissions to atmosphere is influenced by 

wind speed and direction, which in turn can be affected by climate related El 

Nino-Southern Oscillation (ENSO) events. This suggests a clear link between 

wind-driven upwelling, and the supply of bromocarbons to the tropical upper 

troposphere. Bromoform has been found to contribute more reactive bromine in 

the lower atmosphere than by other organobromines (Carpenter et al., 2003). 

Laboratory studies of pure phytoplankton cultures have shown production 

of dibromomethane and bromoform (Moore et al., 1996). Elevated levels of 

chloroform in the open ocean, particularly at the subsurface chlorophyll maxima, 

are linked to the phytoplankton production (Baker et al., 2000; Atlas et al., 1993; 

Klick and Abrahamsson, 1992). However concentrations of these two 

compounds in coastal waters are a few orders of magnitude higher than that 

found in the open ocean (Quack and Wallace, 2003). Macroalgae in the coastal 
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waters have also been identified as a possible source of dibromomethane and 

bromoform (Fogelqvist and Krysell, 1991; Class and Ballschmiter, 1988; Manley 

et al., 1992; Nightingale et al., 1995; Carpenter and Liss, 2000) apart from 

anthropogenic sources (Quack and Wallace, 2003). Quack and Wallace (2003) 

assessed the anthropogenic bromoform source from water chlorination, including 

reactions in saltwater effluents such as aquaculture ponds, and found that to be 

about 28 Gg Br yr -1  (0.20-110 Gg Br yr -1 ), which is minor compared to natural 

sources. Biological production of these two compounds has been linked to the 

different enzymatic reactions of bromine involving bromoperoxidase or other 

haloperoxidases. These enzymes in the presence of hydrogen peroxide result in 

the halogenation of organic compounds with active methyl groups (Neidleman 

and Geigert, 1986; Theiler et al., 1978). The biological production of 

dibromomethane is relatively less compared to that of bromoform since the 

former is an intermediate product in bromocarbon transformations, which is 

easily stabilized by addition of another bromine atom thus forming the latter. Loss 

of brominated methanes from seawater (Quack and Wallace, 2003; Quack et al., 

2003) occurs through air-sea exchange, transportation by turbulent mixing with a 

half life of few days to few weeks and chemical conversion by hydrolysis (Mabey 

and Mill, 1978). Besides the physicochemical mechanisms biodegradation of 

these compounds result in their removal (Bouwer and McCarty, 1983; Goodwin 

et al., 1997). Bromoform is generally found to have longer life time than that of 

dibromomethane despite the rapid reduction of the former (Vogel et al., 1987). 

The maximal fluxes of these gases in the tropics, coinciding with the zone of 
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strong convection to the tropopause region are largely linked to marine biogenic 

activity. It is thus understandable that oceanic emissions could change in 

response, for example, to rising atmospheric CO2, changing global temperatures 

and circulation, and the resultant oceanic productivity. The influence of wind 

speed and direction on upwelling and emissions also suggests that changes in 

atmospheric forcing in the tropics might exert strong influence on the ocean 

contributions of bromocarbons to stratospheric halogen loading. Possibly 

accelerated oceanic emissions in a warmer climate and their influence on the 

stratospheric ozone must be considered in future scenarios (IFM-GEOMAR 

Oceanic bromoform emissions.htm). 

1.2.3 1 lodopropane 

Production of this compound from algae has been well established (Giese 

et al., 1999; Schall et al., 1997; Hughes et al., 2008). lodocarbons are readily 

photolyzed in the atmosphere and release iodine which reacts with the ozone to 

form iodine oxide (10 and 010) that in turn react between themselves , NO2 or H02 

(Allan et al., 2000). Marine macroalgae contribute 0.005% of the total global iodine 

emission of about 106  ton yr-1 . In coastal regions with high macroalgal biomass it 

may however contribute significantly to the local iodine flux to the atmosphere 

(Giese et al., 1999). Marine aggregates are also reported to be a significant source 

of this compound (Hughes et al., 2008). Laboratory culture studies have revealed 

that selected strains of marine microalgae (Manley and de la Cuesta, 1997) and 
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bacteria (Amachi et al., 2001) are capable of producing iodocarbon compounds. 

Studies in Atlantic Ocean and Irish Sea have revealed its wider occurrence (Schall 

et al., 1997 and Claudio et al., 2009). Several production mechanisms have been 

identified for the formation of 1-iodopropane which include haloperoxidase 

mediated formations, photochemical (Richter and Wallace, 2004) and even 

alkylation of inorganic iodine (Urhahn and Ballschmiter, 1998). 
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CHAPTER TWO 

Biogeochemistry of the Arabian Sea and Objectives of the 

present study 
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2.1 	Physical processes and biological productivity 

The Arabian Sea is situated in the northwestern part of the Indian Ocean 

that experiences regular occurrence of tropical monsoons. Seasonal reversal of 

wind regimes result in southwest or summer (SWM) and northeast or winter 

(NEM) monsoons. During summer the wind blows from southwest mainly driven 

by thermal difference between ocean and land surfaces. Cold dry wind blows in 

winter monsoon from north to south and along with it polluted sub-continental air 

masses are transported to south Indian Ocean. The Arabian Sea circulation is 

greatly influenced by monsoons both SWM and NEM (Shetye, 1998; Shankar et 

al., 2002), where coastal currents become more significant. In summer monsoon, 

West Indian Coastal Current (WICC) flows southward and joins the Summer 

Monsoon Current (SMC), which carries high salinity waters to the Bay of Bengal 

(Kumar, 2006). The reverse happens during the winter. The Arabian Sea does 

not receive significant discharge of fresh waters compared to that by the Bay of 

Bengal. Very high rate of evaporation makes the Arabian Sea a negative water 

body leading to increase in salinity at the surface. The evaporation at the surface 

Arabian Sea, and in the adjacent the Persian Gulf and Red Sea, along with 

horizontal advection from other major oceans lead to the occurrence of several 

water masses at various depths in the Arabian Sea (Kumar and Li, 1996). The 

characteristics of temperature and salinity in the water column help detect 

sources of water masses (Kumar and Li, 1996) The water masses found in the 

upper 1000 m of the Arabian Sea are Arabian Sea High Salinity Water (ASHSW) 
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close to the surface and in thermocline, the Persian Gulf Water (PGW) at 200-

300 m and the Red Sea water at 600-800 m. In the deeper layers the North 

Indian Deep Water (NIDW), North Atlantic Deep Water (NADW) and Antarctic 

Bottom Water (ABW) occur in that order with the increasing depth (Kumar, 2006). 

Southwest monsoon wind leads to upwelling along the continental margins. The 

Arabian Sea contains one of the five major coastal upwelling systems in the 

world, the Somalia and Oman upwelling system, which is the only one to occur 

along a western boundary of an ocean basin and unique in the world oceans. 

Strong winds during the south west monsoon force surface waters along the 

coast move away due to Ekman circulation. The away moved water is replaced 

by upwelling of intermediate waters transported from offshore regions. Coastal 

upwelling also occurs along the west coast of India and is quite important in 

coastal productivity. 

Biological productivity and associated trophic structure are largely 

influenced by the mechanisms and strengths of the physical forcing in Arabian 

Sea. The Arabian Sea is one of the most productive regions in the world oceans, 

particularly in the southwest monsoon season (Fig 2.1). The productivity of 

phyto- and zooplankton and their abundance in the water column show 

seasonality (Sawant and Madhupratap, 1996; Gauns et al., 1996; Ramaiah et al., 

1996). Maximal production in the eastern Arabian Sea (1782 mg C M-2  d -1 ) occurs 

during the south west monsoon (Prasannakumar et al., 2001). On the contrary, 

the winter convection in the Arabian Sea results in high organic matter production 
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and the consequent organic carbon (mostly in dissolved form) accumulation in 

the surface mixed layer (Madhupratap et al., 1996; Barber et al., 2001). A very 

important biogeochemical process associated with the accumulated organic 

carbon is the microbial loop that produces a significant substrate (bacteria) to 

zooplankton in intermonsoon periods (Madhupratap et al., 1996). The primary 

and secondary productions during monsoon seasons are very high. However, 

during the intermonsoon the primary production declines substantially but without 

significant decreases in bacterial and zooplankton biomass in this region. Despite 

the short supply of the phytoplankton biomass the zooplankton maintains its 

stable biomass by feeding on the bacterial populations during the intermonsoon 

thus forming microbial loop. 
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Figure2.1: Surface primary production in the oceans during July-September 
(summer) as derived from Sea WiFs satellite data (from Behrenfeld and Falkowski, 
1997). 

20 



2.2 Biogeochemical processes and dissolved gases 

A number of studies have been made in the Arabian Sea, including the 

major projects of Joint Ocean Flux Study (JGOFS) and the Land Ocean 

Interactions in the Coastal zone (LOICZ), the two of the most important ocean 

related projects of the International Geosphere Biosphere Programme (IGBP). 

There appears to be a distinct difference between the biogeochemical processes 

between the eastern and western regions of the Arabian Sea (Kumar, 2006; and 

reference there in). A major difference is that the eastern part is largely 

heterotrophic whereas its western counterpart is net autotrophic (Sarma, 2004). 

An important characteristic of the Arabian Sea is the pronounced oxygen 

deficiency at intermediate depths of the water column that can be traceable even 

in the south Indian Ocean (Fig 2.2). Dissolved oxygen concentrations are mostly 

at threshold concentration < 22 IN 1-1  that results in a shift in principal respiratory 

pathway to denitrification (Sen Gupta et al, 1976; Naqvi, 1987). The extent of 

basin wide denitrification in the Arabian Sea is estimated to be -30 Tg N r 1  

(Naqvi, 1987; Bange et al., 2000), which accounts for about one third of the 

global mid-water column denitrification (Codispoti et al., 2001). Extensive 

observations on dissolved oxygen during Indian JGOFS also revealed strong 

seasonality of dissolved oxygen and nutrient concentration in the water column, 

wherein oxygen concentration during winter reached below detectable levels 

around 400 m depth (de Sousa et al., 1996). 
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Figure 2.2.: a) Zonal distribution of dissolved oxygen concentrations in the 
Indian Ocean (Naqvi et al., 2000a ); b) distribution of methane along a section 
perpendicular to coast off Goa and (c-d) vertical profiles of dimethylsulphide and 
its precursor dimethylsulphonio propionate in the Indian Ocean (Shenoy et al ., 
2006). 
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Another biogeochemical process recently discovered is the occurrence of 

seasonal coastal hypoxia along the west coast of India (Naqvi et al., 2000). This 

is a process very significant in the Arabian Sea due its large scale socio-

economic impact and growing concern about coastal health and resources. 

Coastal pollution due to large scale dumping of organic matter and fertilizer 

wastes rich in nitrate and phosphate can lead to severe oxygen demand and its 

deficiency in the water column. Wide-spread hypoxia, with possible localized 

anoxia following the summer monsoon (Fig 2.3) has been confirmed in eastern 

Arabian Sea (Naqvi et al., 2000; Naqvi et al., 2006a). A low salinity stratified 

layer, formed from the intense summer monsoon rain and river discharge, 

spreads over the upwelled waters, which are already low in oxygen. The low 

salinity cap acts as a barrier hindering the diffusion of atmospheric oxygen and 

creates conditions that lead to coastal hypoxia. Simultaneous occurrence of 

nitrification and denitrification result in the build up of nitrous oxide in this region 

to about 500 nM, the highest observed in the world oceans (Naqvi et al., 2000). 

Seasonal changes occurring in the hydrographic parameters along the Candolim 

Time Series Section (CaTS) is presented in Fig 2.3 which clearly illustrates 

systematic evolution of hypoxia; so intense that facilitates hydrogen sulphide 

(H2S) accumulation in the water column, which is rare. Biogenic trace gases 

exchange between surface ocean and atmosphere is important in view of their 

climate relevance and to understand the regional significance in global 

atmospheric processes. 
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Figure 2.3: Climatology and the evolution of water column hypoxia along the 
Candolim Time Series Section off Goa. Please note the changes in water 
characteristics associated with south west monsoon upwelling and subsequent 
formation of oxygen deficient conditions (from Naqvi et al., 2006a). 
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The Arabian Sea experiences intense vertical mixing due to monsoonal 

wind forcings that facilitates entrainment and leads to enrichment of gases in the 

surface mixed layer. The gaseous carbon dioxide concentrations are found to be 

nearly double, in upwelling zones of the Arabian Sea, than that in atmosphere 

(Kortzinger et al., 1997; Sarma et al., 1998). 

Nitrous oxide formation in the Arabian Sea is facilitated by prevailing water 

column conditions. Nitrification and denitrification processes occur 

simultaneously in the oxygen minimum zone (OMZ) of the Arabian Sea resulting 

in the build up of this gas (Codispoti et al., 1992). Its vertical distribution in 

general exhibits a minimum, coinciding with secondary nitrite maximum, 

sandwiched between two maxima region which is of active mid-water column 

denitrification (Law and Owens, 1990; Naqvi and Noronha, 1991; Bange et al., 

2001a). Isotopic analyses revealed that such a distribution observed in Arabian 

Sea is due to coupled nitrification and denitrification at the shallower depths 

whereas the latter process assumes significance in the oxygen minimum zone 

(Dore et al., 1998; Naqvi et al., 1998a; Bange et al., 2001a). Annul nitrous oxide 

fluxes from the Arabian Sea are in the range of 0.33-0.70 Tg of N20, excluding 

anomalously high values often measured off the central west coast of India 

(Bange et al. 2001a). Nitrous oxide emission from the western shelf of India 

alone is estimated to be in the range of 0.06-0.39 Tg of N20 Y- 1  (Naqvi et al., 

2000). The Arabian Sea is an important source of nitrous oxide and account for 
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about one-eighth of its global emissions despite occupying <2% of the total 

ocean area. 

Open Arabian Sea generally contains low concentrations of methane 

(CH4) whereas coastal and upwelling regions are supersaturated (Patra et al., 

1998; Jayakumar et al., 2001). Estuaries in the central west coast of India have 

been found to be a strong source of atmospheric methane with its level reaching 

to 13000 % saturation (Jayakumar et al., 2001). The central and eastern Arabian 

Sea surface waters have also been shown to be a source of methane (Patra et 

al., 1998). Methane concentration in the upper 400 m of Arabian Sea is found to 

be supersaturated (Bange et al., 1998; Patra et al., 1998; Upstill-Goddard et al., 

1999; Jayakumar et al., 2001). The total flux of methane has been estimated to 

range from 0.01 (Bange et al., 1998) to 0.2 Tg N1-1  (Upstill-Goddard et al., 1999) 

from the Arabian Sea. 

Dimethylsulphide (DMS) is another climatically important gas that helps in 

indirect cooling of the atmosphere. Information on this gas from the Arabian Sea 

is very limited. A study on DMS in the Indian Ocean has been made by Shenoy 

and Kumar (2007). The Arabian Sea contained more DMS within the mixed layer 

at an average of 7.8 nM compared to that in the Bay of Bengal. The highest 

concentration of DMS (525 nM) occurred in the upwelling regimes of the eastern 

Arabian Sea, which is the highest in world oceans. Concentration of DMS in the 

deeper layers of Arabian Sea is very less. Measurable concentrations are mostly 
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found in the zone of high biological activity. The DMS distribution in the Indian 

Ocean exhibits very high temporal and spatial variability with higher 

concentration occurring near the coast and in summer monsoon. The DMS flux 

form the open ocean varied from 0.03 pmol rri 2  Cri  to 41.1 pmol rrf 2  d-1  (Shenoy 

and Kumar, 2007). Over all the biogeochemistry of the surface Arabian Sea 

results in the supersaturation of climatically important biogenic gases and their 

significant emissions to atmosphere. 

2.3 Chemotaxonomy and halocarbons 

Although biological productivity has been studied in the Indian Ocean 

since the International Indian Ocean Expedition (110E) in 1960s (Qasim, 1977) 

only chlorophyll has been used as its major indicator. The biological productivity 

in a region is interpreted through the primary production which in turn is based on 

the extent and distribution of chlorophyll a. A major limitation with this assumption 

is that although chlorophyll a is present in most of the phytoplankton several 

other pigments including other forms of chlorophyll occur and serve the 

photosynthetic purpose. Studies on pigment composition in the Indian Ocean 

are very limited. Attempts have been made during US JGOFS expeditions to 

study phytoplankton through pigment analyses but only in the central and 

western parts of the Arabian Sea. Very less information is available on 

phytoplankton pigments abundance, distribution and seasonality for the eastern 

Arabian Sea (Parab et al., 2006). Dominance of certain phytoplankton groups 
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determines the pathways of organic matter transformation and biogeochemical 

cycles. Also, in view of the importance of pigments in understanding 

phytoplankton dynamics including dominant groups, their succession and 

variability in time and space there is a need to quantify the pigment composition. 

For instance, prevalence of large sized diatoms facilitates faster sinking of 

organic materials from the surface ocean (Nair et al., 1989). On the other hand, 

phytoplankton of prymnisiophyte group is known to produce DMS gas (Liss et al., 

2000; Liss et al., 2001), which might lead to more sulphate aerosol formation in 

the atmosphere above. Similarly, halocarbons studies in the Indian Ocean are 

very few (Yamamoto et al., 2001) with none in the Arabian Sea. Since the 

Arabian Sea is a highly productive region probing the connection between 

biological processes and climatically significant halocarbons is important. This 

will help us understand how the monsoon climate regulates the biogenic 

halocarbons production in the Arabian Sea and their sea-to-air fluxes. 

2A. Objectives of the present study 

Therefore, based on the hypothesis that phytoplankton species 

composition (taxonomic structure) has a control on halocarbon distribution in 

seawater the objectives of our present study are: 

1. to understand the changes in phytoplankton community structure in 

Arabian Sea using phytoplankton pigments as biomarkers. 
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2. to study halocarbons distribution in relation to phytoplankton 

community structure 

3. to conduct artificial fertilization experiments to understand halocarbon 

abundance in relation to nutrients and pigment composition 

4. to study the role of plankton blooms in modifying water column 

conditions and halocarbon abundances 

5. to understand the influence of coastal upwelling and hypoxia on 

phytoplankton community structure and halocarbon abundances 

6. to find phytoplankton and halocarbon variability in the open Arabian 

Sea in comparison to waters of the west coast of India 

7. to estimate sea to air fluxes of halocarbons from the Arabian Sea and 

evaluate their significance, and 

8. to identify areas for future research on plankton dynamics and 

halocarbon linkages in Indian and global contexts. 
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CHAPTER THREE 

Experimental and Sampling Strategies, and Methodology 
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The present work attempts to understand the links between marine 

primary producers and organohalogens distributions and to quantify the 

emissions of the latter to atmosphere. The Arabian Sea is one of the most 

productive regions experiencing highly variable surface circulation and strong 

ocean-atmosphere interactions (Chapter 2). It is, therefore, well suited for 

conducting experiments that relate phytoplankton to emissions of biogenic gases 

of climate importance. In view of the strong temporal and spatial variability of 

processes in water column and their driving forces in the Arabian Sea it is 

important to study key regions particularly in times that facilitate high biological 

production. It is also equally important to find how the halocarbon gases 

abundances are influenced in the Arabian Sea under oligotrophic conditions. As 

the availability of the ocean going research vessels has been severely 

constrained in recent years, we used an approach wherein we studied a coastal 

location of very high biogeochemical significance that is logistically supported for 

repeated occupations and the open Arabian Sea during maximal productive 

period. We believe that time-series study of a coastal region will help understand 

monthly variabilites of phytoplankton and halocarbons in relation to changes in 

physical forcings. On the other hand, open ocean study will reveal the processes 

that halocarbons undergo in high productive surface waters as well as in the 

active denitrifying oxygen minimum zone of the Arabian Sea. 

This Chapter is divided into two sections each dealing with experimental 

and sampling strategies, and details of analytical and processing methods 
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adopted. 	Methodologies 	are 	detailed 	for 	halocarbons, 	pigments, 

chemotaxonomy, speciation analyses and computation of sea-air fluxes of 

halocarbons. 

3.1. Experimental strategies 

We have conducted field experiments in a coastal region to construct 

monthly variability in phytoplankton structure and halocarbon abundances. Open 

Arabian Sea was studied during highly productive summer monsoon period. 

Besides, the field observations we also conducted fertilization experiments, with 

in situ incubation, to simulate the processes that occur due to nutrient injection 

into sunlit surface mixed layer by summer upwelling or winter convection 

processes. The incubation experiments help us understand phytoplankton 

response to varied nutrient combinations and light/dark (day/night) conditions 

and the associated changes in halocarbon abundances. Further, we also 

attempted to understand changes in pigment composition and halocarbons 

during and after the occurrence of a phytoplankton bloom. This strategy enabled 

us to track the bloom influenced changes in phytoplankton community structure, 

halocarbon abundance and fluxes. 
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3.1.1 Field Experiments 

3.1.1.1 	Spatial and temporal variability off Goa 

The west coast of the peninsular India experiences upwelling and thus 

becomes highly productive during the southwest monsoon. Extremely high 

productivity has been found to lead to hypoxic conditions that facilitated the build 

up of nitrous oxide to abnormally high concentrations in waters of this region 

(Naqvi et al., 2000). During other seasons the productivity is relatively less. This 

region is also strongly influenced by seasonal reversal of coastal currents 

(Shetye, 1998). In view of the large variability in physical and biological 

productivity that makes this region emit climatically important carbon dioxide 

(Sarma et al., 1998), nitrous oxide (Naqvi et al., 2000) and dimethylsulphide 

(Shenoy and Kumar, 2007) gases we studied a coastal section off Candolim 

village in Goa, logistically well supported by the proximity of our Institute, the 

National Institute of Oceanography. This coastal section, Candolim and Time 

series Section (CaTS), was occupied nearly on a monthly basis since April 2005 

(Fig. 3.1), with increased frequency when hypoxia and phytoplankton blooms 

(Fig. 3.2) occurred except during peak monsoon period and in other specific 

period for reasons explained wherever appropriate. 

For the present work time series observations were made from April 2005 

to March 2008 (Tables 3.1 — 3.5). While the pigments studies were made from 

April 2005 measurements of halocarbons were added in a stepwise manner 
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(chlorocarbons from December 2005 and bromocarbons from March 2006. This 

is because the present analytical facility for halocarbon studies in the ocean is 

the first to be set up in our country. As and when we were convinced with the 

analytical results (calibrations, accuracy and precisions) of different halocarbon 
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Figure 3.1: Candolim Timeseries Section (CaTS) which comprise stations  G 9-
G5, off Goa in the central west coast of India, was used to study monthly 
variability of phytoplankton and halocarbons. 
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compounds we added them to the list of field experiments. Hence field 

measurements of chlorocarbons and bromocarbons were initiated at different 

times. For studying a full annual cycle in pigment compositions, phytoplankton 

community structure and halocarbons we focused the period March 2006 to 

March 2007. Nevertheless we used the data collected on the parameters of 

present interest between April 2005 to March 2008 to strengthen our observation 

and reasoning. Observations along CaTS could not be made when we were 

prevented by adverse weather conditions or when on an oceanic expedition. 

Navigational activities in Goa waters are banned usually during (May - July) by 

the Captain of Ports (Government of Goa) due to hostile weather and rough 

seas, with slight adjustments/relaxations at times. Therefore, May to July period 

is mostly a blank period for coastal observations off Goa. On the other hand, the 

period of May to July coupled with deep Arabian Sea expedition during August-

September in the 2007 resulted in a gap of 8 months. Nevertheless, with these 

gaps in coverage for reasons beyond our control, we believe that our high quality 

data sets are comprehensive and are convinced with the statements/findings 

made in this attempt. The frequency of our CaTS sampling was increased 

(weekly to fortnightly intervals) in October 2006, and March of 2007 and 2008 in 

view of hypoxic and intense bloom conditions, respectively. With this strategy we 

wished to understand the production and fate of biogenically produced 

halocarbons when the health of the coastal waters deteriorate, and when 

significant changes in phytoplankton structure occur under hypoxic/bloom 

conditions. 
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Figure 3.2: Station locations occupied by ships CRV Sagar Shukti and R/V 
Roger Revelle in the coastal Arabian Sea to study, of the impacts of 
Trichodesmium bloom in 2007. 
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Table 3.1: Details of time series observations of pigments and halocarbons at 
station CaTS Gl between April 2005 and March 2008 (• - Sampled and - Not 
Sampled). 

Month/year 	Pigments 	CHCI3 CCI4 	CH2Br2 CHBr3 

April 2005 	 • 	 — 	— 	— 	— 

May 2005 	 • 	 — 	— 	— 	— 

October 2005 	• 	 — 	— 	— 	— 

December 005 	• 	 • 	• 	— 	— 

January 2006 	• 	 • 	• 	— 	— 

February 2006 	• 	 • 	• 	— 	— 

March 2006 	• 	 • 	• 	• 	• 

April 2006 	 • 	 — 	— 	— 	— 

August 2006 	• 	 • 	• 	• 	• 

September 	 — 	— 	— 	— 	— 

16thOctober 2006 	• 	 • 	• 	• 	• 

31 st  October 2006 	• 	 • 	• 	• 	• 

November 2006 	• 	 • 	• 	• 	• 

December 2006 	• 	 • 	• 	• 	• 

February 2007 	• 	 • 	• 	• 	• 

March 2007 	• 	 • 	• 	• 	• 

December 2007 	• 	 • 	• 	• 	• 

February 2008 	• 	 • 	• 	• 	• 

5th  March 2008 	• 	 • 	• 	• 	• 

13th  March 2008 	• 	 — 	— 	— 	— 

27th  March 2008 	• 	 • 	• 	• 	• 
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Table 3.2: Details of time series observations of pigments and halocarbons at 
station CaTS G2 between April 2005 and March 2008 (• - Sampled and - Not 
Sampled). 

Month/Year Pigments CHCI3 CCI4 CH2Br2 CHBr3 

April 2005 • — — — — 
May 2005 • — — — — 
August 2005 • — _ — — 
October 2005 • — — — — 
December 2005 • • • — — 
January 2006 • • • — — 
February 2006 • • • — — 
March 2006 • • • • • 
April 2006 • — — — _ 
August 2006 • • • • • 
September • • • • • 
16thOctober 2006 • • • • • 

31 stOctober 2006 • • • • • 

November 2006 • • • • • 
December 2006 • • • • • 
February 2007 • • • • • 
5th  March 2007 • • • • • 
16th  March 2007 • — — — — 
December 2007 • • • • • 
February 2008 • • • • • 
5th  March 2008 • • • • • 
13th  March 2008 • — — _ — 
27th  March 2008 • • • • • 
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Table 3.3: Details of time series observations of pigments and halocarbons at 
station CaTS G3 between April 2005 and March 2008 (• - Sampled and - Not 
Sampled). 

Month/Year Pigments CHCI3 CCI4 CH2Br2 CHBr3  

April 2005 • — — — — 
May 2005 • — — — — 
June 2005 • — — — — 
August 2005 • — — — — 
October 2005 • — — — — 
December 2005 • • • — — 
January 2006 • • • — — 
February 2006 • • • — — 
March 2006 • • • • • 
April 2006 • — — — — 
August 2006 • • • • • 
September — — — — — 
16thOctober 2006 • • • • • 
31 stOctober 2006 • • • • • 

November 2006 • • • • • 
December 2006 • • • • • 
February 2007 • • • • • 
5th  March 2007 • • • • • 
16thMarch 2007 • — — — — 
5th  April • • • • • 
December 2007 • • • • • 
February 2008 • • • • • 
5th  March 2008 • • • • • 
13thMarch 2008 • — — — — 
27thMarch 2008 • • • • • 
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Table 3.4: Details of time series observations of pigments and halocarbons at 
station CaTS G4 between April 2005 and March 2008 (• - Sampled and - Not 
Sampled). 

Month/year 	 Pigments 	CHCI3 CCI4 	CH2Br2 	CHBr3 

April 2005 	 • 	 — 	— 	— 	— 

May 2005 	 • 	 — 	— 	— 	— 

October 2005 	• 	 — 	— 	— 	— 

December 005 	• 	 • 	• 	— 	— 

January 2006 	• 	 • 	• 	— 	— 

February 2006 	• 	 • 	• 	— 	— 

March 2006 	 • 	 • 	• 	• 	• 

April 2006 	 • 	 — 	— 	— 	— 

August 2006 	 • 	 • 	• 	• 	• 

September 	 — 	 — 	— 	— 	_ 

16thOctober 2006 	• 	 • 	• 	• 	• 

31 st  October 2006 	• 	 • 	• 	• 	• 

November 2006 	• 	 • 	• 	• 	• 

December 2006 	• 	 • 	• 	• 	• 

February 2007 	• 	 • 	• 	• 	• 

March 2007 	 • 	 • 	• 	• 	• 

December 2007 	• 	 • 	• 	• 	• 

February 2008 	• 	 • 	• 	• 	• 

5th  March 2008 	• 	 • 	• 	• 	• 

13th  March 2008 	• 	 — 	— 	— 	— 

27th  March 2008 	• 	 • 	• 	• 	• 
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Table 3.5: Details of time series observations of pigments and halocarbons at 
station (CaTS G5 between April 2005.and March 2008 (• - Sampled and - Not 
Sampled). 

Month/year Pigments CHCI3 CCI4 CH2Br2 CHBr3 

April 2005 • — — — — 
May 2005 • — — — — 
June 2005 • — — — — 
August 2005 • — — — _ 
September 2005 • — — — — 
October 2005 • — — — — 
December 2005 • • • — — 
January 2006 • • • — — 
February 2006 • • • — — 
March 2006 • • • • • 
April 2006 • — — — — 
August 2006 • • • • • 
September 2006 • • • • • 
September 2006 • • • • • 
September 2006 • • • • • 
16th  October 2006 • • • • • 

31 st  October 2006 • • • • • 

November 2006 • • • • • 
December 2006 • • • • • 
February 2007 • • • • • 
5th  March 2007 • • • • • 
16th  March 2007 • — — — — 
5th  April 2007 • • • • • 
December 2007 • • • • • 
February 2008 • • • • • 

5th  March 2008 • • • • • 
13th  March 2008 • — — — — 
27th  March 2008 • • • • • 
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3.1.1.2 	Variability in the open Arabian Sea in the summer monsoon 

In order to study the phytoplankton composition and its influence on the 

abundance and distribution of halocarbons in the deep Arabian Sea we have 

chosen the summer monsoon season. The reason is that although the 

productivity in the Arabian Sea is high in winter driven by convective mixing it is 

even more in summer monsoon due to intense upwelling (Behrenfeld and 

Falkowski, 1997). The upwelling process in the Arabian Sea occurs both in its 

eastern and western margins in summer. While the eastern boundary upwelling 

is common in world oceans the Somali and Oman upwelling zones form the 

western boundary phenomenon, which is unique (Kumar, 2006). The western 

zone experiences more intense productivity in a wider area than the eastern 

upwelling region that is largely confined to coastal regions of southern and 

central west coast of India. Therefore, it will be interesting to find how 

phytoplankton composition differs between the eastern and western upwelling 

regimes of the Arabian Sea and its influence on halocarbon abundances and 

distribution. We conducted an expedition on board RN Roger Revelle during 

August-September 2007 period covering the central and western regions of the 

Arabian Sea. A total of 14 stations were sampled for phytoplankton studies 

whereas halocarbons were studied at 6 stations (Fig. 3.3). 
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Figure 3.3: Station locations occupied during the open Arabian Sea expedition 
on board R. V Roger Revelle in August-September period of 2007. Stations 
identified with the symbol + were sampled for both phytoplankton and 
halocarbons and those with • were only for the former. 

The stations in the open Arabian Sea were located in such a way to find east-

west differences across the basin and find the influence of western boundary 

upwelling on the open Arabian Sea processes. A combination of the open sea 

expedition results with that from CaTS would help understand the phytoplankton 

structural differences across the basin and their possible influence on 

halocarbons. 
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3.1.2 Nutrient Fertilization Experiments 

Primary productivity at the surface of the ocean is usually limited by the 

availability of nutrients. The substances are supplied to the surface from the 

subsurface layers through slow upward diffusion across the pycnocline in non-

monsoon seasons. In winter monsoon convective circulation and upwelling in 

summer monsoon seasons serve the same purpose but with rapid supplies. 

Besides these the coastal ocean might receive industrial releases also through 

air. How the phytoplankton respond to such nutrient additions with particular 

implications to halocarbon abundances is not known. Therefore, a nutrient 

fertilization experiment was conducted by incubating the spiked natural samples 

in situ. The experimental site is selected in Dona Paula Bay at the mouth of the 

Zuari estuary in Goa (Fig. 3.4). The water depth at the site was 4 m. The 

experiment was carried out from 17 hrs of 28 May 2007 to 10 hrs of 30 May 

2007. During this period (spring intermonsoon), the Zuari river discharge is 

negligible and conditions at the experimental site are nearly marine and 

concentrations of major nutrients is extremely low. 

44 



1  INDIA 

\Goa 

A ra bia\n\ 
Sea  

mandovl 

Sampling site • 

0,0  

G 

0 

A 

A 

B 

S 

A 

La
ti

tu
de

  (
° 

N
)  15° 

30' 
N 

15' - 

15' 	 7390'E 
	

45' 
	

74°E 
	

15' 

Longitude (°E) 

Figure 3.4: Location where the nutrient enrichment experiment was conducted 
in the Dona Paula Bay, Goa. 

A large volume of water sample was taken from 1 m depth using a GO-

FLO sampler (5 I) attached to a nylon rope. The sample was filtered through 200 

p m nylon mesh to remove grazers. Incubation experiments were conducted in 

transparent Nalgene bottles of 2-litre capacity. Natural light and temperature 

conditions were maintained by suspending the bottles at 1 m below the surface 

at the sampling site. While in suspension the bottles were under the influence of 
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A 
control 

continuous movement of ambient water that helped maintain well mixed 

conditions in the containers. The concentrations of nutrients in the original water 

sample were 0.4 pM of NO3, 0.6 pM PO43-  and 0.05 pM SiO44-. Very low 

concentration of SiO44  might be due to marine conditions that prevailed at the 

time of water sample collection. Nutrient concentrations in the Nalgene bottles 

(marked A to E; Fig. 3.5) were adjusted to 17 pM NO3, 1.5pM PO4 3" and 17.6pM 

of SiO44- ; prior to the incubation experiment but in different combinations.; Bottle-

B with NO3 and PO43- ; Bottle C with PO4 3-  and SiO44- ; Bottle D with NO3 and 

SiO44-; Bottle-E was enriched with NO3, PO4 3-  and SiO44-. No additions were 

made to bottle A that maintained original nutrient levels as in original water 

sample and hence served as a control. 

Figure 3.5: Different nutrient combinations used in the fertilization experiment 
conducted in Dona Paula Bay to study how photosynthesis, plankton composition 
and halocarbon change with time. 

After necessary spikes the bottles to be incubated were filled with original 

water sample to the brim (zero head space) and then sealed to avoid any 

exchange with the surrounding medium. Every time a separate bottle (2 I) of 

each combination (A to E) was sampled at 8-10 hrs of intervals. Oxygen and 
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halocarbon samples were collected followed by a slow overflow of twice the 

amount of bottle volume. Dissolved 02 was measured immediately after 

collection following the Winkler procedure (Grasshoff, et al., 1983). Halocarbons 

were analysed as detailed below. The remaining water (250-500 ml) was filtered 

for phytoplankton pigments and later analysed by HPLC. 

3.2 Methodology 

3.2.1 Sampling Techniques 

A GPS (Garmin, Model GPS 12 CX) was used to locate the station 

positions (within ± 15 m) along the CaTS (Fig. 3.1). A portable Conductivity-

Temperature-Depth (Seabird make SBE 9 Plus) was deployed immediately upon 

reaching a station to find salinity and temperature changes with depth. 

Depending on the water column conditions the depths for chemical and biological 

sampling were determined. Water sampling was carried out using Niskin bottles 

of 5 I capacity attached to a nylon rope. Upon retrieval water in the Niskin bottle 

was subsampled on board into different containers for dissolved oxygen, 

halocarbon gases, salinity, pigments and phytoplankton (microscopic) analyses. 

Water samples for gas analyses were collected following the JGOFS protocols 

(UNESCO, 1994). Halocarbons samples were collected in clean 100 ml 

volumetric flasks, and covered with aluminum foil and stored at 4 °C. Water 

samples for phytoplankton pigments were collected in 5 liter carboys and kept in 
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cool and dark conditions to minimize any possible degradation of pigments. 

Besides the fishing trawlers trips a few cruises were also undertaken in the 

coastal Arabian Sea, on board CRV Sagar Shukti and RN Roger Revelle, to 

cover stations (G6 to G9) beyond the station G5 (Fig. 3.2). 

While sampling on board the CRV Sagar Shukti remained the same as 

above on board RN Revelle the casts were performed with a 36-bottle rosette 

frame [ODF; a 36-place pylon (SBE32)]. Underwater electronic gadgets 

consisted of a Sea-Bird Electronics (SBE 9plus CTD, ODF #381) with dual 

pumps, dual temperature (SBE 3 plus), dual conductivity (SBE 4), dissolved 

oxygen (SBE 43), transmissometer (Wetlabs C-Star) and Fluorometer (Seapoint 

Sensors). The CTD unit was mounted vertically into a SBE CTD frame, which in 

turn was attached at the bottom of the center of rosette frame. Conductivity and 

temperature sensors along with their respective pumps were mounted vertically. 

Niskin water samplers 10 I were closed, while ascending, at predetermined 

depths based on temperature and salinity structure, found during the descent of 

the CTD. Sensor temperature and salinity data were cross checked with those 

measured, for every cast, using the reversing thermometers and AUTOSAL 

Salinometer (Guildeline), respectively. Sub-samples for oxygen and halocarbons 

were collected mostly from the surface mixed layer and on some occasions to 

1500 m whereas those for phytoplankton pigments were taken from the upper 

80-100 m of the water column. Samples of surface waters were also taken from 

the ship's underway sampling system. As the concentrations in the surface layers 
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play a vital role in determining the net air-sea flux of gases to the atmosphere we 

mainly focused on the upper 160 m. Sub-sampling for halocarbons and 

phytoplankton parameters was carried out as were the case with CaTS sampling. 

3.2.2. Dissolved oxygen 

Dissolved oxygen in sea water was measured using the classical winkler 

titration. Water samples were collected in stoppered glass bottles with care 

avoiding the sample coming in contact with atmosphere. Immediately upon 

collection winkler reagents were added and precipitate formation was allowed to 

complete and settle for about an hour. The samples then were acidified with 

dilute sulphuric acid and the liberated iodine was titrated with thiosulphate. A 

Hydrobios automated Dosimat burette was used in the iodometric titration. A 

visual end-point detection was followed. Thiosulphate solution was calibrated 

against potassium iodate primary standard solution. 

3.2.3 Halogenated hydrocarbons 

Sub-samples for halocarbons were collected in 100 ml amber coloured 

volumetric flasks, (immediately following oxygen sampling, after allowing > 200 

ml over flow and was stoppered) without any air bubble. The flask was wrapped 

with aluminum foil and stored at 4 °C in the dark. Sample extraction was 

performed within one hour of sample collection following the method of 
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Abrahamsson et al. (1990). Different chromatographic methods for determination 

of volatile halocarbons have been used, including liquid extraction with pentane. 

These methods followed by on column injection have been widely used in the 

analysis of halocarbons due to their lower detection limits (Rensburg et al., 1978; 

Eklund et al., 1978; Fogelqvist, 1985; Abrahamsson et al., 1990; Laturnus et al., 

1996; Russo et al., 2003; Zoccolillo et al., 2004). 

Distilled pentane (2 ml of Sigma Aldrich) was added directly into the cold 

sampling flask. The flask was shaken vigorously for 5 min and then kept at 4°C 

for 30 min to allow separation of the aqueous and organic phases. The entire 

extraction procedure was carried out in dim light and in a cool environment to 

prevent photodissociation of halocarbons and minimize the loss of solvent. A 

Varian gas chromatograph (model CP3800) was used for the halocarbon 

analyses in the on column injection mode with mega bore column. Two mega 

bore columns, DB 624 (60 m, ID 0.53 mm, film thickness 3 1.1m) and HP5 (15 m, 

ID 0.53 mm, film thickness 1.50 1.1m) having different polarities were connected 

by fused silica connectors (Supelco, Germany) to achieve better separation. On 

column injection was performed by directly injecting (injector temperature 

maintained at 90°C) 3 IA of the sample extract. The Electron Capture Detector 

(ECD) was maintained at 290°C with nitrogen as the make up gas at a flow rate 

of 30 ml min -1 . Column oven temperature was initially held at 40°C for 1 min and 

then raised to 180°C at a rate of 4°C min -1  with a final hold for 25 min. The long 

final hold was mainly for removing the non-volatile impurities by the carrier gas 

50 



(helium) flowing at a rate of 5m1/min. A flow chart of halocarbon analytical 

scheme is shown in Fig. 3.6. Halocarbon concentrations were calculated based 

on peak areas (Fig. 3.7) according to 

Conc = [(A)*(Vt)*(D)]/ [(CF)*(Vi)*(Vs)] 

A= measured area of the halocarbon peak of the sample (see Fig. 3.7) 

Vt = Total volume of the concentrated extract in (ml) 

D = Dilution factor if the sample or the extract was diluted before the injection 

CF = Mean calibration factor from the initial calibration (Area/ ng) (see Fig. 3.7) 

Vi = Volume of the injected extract (ml) 

Vs = Volume of the aqueous sample extracted (I). 

In the present work halocarbon concentrations are expressed in ng 1 -1  
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Sample collection in 100 ml amber 
colored volumetric Flask 

a 
Storage at 4 degree Celsius in dark 

until extraction and analysis 

ii  
Liquid extraction with 2 ml of pentane 

a 
Injection of 3 gl of sample in GC-ECD 

system for separation and detection 

a 
Calculation of peak area and 

concentration from calibration factor 

Figure 3.6: Flow chart depicting the sampling and analytical procedure followed 
in the present work for the analysis of halocarbon compounds in seawater. 
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Figure 3.7: a) Typical linear calibration graph constructed and used in the 
analysis and quantification of halocarbons in seawater (carbon tetrachloride is 
shown as an example) in the present work; b) A standard chromatogram for a 
halocarbonmixture (containing 1) chloroform, 2) carbontetrachloride, 3) 
dibromomethane, 4) 1-iodopropane and 7) bromoform) which was run on a daily 
basis before each analysis to ensure the quality of analytical system response 
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and c) A typical blank chromatogram of the analytical system used for checking 
possible contamination before the halocarbon analyses of seawater samples. 
The detection limit is defined here as the signal (S) to noise (N) ratio of 5 

(S/N=5). This was found by spiking seawater with the target compounds. The 

method detection limit (MDL) was estimated by analyzing a set of standards to 

find the halocarbon concentration that yielded a peak with the signal to noise 

ratio of 5 (SIN= 5). Accuracy was found from the recovery of the spiked analyte 

from the sample matrix of interest. Recovery (R) percentage of each spiked 

analyte was calculated using the following formula. 

% R = (Cs-Cu/ Cn)*100 

Cs = Measured concentration in the spiked aliquot. 

Cu = Measured concentration in the unspiked aliquot 

Cn = Actual concentration expected from the spike 

Precisions of halocarbon measurements were estimated here through the 

analyses of spiked duplicates and finding the relative percent difference (RPD). 

Recovery tests indicated that our halocarbon analyses were in the range 63 to 

87% (Table 3.6}-The precisions and the method detection limits (MDL) are also 

presented in Table 3.6. 

A four point external standard calibration procedure (ESTD) was followed for 

which pure halocarbon standards were procured from Sigma Aldrich, Germany. 

The calibration curve of each compound was constructed by plotting 

concentrations against peak areas. Average calibration factor was estimated 
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from the calibration (Fig. 3.7). Calibration checks were performed daily by 

running a mixed standard. It should be noted that during routine analysis the 

detection limit and thus sensitivities were found to vary only marginally 

depending on the phase ratio, matrix effect and condition of the ECD detector. 

The ECD sensitivity for chlorocarbons was more, than that of the other 

halocarbons studied, that resulted in relatively low detection limits of the former 

compounds (Table 3.6). 

Table 3.6: Accuracy, precision and detection limits of halocarbon analyses in the 

present work 

Halocarbon Accuracy Precision Detection limit 
(%) (%) (ng I -1 ) 

CHCI3 82 7.2 0.01 
CC L4 79 3.9 0.01 
CH2I CH2CH3 87 8.3 0.2 
CH2Br2 68 9.2 1.2 
CHBr3 63 9.7 0.3 

3.2.4 Phytoplankton pigment composition and chemotaxonomy 

For the pigment analysis 0.5 to 2 I of the water sample was immediately 

filtered through a GF/F filter (pore size 0.7 p.m). Care was taken to avoid 

exposure of the filter paper to direct light or high temperature. The filter paper 

was stored in liquid nitrogen until analysis in the shore laboratory. The frozen 

filters were cut into pieces and immersed in 3 ml of 95% acetone (v/v in 
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deionized water) for extraction using a sonicator probe (Fisher, Scientific, for 5 

sec at 20 kHz) under low light and temperature (4°C). Solutions were stored at - 

20°C overnight. The extract was then passed through a Teflon syringe cartridge 

(Millipore) having a glass fiber pre acrodisc filter (pore size 0.45 pm, diameter 25 

mm) to remove the cellular debris. The clear extract was transferred to a 5 ml 

glass vial and placed directly into the temperature controlled (5°C) auto-sampler 

tray for the high performance liquid chromatographic (HPLC) analysis. The 

method followed has been detailed in Roy et al., (2006). 

Pigments were separated following a slight modification of the procedure 

of Van Heukelem (2002), where ammonium acetate was used instead of tetra 

butyl ammonium acetate. Ammonium acetate is known to keep chlorophyll a 

stable for longer period. This method provides quantitative analyses of 20 and 

qualitative analyses of several other pigments. The HPLC system was equipped 

with an Agilent 1200 pump together with an online degasser, An Agilent diode 

array detector was connected via a guard column to an Eclipse XDB C8 HPLC 

column (4.6x 150 mm), manufactured by Agilent Technologies. The column was 

maintained at 60°C. Elution at a rate of 1.1 ml min -1  was performed using a linear 

gradient program for 22 minutes with 5/95% and 95/5% of solvents B/A being the 

initial and final compositions of the eluant. Solvent B was methanol and that of A 

was a mixture (70:30) of methanol and 1 M ammonium acetate (pH 7.2). An 

isocratic hold on 95% B was necessary for 22-27 min for the elution of the last 

pigment (a- or 8-carotene). After allowing the return to the initial condition (5/95% 
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of B/A) by 31 min, the column was equilibrated for 5 minutes and made ready for 

the next run. The eluted pigments were excited with 450 nm and the emitted 

radiation was measured at 665 nm by the diode array detector. 

All chemicals used were of HPLC-grade (E. Merck). Pigment standards 

procured from DHI Inc (Denmark) were used in the identification and 

quantification of the peaks. Solutions of chlorophyll a, chlorophyll b, chlorophyll 

c2, chlorophyll c3, fucoxanthin, peridinin, neoxanthin, diadinoxanthin, 

diatoxanthin, 19-hexanoyloxyfucoxanth, 19-butaboyloxyfucxanthin, alloxanthin, 

violaxanthin, canthaxanthin, divinyl chlorophyll a, a-carotene, 13-carotene and 

zeaxanthin were run in order to obtain individual absorption spectra, prepare 

calibration curves and to determine detection limits. Identification was based on 

the retention time and peak shape, i.e. through fingerprint matching with known 

peak shape from the diode array spectra library provided with the software. The 

concentrations of pigments were computed from the peak areas based on the 

individual calibration factor. Concentrations of all external standards were further 

checked by absorbance measurements through scans between 400 and 750 nm 

on a monochromatic, double beam Shimadzu Spectrophotometer with 2nm band 

width. The extinction coefficients were estimated from the data given in Jeffery et 

al. (1997). 

Relative standard deviations of replicate analysis of standards and 

samples were regularly monitored on monthly basis to determine the analytical 
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system response and precisions. Changes in peak areas were below 5% for 

standards and 9 % for seawater samples. We are convinced with these changes 

in view of variety of processes involved from sample filtration to signal 

quantification. Percent recovery was checked for chlorophyll a that found to vary 

within 70-90%. Seven replicates of individual standards were analyzed and 

single point calibration was established for each pigment studied, except 

chlorophyll a. The average calibration factors of the seven replicates were used 

in calculation of pigments concentrations in samples. A typical phytoplankton 

pigment chromatogram is shown in Fig. 3.8 and individual spectra of synthetic 

pigments are shown in Fig. 3.9. 

Figure 3.8: A typical sample chromatogram of HPLC phytoplankton pigments in 
seawater when Trichodesmium bloom occurred during March-April 2007 at the 
station G5 along CaTS. The x-axis is time (sec) and y-axis is peak height (mAu). 
Peak numbers refer to: 1) chlorophyll c2, 2) chlorophyll c1, 3) peridinin, 4) 
fucoxanthin, 5) diadinoxanthin, 6) diatoxanthin, 7) zeaxanthin, 8) chlorophyll b, 9) 
chlorophyll a allomer,  , 10) chlorophyll a, 11) beta-carotene. 
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Figure 3.9: Individual spectra of synthetic pigment standards. 1) chlorophyll c3, 
2) chlorophyllide a, 3) chlorophyll c1, 4) chlorophyll c2, 5) peridinin, 6) 19' 
butanoyloxyfucoxanthin, 7) fucoxanthin, 8) 19' hexanoyloxyfucoxanthin, 9) 
neoxanthin, 10) prasinoxanthin, 11) violaxanthin, 12) aphanizophyll, 13) 
diadinoxanthin 14) antheraxanthin, 15) alloxanthin, 16) myxoxanthophyll 17) 
diatoxanthin, 18) lutein, 19) zeaxanthin, 20) canthaxanthin, 21) chlorophyll b, 22) 
divinyl chlorophyll a, 23) chlorophyll a, 24) echinenone, 25) pheophytin 26) alpha-
carotene and 27) beta-carotene. 
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Calibration factor or each pigment was obtained by plotting the peak area (A) 

against the amount of the pigment injected in ng. Concentration of any calibrated 

pigment in seawater can be calculated according to 

Cp = (A* Cf* Vext)* / (Vinj* Vfil) 

Cp 	= 	Concentration of pigment in seawater samples (ng 1-1 ) 

A 	= 	peak area of the pigment in the HPLC chromatogram 

Cf 	= 	Calibration factor of a pigment (ng/Area) 

Vext = 	Volume of the pigment extract (ml) 

Vinj = 	Volume of the extract used for on column injection (ml) 

Vfil 	= 	Volume of the filtered seawater sample (I) 

The average calibration factors used in this investigation for different compounds 

and multipoint calibration of chlorophyll a are shown in Tables 3.7 and 3.8, 

respectively. 

A schematic diagram (Fig. 3.10) depicts the summary of various steps we 

followed in the pigment analyses in seawater from sampling to quantification. 

Pigment indices help in understanding the phytoplankton community structure in 

the study regions. 

60 



Table 3.7: Calibration factors used in the calculations to quantify phytoplankton 
marker pigments in the present work. 

Pigment Calibration Factor 

ChI c3 6.05E-03 

ChI c2 6.14E-03 

Peridinin 7.71E-03 

But fuco 2.69E-03 

fucoxanthin 2.83E-03 

neoxanthin 4.47E-03 

prasino 2.44E-03 

Viola 1.40E-03 

Hexa fuco 2.17E-03 

diadino 2.82E-03 

Allo 2.89E-03 

Diato 2.49E-03 

zeaxanthin 4.40E-03 

Lutein 3.45E-03 

canthaxanthin 2.95E-03 

chl b 9.15E-03 

Alpha Carotene 1.39E-03 

beta Carotene 1.33E-03 

crocoxanthin 4.01 E-03 

DV chl a 2.58E-03 
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Table 3.8: Multipoint calibration for chlorophyll a found in the present study and 
the response factor 

Calibration 	Concentration of 
standard 	Chlorophyll a (x-axis) Y Peak Area (y — axis) Calibration Factor 

5 	 0.6581 1.99434 0.329984 

4 	 1.2848 3.45549 0.371814 

3 	 26.981 81.63385 0.330512 

2 	 52.677 158.8499 0.331615 

1 	 100.565 305.0041 0.329717 

Diagnostic pigment (DP) indices were calculated following the method of 

Barlow et al. (2007) which is a simple way of assessing the phytoplankton 

communities. DPs is defined as the sum of a few biomarker pigments given in 

Table 1.2 (Chapter 1). Four major groups were characterized based on indices. 

The indices symbolizing the groups were designated as Diat DP  (diatoms); Dino DP 

 (dinoflagellates); FlagDp (nanoflagellates); Prok Dp (Prokaryotes) and proportion of 

each group contributing to the biomass was defined as given in Table 1.2 . 

For example a sum of 19'-hexanoyloxyfucoxanthin + 19'- 

butanoyloxyfucoxanthin + Alloxanthin+ Chlorophyll b was used to indicate 

nanoflagellates whereas zeaxanthin, fucoxanthin, peridinin were taken to 

represent cyanobacteria, diatoms and dinoflagellates, respectively. Other marker 

pigments have been categorized into accessory photosynthetic pigments (APSP 

= Per+But + Fuc+ Hex +Viola +Chl b; Gibb et al., 2001) and accessory 

photoprotective pigments (APPP = Diad + Allo +Diato+Zea+ Total Carotene). 
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Seawater sample 
collection of (500-2000) ml 

Sample storage in cool and dark place 
until filtration 

V 

Sample filtration using GF/F paper 

Filter treatment with 3 ml of acetone 
(95%) and ultrasonic extraction for 10 

min 

II  
Extract storage overnight at 

-20°C 

Filtration of extract through 0.45 pm 
PTFE cartridge filter 

a  
Loading of 300 ill of extract and 150 ill 
of ammonium acetate buffer mixture on 

to HPLC system 

II  
HPLC separation followed by detection 

of pigments using PDA detector 

11  
Calculation of pigment concentration 
from peak area and calibration factor 

Figure 3.10: A flow chart showing the general procedure used in the analysis of 
phytoplankton pigments in seawater samples following the method of Van 
Heukelem et al. (2002). 
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3.2.5 Phytoplankton Speciation: Microscopic analysis 

For qualitative and quantitative analysis of phytoplankton (>5 pm) 250 ml 

of sea water collected from the euphotic zone (0 -120 m) was fixed with acid 

Lugol's iodine (1% w/v) and preserved. The samples were stored in dark at low 

temperature until enumeration within a period of one month after collection. A 

settling and siphoning procedure was followed to obtain 50 ml concentrate. One 

mililitre in triplicates, of this concentrate was then mounted on a Sedgwick Rafter 

counting chamber and examined through Olympus inverted microscope 

(magnification 100-200x). Generic and species identification was done according 

to various taxonomic keys (Subrahmanyam, 1959; Lebour, 1978; Tomas, 1997). 

3.2.6 Computation of sea -air fluxes of halogenated hydrocarbons 

Sea to air fluxes were calculated for the biogenic halocarbons. Since CCI4 

input into the sea is mainly through anthropogenic activities and as we could not 

measure its atmospheric concentration its air to sea flux could not be estimated. 

Other halogenated compounds measured during this investigation are known to 

have only transitory existence in atmosphere because of their ready photolysis 

rate. This keeps their atmospheric concentrations very low. Air measurements 

elsewhere yielded result which was three orders of magnitude low than what 

normally found in seawater (Moore, 2003; Quack et al., 2003; Quack et al., 

2007). Consequently, we assume the atmospheric concentrations in air to be 
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insignificant over the Arabian Sea than in seawater (Cw). Therefore the 

simplification can some times be made that concentrations corresponding to the 

equilibrium with the atmosphere is zero in comparison with the measured 

concentration (Cw) in the upper water column. Therefore the local flux is the 

product of exchange velocity and Cw. Wind velocities used in the flux calculations 

were obtained from the automatic weather station (AWS) situated at the top of 

the institute and was corrected to 10 m height following the method proposed by 

WMO (1982) mentioned below, 

Uz= U10 [Z/10] 0.125 

Uz= Wind speed at Z meters (m/s) 

U10= Wind speed at 10 meters 

Z = Stack Height (m) 

0.12 = Field derived parameter 

Ocean to atmospheric flux in this work is defined as the product of surface 

water concentration and piston/ transfer velocity. The latter can be calculated 

from the wind speed u (m s -1 ) and Schmidt number for the specific gas using 

appropriate temperature formulas given by Wanninkhof (1992). The gas flux 

across the air — water interface can be calculated using the model (Liss and 

Merilvat, 1986; Wanninkhof, 1992) 

F= KAC 	 (1) 

Here this is simplified to 

F= K.Cw 

65 



F is the flux in (mg rr1-2  h-1 ), K is the transfer velocity in (m h -1 ) and AC is the 

difference in concentrations between the air-water interface. It should, however, 

be mentioned that the fluxes computed using three different parameterizations by 

Liss and Merilvat (1986), Wanninkhoff (1992) and McGillis et al. (2001a) have 

been found to differ by 47% (Chuck et al, 2005), We have followed Wanninkhoff 

(1992) formulations in the present work since K formulations are derived from 

isotopic measurements in the ocean. 

The transfer velocity or piston velocity is given by (Wanninkhof, 1992) as 

K= 0.31 u 2 10 (Sc/660) 
	

(2) 

K = 0.31 (Uavg) 2  (Sc/660) 
	

(3 ) 

Where u is the wind speed at 10 m height and u avg  is the long term average wind 

speed (m/s). K is in cm hr -1 . Sc is the Schmidt number which is specific for each 

gas and depends upon temperature. It is a measure of the relative importance of 

molecular diffusion over viscosity dissipation in a physical system and is larger 

for the slow diffusive gas. In the present attempt Sc is calculated using (4) 

Sc = v/D 
	

(4) 

Sc= p/p D 
	

(5) 

v = Kinematic Viscosity of water 
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p = Dynamic viscosity of water 

D = Mass diffusivity of solute in water 

p = Density of water 

in which mass diffusivity (D) of the compound in water is found following the 

equations of Danckwerts (1970) and empirical formulas presented by Wilke and 

Chang (1955) where 

7.4 x 10-8  [T (2.26 x MW (water) 0.5}] 
D (in water) =   (6) 

p. V (solute) 0.6 

temperature of water ( °K) 
molecular weight of water 
Dynamic viscosity of water in centipoises 
molecular volume of the solute at normal boiling point 
(cm3  grno1-1 ) 

2.26 	= association factor (for water as given by Danckwerts, 
1970, p 16) 

The Schmidt number was computed (4) using the diffusion coefficients for 

chloroform and bromoform 

CHCI3 	 (1.00* 10-5  cm2  sec-1 ) 

CHBr3 	 (1.03*10-5  cm2  sec') 

obtained from (Alvarez et al., 2005). Schmidt number of dibromomethane was 

directly taken from Ram et al. (1990). Viscosity parameters used in these 

calculations are from fhttp://www.engineeringtoolbox.com/water-dynamic-

kinematic-viscosity-d  596.html) 

Kinematic Viscosity of water = 	1.004x 10-6  (m2  see) 	at 20 °C 

T = 
MW = 
p = 
V = 
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Dynamic viscosity of water = 
	

1.002 x 10-3 (N s m -2) 	at 20 °C 

Table 3.9 lists the computed Schmidt numbers based on the above formulations. 

Table 3.9: Schmidt number for the three halocarbons calculated based on 
formulas (4) and (7) 

SI no Compounds Schmidt Schmidt Diffusion Kinematic 
number number based coefficients at 20 `C Viscosity of 
based on (4) on (7) in water (m2lsec) water 

(m2lsec) 

1 CHCI3 1004 1337 1.00 x 10-9  1.004x.10-6  
2 CCI4 1140.90 1286.88 8.80 x 10-19  1.004x 10-6  
3 CH2Br2 1075 1367.65 1.004x 10-6  
4 CHBr3 974.75 1648.8 1.03 x 1 0"9  1.004x 10-6  

Alternatively Schmidt numbers were also computed from the notation of Khalil et 

al. (1999) which is based on temperature. 

Sc 	= 335.6 M 1/2  (1-0.065 t+0.002043 t2  -2.6x10-5  t3 ) 
	

(7 ) 

Where t is temperature in °C. 

Here in summary the sea-air fluxes were calculated based on surface water 

halocarbon concentrations and respective computed transfer velocities and 

variability in fluxes have been studied. Two different ways for determining the 

fluxes through Sc calculations were used to compare the results between the 

different parameterizations. In the first method (M1) diffusion coefficients 

obtained from Alvarez and Illman (2005) were used in equation (4) to calculate 

Schmidt numbers shown in Table 3.9. For dibromomethane the Schmidt number 
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was directly taken from Ram et al. (1990), the second method (M2) utilized Khalil 

et al. (1999) equation (7) for the evaluation of Schmidt numbers. The resulted 

Schmidt numbers (Table 3.9) were used to calculate transfer velocities (K) using 

equation (3) and average wind speeds measured on the day of observations. 

Essentially the difference in M1 and M2 arises from the results of Schmidt 

number calculations. Computation of 1-iodopropane flux is detailed in chapter 8. 
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CHAPTER FOUR 

Variability in phytoplankton pigments off Goa 
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4.1 	Introduction 

Distribution of pigments in natural waters is governed primarily by the 

abundance of various phytoplankton communities under different environmental 

conditions (Margalef, 1978). In general, larger phytoplankton cells tend to 

dominate where nutrient concentrations are high but smaller cells when in traces 

(Chishlom, 1992). Comparison of phytoplankton pigment composition with direct 

microscopic counts confirmed the use of HPLC pigment analyses as an excellent 

diagnostic tool for finding relative abundances of different phytoplankton groups 

(Andersen et al., 1996). Application of HPLC also allows not only more accurate 

estimation of chlorophyll a, than conventional acetone extraction method, but 

also rapid separation and quantification of other chloropigments and carotenoids 

of marine phytoplankton (Wright et al., 1991; Jeffrey et al., 1997 and reference 

therein). 

Seasonality in phytoplankton composition in the Arabian Sea has been 

found to have strong coupling with the atmospheric forcings (Chacko, 1942; John 

and Menon, 1942; Subrahmanyan, 1959; Subrahmanyan and Sarma, 1961, 

1967; Devassy et al., 1978, 1979; Devassy and Goes, 1988; Sawant and 

Madhupratap, 1996 and reference there in). Recent studies based on 

phytoplankton pigments have shown that phytoplankton community structure 

systematically responds to changes in nutrient level in waters along the west 

coast of India (Roy et al., 2006; Parab et al., 2006). The present work, for the first 
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time, attempts to study changes in community dominance through long-term time 

series monthly measurements of phytoplankton marker pigments off Goa. 

Results of our study along CaTS (stations G1 - G5) are presented in detail and 

discussed in this chapter. 

4.2 	Spatial and temporal variability 

Coastal waters of Goa display distinct characteristics with seasonally 

changing currents (Shetye, 1991) and upwelling driven high productivity in 

summer monsoon followed by the development of hypoxic conditions (Naqvi et 

al., 2000, 2006). The phytoplankton productivity and community structure 

respond to changes in physicochemical conditions in the water column and in 

turn modifies water column biogeochemistry. In this attempt, we studied changes 

in water column conditions through temperature and dissolved oxygen. Seasonal 

distributions (through observations in representative months) of temperature and 

oxygen along CaTS have been presented in Fig. 4.1; premonsoon (March 2006), 

summer (August 2006), post monsoon (October 2006) and winter monsoon 

(January 2007). Warm saline and well oxygenated surface water capped the low 

oxygen subsurface water in seasons other than summer monsoon, which is more 

evident at G5. 
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Figure 4.1: Temporal and spatial variability in temperature (°C; left panel) and 
dissolve oxygen (pM; right panel) distributions along the CaTS (Fig. 3.1) off Goa. 
SWM and NEM refer to southwest and northeast monsoon seasons. 

Occurrence of upwelling in summer monsoon, along CaTS, is obvious 

through the relatively low temperature and distinct oxygen deficient conditions 

below the surface and hugging the bottom. Upwelling signatures could be seen 
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even at G1, a station closer to the coast (Fig. 4.1). The temperature in the 

upwelled water remained low (22 to 26 °C) with relatively low oxygen. Low 

oxygen in original upwelled subsurface water together with enhanced organic 

loading, following high biological production in June-July leads to the 

development of hypoxia in the later part of the summer monsoon season (usually 

September). 

Temporal variability in phytoplankton pigments (Total Chlorophyll a, 

fucoxanthin, zeaxanthin, sum [19'-hexanoyloxyfucoxanthin + 19'- 

butanoyloxyfucoxanthin + Alloxanthin+ Chlorophyll b] , and peridinin at stations 

G1 to G5 is shown in Figs. 4.2 to 4.6, respectively. Chemotaxonomically 

associated marker pigments were grouped together (based on Barlow et al., 

2002; Barlow et al., 2007; Vidussi et al., 2001). Spatial variability in these 

pigments along CaTS for representative months of different seasons is depicted 

in Figs 4.7 to 4.10 Maximal concentrations of all pigments, except peridinin, 

occurred at G1 during April-May of 2005. However, such higher pigment levels 

were not found again during the study period. High pigment concentrations were 

found in August 2006 (Fig. 4.2). Chlorophyll a, a general indicator of total 

biomass, at G1 varied in a range of 45-2452 ng 1-1  (average = 334 ng r 1 ) whereas 

fucoxanthin, that largely represents diatoms, varied from 1 to 356 ng r 1  (average 

= 42 ng r 1 ), zeaxanthin (indicates cyanobacteria of picoplankton group) within 1-

30 ng r 1  (average = 8 ng I -1 ) and peridinin (an indicator of dinoflagellates) varied 

between 1 and 56 ng r 1  (average = 6 ng 1 1 ) measured during the present 

observations.Nanoflagellates marker pigments (sum [19'-hexanoyloxyfucoxanthin 
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+ 19'-butanoyloxyfucoxanthin + Alloxanthin+ Chlorophyll b]) were grouped 

together for estimating temporal variability of these groups at G1 station. 

Important groups which come under this are 19 hexanoyloxyfucoxanthin 

containing Prymnesiophytes and chlorophyll b containing green algae. 

Nanoflagellate pigments were found in the range of 3-56 ng r 1  with a mean of 

11 ng r 1 . Therefore, chlorophyll a and fucoxanthin exhibited higher abundance in 

pre and summer monsoon seasons but the other pigments showed consistently 

higher values in winter. However, repeat occurrence of similar concentrations in 

pigments in the same season/month is not evident in Fig. 4.2. At Station G2 (Fig. 

4.3) chlorophyll a was relatively low, compared to that at G1, that found to have a 

range of 21-995 ng r 1  (average of 153 ng 1 -1 ). Fucoxanthin varied in the range of 

3-199 ng r 1  (average of 21 ng I -1 ), whereas zeaxanthin was between 1 and 52 ng 

r1  with a mean value of 7 ng 1 -1 . These zeaxanthin concentrations reported here 

are excluding the high values found during Trichodesmium blooms that usually 

occur between March-April (discussed in detail in chapter 7). Peridinin, indicator 

of dinoflagellates, occurred in lower concentrations at this station with a mean 

value of 3 ng 1 -1  (range; 1-25 ng r 1 ). This pigment also is less abundant than at 

G1. Nanoflagellates marker pigments ranged from 2 to 23 ng r 1  with a mean 

value of 7 ng r 1  and were most abundant during postmonsoon seasons. 

Chlorophyll a at G3 (Fig. 4.4) station had a range of 10-832 ng r 1  (mean = 179 ng 

1 -1 ). Very low values of chlorophyll a were observed at this station around March 

coinciding with extremely low values of nitrate. 
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Figure 4.2: Temporal variability in phytoplankton pigments (ng r) at station G1 
of CaTS from April 2005 to March 2008. Mainly May-July periods could not be 
sampled due to hostile (summer monsoon) weather conditions. Gap in 
observations between April to November 2007 is due to rough conditions and 
participation in the open Arabian Sea expedition on board RA/ Roger Revelle. 
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Figure 4.3: Temporal variability in phytoplankton pigments (ng r 1) at station G2 
of CaTS from April 2005 to March 2008. Mainly May-July periods could not be 
sampled due to hostile (summer monsoon) weather conditions. Gap in 
observations between April to November 2007 is due to rough conditions and 
participation in the open Arabian Sea expedition on board R/V Roger Revelle. 
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Figure 4.4: Temporal variability in phytoplankton pigments (ng 	at station G3 
of CaTS from April 2005 to March 2008. Mainly May-July periods could not be 
sampled due to hostile (summer monsoon) weather conditions. Gap in 
observations between April to November 2007 is due to rough conditions and 
participation in the open Arabian Sea expedition on board R/V Roger Revelle. 
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Figure 4.5: Temporal variability in phytoplankton pigments (ng r 1) at station G4 
of CaTS from April 2005 to March 2008. Mainly May-July periods could not be 
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Figure 4.6: Temporal variability in phytoplankton pigments (ng r 1) at station G5 
of CaTS from April 2005 to March 2008. Mainly May-July periods could not be 
sampled due to hostile (summer monsoon) weather conditions. Gap in 
observations between April to November 2007 is due to rough conditions and 
participation in the open Arabian Sea expedition on board R/V Roger Revelle. 
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Fucoxanthin ranged between 1 and 65 ng r' (average = 20 ng 1 -1 ). 

Zeaxanthin was within 1-28 ng 1 -1  (mean = 6 ng 1 -1 ). Peridinin concentration at this 

station was less abundant than at station G1. It occurred in a range of 0-38 ng 1 -1 

 (mean of 3 ng r 1 ). Nanoflagellate representative pigments were found at a mean 

of 7 ng 1 -1  (range of 1-20 ng 1 1 ). Chlorophyll a at G4 (Fig. 4.5) had a mean of 155 

ng 1 1  (a range of 14-880 ng r 1 ). Fucoxanthin varied from 4 to 93 ng r' (mean = 16 

ng 1 1 ). High concentrations of chlorophyll a and fucoxanthin occurred during 

monsoon (August-September) suggesting the significant upwelling influence in 

determining phytoplankton composition in this region. Zeaxanthin was observed 

to have a mean concentration of 7 ng 1 -1  and had range between 2 and 36 ng r'. 

Peridinin concentrations were at a mean of 5 ng 1 -1  in a range of 2-76 ng 1 -1 . 

Nanoflagellate marker pigments had a mean concentration of 6 ng 1 1  (range of 1-

18 ng 1 -1 ). Higher values of nanoflagellates were found between November-

December during the intermonsoon suggesting a shift in community structure 

after monsoon. Station G5 (Fig. 4.6) was relatively more extensively studied in 

the present work (Tables 3.1-5). A detailed climatology of physicochemical 

conditions at this station has been shown in Fig. 2.3. Chlorophyll a at G5 station 

had a mean value of 111 ng r' (range = 10-595 ng 1 -1 ). Fucoxanthin was found to 

be at a mean value of 14 ng 1 1  (range 3-50 ng 1 -1 ) with an increase during 

monsoon (August-September). Zeaxanthin concentrations showed a range of 1-

29 ng 1 -1  (mean = 6 ng 1 1 ) while peridinin varied between 1 and 15 ng 1 -1  (mean = 

3 ng 1 -1 ). Nanoflagellates pigments exhibited concentrations between 3 and 16 ng 

1 1  (5 ng I -1 ) and were abundant during post monsoon. 
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Pigment concentrations were generally higher close to the coast (G1) with 

a gradual decrease offshore in all seasons (Figs. 4.7-4.10). While the fucoxanthin 

abundance dominated other pigments its distribution is similar to that of 

chlorophyll a, which is considered an indicator of total biomass. Our observations 

reveal some significant seasonal and spatial differences in the distributions of 

various pigments along CaTS. Higher abundances of all pigments occurred close 

to surface at stations closer to the coast (G1 and G2) but at G5 enhanced levels 

were found in near bottom waters in premonsoon 2006 (Fig. 4.7). In summer 

monsoon, while zeaxanthin, nanoflagellate index pigments and peridinin were 

maximal in near surface waters total chlorophyll a and fucoxanthin were found to 

peak in the mid-water column (Fig. 4.8). The surface stratification in the study 

area following the summer monsoon rainfall results in lesser supply of the 

nutrients. Such conditions favored the proliferation of cyanobacteria and 

flagellates. Nutrients brought in by the upwelling and available in the mid-water 

column facilitate diatom productions at the cost of other plankton groups. 

Nanoflagellate indices and peridinin were maximal at G1. Abundances of all 

pigments in summer monsoon were more than in premonsoon in general. 

Trends in pigment distributions in the post summer monsoon (Fig. 4.9) were 

nearly the same (general decrease away from the coast decrease with increasing 

depth) as in premonsoon (Fig. 4.7) except slightly higher abundances in the 

former season and mid-water column maxima in zeaxanthin at G5. Pigment 

distribution patterns in Fig. 4.10 (winter monsoon) were almost similar to 

premonsoon. 
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during the premonsoon (March) 2006. 
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Fucoxanthin was next most abundant pigment measured at this location 

during this research. Phytoplankton pigment analyses were corroborated with 

microscopy to reevaluate the findings and phytoplankton speciation. At G5 

nanoflagellate populations were mostly dominated by prymnesiophhytes and 

green algae's as 19' HF, 19'BF and chlorophyll b were most abundant pigments 

found. 

4.3 	Discussion 

Seasonal reversals in wind results in reversal of coastal currents along the 

eastern Arabian Sea along with specific vertical mixing patterns. The vertical 

mixing is dominated by upwelling in summer monsoon and convection in winter 

seasons. The changes in circulation are expected to result in marked changes in 

nutrient supplies and biological activity of this region. The distribution of 

accessory pigments provided information on the phytoplankton community. 

Different marker pigments concerning individual groups were grouped together 

based on earlier reported studies (Barlow et al., 2005; Barlow et al., 2007; 

Vidussi et al., 2001). During monsoon (August —September) coastal upwelling 

brings nutrient rich subsurface waters to the euphotic zone resulting in increase 

in biomass of larger cells including both diatoms and dinoflagellates. Accordingly, 

significant increases in fucoxanthin and peridinin are observed during this season 

(Fig. 4.8). As upwelled nitrate is consumed progressively by diatoms and 

dinoflagellates phytoplankton groups shift from diatoms and dinoflagellates to 
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small green flagellates and cyanobacteria that dominates during post monsoon 

(October-November) as can be clearly seen in Fig. 4.2-4.6, 4.8 and 4.9. 

Significant increase in 19'hexanoyloxyfucoxanthin, 19 butanoyloxyfucoxanthin, 

alloxanthin and chlorophyll b is seen during the postmonsoon season covaring 

with marker zeaxanthin. While increase in 19'hexanoyloxyfucoxanthin and 19 

butanoyloxyfucoxanthin is considered as a signature of prymnesiophhytes 

population, the presence of alloxanthin and chlorophyll b during postmonsoon 

indicates near equal contributions from small cryptophytes and chlorophyll b 

containing green algae. In winter the pigment concentrations are lower than in 

two preceding seasons (pre- and summer monsoon). Occurrence of very low 

nitrate in the water column (Fig. 2.3; Naqvi et al., 2006) results in Trichodesmium 

blooms in the coastal Arabian Sea leading to increase in zeaxanthin in this 

region. During the occurrence of Trichodesmium blooms the chlorophyll a 

concentration was found to reach a record level of 67 pg 1 -1  (since it is anomalous 

this value was not used in Figs 4.2-4.6 and 4.7) along CaTS. From the results it 

appears that during premonsoon the cyanobacteria becomes significant whereas 

in monsoon the study area is dominated by the larger cells (diatoms and 

dinoflagellates). In the post monsoon small nanoflagellates were more important. 

Our results are in agreement with those that suggest seasonal variations in winds 

cause marked changes in phytoplankton composition in the Arabian Sea (Latasa 

and Bidagare, 1998; Barlow et al., 1999, Parab et al., 2006). 

From our observations seasonal abundances in pigments are as follows: 
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C 
to O 2 

2006 

2 

2007 

Total Chlorophyll a (total plankton biomass) - 

SWM > postmonsoon > NEM > premonsoon 

Fucoxanthin (diatoms) – SWM > premonsoon > postmonsoon > NEM 

Zeaxanthin (Cyanobacteria) – postmonsoon > SWM a NEM > premonsoon 

Peridinin (dinoflagellates) – premonsoon = postmonsoon > SWM > NEM 

Nanoflagellates – no significant temporal or spatial variability except marginal 

dominance in postmonsoon 

An important result of this work is the significant presence of peridinin at 

CaTS station G1 indicating dinoflagellates prevalence closer to the coast (Fig. 

4.2 and 4.7-4.10). This could be a major concern because an increase in their 

populations (Fig. 4.11) could lead to toxic dinoflagellates blooms that will have 

serious implications to the ecology of this region. 

30 — I Peridinin 	 Running mean 

Figure 4.11: Increasing peridinin concentrations (ng Oat station G1.since April 
2005. Circles indicate verticle average concentrations. 
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Thus annual measurements of phytoplankton marker pigments gave us 

better understanding of phytoplankton succession in Arabian Sea and also 

helped in understanding the interannual variability both in spatial and temporal 

time scale. 

Statistical analysis of pigment data revealed relationships between various 

pigments especially chlorophyll a and fucoxanthin (r 2  = 0.81, n=305, r=0.9 , p= 

0.5) suggesting most of the chlorophyll a biomass in the central west coast of the 

Arabian Sea is contributed by diatoms and to some extent fucoxanthin containing 

prymnesiophytes which remains marginally high during post monsoon. The 

detailed relations obtained among various marker pigments have been shown in 

Fig 4.12. During this research phytoplankton pigment data were occasionally 

complemented by microscopic analysis. Relationship between chlorophyll a and 

nanoflagellates index was low (r 2  = 0.22, n=304, p= 0.5) thus suggesting that 

overall contribution form nanoflagellates was relatively small in the study area. 

Linear regression between chlorophyll a and zeaxanthin also was highly 

significant (r 2  = 0.31, n=314, p= 0.5) suggesting some influence of cyanobacteria 

on chlorophyll a standing stocks in this region. Dinoflagellates marker pigments 

peridinin also showed a good correlation with chlorophyll a (r 2  = 0.50, n=168, p= 

0.5) suggesting that overall larger phytoplankton dominate the coastal 

phytoplankton population. 
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The results indicate no clear cyclicity in temporal variation of pigments and 

plankton populations in different years. We preferred to study this aspect in more 

detail for station G5 since it was occupied the most for the time-series 

measurements and would serve as a representative of coastal and open sea 

processes (Fig. 4.13). There were clear changes in pigment levels and plankton 

compositions from surface to bottom. At surface diatoms (fucoxanthin) reached 

the diagnostic index of 0.8 in summer monsoon of 2005 but in the following 

summer it was —0.4. Moreover, in 2006 higher contributions from diatoms 

occurred in pre and post monsoon seasons with a significant trough in monsoon 

season. The post monsoon low of 2005 is in contrast to the high of 2006 in the 

same season. Therefore, there is no consistent recurrence in seasonal trends. 

However, nanoflagellates (nanoflagellate index) and cyanobacteria (zeaxanthin) 

turn major (postmonsoon-winter of 2005-06) or equal (later part of monsoon of 

2006) groups of phytoplankton since diatoms subdued at these times. In 

intermediate and bottom waters the trends remained the same as observed in 

surface waters but with increasing dominance of diatoms with depth. On an 

annual basis (G5), of the four major plankton groups (diatoms, nanoflagellates, 

cyanobacteria and dinoflagellates) studied, diatom contribution increased from 

43% (at surface) to 56% (bottom) at the expense of nanoflagellates and 

cyanobacteria. Dinoflagellates contributions remained vertically invariant. Of the 

four groups the percent dominance at G5 is in the order: diatoms > 

nanoflagellates a- cyanobacteria > dinoflagellates. 
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Figure 4.12: Relationships found among various marker pigments measured in 
the present work. a) Relationship between chlorophyll a and fucoxanthin b) 
between chlorophyll a and nano flagellates index; c) between peridinin and 
chlorophyll a (higher values from station G1); d) between chlorophyll a and 
zeaxanthin (higher values occurred during March and April due to increase in 
cyanobacterial species) and e) between diagnostic pigment (DP) and chlorophyll 
a from Arabian Sea. 
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Figure 4.13 Temporal and vertical variations in Diagnostic Indices of diatoms, 
nanoflagellates, cyanobacteria (prokaryotes) and dinoflagellates from April 2005 
to August 2007 at Station G5. Shown on the right side are pie diagrams for 
average percent contributions (for the study period) of four phytoplankton groups 
studied through pigment analyses. 
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Salient findings in this chapter... 

• Upwelling was prominent along CaTS in summer monsoon season with 

oxygen deficient waters hugging the coast and bottom. 

• Pigment levels were higher near the coast 

• Diatoms dominance generally increased with depth 

• Chlorophyll a and fucoxanthin abundances were higher in pre- and 

southwest monsoon seasons while others were significant in post-summer 

monsoon and winter. 

• In summer monsoon strong vertical stratification resulted in maximal 

chlorophyll a and fucoxanthin in the middle layers while other pigments 

were higher at surface. This differential distribution of pigments is due to 

the dominance of large sized diatoms and dinoflagellates in nutrient rich 

upwelled waters, at mid-depth under limited light (monsoon cloud cover) 

conditions. 

• Under limited nitrate availability in the post monsoon season zeaxanthin 

and nanoflagellate indices revealed the dominance of small sized 

phytoplankton, cyanobacteria and nanoflagellates 

• Our results from April 2005 indicate qualitative recurrence (cyclicity) of 

pigments in different seasons and years but not quantitatively. 
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CHAPTER FIVE 

Variability and air-sea exchange of halocarbons off Goa 
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5.1 	Introduction 

The oceans have been recognized as a source of halogens (Lovelock, 

1975) that play a major role in atmospheric chemistry, importantly in catalyzing 

the ozone decomposition (Moore et al., 2003). Biogenic production in seawater 

occurs from phytoplankton (Singh et al., 1983; Tokarczyk and Moore, 1994; Tait 

and Moore, 1995; Moore et al., 1996; Scarret and Moore, 1998) and macro algae 

(Ekdahl et al., 1998; Manley et al., 1992), with the latter dominating in the coastal 

ecosystems and contributing significantly to atmospheric halocarbon budgets. 

Higher concentrations of halocarbons have been, at times, reported from 

estuaries and are related to anthropogenic activities (Christof et al., 2000). 

Although rates of production of these compounds have been shown to be 

species dependent (Tokarczyk and Moore, 1994) photochemical pathways of 

formation could be equally important particularly in the open ocean (Bell et al., 

2002; Happell and Wallace, 1996; Moore and Zafiriou, 1994; Richter and 

Wallace, 2004; Yokouchi et al., 2001). 

In the present study time series measurements of CHCI3, CCI4, CH2Br2 

and CHBr3  were carried out in coastal waters of Arabian Sea to understand their 

variability in relation to phytoplankton communities and estimate their sea-air 

fluxes in time and space. Production of chlorinated compounds by algae such as 

chloroform is well established (Nightingale et al., 1995; Baker et al., 2001; 

Scarratt and Moore, 1999). Oceanic emissions of chloroform have been 
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estimated to be -320 Gg y-1 ; Gg = 109  g (Khalil et al., 1999). While there is 

growing evidence that chloroform in atmosphere is largely natural the nature and 

magnitudes of marine sources are still uncertain. Carbon tetrachloride distribution 

is studied in the oceans (Fogelqvist, 1985; Christof et al., 2000; Dyrssen et al., 

1990; Abrahamsson and Ekdhal, 1996; Tanhua, et al., 1996; Abrahamsson et al., 

2004) including in Antarctic glaciers (Zoccolillo et al., 2004) but so far no attempt 

has been made in the Arabian Sea, which is one of the most productive regions. 

Presence of carbon tetrachloride in oceans is believed to be due to 

anthropogenic inputs and has been used as a tracer to understand water 

circulation. Brominated methanes, often reported in higher amounts (>10 ng 1 1 ) 

from coastal areas (Foelqvist, 1985; Class and Ballschmiter, 1988), are important 

contributors of organic bromine in atmosphere. Elevated concentrations of 

dibromomethane and bromoform in the open ocean are linked to phytoplankton, 

particularly diatoms (Baker et al., 2000; Atlas et al., 1993; Klick and 

Abrahamsson, 1992; Class and Ballschmiter, 1988). Other sources of bromine 

compounds include floating macroalgae (Moore and Tokarczyk, 1993) and 

decaying organic matter (Quack and Wallace, 2003). 

Behavior of the halocarbons in relation to oxygen abundance is interesting 

as these compounds, in general, have higher reduction potential than nitrate (to 

nitrite) enabling them to act as electron acceptors under anaerobic conditions 

(Tanhua et al., 1996). The Arabian Sea in this context assumes significance 

since it houses, one of the three major and intensely reducing (denitrifying) mid- 
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water column zones in the world oceans. But the biogeochemistry of halocarbons 

in the Arabian Sea is unknown and hence the present attempt is the first in that 

direction. 

5.2 	Variability 

Temporal study of chlorinated compounds was carried out from December 

2005 whereas brominated compounds were studied from March 2006 to March 

2007. Spatial and temporal variability in halocarbons along CaTS was shown in 

Figs. 5.1-5.9. The CaTS station G1 exhibited high concentrations of chloroform in 

this region with a mean of 38.59 ng 1 -1  and a range of 0.01- 210 ng 1 -1 . Carbon 

tetrachloride occurred at an average of 0.63 ng 1 -1  and in a range of 0.01-7.74 ng 

r 1 . These two chloro-compounds showed near similar temporal variability 

suggesting same sources and possibly similar fate. The two brominated 

methanes, dibromomethane and bromoform, showed lower abundances than 

chloroform but more than carbontetrachioride. Dibromomethane concentration 

ranged from below detection limit (BDL) to 78.5 ng 1 -1 (a mean of 22.81 ng 1 -1 ) 

whereas bromoform content ranged between 0.5 and 24.8 ng 1 -1  with a mean of 

3.7 ng r 1 . Chloroform concentrations were found at station G2 to vary within 0.2-

116 ng 1 -1  (mean = 24.9 ng 1 -1 ). Carbon tetrachloride concentration had a mean 

value of 0.70 ng 1 -1  and a range of 0.01-3.9 ng r 1 . Average values of two 

brominated compounds studied were in the same order of magnitude as seen in 

station G1. Dibromomethane at station G2 had a mean concentration of 22.5 ng 
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1 -1  (range = BDL- 97.4 ng 1 -1 ) whereas bromoform occurred at a mean 

concentration of 3.5 ng 1 -1  (range = 0.3-22.6 ng 1 -1 ). 

Chloroform at station G3 (Fig 5.3) had a mean value of 25.3 ng 1 -1  and ranged 

between 0.1 and 104.2 ng Carbontetrachloride had a mean concentration of 

0.5 ng 1-1  (a range of 0.01-2.85 ng 1 -1 ). Dibromomethane range from BDL to 77.6 

ng 1 -1  (a mean of 15.06 ng 1 -1 ) whereas mean concentration of bromoform was in 

the same order of magnitude as were at G1 and G2 stations (mean = 4.16 ng 1 -1 ; 

range = 0.20-40 ng 1 1 ). Chloroform concentration range and mean at station G4 

were nearly closer to those found at G1. (mean = 35.4 ng 1 -1  and range = 0.1-206 

ng 1-1 ). Carbontetrachloride, on the other hand, was higher at G4 than at G1-G3 

in terms of mean (0.86 ng 1 1 ) and range (0.01-9.06 ng 1 -1 ). The variability in 

concentration (range of BDL-153.8 ng 1 ') of dibromomethane was much higher 

at G4 but its mean (15.7 ng 1 -1 ) was close to that at G3. Bromoform had a mean 

concentration of 2.7 ng 1 -1  with a range of BDL-13.4 ng 1 -1 . Temporal variability of 

halocarbons at G5 station was studied in detail as was in the case of pigments 

(Chapter 4). Chloroform was found at a mean concentration of 38.9 ng 1 -1  (ranged 

between 0.3 and 197.5 ng I -1 ) whereas carbontetrachloride occurred in the range 

of 0.01-3.69 ng 1 -1  and an average of 0.9 ng r 1 . The concentrations of 

dibromomethane were in a range from BDL-156.4 ng 1 -1  with a mean value (39.3 

ng 1 1 ) close to that at G1. Bromoform abundance was within 0.4-265.4 ng 1 -1  with 

a mean of 20.5 ng 1 -1 . Average abundances (Figs. 5.1-5.5), in general, revealed 

that chloroform and dibromomethane exhibited higher concentrations at G1 and 

G5 with low values at stations between them. Concentration of chloroform at G1 
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is almost same as that at G5 but dibromomethane was maximal at G5 (50% 

higher than that at G1). Carbon tetrachloride exhibited marginal increase in 

average abundances towards offshore except at G3. Bromoform, as that of 

dibromomethane showed maximal abundance at G5 with lower values in inshore 

waters. 

Figs. 5.6 to 5.9 depict detailed spatial variability (with depth and distance 

from the coast) in halocarbon abundances in different seasons. In premonsoon 

higher concentrations of halocarbons occurred closer to the coast with maximal 

concentrations in near bottom waters of G2 (Fig. 5.6). The decreasing trends in 

the offshore direction are consistent with that of pigment distributions in this 

season (Fig. 4.7). Relatively high abundances were noted, except for bromoform, 

in near bottom waters of G5. While the highest concentration of chloroform and 

somewhat higher levels for dibromomethane occurred near the coast in August 

(summer monsoon) maximal levels of carbon tetrachloride and the two 

bromocarbons were found in waters below surface (-10 m) at G5 (Fig. 5.7). The 

highest level of chloroform near the coast in monsoon is consistent with the 

pigment distribution (Fig. 4.8) but not those at G5 found for the other three 

halocarbons. Occurrence of maximal levels of all halocarbons in waters below 

the surface of G5 station, in postmonsoon, appears to be in continuity from 

monsoon, except for chloroform (Fig. 5.8). As in monsoon the pigment 

distributions in Fig. 4.9 for post monsoon (October) depict higher abundances 

near the coast, except for zeaxanthin. In monsoon (August) and postmonsoon 
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(October) seasons abundances of halocarbons are not in proportional agreement 

with those of pigments and also contrast their distributional trends, in general 

(Figs. 4.8-9 and 5.7-8). In winter chloroform exhibited higher concentrations in 

subsurface waters and closer to the coast while dibromomethane showed in 

intermediate waters along the CaTS (Fig. 5.9). Carbontetrachloride and 

bromoform were maximal near surface but at different locations. These 

halocarbon distribution patterns are different from that of pigments in winter (Fig. 

4.10) during which phytoplankton abundances were higher near the coast and in 

surface waters. Decoupling between halocarbon abundances (Figs. 5.7-9) and 

that of pigments (Figs. 4.8-10), except for premonsoon season (Figs. 4.7 and 

5.6), significantly indicate the halocarbon distributions are governed to a large 

extent by microbial activities rather than by phytoplankton production of these 

substances. 
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Figure 5.1: Temporal variability of CHCI3, CCI 4, CH2Br2 and CHBr3  (ng r 1) at 
Candolim Time Series Station (CaTS) G1, excluding April — July period. 
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Figure 5.3: Temporal variability of CHCI3, CCI4, CH2Br2 and CHBr3 (ng I -1) at 
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Strong temporal and spatial variability in halocarbon distributions were 

found along CaTS (Figs. 5.1-9). Significant relationships have been found 

between chlorophyll a and other pigments, and biogenic halocarbons suggesting 

their possible biological role in their production or control (Bravo-Linares et al., 

2007; Abrahamsson et al., 2004; Yamamoto et al., 2001). In general, at all the 

CaTS stations three distinct higher abundant periods occurred; the first one 

occurring during the monsoon, the second during November-December and the 

third during February-March (Fig. 5.1-5.5). Each of these maxima could be 

related to specific processes which are described below. Such seasonality in 

chloroform, carbontetrachloride, dibromomethane and bromoform has been often 

observed in coastal and open oceans (Klick, 1992; Linares et al., 2007; 

Carpenter et al., 2000). Temporal variations in chlorocarbon abundances differ 

from that of brominated due to their different mechanisms involved in their 

formation and transformation. Similarly, differences in the times of occurrence of 

maximal concentrations of dibromomethane and bromoform are evident in Figs 

5.1-5.5. Interconversion between these compounds could be responsible for 

such variability. Assumptions have been made that there can be progressive 

conversions involving chlorobromo-compounds that ultimately yield chloroform 

and dichloromethane (Moore, 2003). Presence of chloroform in coastal waters is 

stated to be due to anthropogenic activities (Christof et al., 2002). During 

premonsoon (March 2007, Fig. 5.6) concentrations of halocarbons remained low, 

with marginal increase at G1 station, and occurred mostly at shallow depths 

corresponding to low phytoplankton biomass. The macroalgal contributions to 
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chloroform, dibromomethane and bromoform abundances at the shallow depths 

can be through decaying macroalgae (Quack and Wallace, 2003). 

Spatial distribution of halocarbons during monsoon (late August-

September) is reflective of the density stratification (low saline waters at the top) 

that prevails in this region at this time and caused by large rain/freshwater inputs. 

Below this low salinity cap, upwelling leads to the prevalence of nutrient rich but 

oxygen poor waters that result in unique redox environments in the water 

column. The thin surface (that narrows to -2 m when monsoon rain becomes 

intensive) layer is oxygen rich while suboxic conditions develop in the subsurface 

waters. Waters, already depleted in oxygen, are further burdened as high 

productivity in monsoon results in the accumulation of heavy loads of organic 

matter that subsequently leads to hypoxic to anoxic conditions with significant 

impact on the ecosystem dynamics. Higher emissions of various dissolved gases 

have been reported from the eastern and Arabian Sea in this season (Naqvi et 

al., 2000; Sarma et al., 1998; Dutt, 2001; Bange et al., 1998; Patra et al., 1998; 

Upstill-Goddard et al., 1999; Jayakumar et al., 2001). From Fig. 4.1 it is clear that 

bottom water temperature off Goa during monsoon remains low (22-26 °C). Low 

oxygen in the water column gives rise to unique distribution of halocarbons (Fig. 

5.7). Significant increases in concentrations of halocarbons, except chloroform, 

have been noticed near the halocline. The most interesting biogeochemical 

phenomenon is the occurrence of below detection limit halocarbon 

concentrations in bottom waters, more specifically at G5 and G4 stations, The 
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low concentrations in near bottom waters do not imply lower production rates but 

suggest that coastal waters of the west coast of India, that experience intensely 

reducing conditions during the summer monsoon, could act as a significant 

halocarbon sink. The breakdown of halocarbons under suboxic to anoxic 

conditions has been seen in the Black Sea and Saanich inlet (Tanhua et al., 

1996; Lee et al., 1999) and the Gotland Basin in the Baltic Sea (Krysell et al., 

1994). An overview of various chemical mechanisms in the transformation of 

halocarbons has been given by Vogel et al. (1987). In this context oxidation-

reduction reactions seem to be the most important. It is worth noting that 

halocarbons, in general, have thermodynamic reduction potentials higher than 

that of nitrate and nitrite (Table 5.1). This implies that halocarbons can serve as 

potential electron acceptors and hence under suboxic to anoxic conditions these 

compounds could be used in organic matter decomposition by bacteria. 

Halogenated compounds under denitrifying conditions have also been 

found to get oxidized (Bouwer et al., 1983). The halocarbons studied in the 

present attempt were low in abundance as a result of their reduction in oxygen 

deficient waters. Distribution in the post monsoon of halocarbons (Fig. 5.8) 

indicates further decreases in their levels relative to that in monsoon. However, 

all four halocarbons increased in the offshore direction reaching maximal levels 

in midwater column at G5. 
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Table 5.1. Reduction potentials of oxygen, halocarbons and nitrate as electron 
acceptors (from Tanhua et al., 1996 Please note that halocarbons have higher 
reductions potentials than of nitrate. 

Reaction E (v) 

1/4 02 + H +  + e" = 	% H2O 	(1 % 02 saturations ) 0.72 

1/5 N0I3 + 6/5 H+  + e" = 1/10 N2(g) + 3/2 H2O 0.65 

% CCI4 + % H +  + e" = % CHCI3 + % Cl -  0.58 

% CHCI3 + % H +  + e-  = % CH2Cl2 + % CI" 0A7 

% CH2Br2 + % H +  + e" = % CH3Br + % Br 0.43 

1/2 NO-3 + H+  + e" = 1/2 NO-2  (g) + %H20 0.38 

Bromoform and dibromomethane also showed increases close to the 

bottom at G5. It should be noted that hydrographic conditions were not so 

suboxic or anoxic in this season than in summer monsoon (Fig. 5.1) but 

halocarbon degradation still appeared significant due to heavy organic carryover 

from the previous season. Concentrations of halocarbons measured during 

Northeast monsoon were relatively lower (Fig. 5.9) than in other seasons. 

Chloroform was low but uniformly distributed in the water column whereas 

carbontetrachloride occurred mostly in the surface waters exhibiting the 

possibility of atmospheric deposition. Concentration of dibromomethane was 

marginally higher than bromofrom. Thus seasonality in halocarbon spatial 

distribution is very much pronounced in coastal waters off Goa. 
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Statistical analysis of the data revealed significant relationships among 

individual groups of halocarbon compounds (Fig. 5.10-5.12), between chloroform 

and carbontetrachloride (r2  = 0.67, p = 0.01) and between dibromomethane and 

bromoform (r 2  = 0.64, p = 0.01), suggesting strong coupling in the production 

and fate of these compounds. However, chloroform was not so well correlated 

with the two bromocarbons (Fig. 5.10) indicating conditions of their prevalence 

are different; since their general abundances for both chloro- and bromo-

compounds are higher in the same periods but peaked at different times (Figs. 

5.1-5.5). Although, chloroform showed strong relationship with fucoxanthin (r 2  = 

0.87, p = 0.001), suggesting diatoms and fucoxanthin contaning 

prymnesiophytes could be an important source of this compound in coastal 

Arabian Sea, it yielded only scatter diagrams with other pigments (Fig. 5.10). 

Somewhat positive correlations for bromocarbons with pigments have been 

found for different oceanic basins including the Bay of Bengal (Yamamoto et al., 

2001). However, the combined data from coastal waters off Goa yielded mostly 

scattered relations among halocarbons also with pigments (Fig. 5.10-12). Our 

results are in agreement with studies finding no clear relations due to large 

external forcings, including air-sea fluxes and photochemical processes, which 

play vital role in determining the halocarbon spatial variability (Quack et al., 

2007). Therefore, our observations suggest that pooled data from long time 

series experiments do not necessarily result in one to one correlations between 

halocarbons and environmental variables or proxies controlling their abundances, 
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which indicates strong seasonal differences. Nevertheless, when the relations 

were considered only for station G5 to separate the effect of spatial variability, 

the relationships got better (Fig. 5.13 and Table 5.2) among halocarbons and 

between them and chlorophyll a. Although chlorophyll a relations with 

bromocarbons appear to be weak the dense numbers of data points in low 

concentrations suggest good correspondence and closely associated processes. 
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Table 5.2. Cross correlation matrix (r) for relations among halocarbons and 
pigments. 

Variables CHCI3 CCI4 CH2Br2 CHBr3 CHL a Zea Fuco Per nano 

CHCI3 1 

CCI4  0.78 1 

CH2Br2 0.36 0.39 1 

CHBr3 0.21 0.52 0.53 1 

CHL a 0.04 0.04 0.05 0.27 1 

Zea 0.11 -0.01 -0.04 -0.068 0.18 1 

Fuco 0.02 -0.07 -0.16 0.129 0.81 -0.09 1 

Per 0.19 -0.08 0.09 0.343 0.49 -0.00 0.14 1 

Nano 0.03 0.04 0.29 0.318 0.33 0.12 -0.02 0.62 

Values in bold are at a significance level of 0.05 
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5.3 Air-sea exchanges 

Different formulations in computations of Schmidt numbers and transfer 

velocities yield variations in gas fluxes. Since we followed two approaches M1 

and M2 in the computations of Schmidt numbers of halocarbons we compared 

the fluxes obtained from these for station G5, as an example (Table 5.3). 

Table 5.3. Comparison of halocarbon fluxes (pg m -2  day-1) calculated from the 
two methods M1 and M2 (as detailed in Chapter 3) shown for CaTS station G5 
as an example. 

Months 

Dec-05 

CHC13 Fluxes 

M1 	M2 

CH2Br2 Fluxes 

M1 	M2 

CC14 Fluxes 

M1 	M2 

CHBr3 Fluxes 

M1 	M2 

37.10 38.919 0.79 0.78 
Jan-06 

5.22 5.473 0.06 0.06 
Feb-06 

232.53 243.94 3.21 3.57 
Mar-06 

4.17 4.08 0 0 0.28 0.28 1.61 1.81 
Aug-06 

62.12 65.16 129.97 120.85 1.23 3.17 38.67 28.62 
Sep 

50.60 53.08 1.23 1.22 
150.34 120.39 10.83 8.01 

Oct-06 
47.44 49.77 36.89 29.54 1.67 1.65 1.68 1.24 

Nov-06 
24.52 25.72 10.47 8.38 0.57 0.56 0.73 0.54 

Dec-06 

0.64 0.67 7.27 5.82 0.02 0.04 1.02 0.75 
Jan-07 

0.02 0.01 1.28 1.03 0.02 0.02 5.72 4.23 
Feb-07 

2.33 2.44 8.32- 6.66 0.06 0.06 0.24 0.17 
Mar-07 

4.73 4.06 3.78 3.30 0.33 0.32 2.27 1.68 
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The fluxes evaluated from the two formulations are in reasonable agreement. 

Therefore, we present the air-sea flux results of halocarbons computed using M1 

method hereafter in the present work. 

Table 5.4. Fluxes (Ng m-2  day') of chloroform at the CaTS stations off Goa. 

Months GI G2 G3 G4 G5 

Dec-05 29.81 25.65 10.32 5.67 37.10 

Jan-06 10.36 8.54 3.12 215.74 5.22 

Feb-06 17.61 22.67 30.09 31.07 232.53 

Mar-06 120.43 160.10 15.71 55.12 4.17 

Aug-06 36.96 19.77 6.76 30.67 62.12 

Oct-06 1.41 5.35 7.79 6.63 47.44 

Nov-06 5.87 27.52 2.91 1.30 24.52 

Dec-06 21.33 41.68 14.33 0.06 0.64 

Jan-07 1.07 0.16 0.43 109.92 0.02 

Feb-07 0.17 0.51 0.04 3.73 2.33 

Mar-07 31.29 10.97 1.84 5.67 4.73 

Range 0.17-120.43 0.16-160.10 0.04-30.09 0.06-215.74 0.02-232.5 

Mean 25.11 29.35 8.48 42.32 38.25 
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Table 5.5..Fluxes (pg 1712  day l) of carbontetrachloride at the CaTS stations off 
Goa. 

Months G1 G2 G3 G4 G5 

Dec-05 1.58 2.78 2.34 0.20 0.79 

Jan-06 0.02 0.11 0.08 0.00 0.06 

Feb-06 0.03 0.12 0.13 0.20 3.21 

Mar-06 0.40 0.80 0.07 1.30 0.28 

Aug-06 0.41 0.14 0.41 0.38 1.23 

Oct-06 0.03 0.69 0.89 0.90 1.67 

Nov-06 0.22 0.39 0.00 0.00 0.57 

Dec-06 0.34 0.83 1.42 0.03 0.02 

Jan-07 0.38 0.98 0.08 0.00 0.02 

Feb-07 0.53 0.01 0.00 0.09 0.06 

Mar-07 0.01 0.02 0.18 0.20 0.33 

Range 0.01-1.58 0.01-2.78 0.00-2.34 0.00-1.30 0.02-3.21 

Mean 
0.36 0.62 0.51 0.30 0.75 
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Table 5.6. Fluxes (Ng m2  day') of dibromomethane (CH2Br2) at the CaTS 
stations off Goa. 

Months G1 G2 G3 G4 G5 

Aug-06 78.75 0.00 0.00 31.87 129.97 

Oct-06 66.35 38.39 55.08 165.45 36.89 

Nov-06 8.64 0.00 0.41 13.13 10.47 

Dec-06 11.57 4.41 75.05 9.74 7.27 

Jan-07 83.70 30.29 0.97 2.48 1.28 

Feb-07 3.62 2.31 6.58 0.00 8.32 

Mar-07 1.50 2.33 11.65 28.76 3.78 

Range 1.50-83.70 0.00-38.39 0.00-75.05 0.00-165.45 128-13625 

Mean 36.30 11.10 21.39 35.92 29.18 
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Table 5.7. Fluxes (Ng m-2  day') of bromoform at the Ca TS stations off Goa 

Months G1 G2 G3 G4 G5 

Aug-06 15.29 0.00 0.00 6.20 38.67 

Oct-06 2.66 5.48 6.94 15.16 1.68 

Nov-06 5.31 0.00 0.38 2.98 0.73 

Dec-06 1.61 2.35 5.34 1.39 1.02 

Jan-07 4.22 0.26 6.19 2.03 5.72 

Feb-07 0.43 0.00 0.25 0.13 0.24 

Mar-07 0.40 0.15 2.53 1.18 2.27 

Range 0.40-15.29 0-5.48 0-6.94 0.13-15.16 0.24-38.67 

Mean 4.27 1.18 3.09 4.15 7.19 

Results on air-sea fluxes of halocarbons at CaTS locations (G1-G5) are 

presented in Tables 5.4-5.7 that include ranges and mean values. The estimated 

halocarbon fluxes are in concurrence with those from other oceanic regions 

(Khalil et al., 1999; Moore et al., 1996; Moore et al., 1996; Lobert et al., 1998). 

However, some of the fluxes computed here were marginally higher and had a 

range of 100 - 200 lig m -2  day -1 . For station G1, chloroform, bromoform, and 

dibromethane showed two maxima round the year. The highest chloroform flux at 

this station was recorded during March followed by a marginal increase in 
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December (Table 5.4) which clearly identifies the seasonality associated with 

these emissions. Chloroform fluxes ranged between 1 and 120 gg m -2  day 1 . 

Carbontetrachloride did not exhibit any trend at this station (Table 5.5). Sea to air 

fluxes of dibromomethane and bromoform followed the same temporal variability 

as that of chloroform but the two peaks were in late-monsoon (August) and 

winter (January; Tables 5.6-7). Maximum flux of dibromomethane recorded in 

day 	 . August at G1 stations was 79 gg m -2  aay -1  with a mean of 36 µg m -2 
 day -1 . The 

fluxes of bromoform form sea to air were in the range of about 0.40 -15.3 lig m -2 

 day -1  and had a mean of -4 gg M -2  day "1 . Chloroform fluxes at G2 also followed 

the same temporal variability as seen at G1 with two maxima. Dibromomethane 

showed maxima in October and January whereas bromoform reached maxima in 

October and December. Chloroform fluxes at G2 station had a range of 0.16-

160.1 gg m-2  day - 1  and a mean of 29 gg M-2  day -1 . Dibromomethane was in a 

range of 2.31-38.39 gg m-2  day -I  (mean = 11.1 gg M-2  day -1 ). However 

dibromomethane and bromoform abundances were below their detection limits in 

the surface waters of G2 and G3 but were significantly present at G4 while 

reaching maximal levels at G5 during monsoon (August). Carbontetrachloride, on 

the other hand, were found at maximal levels at the surface of G2 and G3 but 

was significantly present at G4 and G5 in monsoon. Temporal variability in 

halocarbon fluxes at G5 has been presented, as an example in Fig. 5.14. The 

highest value for chloroform occurred in February (233 gg m -2  day -1 ) was not 

shown in Fig. 5.14, which otherwise suppresses the trends. The other peak flux 

was in November when wind speed was the lowest observed at this station. 
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Figure 5.14: Temporal variability in air-sea fluxes at CaTS station G5. Very high 
value found in February 2006 for chloroform (233 [ig m -2  day -1 )) was not 
shown. 
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Carbontetrachloride showed maximal flux, in March 2006 that decreased 

during the rest of the year. The observed peaks in chloroform and carbon 

tetrachloride in March of 2006 were not repeated in the following year also 

revealing significant variability in fluxes between these years at G5. 

Bromocarbons fluxes at G5 were maximal during the summer monsoon (August-

September) that gradually decreased thereafter. One striking feature is the 

minimal halocarbon fluxes during the period December 2006 to March 2007. 

Alternative methods and different parameterizations have been known to 

affect the fluxes to an average extent of 45 % (Chuck et al., 2007).Our calculated 

fluxes using M1 and M2 formulations are in good agreement (Table 5,3) perhaps 

by chance and correspond with those reported elsewhere (Khalil et al., 1999; 

Chuck et al., 2007) but those reported fluxes were all from open oceans. For 

example (Khalil et al., 1999) showed that fluxes of chloroform from open ocean 

and tropical regions ranged between 0 and 250 [ig m -2  day -1  whereas its fluxes 

at station G5, which is farther from the coast, were estimated to be in the same 

range (0 - 180 [ig m -2  day -1 ) with a mean of 10 [ig m -2  day -1 . Quack et al. (2004) 

made measurements in the tropical open Atlantic Ocean and reported a mean 

bromoform flux of about 10 [ig M-2  day -1 . This agrees well with that of bromoform 

flux at G5 station of —7 [ig m -2  day -1 . Mean air - sea flux of dibromomethane was 

higher than that of bromoform in the Arabian Sea. At G 5 station, it had a mean 

value of 29 [ig m -2  day -1 . High concentration and fluxes of bromocarbons have 

been often reported from coastal areas and have been attributed to macroalgal 
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sources (Carpenter et al., 2000, Class and Ballschmiter, 1988; Klick and 

Abrahamsson, 1992; Moore and Tokarczyk, 1993). It should also be noted that 

magnitude and distribution of the oceanic fluxes is highly variable and depend 

greatly on wind speed. In general monthly variability of fluxes along CaTS 

stations (G1-G5) exhibited two maxima in a year. Seasonal variability in oceanic 

fluxes for halogenated carbons has also been reported from different oceanic 

regimes (Moore and Tokarczyk, 1993; Klick, 1992; Chuck et al., 2005; Archer et 

al., 2007) and have been attributed to both macro and microalgal productions. 

Although the influence of macroalgae could not be assessed at the near coastal 

stations, spatial trends in halocarbon distributions (Figs. 5.6 — 5.9) clearly show 

some peaks at the farthest station (G5) confirming the significant role of 

phytoplankton role in maintaining their abundances. It is interesting to note that 

significant relationships were seen between various marker pigments and 

halocarbons when events such as Trichodesmium bloom (see Chapter 7). A 

comparison of published halocarbons concentrations and fluxes from different 

coastal regions has been presented in Table 5.8 
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Table 5.8.Halocarbons concentrations and fluxes from coastal zones around the 
world. 

Locations Mean (ng 1 - ') Range (ng 1 -') Fluxes 
(pg rrf2 day-1 ) 

Sources 

Chloroform 

Southern Ocean 0.02 - - (Abrahamsson 
et al ., 2004) 

European 
Estuaries 

1.Thames - (2.0-120.2) - 

2. Loire - 
(2.0-35.8) - 

(Christof et 
al., 2002) 

3. Rhine - (14.0-104.1) - 

Gran Canaria, 
Spain 

(1.1-29.84) - (Ekdhal et 
al.,1998) 

Marta River 376 432-310 - (Russo et al., 
2003) 

Tiber River 230 200-292 - (Russo, et al., 
2003) 

(Dyrssen and 
Elbe Estuary - 5.3-1880 6270 Fogelqvist; 
(North Sea 

coast) 
1990) 

(Fogelqvist et 
Bosphorus 23 - - al., 1996) 

Strait 

Coastal 

Arabian sea 38.9 BDL-197.5 38.25 This Study 

(G5) 
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Locations 

Arctic sea water 

Skagerrak 
(North Sea) 

Ross Sea 

Gran Canaria 

(Spain) 

Elbe Estuary 
(North Sea 

coast) 
*Significant 
Industrial 
source 

Coastal 
Arabian Sea 
(This study) 

G5 

Locations 

Baltic Sea 
(mean surface 

water 
concentration 
entire cruise) 

(Mauritanian 
Upwelling) 

*Entire Data 

McMurdo Ice 
Shelf 

(Antartica) 

Mean 

0.83 

0.92 

1.3 

- 

- 

0.9 

Mean ((ng 1 -1 ) 

1.39 

0.9 

1.54±1.24 

Carbontetrachloride 

Range 

- 

- 

1.3-1.5 

0.9-1.5 

259-0.9 

BDL-3.69 

Dibromomethane 

Range ((ng 1 -1 ) 

- 

- 

0.33-4.01 

1990) 
 

2007) 
 

1996) 
 

Fluxes) (pg m -2 
 day-1  

- 

- 

- 

936 

0.75 

Fluxes (pg m -2 

day 1  

- 

- 

- 

Sources 

(Fogelqvist 
1985) 

(Abrahamsson 
and Ekdahl 

1996) 

(Zoccolillo et 
al., 2004) 

(Ekdhal et 
a1.,1998) 

(Dyrssen and 
Fogelqvist; 

This study 

Sources 

 (Karlsson et 
al., 2008) 

(Quack, et al., 

(Schall et al., 
1 
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(Brack) 

Bosphorus 
Strait 

10 - - (Fogelqvist et 
al., 1996) 

Coastal 39.3 BDL-156.4 29.18 This study 
Arabian Sea 
(This study) 

G5 
Bromoform 

Locations Mean(ng F1 ) Range (ng F1 ) Fluxes Sources 

Swedish 
Coastal Waters 46 ± 26 3.5-148 - (Klick and 

Abrahamsson, 
1992) 

Baltic Sea 
(mean surface 11.37 - 

water 
concentration 
entire cruise) 

- (Karisson et 
al., 2008) 

Mauritanian 
Upwelling 

2.7 - 6.06-15.16 (Quack, et al., 
2007) 

(*Entire Data) 

Resolute Bay 15.00 15.00-20.00 - (Sturges and 
(March- April) Cota, 1995) 

Polar coastal 
waters 

252 1.99-505.46 - (Ekdhal, 1997) 

>80'N 

Skaggerak 1.90 1.29-2.49 - (Abrahamsson 
and Ekdhal, 

1996) 

Swedish Coast 34.00 1.59-121.01 (Klick and 
- Abrahamsson, 

1992) 
2.9-76.00 

Rhine Estuary 2.9 (Krysell and 
- Nightingale, 

1994) 

California Coast 43.0 43.0-131.05 
- 

(Manley, et al., 
1992) 

134 



Kuwait 102.01 1-2000 - (Saeed, et al., 
1999) 

Coastal 
Antarctic waters 

14.32 11.04-14.32 - (Carpenter et 
al., 2007) 

Coastal 20.5 BDL-265.5 7.19 This study 
Arabian Sea 

(G5) 

From the CaTS observations, it is clear that the halocarbon compounds 

investigated in the present work have shown different peak fluxes at varied times 

in a year. Furthermore, the maximal fluxes of each of these halocarbons 

occurred at varied times at stations G1 to G5 (Tables 5.4-7). Significance of 

halocarbon sea to air fluxes at CaTS stations was found in the order chloroform > 

dibromomethane > bromoform > carbontetrachloride. The present observations 

(Fig. 5.14 together with Tables 5.4-7) underscore the high variability in fluxes that 

differed in time and space with no repeatable signatures not only for each 

halocarbon studied but also between them. The halocarbon abundances and 

their air-sea exchanges in the coastal waters of Goa strongly suggest that the 

Arabian Sea is one of the most biogeochemically significant regions in the world 

oceans where both production (marine plants) and consumption (microbial 

processes) are important, implying their faster turnover in seawater. In different 

times of the year this region could also be a significant source of different 

halocarbons to atmosphere. This dynamic trend in fluxes together with the limited 

region covered makes it difficult to estimate the global significance of the Arabian 

Sea as a source of halocarbons in atmosphere. 
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Salient findings in this chapter... 

• Along the CaTS Chloroform was more abundant followed by 

dibromomethane, bromoform and carbontetrachloride. 

• Chloroform was maximal at G1 and G5 but other three halocarbons 

generally decreased inshore ward. 

• Halocarbons exhibited three periods of higher abundances in a year; 

August-September, November-December and February-March. 

• Temporal variabilites were different between chloro- and bromocarbons 

and also between the two compounds studied in both these groups. 

• Halocarbon concentrations are maximal near the coast in premonsoon 

and positively related to pigment abundances. 

• Maximal levels of bromocarbons and carbontetrachloride occurred at -10 

m below the surface at G5 but not in proportion to pigment abundances in 

summer monsoon. 

• In summer monsoon and postmonsoon seasons halocarbon abundances, 

other than chloroform, contrast that of pigments because of their possible 

utilization under oxygen deficient conditions. This indicates a dear 

decoupling between phytoplankton productivity and halocarbon 

concentrations. 

• Halocarbon consumption during microbial oxidation could form a 

significant sink of these compounds in the Arabian Sea although they 
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might be produced during biochemical reactions during high productivity 

periods. 

• Photochemical and air-sea exchange processes could also contribute to 

the poor relations between pigments and halocarbon abundances. 

• No monthly or seasonal cyclicity in sea to air fluxes of halocarbons found. 

• Maximal emissions at G5 occurred for chlorocarbons in pre (March) and 

postmonsoon (October-November) seasons while that of bromocarbons in 

summer monsoon season. 

• Different gases showed variable peak fluxes at different times of a year 

• Maximal fluxes of halocarbons at stations G1 to G5 occurred at different 

times of a year. 

• Significance of halocarbon fluxes from the Arabian Sea off Goa is in the 

same order as their abundances. 

• Results show that the Arabian Sea is one of the most important regions in 

the world oceans where halocarbons turnover is not only faster ([a]- due to 

their higher production in high biological productivity zones and [b]-

consumption in seasonally (coastal) an perennially (deep sea water 

column) prevalent oxygen deficient waters) but also their emissions are on 

par with regions elsewhere. 
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CHAPTER SIX 

Nutrient Fertilization Experiments: Changes in phytoplankton 

pigments and chlorocarbons 
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6.1 	Introduction 

Observations of covariation of volatile halogenated organic compounds 

(VHOCs) and photosynthetic pigments have provided evidence to halocarbon 

gases production by autotrophs (Singh et al., 1983; Tokarczyk and Moore.,1994; 

Tait and Moore, 1995; Moore et al., 1996; Scarret and Moore, 1998; Ekdahl et 

al., 1998; Manley et al., 1992). Although carbontetrachloride is believed to be 

mostly non-biogenic in origin (Mills et al., 1998; Yates et al., 1998) its wide 

occurrence in the surface oceans has been found from coastal waters and open 

seas (Fogelqvist 1985; Christof et al., 2002; Dyrssen et al., 1990; Abrahamsson 

and Ekdhal, 1996; Tanhua, et al., 1996; Abrahamsson et al., 2004) to the 

Antarctic glaciers (Zoccolillo et al., 2004) that suggests in situ production. Our 

present observations (see Chapter 7) suggest close and linear relationship 

between carbontetrachloride and chloroform (which results from biological 

activities) during Trichodesmium bloom period that gives credence to biogenic 

origin of the former compound. Intracellular production of VHOCs has been 

attributed to complex intracellular reactions involving enzymes such as 

haloperoxidase (Theiler et al., 1978; Harper, 1993). 

Phytoplankton productivity and dominant groups will be determined by the 

availability of nutrients in the surface ocean. In different regions, productivity can 

be limited by one or two specific nutrients in various combinations and the 

plankton groups that grow under those conditions will determine the dominant 
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groups or the community structure. On the other hand, nutrients to surface ocean 

can be brought by land discharge, atmospheric deposition or from the subsurface 

ocean. Such additions need not result supplying all the essential nutrients such 

as nitrate, phosphate and silicates but can happen in different combinations. For 

instance, in weak upwelling areas or in the initial stages of upwelling supply of 

nitrate and phosphate will be significant as compared to that of silicate. This is 

mainly because of the silicicline occurring at deeper than oxycline at which nitrate 

and phosphate are significantly released into seawater by microbial 

decomposition of organic matter. Therefore, it is important to study how nutrients 

availability in different combinations influences occurrence of different plankton 

groups and the halocarbons abundances. 

In this chapter we studied the temporal changes in two chlorocarbon 

compounds (chloroform and carbon tetrachloride) abundances in relation to 

artificial fertilization by nutrients in various combinations and plankton 

composition. We selected these two compounds for the reasons that chloroform 

was the most abundant of the halocarbon studied herein (see Chaper 5) and of 

biogenic origin whereas carbontetrachloride occurred at the lowest 

concentrations and considered predominantly anthropogenic. Therefore, the 

results could throw light on the behavior of biogenic and relatively nonbiogenic 

halocarbon under nutrient fertilized conditions. The experimental strategy and 

design were presented in Chapter 3. 
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6.2. Changes in pigments and halocarbons after fertilization 

Temporal variations of dissolved oxygen and two halocarbons and 

pigments in incubated bottles are shown in Fig. 6.1 and 6.2. The time 0 hrs in 

these diagrams correspond to 1700 hrs of 28 May 2007. 

Changes in control bottles (no nutrients added; Bottle A) 

The temporal changes observed in the control Bottle A exhibited 

decreases in carbontetrachioride and dissolved oxygen concentrations with time. 

But chloroform had risen to the highest concentration of 78.8 ng r 1  after 14 hrs of 

incubation coinciding with little sunlight (0700 hrs) that facilitated low 

photosynthesis and high respiration. Carbontetrachloride initial concentration was 

0.8 ng r 1  that decreased to 0.1 ng r 1  after 14 hrs of incubation. The concentration 

of chlorophyll a initially was at 145 ng r 1  and nearly tripled (417 ng r 1 ) in the 

middle of the experiment. Microplankton pigments (fucoxanthin + peridinin) 

increased with time reaching peak level at 22 hr but decreased later. Zeaxanthin 

increased froml3 ng 1 -1  to 40 ng 1 -1 . Nanoflagellates marker pigments were very 

low at time zero and decreased further with time. 
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Figure 6.1: Temporal changes in concentrations of dissolved oxygen (ml r4), and 
CHC13 and CC14, (ng r1) during the fertilization experiments. Bottle A refers to 
control in which no nutrients were added, Bottle B with phosphate and nitrate 
added, Bottle C with phosphate and silicate, Bottle D with nitrate and silicate and 
Bottle E with phosphate, nitrate and silicate. 
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Changes in the bottles fertilized with NO3, and PO4 added (Bottle B) 

Chloroform concentration in the Bottle B decreased in 14 hrs of incubation 

to 17.8 ng 1 -1  followed by an increase to reach a maximum of 68.1 ng 1 -1 . Carbon 

tetrachloride decreased gradually from 0.89 to 0.24 ng 1 -1  in the first 14 hrs and 

then dropped to lower than detection limits by the end of the experiment. 

Chlorophyll a reached a maximum concentration of 1179 ng 1 -1  towards the end 

of the experiment. Microplankton marker pigments also increased with time 

exhibiting the highest levels 297 ng 1 -1  at 27 hrs but decreased thereafter to 180 

ng 1 -1  at the end of the experiment. Zeaxanthin attained a maximum 

concentration of 67 ng 1 -1  at 27 hrs. Nanoflagellates marker pigments showed 

marginal increases mostly due to the increase in green flagellates population as 

evidenced by chlorophyll b that had a maximum of 31 ng 1 -1  in the middle of the 

experiment. 

Changes in the bottles fertilized with PO4 and SiO4 added (Bottle C) 

Chloroform abundance showed an initial decrease to 13.3 ng 1 -1  during the 

night (i.e., by 0700 hrs in the next morning) but increased to 75.2 ng 1-1  after 41 

hrs of incubation .Temporal variation in carbon tetrachloride was different from 

the other fertilized bottles as it did show some production reaching a higher value 

of 0.9 ng 1 -1  after 22 hrs but with an initial decrease to 0.2 ng 1 -1  by 14 hrs, similar 
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to that of chloroform. Chlorophyll a in the Bottle C had a range of 145-340 ng r 1 . 

Microplankton marker pigments showed a maximum concentration of 53 ng rl at 

the end of the experiment. Zeaxanthin concentration varied between 13-27 ng r 1  

and had an average value of 22 ngt.." 1 . Nanoflagellates marker pigments were 

present in low amounts. 

Changes in the bottles fertilized with NO3, and SiO4 added (Bottle D) 

Chloroform concentration in bottle D exhibited a steady decreasing trend 

that led to 1.9 ng r 1  at the end of the incubation. Carbontetrachloride was 

i lowered to 0.14 ng r at 27 hrs after which it remained close to the detection limit 

till the end of the experiment. Chlorophyll a in bottle D exhibited considerable 

variability but finally increased to 984 ng 1 -1  at the end of the experiment. 

Microplankton pigments also increased with time reaching to the highest level of 

176 ng 1 -1  after 41 hrs. Zeaxanthin increased to the maximum concentration of 

48ng r 1  and then showed a marginal decrease to 40 ng rl. Nanoflagellates 

marker pigment abundance remained low although depicted some decrease with 

time. 

Changes in the bottles fertilized with NO3, PO4 and Sias added (Bottle E) 

The initial chloroform concentration decreased to 21.9 ng r 1  after 14 hrs 

during the incubation at night. An increase to 28.5 ng r 1  was noted during midday 
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possibly due to photosynthetic production. Carbontetrachloride decreased to 0.1 

ng r'. Chlorophyll a steadily increased to reach a maximum concentration of 

1243 ng r', the highest found in these fertilization experiments. Microplankton 

pigments also increased with time with the highest level of 483 ng r' occurring at 

41 hr. In comparison, zeaxanthin increased rapidly and reached a steady state 

after 27 hrs of incubation. The highest concentration of 43 ng r 1  was recorded 

after 41 hrs of incubation. Nanoflagellates marker pigment was again measured 

very low. 

Concentration of chloroform varied markedly during the experiment 

generally in relation to chlorophyll a. Its abundance generally decreased in 

control A), and nitrate and silicate (D) and all three (E) nutrient enriched bottles. 

Under phosphate enriched conditions and in combination with either (B) nitrate or 

silicate (C) the chloroform concentration decreased initially but increased 

subsequently. This behavior in Bottles B and C is at variance with that in Bottle E 

that also was fertilized with phosphate. Carbontetrachloride concentration 

decreased close to the analytical detection limit by the end of the experiment. Its 

production occurred in control (Bottle A) and in which phosphate and silicate 

were added (Bottle C). The dissolved oxygen concentration reflected diurnal 

variability, although to varying degrees, in all nutrient enriched bottles (B to E). 

When no nutrients were added the oxygen concentration gradually decreased. 
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Figure 6.2: Temporal changes in concentrations of Chlorophyll a, microplankton 
marker pigments (fucoxanthin and peridinin), zeaxanthin (cyanobacteria) and 
nanoflagellates pigments during the fertilization experiment. Bottle numbers and 
nutrient additions are as detailed in Figure 6.1. Pigment concentrations are in ng 
r'. 

146 



The phytoplankton communities at the beginning were mixed with diatoms 

(fucoxanthin), dinoflagellates (peridinin) and cyanobacteria (zeaxanthin) in higher 

abundance, and green flagellates (chlorophyll b) and cryptophytes (alloxanthin) 

in minority. Phytoplankton in the mesocosm, were latter (after fertilization) 

dominated by diatoms as fucoxanthin was the most abundant accessory pigment 

and to some extent cyanobacteria (zeaxanthin). The other marker pigments 

found in all samples were chlorophylls c/ and c2 diadinoxanthin, diatoxanthin, a-

and n-carotene with alloxanthin occurring occasionally. Some of theses pigments 

that are specific to the microplankton community (Diatoms and Dinoflagellates), 

such as fucoxanthin (Fuc) and peridinin (Per) were grouped together. Zeaxanthin 

(Zea) and 19 hexanoyloxyfucoxanthin (19' HF) were used to investigate changes 

in cyanobacterial and nanoflagellates population, respectively. 

6.3. Discussion 

When fertilized with nitrate, phosphate and silicate (bottle E) chlorophyll a 

recorded the highest build up of 1243 ng r 1 . Availability of all the three essential 

macronutrients appears to have favored the growth of lager phytoplankton such 

as diatoms. Observed variability associated with picoplanktonic marker pigments 

in all enriched samples had three distinct phases. The concentrations increased 

marginally during the initial phase followed by a sharp increase in the middle 

stages of the experiment and thereafter variable trend for different pigments (Fig. 

6.2). High chlorophyll a standing stocks in the ocean are believed to be 
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supported mainly by nitrate supplied from subsurface layers through upwelling 

and vertical mixing, leading to marked increases in populations of diatoms and 

dinoflagellates (Eppley, 1992). In conformity with this, the present enrichment 

experiments with nitrate resulted in marked increases in chlorophyll a and 

fucoxanthin indicating the dominance of diatoms. Fucoxanthin attained the 

highest concentration of 483 ng 1 1  in bottle E. The study thus illustrates the 

ability of diatoms to flourish under high nutrient condition, particularly of nitrate 

and phosphate. 

Temporal variability in chloroform concentrations reflected diurnal 

changes, to some extent similar to that of oxygen, and related to photosynthesis 

and respiration. Increase in chloroform is not always in proportion to that of 

chlorophyll a biomass produced by nutrient enrichment (Figs. 6.1-2). One of the 

most interesting observations in Fig. 6.1 is the increase in chloroform content in 

the control bottle (A) in the initial 14 hrs of incubation that represents night period 

in which respiratory processes should have dominated. Considerable variations 

in chloroform concentration was observed in different nutrient combinations with 

bottles C (P/Si) and D (N/Si) recording the significant accumulation, of 75.2 ng 1 -1 

 and 68.1 ng 1 -1 , respectively. Evidences for diurnal production have been 

reported earlier (Ekdahl et al., 1998; Abrahamsson, et al., 2004). Chloroform 

production at night (initial 14 hrs) was only been seen in control bottle (A) while it 

decreased in other fertilized media (B-E). Similar decreases were also observed 

in dissolve oxygen and carbontetrachloride. Productions of VHOC during 
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respiration are reported to be at low rates (Pedersen et al., 1996) but under 

enriched conditions we did not find formation during dark hours except in N,Si 

added Bottle B; that exhibited an increasing trend during the latter part of the 

study. The decreases in chloroform and carbontetrachloride in dark conditions 

could be due to a combination of biological removal (reduction due to fall in 

dissolved oxygen concentration) and chemical degradation such as hydrolysis. 

These processes have been reported earlier although considered to have 

occurred at much slower rate (Vogel et al., 1987). Under fertilized conditions 

increases in chloroform concentrations coincided with that of some pigments, 

after 24 hrs of incubation; reasonable correlations were found for chlorophyll a (r 

= 0.37) and fucoxanthin (r = 0.43) with chloroform (Fig.6.3 and Table 6.1). The 

correlation between the cyanobacteria marker pigment and chloroform was poor 

(r = 0.22; Fig.6.3) although a linear increase in zeaxanthin content and 

chloroform could be found in bottle B (N, P enriched). With the exemption of 

anomalous values circles in (Fig. 6.3.) the above correlations coefficients have 

improved significantly, i.e., 0.68, 0.54 and 0.54, respectively. 
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marker pigments from the observed changes in their concentrations during the 
artificial nutrient fertilization experiment. Concentrations are in ng 
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Table 5.1.Pearson cross correlation diagram for changes in halocarbon and 

pigment concentrations 

Variables 

CHCI3 

CCI4  
DO 

CHL a 

Fucoxanthin 

Zeaxanthin 

Nanoflagellates 

Peridinin 

CHCI 3  

1.00 

0.44 
0.25 

-0.37 

-0.43 

-0.22 

0.11 

-0.29 

CCI4  

1.00 
0.52 

- 
0.72 

0.60 

0.61 

0.10 

0.69 

DO 

1.00 
_ 

0.22 

0.11 

0.37 

0.22 

0.31 

CHL a 

1.00 

0.88 

0.84 

0 

0.77 

Fucoxanthin 

1.00 

0.73 

0.14 

0.66 

Zeaxanthin 

1.00 

0.38 

0.68 

Nanoflagellates 

1.00 

0.04 

Peridinin 

1.00 

Values in bold are at significance level of =0.05 

No diurnal variation or production was observed in case of carbon 

tetrachloride in any enriched bottles except under P and Si fertilization (Bottle C). 

A significant drop in chlorophyll a, fucoxanthin and peridinin abundances at 22 

hrs in bottle C coincided with carbon tetrachloride accumulation at that time 

(Figs. 6.1-2). Thus, our study indicates involvement of biological processes in 

controlling carbon tetrachloride concentrations in seawater under specific water 

column conditions, although it could be introduced by anthropogenic activities. A 

marginal increase was also found under no nutrient addition (Bottle A) at 22 hrs, 

which might be due to the reduction of higher haloalkanes. It decreased down to 

detection limit towards the end of the experiment in all other bottles. 

Halocarbons have high reduction potentials (Table 5.1) and can be used in 
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organic matter oxidation by microbes under anaerobic conditions (Tanhua, et al. 

1996; Krysell, et al. 1994; Wallace et al. 1994). Although biogenic origin of 

chloroform, in particular, is indicated by rise in its concentration in the evening 

hours (Fig. 6.1) its general negative relation with chlorophyll a suggests other 

processes to dominate in removing this compound from water, to which plankton 

released metabolite might be significantly contributing. These observations imply 

that areas dominated by diatoms such as the western Indian continental shelf 

(Roy et al., 2006) and other productive regions in the northwestern Indian Ocean 

(Sawant et al., 1996) could be important sites of biogenic turnover of chloroform 

and carbon tetrachloride. In waters of the western Indian continental shelf that 

experiences very high productivity and severe oxygen depletion, below a shallow 

pycnocline, for a significant period of the year (Naqvi, et al., 2000, 2006) the 

halocarbon abundances are determined by redox transformations together with 

the possible hydrolytic/photolytic reactions aided by the released metabolites.. 
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Salient findings in this chapter...Six 

• Nutrient fertilization experiments were performed on a seawater sample 

collected from the Dona Paula bay in Goa to study changes in 

phytoplankton productivity, in terms of pigments, and speciation and their 

influence on chlorocarbon abundances. 

• Nutrient were added to the seawater sample in different combinations of 

phosphate, nitrate and silicate and incubated in situ. 

• Chlorophyll a reached the highest concentration when supplied with all 

three nutrients followed by N and P, and N and Si combinations. 

Highlighting that N is the most limiting for phytoplankton off Goa, and then 

by P and Si. 

• Changes in pigment composition indicated the dominance of diatoms 

(fucoxanthin) and cyanobacteria (zeaxanthin) under fertilized conditions 

• Chloroform and carbon tetrachloride confirmed their biogenic origin in 

seawater. 

• Chloroform concentration decreased with time except when P was 

supplied in combination with N or Si, in which this halocarbon increased 

again after an initial dip. 

• Chloroform along with dissolved oxygen exhibited diurnal variability. 

• Abundance of carbontetrachloride decreased in general with time. 

• Chloroform release during bacterial respiration (night period) was found. 
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• Despite the highest production of chlorophyll a and fucoxanthin in the 

bottle incubated with all three nutrients the chloroform showed higher 

concentrations in bottles fertilized with Si in combination with P and N, in 

that order. This indicates specific biochemical processes involving Si 

might promote chloroform formation in seawater and not necessarily total 

biological productivity. 

• Removal of chloroform and carbontetrachloride from seawater during the 

fertilization experiments with increases in pigment concentrations reveals 

the dominance of their breakdown processes over that of production. 

• Removal may also be resulting from photochemical decomposition aided 

by metabolites released into seawater during active phytoplankton growth 

Therefore, in addition to microbiological removal (during the organic 

material oxidation processes) photochemical decomposition of 

halocarbons, aided by freshly released metabolites in high productive and 

oxygen depleted waters off Goa in summer monsoon, could be 

responsible for the observed (Chapter 5) decoupling between pigment and 

halocarbon abundances. 
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CHAPTER SEVEN 

Trichodesmium blooms, pigments and halocarbons in the 
coastal Arabian Sea 
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7.1 	Introduction 

Although halocarbon production by any phytoplankton group in natural 

waters is difficult to ascertain earlier investigations did show their good 

relationship with some marker pigments (Abrahamsson et al., 2004). Natural 

production of halocarbons has been related to photosynthesis (Ekdhal et al., 

1998) and the rate of production in cultures is also shown to be species 

dependent (Tokarczyk and Moore, 1994). Some investigators have speculated 

on the role of cyanobacteria in halocarbon production based on significant 

relationships for halogenated gases with zeaxanthin (Quack et al., 2007) and 

other pigments (Yokouchi et al., 1997; Schall et al., 1997). Different groups of 

phytoplankton have been studied for halocarbon production but little is known 

about the role of Trichodesmium species. Trichodesmium are known to cause 

massive blooms in different parts of the world oceans that also have been 

reported frequently in the Arabian Sea (Devassy et al., 1979; Parab et al., 2006; 

Krishnan et al., 2007; Capone et al., 1998). Halocarbons production by 

Trichodesmium species and their relations with phytoplankton pigments during 

and post bloom periods are not well known. As it covers wide oceanic areas 

Trichodesmium bloom might play a significant role, if proved to be involved in 

halocarbon production, in emitting these climatically important gases to 

atmosphere. 

156 



The semi-annual reversal of coastal currents in the Arabian Sea 

introduces a high degree of seasonality in the physicochemical environment 

(Banse, 1959, 1968; Naqvi et al., 2000, 2006a). The consequent strong biological 

response includes marked changes in the composition of phytoplankton (e.g., 

Subrahmanyan, 1959; Dehadrai and Bhargava, 1972; Devassy and Goes, 1988), 

all of which are confined to microplankton. Phytoplankton has been found to be 

the most abundant during May - October/November associated with upwelling 

processes. Diatoms constitute bulk of the microplankton community. 

Dinoflagellates are the next most abundant group, occasionally forming blooms; 

sometimes associated with fish kills (Naqvi et al., 1998 and references therein), 

and in rare cases resulting in paralytic shellfish poisoning (Karunasagar et al., 

1984). 

To understand the influence of Trichodesmium blooms on pigments 

composition and halocarbon abundances we conducted experiments in the 

coastal Arabian Sea. In one of those experiments we could monitor changes till 

the declining phase of the bloom that helped us understand their role in 

halocarbon processes through phytoplankton pigments. Fig. 7.1 shows the 

occurrence of Trichodesmium bloom off Goa along with microscopic and pigment 

composition details. Trichodesmium Sp belongs to cyanobacterial group which 

has zeaxanthin as the major pigment (peak no 4) followed by alpha- and beta-

carotene (peak no 11). 
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Figure 7.1: a) Occurrence of a massive Trichodesmium bloom at Ca TS station G3 
off Goa; b) suspended Trichodesmium related organic debris after the bloom; c) 
Trichodesmium cells under light microscope from bloom location and d) a HPLC 
chromatogram of the bloom sample depicting the presence of marker pigments. 
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7.2. Sampling, material and methods 

In September 2004 the coastal population along south west coast of India 

suffered health problems following the occurrence of a strong stench in coastal 

waters. A strong foul smell along with dead fish was found to have associated 

with the stench. Utilizing the opportunity to understand the post bloom distribution 

of pigments we undertook a cruise on board the ship CRV Sagar Shukti (SaSu) 

in the first two weeks of October 2004 (Table 7.1, Fig. 7.2). As our analytical 

system was not ready by then we could not study halocarbon behavior related to 

the stench. Our accidental observation of a bloom at G3 location on 5th  April 

2007, while on a regular visit to station G5, led our revisits at dose intervals. 

Three cruises were organized on board CRV Sagar Shukti between 17 April and 

11 May 2007 (Table 7.1). For the purpose of studying the bloom and water 

column conditions off Goa the CaTS track was extended to station G 9 (Fig. 3.2). 

Table 7.1: Details of cruises undertaken and parameters studied in connection 
with bloom related observations off south west coast of India and off Goa 

Sampling 
Regions 

Date of 
Sampling 

Pigments CHCI3  CCI4 CH2Br2 CHBr3  

Southwest coast 02/10/2004- • .■ 

of India 10/10/2004 
(SaSu 71) 
CaTS 5/04/2007 • • • • • 
(Fishing boat) 
CaTS 17/04/2007- • • • • • 
(SaSu 135) 18/04/2007 
CaTS 4/05/2007- • • • • • 
(SaSu 139) 5/05/2007 
CaTS 10/05/2007- • • • • • 
(SaSu 141) 11/05/2007 
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Figure 7.2.: Cruise track indicating the sampling locations along the south 
west coast of India. 

Continuous profiles of salinity and temperature were obtained at all stations using 

(Sea-Bird Electronics 25). Niskin bottles of 5 I capacity were fixed on a polyvinyl 

chloride coated hydro wire for sampling. On 5 April 2007 surface samples at G3 
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station were collected with a clean plastic bucket to find bloom signatures in 

water. Dissolved oxygen was measured on board following the Winkler 

procedure. Subsamples for nutrients were deep frozen for analysis, in the shore 

laboratory, performed soon after the cruise, with the Skalar autoanalyser 

following standard methods (Grasshoff et al., 1983). Samples for pigment studies 

were collected and processed as detailed in the section 3.2.4. 

7.3 Occurrence of blooms and distribution of pigments and halocarbons 

7.3.1 Impact of blooms off Goa 

During the regular monthly sampling of CaTS off Goa on 5 th  April 2007 

Trichodesmium bloom was found to occur at station G3 (Table 3.3) but not at 

CaTS other stations. This observation provided us with an opportunity to study 

the influence of these blooms on the phytoplankton pigment and halocarbon 

abundances. Consequently cruises SaSu 135, SaSu 139 and SaSu 141 were 

organized (Table 7.1). Since, these field observations were episodic event based 

these results were not used in temporal variability presentation and discussions 

in Chapters 4 and 5. Surface water collected during the phase of the bloom on 5 

April was intensely foamy with characteristic pink colour due to the presence of 

water-soluble pigment phycoerythrin, which is the major pigment of 

Trichodesmium erythraeum. This pigment is not detectable by HPLC technique. 

Phytoplankton pigment analysis complemented with microscopic examination of 

cells confirmed the presence of Trichodesmium erythraeum (Fig.7.1). Figure 7.3 
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shows the vertical profiles of salinity, dissolved oxygen and phytoplankton 

pigments. Extremely high concentrations of marker pigments zeaxanthin (23.11 

pg 1 -1 ), betacarotene (6.12 pg 1 -1 ) and chlorophyll a (67.43 pg 1 -1 ) were found in 

surface water (Fig. 7.3). Higher levels of chlorophyll a and zeaxanthin were found 

in relatively low saline waters. Apart from Trichodesmium cells other groups were 

present, specially at those depths that were not under the influence of the bloom. 

Some of the species include diatoms (at the bottom) such as Bacteriastrum 

furcatum (range ND- 10500 cells F 1 ), Chaetocerous curvisetus (5456-24173 cells 

1 1 ) and Leptocylindrus minimus (range 11000-25000 cells 1 1 ). Some 

dinoflagellates cells such as Gymnodium sp (range 496-2832 cells 1-1 ) were also 

encountered at G3. The detailed species composition found at this station is 

listed in Table 7.2. 
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Table 7.2: Phytoplankton species composition in surface water at station G3 on 
5 April 2007. 

Groups/ Species 	 Phytoplankton composition (>5um) cells I -1  
surface 	3 	5 	8 	10 	15 

DIATOMS 
Bacteriastrum furcatum 	 10500 	N 	6893 	7500 
Cocconeis spp 	 N 	 N 	N 	 493 
Coscinodiscus spp. 	 N 	 N 	N 	 987 
Chaetoceros lorenzianus 	 N 	 N 	11907 	 2467 
Chaetoceros curvisetus 	 7000 	5456 	18173 	20500 	9912 	24173 
Chaetoceros spp. 	 N 	 N 	N 	 4933 
Ditylum brightwellii 	 N 	 N 	N 	 2832 	1480 
Guinardia flaccida 	 N 	 496 	N 
Guinardia striata 	 N 	 N 	N 	4500 
Leptocylindrus minimus 	 25000 	13392 	33840 	11000 	21240 
Nitzschia closterium 	 3000 	1488 	N 	2000 	472 	987 
Pleurosigma spp. 	 N 	 N 	N 	 493 
Psedo-nitzschia seriata 	 2000 	1984 	N 	4000 	 12333 
Thalassionema nitzchoides 	 N 	 N 	N 	 3947 
Thalassiosera spp 	 N 	 N 	N 	 2467 
Rhizosolenia spp. 	 N 	 N 	N 	 472 
Striatella unipunctata 	 N 	 N 	1253 	1500 
Streptotheca tamensis. 	 500 	N 	N 
Navicula transitrans. 	 N 	 N 	N 	 493 
Navicula transitrans. 	 N 	 N 	N 	 493 

DINOFLAGELLATES 
Ceratium furca 	 992 	 500 
Gymnodium spp. 	 1000 	496 	5013 	 2832 
Gyrodinium spp 	 500 	1488 	1253 	500 
Protoperidinium spp. 	 627 
Pyrophacus horologium 	 500 
Scrippsiella trochoidea. 	 627 

BLUE GREEN ALGAE 
Trichodesmium erythraeum 	 96500 	82336 	76453 	75500 	18880 12333 

UNIDENTIFIED CELLS (— 200 urn) 	1000 	496 
Total ( cells 1 .1 ) 	 147000 	108624 	156040 128000 	56640 68080 
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A bit further offshore (station G5) chlorophyll a was an order of magnitude 

and zeaxanthin was considerably lesser (Fig. 7.4) than that at G3 (Fig. 7.3). 

Other pigments more or less remained the same. Water column concentrations 

of chloroform and carbontetrachloride were nearly and more than half, 

respectively, in their abundances at G3 (Fig. 7.5) than at G5 (Fig. 7.6). Low 

surface concentrations of chloroform (9.67 ng 1 -1 ) and carbontetrachloride (0.44 

ng 1 -1 ) in the bloom waters at G3 possibly indicate the significant active removal 

of these compounds in agreement with fertilization experiment that showed 

negative relations between pigments and chlorocarbons abundance (Fig. 6.3) 

Furthermore, microscopic examination revealed the association of bacteria with 

trichomes (Fig. 7.7). Presence of bacteria might further reduce halocarbon 

concentrations in seawater through reactions of organic material oxidation. On 

the other hand, no significant differences in bromocarbon concentrations were 

found between the two stations (G3, including at surface, and G5 stations). 

Associated with bloom at G3 surface, dibromomethane and bromoform occurred 

at 14.05 and 13.02 ng 1-1  levels that agree well with those at other depths and 

G5. 

Changes in phytoplankton pigment concentrations were monitored during 

the post bloom periods (SaSu cruises 135, 139 and 141) and depicted in Figs. 

7.8-10. Results show a decrease in Chlorophyll a from cruise SaSu 135 to 139 

(Figs. 7.8-9) that suddenly dropped to less than a half in the following week (Fig. 

7.10). Fucoxanthin and zeaxanthin exhibited a significant decrease between the 
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first two cruises with marginal fall by the last. While peridinin exhibited a rise 

during the SaSu 139 cruise the marker pigments for nanoflagellates showed a 

decrease during the SaSU 141. These results clearly reveal waning bloom 

characteristics as the organic material is getting degraded. The lowest pigment 

concentrations were measured at the bottom depths of outermost stations 

sampled (G11 and G9). Marker pigments were grouped together to understand 

the dominance of specific groups during this post bloom period. Fucoxanthin had 

a mean value of 9 ng 1 -1  and had a range of 0-58 ng 1 -1 . The higher concentrations 

of fucoxanthin occurred at the surface and subsurface waters of stations G2 - G6 

indicating the spread of bloom influence in the region. Zeaxanthin had a mean 

value of 5 ng 1 -1  with a range of 0 - 62 ng 1 -1  wherein the higher concentrations 

were generally associated with the surface samples collected from stations away 

from the coast (G7-G11) during the decline phase. The decaying organic matter 

of this bloom can be seen in Fig. 7.1b. Peridinin which is often used as a marker 

pigment of dinoflagellates group was also found in varying concentrations. It had 

a mean value of 6 ng 1 -1  (range of 0 -18 ng r 1 ). Nanoflagellates marker pigments 

were significant during the bloom in subsurface waters but showed a gradual 

decrease later with time. The mean value for nanoflagellate pigments was 7 ng 1 -1 

 with a range of 0-59 ng 1-1 . In general, the chlorophyll a and other marker 

pigments showed considerable decreases between bloom and post bloom 

periods with differences in concentrations upto two orders of magnitude, 

excluding the highest values found at the station G3. 
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Samples were collected in triplicates during the bloom which was 

helpful to find the variability associated with the sampling in case of extreme 

events such as this. In general the differences were large in the surface samples. 

For instance, the difference in chloroform concentrations was higher than for 

other compounds. Chloroform concentrations at station G3 (Fig. 7.5) were 

significantly lower than in samples collected from station G5 (Fig. 7.6) during the 

initial phase of the bloom. But at the latter location its concentration decreased 

significantly during the later part of this study. Chloroform varied in the range 

0.45 - 97.92 ng I -1  (mean = 7.0 ng r 1 ). Carbontetrachloride occurred at a mean 

concentration of 0.32 ng r 1  (range = 0.04 - 3.84 ng I -1 ) with the higher 

concentrations generally associated with high chloroform. The highest 

concentration of dibromomethane was found during the initial phase of the 

bloom. Dibromomethane had a mean value of 10.1 ng 1-1  with a range of 0 - 36.0 

ng 1 -1  where as bromofrom was found to have a mean value of 6.5 ng 1 -1  with a 

range of 0.6 - 39.9 ng 1 -1 . Temperature and oxygen distributions during the post 

bloom cruises are presented in Fig. 7.11. The study region showed marginal 

warming between April and May. Oxygen concentrations occurred in a range of 

40 - 320 pM during SaSu 135 with lower values in near bottom waters of G11. Its 

concentrations fell in the following cruises (Fig. 7.11) are in good agreement with 

decreases in pigments concentrations (Fig. 7.8-10). 
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Figure 7.3: Vertical profiles of salinity (psu), oxygen (pM) and marker pigments 
(ng 1-1) concentrations during the bloom occurrence at CaTS station G3 on 5 April 
2007. 
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Figure 7.7: Microscopic evidence for association of bacteria with trichomes in 
surface waters of station G3. 
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As the dissolved oxygen along with chlorophyll a and fucoxanthin contents in 

water decreased after the bloom, during all three SaSu cruises (Figs. 7.8-10), the 

concentrations of chlorocarbons have increased (Figs. 7.12-14). On the other 

hand, bromocarbons exhibited a rise during SaSu 139 (Fig. 7.13) that decreased 

again in the next week (Fig. 7.14). The behavior of bromocarbons agrees well 

with the enhanced peridinin indicating that rise in dinoflagellates activity at this 

time 
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7.3.2 Impact of blooms along the south west coast of India 

Hydrographic data indicates weak upwelling in the study region (Fig. 7.2). 

Temperature at surface varied from 26.0 to 27.8 °C that decreased with depth to 

about 25.4°C at 25-30 m at near-shore stations 1-5 (Fig. 7.15). Further offshore, 

near-bottom temperature fell to 23.8°C at the maximum depth of sampling (45 m, 

Sta. 12). Salinity at surface ranged between 34.4 and 35.3 and increased with 

depth to a maximum of 35.8 in near-bottom waters. The upwelled waters were 

nutrient-enriched with the nitrate (NO3) concentration varying from 0 to 2.6 pM 

(Fig. 7.16) at the surface to a maximum of 10 pM at depth (40 m, Sta. 14). 

However, at the two northernmost stations (15 and 17) where the near-bottom 02 

concentrations, respectively, were 6 and 47 pM the upwelled water was NO3 

depleted (<2 pM), presumably due to the loss through denitrification that must 

have led to sulphate reduction just before our observations (cf. Naqvi et al., 

2000). This is supported by the presence of high concentrations of ammonium 

(NH4+ ) in near-bottom waters (maximum 11 pM at 30 m, Sta. 17). Near-bottom 

02 levels were relatively higher at the southern stations (81-119 pM at depths 

exceeding 20 m), reflecting both oxygenation of the upwelled water (Naqvi et al., 

2006) and weakening of the process of upwelling towards the south. 
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Chromatographic analysis revealed the presence of a wide range of 

pigments, exhibiting a clear spatial variability. Chlorophyll a was the most 

abundant of all pigments, but its concentration exhibited considerable spatial 

variability and has been presented in Fig. 7.17. Chlorophyll a and fucoxanthin 

were the two most abundant pigments. The highest chlorophyll a concentration 

(8, 322 ng 1 -1 ) was recorded below the surface (depth 5 m) at Sta. 3, whereas the 

lowest (42 ng 1 -1 ) occurred at surface of Sta. 11, further away from the coast 

along the same transect. Chlorophyll a concentration was generally high at 
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coastal stations reflecting eutrophic conditions resulting from upwelling. 

Fucoxanthin was the next most abundant pigment, occurring at all stations. Its 

concentration was the highest (1, 811 ng 1 -1 ) at Sta. 17 where the Chlorophyll a 

concentration was 2262 ng rl. Fucoxanthin also has been reported to be one of 

the major accessory pigments in the central Arabian Sea with certain species of 

Phaeocystis being its potential source in this region (Latasa and Bidigare, 1998). 

There was considerable difference in the surface accessory pigment 

composition (Fig. 7.18) between stations located in the southern (2, 3, 5, 7, 8, 10 

and 13) and the northern (15 and 17) parts of the study area. Very high 

zeaxanthin (1-564 ng r 1 ), 19 `hexanoyloxyfucoxanthin (3309 ng 1 -1 ), and 

chlorophyll c1c2 (136 ng r 1 ) were found and were dominant at the southern 

stations. This indicates the proliferation of picoplankton (cyanobacteria) and 

prymnesiophytes in this region. It may be noted that stations 2, 3, 5, 10 and 13 

were all located very close to the shore. At the northern stations, fucoxanthin 

became much more abundant with peridinin occurring occasionally, indicating the 

presence of diatoms and dinoflagellates. 
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7.4 Discussion 

7.4.1 Impact of blooms off Goa 

Surface stratification during the premonsoon is favored by higher air 

temperatures. The stratification hinders or slows down vertical exchange 

between surface and subsurface layers due to the prevalence of strong 

pycnocline. The restricted vertical exchange results in poor supply of nutrients to 

the surface layers. No availability of nitrogen oxides or ammonia facilitates the 

proliferation of phytoplankton that fixes atmospheric nitrogen. Trichodesmium is 

one such cyanobacterium and is found to occur in patches along the eastern 

Arabian Sea mostly in premonsoon season. Oxygen was reasonably higher (> 4 
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ml r 1 ) even when bloom infected station G3. Its concentration showed decrease 

in the post bloom period due to the degradation of the bloom produced organic 

matter. While zeaxanthin was the major marker pigment during the initial phase 

of the bloom (Fig. 7.3) the increases in fucoxanthin and peridinin in the later part 

of the study (Fig. 7.8-10) strongly suggest that significant trophic interactions 

occurred during the Trichodesmium bloom. Trichodesmium colonies are known 

to house numerous organisms (Mulholland, 2007; Siddiqui et al., 1992; Sellner, 

1997; O'Neil, 1999; Sheridan et al., 2002). Our observation confirms nitrogen 

limitation hypothesis (Devassy, 1978, 1979; Revelante et al., 1982; Furnas and 

Mitchell, 1996; Walsh and Steidinger, 2001; Mulholland et al., 2006). Figure 7.8-

10 also suggest that the decaying cyanobacterial cells remained suspended in 

the water column and did not reach the bottom as expected in case of larger cells 

such as diatoms. 

The concentrations of the halocarbons varied significantly during this 

study and showed substantial decreases, particularly chlorocarbons, in samples 

collected under the post bloom conditions. In general, concentrations at the 

coastal stations G2 - G5 were higher compared to that off shore (G6-G11). 

Recent investigations have shown significant relationship between brominated 

methanes (Quack et al., 2007) and different marker pigments including 

zeaxanthin (Bravo-Linares et al., 2007). Significant relationship with zeaxanthin 

suggests cyanobacteria could play possible role in emission of chloroform (Fig. 

7.19). This would have implications to gas emissions since massive blooms of 
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cyanobacteria are often reported from Arabian Sea (Krishnan et al., 2007; 

Devassy, 1978; Parab et al., 2006). Significant positive relation found between 

the two chlorinated compounds measured in the present study (Fig. 7.19) 

indicates close similarity in their production and behavior in natural environment. 

No specific relationship could be found between carbontetrachloride and marker 

pigments. 
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The main biogenic source of chloroform in coastal waters is thought to be 

macroalgae (Nightingale et al., 1995; Nightingale et al., 1991; McConnell and 

Fenical, 1977). However, our results suggest significant role of marine 

phytoplanktons including cyanobacteria in chloroform turnover and in production 

of brominated compounds in this region. Dibromomethane and bromofrom also 

exhibited good relationship between them (r2= 0.82) suggesting the processes 

involved in their regulation are of similar nature (Fig. 7. 19). Even though 

dibromomethane and chlorophyll a showed moderate relationship (r 2= 0.63; Fig. 

7.20) it suggests phytoplankton could be possibly play some role in 

production/breakdown of dibromomethane during this bloom. It should also be 

noted that such relationship in natural environment is extremely rare as biogenic 

trace gas emission can be greatly influenced by other external factors including 

anthropogenic releases from the coastal Arabian Sea. Dibromomethane also 

showed reasonable relationship with nanoflagellates marker pigment (r 2= 0.41) 

and with zeaxanthin and peridinin. Relationship between chloroform and 

dibromomethane was also weak (r 2= 0.23; Fig. 7.20) and between the former 

compound and bromoform was also poor (r2= 0.31; Fig. 7.21). The surface 

concentrations of halocarbons showed great degree of variability suggesting 

importance of other physical factors involved in determining the abundances of 

these compounds in the natural environment. Such high variability in halocarbons 

has been discussed previously (Abrahamsson et al., 2004) that is attributed to 

the complexity of the system including patchy phytoplankton distribution and 

relatively long half-life of individual compounds. Overall this investigation reveals 

190 



that regions of cyanobacterial blooms in Arabian Sea could act as a net sink of 

chlorocarbons but could turnout to be a source for bromocarbons at some stage 

of the post bloom (when dinoflagellates appear) conditions. 

7.4.2 Impact of blooms along the south west coast of India 

Phytoplankton composition and abundance were studied along the 

southwestern Indian coast toward the end of the upwelling season in October. 

Chlorophyll a was the most abundant of all pigments, followed by fucoxanthin 

(Fig. 7.18, chlorophyll a not shown as it was present in very high concentrations). 

Zeaxanthin was abundantly found in the southern part of the study region (off 

Trivaendrum) whereas fucoxanthin was the dominant marker pigment in the 

north (off Goa). The inferred shift in the community structure from a dominant 

picoplankton fraction and Prymnesiophytes in the south to diatom-dominated 

microplankton toward the north is attributed to differences in the physico-

chemical environments. Oceanic phytoplankton comprises many different 

groups, which makes visual interpretation of the data sometimes complicated, 

necessitating data reduction. The size structure provides useful insights into 

ecosystem functioning as the larger phytoplankton are known to be generally 

dominant in nutrient-rich, productive waters whereas smaller phytoplankton are 

more abundant under oligotrophic conditions. The biomass proportions derived 

from the marker pigments and Diagnostic pigment ratios indicate that the 

picoplankton community contributed significantly to the biomass structure in the 
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southern-most part of our study region. In contrast, microplankton appear to be 

most abundant in the northern transect. On an average, the order of plankton 

abundance in the study area (Fig. 7.2) was microplankton (38.6%), picoplankton 

(32.7%) and nanoplankton (24.6%). This suggests that smaller ones are more 

important contributors to phytoplankton community structure than microplankton. 

Figure 7.22: Relationships between photosynthetic (APSP) and photoprotecting 
(APPP) carotenoids pigments, and between Chl a and APSP carotenoids. 
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In phytoplankton cells, the majority of the pigments are either 

photosynthetically active or photosynthetically inactive, in i-e., are 

photoprotective. These photoprotecting pigments screen the organism against 

stressful, high light conditions through quenching excited radicals. The ratio of 

APSP and APPP thus could provide additional characterization of transition of 

phytoplankton community composition. This ratio is also significant in ocean 

colour remote sensing. Picoplankton communities are generally dominated by 

prochlorophytes and cyanobacteria, which are common in tropical oceans, and 

most likely represent systems associated with regenerated production (Claustre, 

1994). The greater abundance of picoplankton especially at the surface at the 

southern stations as compared to the northern stations probably reflects the 

difference in macronutrient availability. Upwelling associated with the south west 

monsoon, which enriches near-surface waters along the west coast of India with 

nutrients begins and ends earlier in the south than in the north. As the period of 

our observations being close to the end of the summer monsoon period, the 

upwelling process was continuing in the north and supported larger biomass of 

microplankton. A significant contribution was also seen from the nanoplankton 

community except at Sta. 4. The phytoplankton speciation was clearly related to 

the mechanisms of macronutrient availability in this region. 
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Salient findings in this chapter...Seven 

• Investigations were made to study bloom associated changes along CaTS 

off Goa and in coastal waters of southwest coast of India. 

• Pigment composition and microscopic analyses confirmed the occurrence 

of Trichodesmium bloom at station G3 on 5 March 2007 but normal 

conditions at G5. 

• While Chlorophyll a and zeaxanthin were quite low at G5 than at G3 the 

chlorocarbons were more than half at the latter station than their 

abundance at the former; a negative relation or decoupling between 

pigment and halocarbon abundances. But no significant difference in 

bromocarbon concentrations was found between the two stations. 

• The highest concentration of dibromomethane occurred during the bloom. 

• In general pigment concentrations decreased from bloom to post-bloom 

period by about two orders of magnitude. 

• As the pigments and dissolved oxygen decreased after the bloom the 

chloroform content increased. 

• Behavior of bromocarbons was similar to that of peridinin (indicator of 

dinoflagellates). 

• The dominance of zeaxanthin (cyanobacteria) during the bloom period 

ended by our post-bloom last observation time (SaSu 141) when the 

pigment composition was mainly contributed by fucoxanthin (diatoms) and 

peridinin (dinoflagellates). 
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• During the post-bloom period the dying small sized cyanobacterial cells 

appear to have remained suspended without settling at the bottom forcing 

the health of the water column deteriorate. 

• Relationships were positive among halocarbons but that with 

pigments remained obscure, except in the case of bromoform with 

chlorophyll a and zeaxanthin. 

• Pigment composition indicates dominance of picoplankton in southern part 

and diatoms and dinoflagellates in the northern part of the study area off 

Kerala. 

• Off Kerala the contribution of picoplankton to total primary production 

appears to be more significant than microplankton. 

• Our investigations clearly revealed a shift in community structure 

from small sized cyanobacteria during the nutrient limiting/bloom 

conditions to large sized diatoms and dinoflagellates when the 

nutrients become available. 

• With the shifts in phytoplankton community structure and water 

column conditions the halocarbon concentrations increased with the 

fading bloom impacts. 
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CHAPTER EIGHT 

Phytoplankton pigments and halocarbons in the western and 

central Arabian Sea in summer monsoon 
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8.1 	Introduction 

Although rates of production of halocarbon compounds have been shown 

to be species dependent (Tokarczyk and Moore, 1994) photochemical pathways 

of their formation/turnover could be equally important, particularly in the open 

ocean (Bell et al., 2002; Happell and Wallace, 1996; Moore and Zafiriou, 1994; 

Richter and Wallace, 2004; Yokouchi et al., 2001). The photochemical pathway is 

significant in that it may produce free halogen radicals leading to tropospheric 

and stratospheric ozone depletion. The only study from the Indian Ocean 

(Yamamoto et al., 2001) showed the co-variation of halocarbon compounds with 

chlorophyll a suggesting a strong biogenic source in the tropical stratified waters 

of the Bay of Bengal. Phytoplankton pigments in the central and western Arabian 

Sea have been investigated (Latasa et al., 1998; Barlow et al., 1999) that show a 

great degree of seasonality under the influence of upwelling processes 

associated with the summer monsoon. The pigments concentrations at the 

offshore locations (not affected by upwelling) are low and dominated by 

prymnesiophytes and prokaryotes whereas in waters under the influence of 

upwelling diatoms become more important. Although some information on the 

pigment composition and variability has been studied no attempts were made in 

the open Arabian Sea on the biogeochemical processes of halocarbons. 

Therefore, the present chapter focuses on the central and western Arabian Sea 

open ocean regions to complement our study on the variability in coastal waters 

off Goa with respect to pigment composition and plankton species (Chapter 4), 
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and halocarbons (Chapter 5). We investigated spatial distribution and abundance 

of chloroform, carbontetrachloride, dibromomethane, bromoform and 1- 

iodopropane in relation to phytoplankton community structure (based on 

simultaneous measurements of marker pigments) during the southwest monsoon 

of 2007 in the Arabian Sea. 

8.2 Hydrographic and nutrient characteristics 

The period of our observations was August-September in the southwest 

monsoon 2007 (see Section 3.1.1.2 and Fig. 3.3) during which intense upwelling 

occurred in the western Arabian Sea. The waters upwelling along the coasts of 

Somalia, Yemen and Oman are carried over 1000 km offshore resulting in the 

large-scale nutrient enrichment of the central Arabian Sea (Naqvi et al., 2006). 

During our cruise strong upwelling signatures were evident towards the Omani 

shelf where sea surface salinity remained low and surface temperature was well 

below 25 °C (Stn 17). Obviously, the hydrographic characteristics at Stations 2, 

4, 6 and 8 were quite different from those at stations 11 and Stn 17 (Fig. 8.1). In 

the upper 100 m the temperature ranged from 28°C to 22°C at the first four 

stations whereas at Stns 11 and 17 it was between 26°C and 19°C. Sea surface 

temperature at stations 2, 4, 6 and 8 had a range of 27.7-26.7 °C. 
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Figure 8.1: Vertical variations of temperature (CC), salinity (psu), dissolved 
oxygen (pM) and turbidity (Au) during the south west monsoon 2007 in the 
central and western Arabian Sea. 
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Salinity varied between 35.5 and 36 psu at these stations except at station 

17, where it was still lower. Similarly oxygen concentrations in the top 100 m 

varied from 160 IAA to 80 IAA in the central Arabian Sea (stations 2, 4, 6 and 8) 

whereas as it was substantially low (145 1.1M-10 IAA) in upwelling infected waters 

of stations 11 and 17. These results show that we have covered regions of open 

sea conditions and that under the strong influence of upwelling. 

To understand the geographical spread of upwelled waters, the weekly 

composites of sea surface temperature (SST), for the period of our expedition, 

and chlorophyll a for September 2007 were downloaded from MODIS (Level 3, 4 

km resolution) and were processed using SEADAS software. Satellite data for 

chlorophyll a during the period of the cruise were not satisfactory due to 

significant cloud cover over this region. The sea surface temperature distribution 

in Fig. 8.2. (a-d) clearly depicts cold upwelled waters along the Omani shelf with 

temperatures of 21-24°C. The satellite SST data agrees well with the sea truth 

SST. It illustrates that the stations 11 and 17, sampled for halocarbons, were 

located closely to the upwelling zones. The remotely sensed chlorophyll 

distribution (Fig. 8.2 a), in areas not blocked by the cloud cover, shows the 

occurrence of phytoplankton blooms in the west. 
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a) 

b) Satellite derived SST from August 21 st-August 27th c) Satellite derived SST from August 28th -September 4th 

d) Satellite derived SST from September 5th-
September 12th 

Figure 8.2: MODIS pictures of (a) chlorophyll a for September 2007 and (b-d) 
sea surface temperature (SST) for August-September period of the southwest 
monsoon 2007. The Omani waters are can be clearly identified by low 
temperature and high chlorophyll distributions. 
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As our transect off Oman coast was away from the shelf the mixed layers 

were fairly deep (50-70 m) despite which the surface waters were affected, to 

various degrees, by the coastal upwelling. For instance, at stations 11 and 17 in 

the west surface NO3 concentrations were 3.3-10.8 pM, while it were 1.0-3.3 pM 

at stations 6 and 8 (Fig. 8.3). Nitrate trend was consistent with that of SST; varied 

in relatively small range (27.3-27.7°C) in the central Arabian Sea but more (21.4-

24.9°C) in the west. Its concentration increased with depth reaching maximal 

levels of around 40 pM between 60 and 1500 m. A mid-depth nitrate low 

associated with the presence of secondary nitrite was indicative of dominance of 

water column denitrification. Mostly the central Arabian Sea region experienced 

the mid-depth denitrification with the maximal secondary nitrate of 4 pM occurring 

at station 2. Silicate and phosphate variations were consistent with the trends 

exhibited by nitrate; with relatively higher abundances in surface waters of the 

west and increasing levels with depth. Satellite SST data (Fig.8.2) clearly 

indicates the extent of upwelling towards the Omani regions resulting in high 

biomass and subsequent blooms within the shelf. Another notable feature was 

increase in turbidity within the water column coinciding with decrease in oxygen 

concentration and increase in nitrite that is possibly because of large bacterial 

activity at those depths. A number of stations occupied during the cruise (east of 

Long. 64°E) were quite oligotrophic (i.e. surface nitrate was below the detection 

limit, < 0.2 pM). 
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Figure 8.3: Vertical profiles of nutrients (pM) at stations 2, 4, 6, 8, 11 and 17 
where both pigments and halocarbons were sampled in the Arabian Sea. 
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8.3 Phytoplankton pigment variability and plankton speciation 

Phytoplankton pigments measured by HPLC were complemented with 

microscopic analysis. The phytoplankton abundance in central Arabian Sea was 

low in the euphotic zone (-100 m) that varied between 144 and 3024cells r 1 . 

Most of the cells were found in near surface waters (3024 cells 1 -1 ). Diatoms and 

Phaeocystis (Haptophyceae) were found to be predominant microscopic forms 

accounting for 94% of the total phytoplankton community. Some species of 

dinoflagellates (Ceratium azoricum, Ceratium fusus, Protoperidinium depressum, 

Protoperidinium stenii, Pyrophacus horologium and Gymnodinium spp.) were 

also seen occasionally. Diatoms encountered in this study were Coscinodiscus 

spp, Melosira spp and Guinardia flaccida and G. striata. Phytoplankton 

population in the upwelling influenced waters (station 17) was mixed type with 

diatoms and haptophytes dominating the community structure. This station 

recorded the most diverse forms and in higher abundance. Phytoplankton 

abundance varied between 16 and 22348 cells ii with the highest recorded at 

the surface. The colony forming Prymnesiophyte, Phaeocystis globosa, which 

accounted about 53% of the total phytoplankton community during this study was 

the most predominant here. Diatoms contributed to 42% of the total population at 

station 17 with 32 species belonging to 13 genera. For instance, 8 species 

belonged to the genus Rhizosolenia alone (viz R.aiata, R. imbricata.R. hebetata, 

R. robusta, R. etigera, R. shrubsolei, R. stolterfothii and R..styliformis) followed by 

another genus Chaetoceros with 3 species (viz C.peruvianus, C .messanensis 
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,C.coarctatus). Dinoflagellates contributed to the remaining 5% having the 

common forms of the genus Ceratium (C.fusus, C.horridum, C.tripos), and 

Protoperidinium (P. depressum, P. .granii, P. oceanicum, P. stenii). Dictyocha 

fibula was the only species that belonged to Silicoflagellate group and was 

recorded at 60 m at this station (17). 

Vertical distributions of the major marker pigments along the two transects 

are shown in Fig. 8.4. Chlorophyll a concentrations in the central Arabian Sea 

(stations 2-8) were quite low (10 - 29 ng 1 -1 ) indicating low biological productivity. 

The low chlorophyll a is in conformity with the nutrient distributions and that the 

central Arabian Sea was oligotrophic. Distribution of fucoxanthin reflects that of 

chlorophyll a that increased westward. Higher levels of zeaxanthin around 63 °E 

reveal the significant presence of cyanobacteria. Nanoflagellate indicator pigment 

shows that this plankton community occurred mostly in the east and western 

ends of the study region (Fig. 8.4). The concentrations generally increased from 

the east to the west reflecting the increased availability of nutrients and the 

consequent photosynthetic fixation but the values in the west still remained 

generally much lower than expected (from the observed nutrient levels). Although 

nitrate levels around Stn 11 and Stn 17 were relatively high (10.8-24.8 NM) it did 

not lead to a large increase in chlorophyll a biomass. This could be attributed to 

the scarcity of low labile iron (Fe II) in this region. 
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Figure 8.4: Zonal variability of phytoplankton marker pigments (ng r 1) in the 
central and western Arabian Sea during August-September 2007. 
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Primary production in this region is sometimes found to be limited by iron 

deficiency during the summer monsoon season (Wiggert et al., 2006) and 

subsequent aerosol analysis of labile iron (Fe II) around this location also 

suggest very low concentration since air masses blew from the pristine Southern 

Hemisphere (Sierfert et al., 1999). Our results are in support of this claim which 

could have possible implications to nutrient uptake by phytoplankton and shifts in 

community structure (Hutchins and Bruland, 1998). 

Interpretation of pigment data must be made with caution as there are 

many pigments present in more than one group of phytoplankton. For example, 

fucoxanthin an indicator of diatoms is also present in chrysophytes (Whithers et 

al., 1981) and in certain endosymbiont dinoflagellates (Bjornland and Liaaen-

Jensen, 1989). Some strains of Phaeocystis are also been known to posses this 

pigment (Wright and Jeffery, 1987). The distribution of 19' 

hexanoyloxyfucoxanthin together with our microscopic results confirms the 

significant occurrence of the colonial haptophytes, mainly Phaeocystis, in the 

Arabian Sea during the south west monsoon. This observation agrees well with 

the previous reports (Latasa and Bidigare, 1998) and the widely spread 

Pheocystis bloom in summer monsoon of 1996 (Madhupratap et al., 2000). 

Although microscopic analysis confirmed the presence of colonial haptophytes, 

our HPLC results also showed that zeaxanthin significantly contributes to total 

pigment pool. This observation suggest that phytoplankton biomass in central 

Arabian was dominated by picoplankton, mainly Synechococcus. 
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The highest concentrations of chlorophyll a and fucoxanthin were 

measured in near-surface water in the upwelling region (not a regular station 

shown in Fig. 3.3) close to the Omani shelf collected using the ships underway 

sampling system, which suggested proliferation of diatoms. Divinylchlorophyll a 

was not detected along the transect except on one occasion in surface waters 

sampled around 16 °N and 62°E signifying proliferation of prochlorophytes in that 

region. Apart from chlorophyll a, fucoxanthin, zeaxanthin and 

19'hexanoyloxyfucoxanthin were the significant marker pigments found 

suggesting colonial haptophytes and zeaxanthin-containing Synechococcus are 

also dominant communities in the region. A patchy cyanobacteria bloom mostly 

comprised of Synechococcus and green flagellates was encountered at 13.52°N 

and 66.09°E. Nevertheless, there were some stations where high chlorophyll a 

was observed in association with high surface nitrate. For example, surface 

underway measurement at 15 °N and 58.65°E showed the highest concentration 

of chlorophyll a (823 ng 1 -1 ) along with that of fucoxanthin (136 ng 1 -1 ) under the 

influence of upwelling (SST of 21-24 °C) and high, surface nitrate of -11 pM . The 

phytoplankton biomass at this location was dominated by diatoms. Zeaxanthin 

and 19' hexanoyloxyfucoxanthin also contributed significantly to the total pigment 

pool along the transect. The concentration of zeaxanthin ranged from 0 to139 ng 

1 -1  while that of 19' hexanoyloxyfucoxanthin varied between 0 and 5 ng I - '.The 

pigments and therefore community structure seen during the south west 

monsoon of 2007 are in good agreement with results of Latasa and Bidigare 
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(1998) and Barlow et al., (1999). In general, the zeaxanthin containing 

Synechococcus, haptophytes and occasionally diatoms dominated the patchy 

phytoplankton community during this period. 

8.4 	Distribution and variability of halocarbons 

Changes in halocarbon and chlorophyll a concentrations with depth are 

shown in Fig. 8.5. Chloroform showed considerable variability both horizontally 

and vertically. While the concentrations decreased from surface with depth at the 

eastern stations it did not show a great change in the surface mixed layer in the 

west. Notably, chloroform exhibited subsurface increases from stations 6 to 17, 

reaching levels in excess of those at surface at stations 11 and 17. The 

subsurface increases occurred close to pycnocline. Surface concentration was 

the highest (— 30 ng I -1 ) at station 6 that decreased both west and eastwards. 

Subsurface chloroform reached the maximal at station 11 to more than 50 ng r 1 . 

Depth profiles of 1 iodopropane showed considerable variability between 

the east and west. The stations sampled from upwelling zones had higher 

concentrations, at surface, of 1-iodopropane compared to those in the east 

(stations 2 and 4). The mean concentration in the surface mixed layer was 7.3 ng 

1 -1  and had a range of 0.2-50.2 ng I -1 . Similar to chloroform, 1-iodopropane also 

exhibited subsurface maxima, in the stations westward, and showed the maximal 

at station 11, again coinciding with the highest chloroform abundance. Carbon 
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tetrachloride in this study was only found at two locations (stations 11 and 17) 

which were influenced by upwelling while at other stations it was found to be 

below detection limit. The mean value of carbontetrachloride in the mixed layer 

was 0.05 ng r 1  with a range between 0.01 and 0.15 ng r'. The depth profiles did 

not show much variability within the water column, except a minor increase 

around 40 m. Profiles at stations 11 and 17 looked similar, which indicates its 

biogenic source and lateral transportation. Bromocarbons were found to be 

below detection limit at all stations. 

From biogeochemical and emission points of view halocarbon 

concentrations in the mixed layer are important. Keeping this issue in mind we 

have focused on halocarbon distributions in the upper layers of the ocean but 

occasionally also sampled deep waters to understand the role of oxygen 

deficiency in the biogeochemical cycling of these compounds. 
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Figure 8.5: Vertical profiles of chloroform, 1-iodopropane and carbon 
tetrachloride together with chlorophyll a (ng r 1) during August-September 2007 in 
the Arabian SeaCCI4 at stations 2-8 and bromocarbons at all stations were 
below detection limits and hence were not shown here. 
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Vertical profiles in Arabian Sea showed remarkable sub-surface maxima 

in chloroform towards the west (Fig. 8.5). Except at stations 8 and 11, surface 

chloroform abundances were the highest at respective locations. Subsurface 

maxima of 1-iodopropane covaried with that of chloroform. Similar depth profiles 

of different halogenated trace gases have been observed in other oceanic basins 

such as the Northwest Atlantic (Moore and Tokarczyk, 1993); the Northeast 

Atlantic and Pacific (Moore and Groszko, 1999) and the Antarctic Oceans 

(Carpenter et al., 2007), and the Northeast Indian Ocean (Yamamoto et al., 

2001). Interestingly, the highest recorded 1-iodopropane concentration was at 

station 11, which was under the influence of upwelling, where both haptophytes, 

mainly Phaeocystis globose, and diatoms dominated. Abrahamsson et al. (2004) 

have shown that haptophytes could play an important role in the production of 

iodated compounds. 

Carbontetrachloride abundance in ocean regions elsewhere such as the 

west coast of Sweden (Klick, 1992), Saanich Inlet (Lee et al., 1999) and Irish Sea 

(Bravo-Linares et al., 2007) is in the same magnitude as found in this 

investigation. Chloroform and 1-iodopropane concentrations in subsurface waters 

(below about 120 m) of stations.2 and 4 were very low. These two stations were 

not only oligotrophic but also under the influence of suboxic denitrification. Mid-

water column denitrification also occurred at stations 6 and 8 and hence the 

differences in vertical profiles between them and those at stations 2 and 4 can 

not be linked only to the redox processes in subsurface waters. 
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Our data, in general are in good agreement with typical open-ocean 

profiles reported from other oceanic regions but specific subsurface maxima in 

the Arabian Sea are more striking. In the western part of our study area, surface 

waters were more productive with phytoplankton assemblages consisting of both 

diatoms and haptophytes. In this region, higher concentrations of 1- iodopropane 

were found (Fig. 8.5) in the surface mixed layer suggesting biological processes 

related to upwelling. Surface high concentrations could also be a result of lateral 

advection of upwelled water as can be seen from salinity (Fig. 8.1) and 

halocarbon (Fig. 8.5) distribution. Higher concentrations of chloroform and 1-

iodopropane in the deep might be related to the sinking of organic matter. The 

summer monsoon is the period of the largest export fluxes of organic matter from 

the surface (Naqvi et al., 2003; Rixen et al., 2005). Our study shows that 1-

iodopropane occurred at significant levels in the water column which could be 

important for net iodine emission to atmosphere and budgets. Relatively high 

concentrations of chloroform and 1-iodopropane at the surface of stations 2 and 

4, than below, suggest the possibility of their photochemical production since the 

phytoplankton biomass was low at these stations. Such photochemical 

production has been known, particularly, in the case of iodated compounds (Bell 

et al., 2002; Happell and Wallace, 1996; Moore and Zafiriou, 1994; Richter and 

Wallace, 2004; Yokouchi et al., 2001). 
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8.5. Biogeochemical processes controlling the halocarbon abundances 

in the central and western Arabian Sea 

Halocarbons production and their turnover in the surface ocean has 

received much attention due to their climatic relevance but the progress in 

understanding the factors regulating their abundances in seawater remain 

unclear. Marine phytoplankton have been found to produce several halocarbon 

compounds (Singh et al., 1983; Tokarczyk and Moore, 1994; Tait and Moore, 

1995; Moore et al., 1996; Scarratt and Moore, 1998) but only a few attempts 

revealed direct relationships between halocarbon /abundance and the community 

structure (Schall et al., 1997; Abrahamsson, et al., 2004; Yamamoto, et al., 

2001). Photochemical formations of these compounds have also been proposed 

(Bell et al., 2002; Moore and Zafiriou, 1994). To understand some of the factors 

we performed Pearson correlation analysis (Table 8.1). No significant 

correlations could be seen between chloroform and other biological parameters. 

Chloroform was related to 1-iodopropane (r=0.27; n= 27) but not very significant 

(p=0.05). Correlations appeared significant for 1-iodopropane with nitrate (r=0.64; 

n= 27), phosphate (r=0.45; n= 27) and silicate (r=0.58; n= 27) suggesting nutrient 

rich upwelled waters are a possible source of this compound in the Arabian Sea. 

However, no such relationship could be found among different marker pigments, 

nitrate, temperature and oxygen. Investigations in Mauritanian upwelling (Quack 

et al., 2007) also did not show any relations between halocarbons and biological 

variables or phytoplankton abundance. 
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Table 8.1 Pearson correlations analysis between the different biogeochemical 
parameters from central Arabian Sea. (n=27). 

Variables NO3 NO2 PO4 Sf04 Temp DO CHCI3  CH 3CH2CH2 I CHLa Fuc Zea 19HF 
NO3(pM) 1.00 
NO2(NM) -0.16 1.00 
PO4(pM) 0.74 0.06 1.00 

SiO4(.1M) 0.93 0.25 0.67 1.00 
- - 

Temp °C -0.09 0.84 0A5 0.04 1.00 

DO(NM) -0.38 0.67 0.62 0.27 0.89 1.00 

CHCI 3  (ng/L) -0.09 0.29 0.19 0.08 0.30 0.18 1.00 
CH3CH2CH 2 I - 
(ng/L) 0.64 0.16 0.45 0.59 0.05 -0.31 0,28 1.00 

CHLa (ng/L) -0.16 0.12 0.05 0.19 -0.10 0.20 -0.13 -0.34 1.00 

Fuc (ng/L) 0.62 0.23 0.45 0.54 0.04 0.06 -0.24 0.08 0.24 1.00 

Zea (ng/L) -0.21 0.68 0.11 0.28 -0.78 -0.54 -0.19 -0.29 0.20 0.06 1.00 

19HF (ng/L) 0.17 0.12 0.20 0.14 0.04 0.13 -0.26 -0.15 0.10 0.49 0.23 1.00 

Values in bold are at significance level of =0.05 

Thus from our study it appears that upwelling is a source of 1- 

iodopropane, carbontetrachloride and to some extent of chloroform in the surface 

waters of the western Arabian Sea. Significant presence and occurrence of the 

highest concentrations of chloroform and 1-iodopropane, and chlorophyll a, in 

surface waters at stations 2 and 4, indicate that productivity and photochemical 

processes, in situ, could be the responsible ones. Nevertheless, near inverse 

relationship between chlorophyll a and halocarbon abundances in the upper 40 

m for stations 11 and 17 clearly indicate the importance of productivity induced 

photochemical processes in the breakdown of these climatically significant gases 

in the surface ocean, particularly under nutrient enriched conditions. 
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The observations in open Arabian Sea are in excellent agreement with 

our fertilization experimental results (Chapter 6, Fig. 6.1) that halocarbon 

abundances decreased with enhanced biological productivity and under oxygen 

deficient conditions (Chapters 5 and 7). 

8.6 Air-sea fluxes 

Fluxes across the air-sea interface for chloroform and carbontetrachloride 

were calculated as per the procedure described in Chapter 3.2.6. Since the 

aqueous phase diffusion coefficient for 1-iodopropane was not available an 

alternative method proposed by Liss and Slater (1974) and Liss and Merilvat 

(1986) was used to calculate the transfer coefficient. The transfer velocity is 

based on air and water components and can be calculated according to 

1/Kw  = 1/akw  + 1/Hka 

Where Kw  is the over all transfer velocity. The k w  and Hka are the respective 

transfer velocities in water and air; H is the Henry's law constant and a is the 

factor that accounts for chemical reactions between the exchanged gas and 

water (Liss and Slater, 1974). For unreactive gases a = 1, whereas for those that 

are reactive in aqueous phase (like SO2) the value is variable and can run in 

thousands. For iodated hydrocarbons the Henry's law constant is rather low and 

these substances are less reactive in water (H = 0.218 at 10 `C; Mackay and 

Shiu, 1981). Thus for 1-iodopropane calculations k w  alone is important (Liss, 
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1988). Liss and Merilvat (1986) derived the following equations corresponding to 

the three wind regimes which has been used here to find the transfer coefficient 

of 1-iodopropane 

kw  = 0.17 u, for u 5 3.6, 

kw = 2.85 u — 9.65, for 3.6 <u 5 13, 

kw  = 5.9 u — 49.3, for u >13, 

Where kw  is in units of cm h -1  and wind speed (u) is in units of m s' at a 

height of 10 m. The calculated fluxes are presented in Table 8.2. 

Our flux calculations reveal that emission of 1-iodopropane from the 

western Arabian Sea is more important than that of chloroform and carbon 

tetrachloride (Table 8.2). It would appear that upwelling in the west facilitates the 

1-iodopropane build up in and it's eastward spread. Consequently, large scale 

emission of 1-iodopropane is possible during the summer monsoon in waters that 

come under upwelling influence. 
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Table 8.2: Air-sea fluxes (pg m-2  day 1 ) of halocarbons in the Arabian Sea in 
August-September 2007. Average climatological wind speeds were used in the 
present calculations. 

SI No Latitude Longitude Wind 	CHCI3 	CH 3CH 2CH2I 	CCI4  

Speed 

(m/s) 

U10 

Stn 2 15.00 69.59 6.6 5.14 2.28 - 

Stn 4 15.00 68.00 7.3 0.31 6.57 

Stn 6 15.00 66.00 6.0 2.12 4.18 

Stn 8 15.00 64.00 6.4 0.09 2.95 

Stn 11 16.45 60.30 11.2 0.73 20.38 0.74 

Stn 17 15.47 60.15 11.2 0.73 87.24 0.09 

Range 0.09-5.14 2.28-87.24 0.09-0.74 

Mean 1.52 20.6 0.41 

The eastern upwelling regime might also contribute significantly but could 

not be assessed in the present attempt, since our 1-iodopropane measurement 

system was not ready before these coastal expeditions were undertaken. Fluxes 

of chloroform from coastal waters off Goa (Table 5.8) were about 25 times 

greater than from the central and western Arabian Sea (Table 8.2). 
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8.7 Comparison of halocarbons abundances and air-sea fluxes from the 

Arabian Sea with that from elsewhere in the oceans 

The concentrations (mean along with ranges) of chloroform, 1- 

iodopropane and carbontetrachloride available from literature have been 

summarized in Table 8.2. The concentrations found in the present work are in 

agreement with previous studies for chloroform and carbon tetrachloride. 

However, 1-iodopropane concentration of —50 ng I 1  appears to be the highest 

hitherto known in the oceans. Measurements made in the Atlantic Ocean by 

Schell et al. (1997) revealed 1-iodopropane concentrations in surface water 

ranging from < 0.01 ng r 1  to 2.2 ng r 1 . The surface concentrations of 1- 

iodopropane found by us are comparable (1.0-2.4 ng I -1 ) to other results except 

those at stations 11 and 17 where the surface temperature (24.9-26.4°C) 

suggested the upwelling influence. Thus, based on our observation we conclude 

that tropical waters of Arabian Sea could be important source of VHOC, in which 

1-iodopropane is more abundant than chloroform and carbontetrachloride. Since 

not much of information is available on the open ocean halocarbon fluxes from 

other regions the significance of their emissions from the Arabian Sea could not 

be assessed at this time. 
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Table 8.3 Mean concentrations and ranges of halocarbon compounds in sea 
water, and sea to air fluxes from various marine regions 

Locations 	 Mean (ng 	 Range (ng F1) Fluxes 
	

Sources 

pg 	day'' 
1-lodopropane 

Antarctic open ocean 0.13-0.40 	 (nd-2.7) 	 Klick and Abrahamsson, 
(April-June 1990) 	 1992 

Southern Ocean 	 (0.14) 	2000 	(Abrahamsson et al., 2004 
(APF1) 

Arctic coastal 	0.4 	 (<0.07-2.14) 	 Schall and Heumann, 1993 
waters(78°) 

Antarctic ocean 	0.2 	 (<0.05-0.33) 	 Schall et al., 1997 
(62 °S-72 °S) 

Atlantic open ocean 	0.13 	 (<0.05-0.43) 	 Schall et al., 1997 
(42 °N-62 °S) 

Central Arabian Sea 	4.4 	 (0.2-50.2) 	2.28-87.24 	This Study 
70°E-61.50°W during 
South west monsoon 

2007 
Carbontetrachloride 

Arctic sea water 	0.83 	 Fogelqvist, 1985 

Skagerrak (North Sea) 0.92 	 1196 	Abrahamsson and Ekdahl, 
1996 

Ross Sea (Antarctica) 	1.3 	 (1.3-1.5) 	 Zoccolillo et al., 2004 
(Drygalsky Basin) 

Gran Canaria, Spain 	 0.9-1.5 	 Ekdhal et a1.,1998 

Central Arabian Sea 	0.05 	 0.01-0.15 	 This Study 
70°E-61.50°W during 
South west monsoon 

2007 

Chloroform 

Southern ocean 
	

0.02 	 500 	 Abrahamsson et al., 2004 

Central Arabian Sea 	0.34 
	

(0.01-2.4) 
	

0.09-5.14 	This Study 
70°E-61.50°W during 
South west monsoon 
2007 
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There is considerable uncertainty about the cycling and emissions of 

VHOCs from the ocean, in part because of the limited data from some key 

regions. The Arabian Sea contains one of the five major coastal upwelling 

systems. The upwelled waters were rich in diatoms, but closer to the Omani 

coast colonial haptophytes and zeaxanthin-containing Synechococcus 

contributed significantly to the phytoplankton composition. Wider occurrence of 1- 

iodopropane suggests that this and perhaps other iodinated compounds should 

also be taken into account in biogeochemical cycling of iodine on Earth. Based 

on the different depth profiles observed in this study we conclude microalgal 

production and photochemical processes could be an important source of 

different volatile halogenated organic carbon in Arabian Sea. We also emphasize 

on the need for large scale investigation of these and other prominent 

halocarbons in this region to understand their role in biogeochemical cycling of 

halocarbons and there global significance. 

Salient findings in this chapter 

• Studies were made on 	chloroform, 	carbontetrachloride, 

dibromomethane, bromoform and 1-iodopropane together with 

phytoplankton pigment composition and microscopic analyses in the 

open Arabian Sea. 
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• Diatoms and haptophytes were the most dominant in the west while 

in the central Arabian Sea cyanobacteria (picoplankton) is also 

important. 

• 1-todopropane was the most abundant halocarbon and appears to 

be more prevalent in upwelling infected areas, where haptophytes 

(Phaeocystis) and diatoms dominated. 

• 1-iodopropane correlations with nutrients confirm that upwelling 

process could be an important source of this compound in the 

surface ocean. 

• Concentrations of 1-iodopropane and chloroform increased 

westward both in the surface mixed layer and around picnocline. A 

maximal level of 1-iodopropane (-50 ng 1 -1 ), which appears to be the 

highest known in oceans was found below the mixed layer. 

• Carbontetrachloride was found only at two western stations but 

bromocarbons were undetectable during the entire expedition. 

• Halocarbons are close to detection limits in the oxygen minimum 

zone of the Arabian Sea due to their possible utilization in microbial 

decomposition of organic material. 

• The Arabian Sea could be a significant source of iodocarbons to 

atmosphere in the world. 
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CHAPTER NINE 

Processes controlling pigment composition and halocarbons 
levels in surface waters of the Arabian Sea 
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9.1 	Salient observations 

A summary of our salient observations on processes involved in 

controlling the variability and distributions of phytoplankton pigments, plankton 

speciation and halocarbons concentrations in the Arabian Sea is presented here. 

Monthly variability in phytoplankton pigments suggests that phytoplankton 

communities in the Arabian Sea undergo systematic seasonal changes. It was 

quite evident that during premonsoon (March and April) cyanobacterial species 

dominated in coastal waters of Goa as the nitrate concentrations were low and 

limiting. No availability of nitrogen triggers the blooming of Trichodesmium in this 

region. In summer monsoon during which the eastern coastal Arabian Sea 

experiences strong upwelling diatoms and dinoflagellates are found to dominate. 

Our nutrient fertilization experiments revealed that larger celled microplanktons 

were more efficient in taking up nutrients leading to significant increases in their 

biomass, which is in close conformity with our filed observations off Goa. During 

the post monsoon period (October-November- December) the waters in the 

central west coast of India showed marginal increase in populations of 

nanoflagellates. Thus changes in phytoplankton communities in the coastal 

Arabian Sea off Goa were found to have strong coupling with seasonal physical 

and associated nutrient dynamics of the region. Phytoplankton pigment 

abundances were low in the central Arabian Sea that corresponded well with low 

nutrient concentrations. The low pigment abundance is also in concurrence with 

low phytoplankton cells suggesting nutrient limitation can influence the growth of 
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phytoplanktons significantly. Higher abundance of zeaxanthin marker pigment in 

the oligotrophic central Arabian Sea reflected the dominance of Synechococcus. 

The presence of this picoplankton group could not be detected by microscopic 

measurements thus suggesting HPLC pigment analysis yields valuable 

information on dominant phytoplankton species, which can not be obtained by 

visual means. Pigments composition at G1 station in the coastal Arabian Sea 

also revealed that population of dinoflagellates in this region have increased in 

recent times which is also significant as it is known to cause toxic blooms. 

Strong correlation between chlorophyll a and fucoxanthin suggested, in general, 

significant contribution of diatoms to the total chlorophyll a biomass in this region. 

Halocarbons in the surface layers showed strong seasonal variability 

suggesting diverse processes involved in controlling their distribution and 

abundances in the coastal Arabian Sea. Despite the fact that halocarbons are 

biogenic in origin relations between their abundances and marker pigments were 

poor. For instance, relationship between chloroform and chlorophyll a yielded r2 

 of 0.036; chloroform and fucoxanthin of 0.034; chlorophyll a and 

dibromomethane of 0.17; fucoxanthin and dibromomethane of 0.10; and between 

chlorophyll a and bromofrom of 0.10 .but between zeaxanthin and bromofrom it 

was fairly good (r2= 0.25). These poor relations suggest that simultaneous to 

halocarbon biological production their removal by microbial and/or photochemical 

processes are active in the Arabian Sea. This is evident from the fertilization 

experiments that while the pigment concentrations increased with time the 
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halocarbon abundances in general decreased. As the productivity increased it is 

likely that the nascent compounds released through cell fluids might catalyze 

halocarbon decomposition, particularly through photolytic reactions. However, 

relationships between same halogenated carbon compounds were significant. 

For example, r2  was 0.51 between chloroform and carbontetrachloride and 

similarly between bromofrom and dibromomethane it was 0.31. These positive 

correlations suggest that their production pathways and behavior in the 

environment are strongly coupled. Bromoform abundances during the 

Trichodesmium bloom corroborated with zeaxanthin contents while chloroform 

and dibromomethane showed good relations with chlorophyll a. During upwelling 

significant increases in halocarbon concentrations were noticed in the subsurface 

layer at G5 station. Under anoxic conditions, however, halocarbons 

concentrations were below detection limits indicating their removal in oxygen 

deficient environment. Investigation carried out in the open Arabian Sea also 

agreed with the result obtained along the CaTS and fertilization and the bloom 

related studies. Our studies at CaTS and in the open Arabian Sea in the Summer 

monsoon of 2007 helped to examine the east west variations in halocarbons and 

pigment abundance (Fig. 9.1). Strikingly, the eastern Arabian Sea appears to be 

the most significant in terms of biological and halocarbon productivity and 

abundance. 
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Figure 9.1: East- west variations in halocarbons and pigments (ng r 1) in the 
Arabian Sea in summer monsoon 2007. 0 km refers to G1 off Goa and the first 
three stations are G 1, G5, and G9. 
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Nevertheless, our limited information on 1- iodopropane suggests the 

western Arabian Sea to be important. The Arabian Sea could, thus be one of the 

most important regions that can contribute to the halocarbon emissions to the 

atmosphere. 

9.2 Conclusions 

The Indian Ocean is one of the most productive oceans among the world's 

oceans. This region also experiences seasonal reversal in the wind system, 

which is unique in the world. The wind induced current system causes upwelling 

and subsequently results in high primary productivity. Halocarbons studied in the 

present work are important as they have significant impact on atmospheric 

processes by modifying air composition. As there are no data available on 

halocarbons in this region we studied a few halocarbons through time series 

approach in coastal waters off Goa. Chloroform, carbontetrachloride, 

dibromomethane and bromoform were studied in waters off Goa whereas 1-

iodopropane was also added to the list for open Arabian Sea study. The 

halocarbon distributions were related to phytoplankton pigments since the 

organohalogens are biogenic origin. Pigment measurements helped us 

understand the community structure and the influence of different groups on 

halocarbon abundances. The major conclusions from this study are: 
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• Along the CaTS Chloroform was more abundant followed by 

dibromomethane, bromoform and carbontetrachloride. 

• Temporal variabilites were different between chloro- and bromocarbons 

and also between the two compounds studied in both these groups. 

• In summer monsoon and postmonsoon seasons halocarbon abundances, 

other than chloroform, contrast that of pigments because of their possible 

utilization under oxygen deficient conditions. This indicates a clear 

decoupling between phytoplankton productivity and halocarbon 

concentrations. 

• Halocarbon consumption during microbial oxidation could form a 

significant sink of these compounds in the Arabian Sea although they 

might be produced during biochemical reactions during high productivity 

periods. 

• Photochemical and air-sea exchange processes could also contribute to 

the poor relations between pigments and halocarbon abundances. 

• No monthly or seasonal cyclicity in sea to air fluxes of halocarbons. 

• Different gases showed variable peak fluxes at different times of a year. 

• Maximal fluxes of halocarbons at stations G1 to G5 occurred at different 

times of a year. 

• Results show that the Arabian Sea is one of the most important regions in 

the world oceans where halocarbons turnover is not only faster ([a]- due to 

their higher production in high biological productivity zones and [b]-

consumption in seasonally (coastal) an perennially (deep sea water 
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column) prevalent oxygen deficient waters) but also their emissions are on 

par with regions elsewhere. 

• Nutrient fertilization experiments were performed on a seawater sample 

collected from the Dona Paula bay in Goa to study changes in 

phytoplankton productivity, in terms of pigments, and speciation and their 

influence on chlorocarbons abundances. 

• Chlorophyll a reached the highest concentration when supplied with all 

three nutrients followed by N and P, and N and Si combinations 

highlighting that N is the most limiting for phytoplankton off Goa, and then 

by P and Si. 

• Changes in pigment composition indicated the dominance of diatoms 

(fucoxanthin) and cyanobacteria (zeaxanthin) under fertilized conditions. 

• Chloroform along with dissolved oxygen exhibited diurnal variability. 

• Despite the highest production of chlorophyll a and fucoxanthin in the 

bottle incubated with all three nutrients the chloroform showed higher 

concentrations in bottles fertilized with Si in combination with P and N, in 

that order. This indicates specific biochemical processes involving Si 

might promote chloroform formation in seawater and not necessarily total 

biological productivity. 

• Removal of chloroform and carbontetrachloride from seawater during the 

fertilization experiments with increases in pigment concentrations reveals 

the dominance of their breakdown processes over that of production. 
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• Removal may also be resulting from photochemical decomposition aided 

by metabolites released into seawater during active phytoplankton growth 

Therefore, in addition to microbiological removal (during the organic 

material oxidation processes) photochemical decomposition of 

halocarbons, aided by freshly released metabolites in high productive and 

oxygen depleted waters off Goa in summer monsoon, could be 

responsible for the observed (Chapter 5) decoupling between pigment and 

halocarbon abundances. 

• Investigations were made to study bloom associated changes along CaTS 

off Goa and in coastal waters of southwest coast of India. 

• While Chlorophyll a and zeaxanthin were quite low at G5 than at G3 the 

chlorocarbons were more than half at the latter station than their 

abundance at the former; a negative relation or decoupling between 

pigment and halocarbon abundances. But no significant difference in 

bromocarbon concentrations was found between the two stations. 

• As the pigments and dissolved oxygen decreased after the bloom the 

chloroform content increased. 

• During the post-bloom period the dying small sized cyanobacterial cells 

appear to have remained suspended without settling at the bottom forcing 

the health of the water column to deteriorate. 

• Off Kerala the contribution of picoplankton to total primary production 

appears to be more significant than microplankton. 
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• Our investigations clearly revealed a shift in community structure 

from small sized cyanobacteria during the nutrient limiting/bloom 

conditions to large sized diatoms and dinoflagellates when the 

nutrients became available. 

• With the shifts in phytoplankton community structure and water 

column conditions the halocarbon concentrations increased with the 

fading bloom impacts. 

• Studies were made on 	chloroform, 	carbontetrachloride, 

dibromomethane, bromoform and 1-iodopropane together with 

phytoplankton pigment composition and microscopic analyses in the 

open Arabian Sea. 

• 1-lodopropane was the most abundant halocarbon and appears to 

be more prevalent in upwelling infected areas, where haptophytes 

(Phaeocystis) and diatoms dominated. 

• 1-iodopropane correlations with nutrients confirm that upwelling 

process could be an important source of this compound to the 

surface ocean. 

• Concentrations of 1-iodopropane and chloroform increased 

westward both in the surface mixed layer and around picnocline. A 

maximal level of 1-iodopropane (-50 ng 1 -1 ), which appears to be the 

highest known in oceans so far to our knowledge, was found below 

the mixed layer. 
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• Halocarbons are close to detection limits in the oxygen minimum 

zone of the Arabian Sea that could be due their utilization in 

microbial decomposition of organic material. 

• The Arabian Sea could be a significant source of iodocarbons to 

atmosphere in the world. 

9.3 Recommendations 

• Long term time series measurements should be carried out for mapping 

the variability including in monsoon. 

• Role of macroalgae in the production of halocarbons in coastal waters off 

Goa should be examined. 

• Time series stations in Mandovi and Zuari river should be initiated to 

understand the halocarbons dynamics and their sources on land, if any. 

This would help us find sources to coastal waters. 

• Laboratory experiments should be conducted to find species specific 

production/turnover of different halogenated compounds with special 

emphasis on diatoms and dinoflagellates 

• Air-sea interactions be studied with simultaneous measurements in air and 

surface water to understand the variability and fluxes. 

• Behavior of halocarbons in redox environments should be studied in more 

detail as this would have significant implications to Arabian Sea 

biogeochemistry. 
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• Study on diurnal variations should be carried out in coastal waters and in 

rocky shores to understand changes associated with phytoplanktons and 

macroalgae. 

• Experiments should be conducted to understand the role of photochemical 

processes in the removal of halocarbons from seawater particularly during 

high productive period. 

• lodocarbons should be studied off Goa during the upwelling and hypoxia 

occurrences. 

234 





Bibliography: 

Abrahamsson, K., Klick, S., (1990). Determination of biogenic and 

anthropogenic volatile halocarbons in sea water by liquid-liquid 

extraction and capillary gas chromatography, Journal of 

Chromatography 513, 39-45. 

Abrahamsson, K., Ekdhal, A., (1996). Volatile halogenated compounds and 

chlorophenols in the Skagerrak. Journal of Sea Research 35, 73-79. 

Abrahamsson, K., Choo, K.S., Pedersen, M., Johansson, G., Snoeijs, P., 

(2003). Effect of temperature on the production of hydrogen peroxide 

and volatile halocarbons by brackish- water algae. Phytochemistry 64, 

725-734. 

Abrahamsson, K., Loren, A., Wulff, A., Wangberg, A., (2004). Air-sea 

exchange of halocarbons: the influence of diurnal and regional 

variations and distribution of pigments. Deep Sea Research II, 51, 

2789-2805. 

Allan, B.J., McFiggans, G., Plane, J.M.C., Coe, H., (2000). Observation of 

iodine monoxide in the remote marine boundary layer. Journal of 

Geophysical Research 105, 14363-14369. 

Alvarez, Pedro.J. J., Inman, W. A., (2005). Bioremediation and natural 

attenuation: process fundamentals and mathematical models. 

Published by John Wiley and Sons, 2005. 

Amachi, S., Y, Kamagata, T. Kanagawa, and Y. Muramatsu., (2001). Bacteria 

mediate methylation of iodine in marine and terrestrial environments, 

Applied Environment Microbiology 67, 2718-2722. 

I 



Andersen R.A., Bidigare R.R., Keller M.D., Latasa M., (1996). A comparison 

Of HPLC pigment signatures and electron microscopic observations 

for oligotrophic waters of the North Atlantic and Pacific Oceans, Deep-

Sea Research 43, 517-537. 

Archer, S.D., Goldson, L.E., Liddicoat, M.I., Cummings, D.G., Nightingale, 

P.D., (2007). Marked seasonality in the concentrations and sea-air 

fluxes of the volatile iodocarbons in the western English Channel. 

Atlas, E., Pollock, W., Greenberg, J., Heidt, L., Thompson, A.M, (1993). Alkyl 

nitrates, nonmethane hydrocarbons and halocarbon gases over the 

equatorial Pacific Ocean during Saga 3.Journal of Geophysical 

Research 98, 16993-16947. 

Babin, M., Morel, A., Claustre, H., Bricaud, A., Kolber, Z., Falkowski P.G., 

(1996). Nitrogen- and irradiance-dependent variations of the maximum 

quantum yield of carbon fixation in eutrophic, mesotrophic and 

oligotrophic marine systems, Deep Sea Research 43, 1241-1272. 

Baker, A.R., Turner, S.M., Broadgate, W.J., Thompson, A., McFiggans, G.B., 

Vesperii, 0., Nightengale, P.D., Liss, P.S., Jickells, T.D., (2000). 

Distribution and sea— air fluxes of biogenic trace gases in the eastern 

Atlantic Ocean. Global Biogeochemical Cyclesl4 (3), 871— 886. 

Baker, J. M., Sturges, W. T., Sugier, J., Sunnenberg, G., Lovett, A. A., 

Reeves, C. E., Nightingale, P. D., and Penkett, S. A., (2001). 

Emissions of CH3Br, organochlorines, and organoiodines from 

temperate macroalgae. Chemosphere 3, 93-106. 

Bange, H., Naqvi, S. W. A., and Codispoti, L. A., (2005). The nitrogen cycle in 

the Arabian Sea, Progress in Oceanography 65, 145-168. 

II 



Bange, H.W., Ramesh, R., Rapsomanikis, S., and Andreae, M.O., (1998). 

Methane in surface waters of the Arabian Sea. Geophysical Research 

Letters 25, 3547-3550. 

Bange, H.W., Rapsomanikis, S., Andreae, M. 0. (2001 a). Nitrous oxide 

cycling in the Arabian Sea. Journal of Geophysical Research 106, 

1053-1065. 

Bange, H.W., Rixen T., Johansen, A., Siefert, R.L., Ramesh, R., Ittekkot, V., 

Hoffmann M.R., Andreae, M.O., (2000). A revised nitrogen budget for 

the Arabian Sea. Global Biogeochemical Cycles 141, 283-97. 

Banse, K., (1959). On upwelling and bottom-trawling off the southwest coast 

of India. Journal of Marine Biology Association of India 1, 33-49. 

Banse, K., (1968). Hydrography of the Arabian Sea shelf of India and 

Pakistan and effects on demersal fishes. Deep Sea Research 15, 45-

79. 

Barber, R. T., Marra, J., Bidigare, R., Codispoti, L. A., Halpern, D., Johnson, 

Z., Latasa, M., Goericke, R. and Smith, S. L., (2001). Primary 

productivity and its regulation in the Arabian Sea during 1995. Deep-

Sea Research I 148,1127- 1172. 

Barlow, R.G., Mantoura, R.F.C., Cummings, D.G., (1999). Monsoonal 

influence on the distribution of phytoplankton pigments in the Arabian 

Sea. Deep- Sea Research PT II 46, 677-699. 

Barlow, R. G., V. Stuart., V. Lutz., H. Sessions., S. Sathyendranath., T. Platt., 

M., Kyewalyanga., L. Clementson ., M. Fukasawa., S. Watanabe., E. 

Devred., (2000). Seasonal pigment patterns of surface phytoplankton 

III 



in the subtropical southern hemisphere. Deep- Sea Research PT I, 54, 

1687-1703. 

Barlow, R.G., J., Holligan, P.M., Cummings, D.G., Maritorena, S., Hooker,S., 

(2002). Phytoplankton pigments and absorption characteristic 

meridionial transects in the Atlantic Ocean. Deep Sea Research I 47, 

637-660. 

Barlow, R.G., Sessions, H., Balarin, M., Weeks, S., Whittle, C., Hutchings, L., 

(2005). Seasonal variation in phytoplankton in the southern Benguela: 

pigment indices and ocean colour. African Journal of Marine Science 

27, 275-288. 

Barlow, R., V. Stuart., V. Lutz., H. Sessions., S. Sathyendranath., T. Platt., M. 

Kyewalyanga., L. Clementson ., M. Fukasawa., S. Watanabe., E. 

Devred ., (2007). Seasonal pigment patterns of surface phytoplankton 

in the subtropical southern hemisphere. Deep Sea Research PT I 54, 

1687-1703. 

Behrenfeld, M.J., Falkowski, P.G., (1997). Photosynthetic rates derived from 

satellite-based chlorophyll concentrations. Limnology and 

Oceanography 42, 1-20. 

Bell, N., Hsu, L., Jacob, D.J., Schultz, M.G., Blake, D.R., Butler, J.H., King, 

D.B., Lobert, J.M., Maier-Reimer, E., (2002). Methyl iodide: 

Atmospheric budget and use as a tracer of marine convection in global 

models, Journal of Geophysical. Research 107, D17, ACH 8-1-ACH 8- 

12. 

Bidigare, R. R., Kennicutt, M. C. 11,0ndrusek, M. E., Keller, M D., Guillard, R. 

R. L., (1990a). Novel chlorophyll-related compounds in marine 

IV 



phytoplankton: distributions and geochemical implications. Energy 

Fuels 4, 653-657. 

Bj6rnland, T., Liaaen-Jensen, S (1989). Distribution patterns of carotenoids in 

relation to chromophyte phylogeny and systematics. In: Green, J.C., 

B.S.0 Diver, W.L. (eds). The Chromatophyte Algae: Problems and 

Perspectives. Clarendon Press Oxford, pp 37-61. 

Bouwer, E.J., McCarty, P.L., (1983). Transformation of 1-carbon and 2-carbon 

halogenated aliphatic organic compounds under methanogenic 

conditions. Applied Environmental Microbiology 45(4), 1286-1294. 

Bravo- Linares. C.M., Mudge, S.M., Sepulveda. L.R.H., (2007).Occurrence of 

volatile organic compounds (VOC's) in Liverpool Bay, Irish Sea. Marine 

Pollution Bulletin 54, 1742-1753. 

Butler, J.H., (2000). Better budgets for methyl halides? Nature 403, 260-261. 

Butler, J.H., King, D.B., Lobert, J.M., Montzka, S.A., Yvon-Lewis, S.A., Hall, 

B.D., Warwick, N.J., Mondeel, D.J., Aydin, M., Elkins, J.W., (2007). 

Oceanic distribution ad emission of short-lived halocarbons. Global 

Biogeochemical Cycles 21, GB1023. 

Capone, D.G., Subramanium, A., Montoya, J.P., Voss, M., Humborg, C., 

Johansen, A.M., Siefert, R.L., Carpenter, E.J., (1998). An extensive 

bloom of the N2-fixingcyanobacterium Trichodesmium erythraeum in 

the central Arabian Sea. Marine Ecology Progress Series 172, 281-

292. 

Carpenter, L. J., Jones, C. E., Dunk, R. M., Hornsby, K. E., and Woeltjen, J., 

(2009). Air-sea fluxes of biogenic bromine from the tropical and North 

Atlantic Ocean. Atmosphere Chemistry Physics 9, 1805-1816. 

V 



Carpenter, L.J., D.J. Wevill., C.J. Palmer., J. Michels., (1997). Depth profiles 

of volatile iodine and bromine-containing halocarbons in coastal 

Antarctic waters. Marine Chemistry103, 227-236. 

Carpenter, L.J., Liss, P.S., Penkett, S.A., (2003). Marine organohalogens in 

the atmosphere over the Atlantic and Southern Oceans, Journal of 

Geophysical Research 108, D9, ACH 1-1 —ACH 1-13. 

Carpenter, L.J., Malin, G., Liss, P.S., (2000). Novel biogenic iodine 

containing-contaning trihalomethanes and other short lived 

halocarbons in coastal east Atlantic. Global Biogeochemical Cycles 14, 

1191-1204. 

Chacko, P.I., (1942). An unusual incidence of mortality of marine fauna. 

Current Science 11, 406-407. 

Chisholm, S.W., (1992). What limits phytoplankton growth?. Oceanus 35(3), 

36-46. 

Chisholm, S.W., (1992). Primary productivity and biogeochemical cycles in 

the sea. P.G. Falkowski and A.D. Woodhead (eds), Phytoplankton size, 

Plenum: 213-237. 

Christof, 0., Seifert, R., Michaelis, W., (2000). Volatile halogenated organic 

compounds in European estuaries. Biogeochemistry, 5, 143-160. 

Chuck, A. L., Turner, S.M., Liss, P.S., (2005). Oceanic distribution and air-sea 

fluxes of the biogenic halocarbons in the open ocean. Journal of 

Geophysical Research 110, C10022. 

Class, T., & Ballschmiter K., (1988). Chemistry of organic traces in air VIII: 

Sources of bromo- and bromochloromethane in marine air and surface 

VI 



water of the Atlantic Ocean. Journal of Atmospheric Chemistry 6, 35-

46. 

Claudio, M., Bravo-Linares. C.M., Mudge, S.M., (2009).Temporal trends and 

identification of the sources of volatile organic compounds in coastal 

seawater. Journal of Environmental Monitoring 11, 628-641. 

Claustre, H., (1994). Phytoplankton pigment signatures of the trophic status in 

various oceanic regimes. Limnology and Oceanography 39, 1206-

1211. 

Codispoti, L. A., J. A. Brandes., J. P. Christensen., A. H. Devol., S. W. A. 

Naqvi., H. W. Paerl., T. Yoshinari., (2001). The oceanic fixed nitrogen 

and nitrous oxide budgets: Moving targets as we enter the 

anthropocene ? Scientia Marina 65, 85-105. 

Codispoti, L.A., Elkins, J.W., Yoshinari, T., Frederich, G.E., Sakamoto,C.M., 

Pakard,T.T., (1992). On the nitrous oxide flux from productive regions 

that contain low oxygen waters. In B.N Desai (eds) Oceanography of 

the Indian Ocean. Oxford and IBH publishing company. New Delhi, pp. 

271-284. 

Cullen, J.J., Franks, P.J.S., Karl, D.M., Longhurst, A., (2002). Physical 

influences on marine ecosystem dynamics. - In "The Sea: Biological-

Physical Interactions in the Ocean." A.R. Robinson, J.J. McCarthy, and 

B.J. Rothschild, eds. John Wiley and Sons. pp. 297-335. 

Cullen, J.J., Franks, P.J.S., Karl, D.M., and Longhurst, A., (2002). Physical 

influences on marine ecosystem dynamics. - In "The Sea: Biological-

Physical Interactions in the Ocean." A.R. Robinson, J.J. McCarthy, and 

B.J. Rothschild, eds. John Wiley and Sons. pp. 297-335. 

VII 



Danckwerts, P.V., (1970). Gas-Liquid Reactions. McGraw-Hill: New York. 

p16. 

Daniel, J. S., S. Solomon, and D. L. Albritton., (1995). On the evaluation of 

halocarbon radiative forcing and global warming potentials, Journal of 

Geophysical Research 100(D1), 1271-1285. 

De Sousa, S., Kumar, M.D., Sardessai, S., Sarma, V.V.S.S., Shirodkar, P.V., 

(1996). Seasonal variability in oxygen and nutrients in central and 

eastern Arabian Sea. Current Science71, 847-859. 

Dehadrai,P.V., Bhargava, R.M.S., (1972). Distribution of chlorophyll, 

carotenoids and phytoplankton in relation to certain environmental 

factors along the central west coast of India. Marine Biology 17, 30-37. 

Devassy, V.P., Goes, J.I., (1988). Phytoplankton community structure and 

succession in a tropical estuarine complex central west coast of India. 

Estuarine Coastal and Shelf Science 27, 671-685. 

Devassy, VP., Bhattathiri P.M.A., Qasim S.Z., 1979. Succession of organism 

following trichodesmium phenomenon. Indian journal of Marine 

Science, 89-93. 

Devassy. V.P., Bhattathiri, P.M.A., (1978). Phytoplankton ecology of the 

Cochin backwater, Indian Journal of Marine Science 7, 46-50. 

Dore, J. E., Popp, B. N., Karl, D. M., and Sasone, F. J.A., (1998). Large 

source of atmospheric nitrous oxide from subtropical North Pacific 

surface waters, Nature, 396, 63-66. 

Dugdale R. C. Wilkerson F. P., (1992). Nutrient limitation of new production. 

In Primary Productivity and Biogeochemical Cycles in the Sea, P. G. 

VIII 



Falkowski and A. D. Woodheads (ed.), Plenum Press, New York, 107- 

122. 

Dugdale R. C., Wilkerson F. P., Barber R. T., Chavez F. P., 1992). Estimating 

new production in the equatorial Pacific Ocean at 150W.Journal of 

Geophysical Research 97, 681-686. 

Dugdale, R.C., Wischmeyer, A.G., Wilkerson, F.P., Barber, R.T., Chai, F., 

Jiang, M.S., Peng, T.H., (2002). Meridional asymmetry of source 

nutrients to the equatorial Pacific upwelling ecosystem and its potential 

impact on ocean-atmosphere CO2 flux: a data and modeling approach. 

Deep Sea Research II 49, 2513-2531. 

Dutt, K.S., (2001). Study of marine processes in northern Indian Ocean using 

Radiocarbon.(Ph.D Dissertation). The M.S. University of Baroda, 

Vadodara, India. 

Dyrssen D., E. Fogelqvist, M., Krysell., R. Sturm., (1990). Release of 

halocarbons from an industrial estuary .Tellus 42 b, 162-169. 

Ekdahl, A., M. Pedersen., K.Abrahamsson., (1998). A study of the diurnal 

variation of biogenic volatile halocarbons. Marine Chemistry 63, 1-8. 

Eklund, G., B. Josefsson., and Ross, C., (1978). Determination of volatile 

halogenated hydrocarbons in tap water, seawater and industrial 

effluents by glass capillary gas chromatography and electron capture 

detection. Journal High Resolution Chromatography Chromatography 

Commun 1, 34-40. 

Elliott, S., F. S. Rowland. (1995). Methyl halide hydrolysis rates in natural 

waters. Journal of Atmospheric Chemistry 20, 229-236. 

IX 



Eppley, R. W., (1992). Chlorophyll, photosynthesis and new production in the 

Southern California Bight. Progress in Oceanography, 30, 117-150. 

Falkowski, P. G., Barber, R.T., Smetacek, V., (1998). Biogeochemical controls 

and feedback on ocean primary production. Science 281, 340-343. 

Falkowski, P.G., LaRoche, J., (1991). Acclimation to spectral irradiance in 

algae. Journal of Phycology 27, 8-14. 

Fogelqvist, E., & M. Krysell., (1991). Naturally and anthropogenically 

produced bromoform in the Kattegatt, a semi-enclosed oceanic basin. 

Journal Atmospheric Chemistry 13, 3 15-324. 

Fogelqvist, E., (1985). Carbontetrachloride.Tetrachloroethylene.1, 1, 1- 

trichloroethane and bromoform in Arctic sea water.Geophysical 

Research Letters 90, 9181-9193. 

Furnas, M. J. and Mitchell, A. W., (1996). Pelagic primary production in the 

Coral and southern Solomon Seas, Marine Freshwater Research 47, 

395-705, 

Gauns,M., Mohanraju,R., Madhupratap, M., (1996).Studies on macrozooplankton 

from central and eastern Arabian Sea. Current Science 71,874-877. 

George, M. D., Kumar, M. D., Naqvi, S. W. A., Banerjee, S., Narvekar, P. V., 

De Sousa, S. N. and Jayakumar, D.A., (1994). A study of the carbon 

dioxide in the northern Indian Ocean during premonsoon. Marine 

Chemistry 47, 243-254. 

Gibb, S.W., Cummings, D.G., lrigoien, X., Barlow, R.G., Fauzi, R., Mantoura, 

C., (2001). Phytoplankton pigment chemotaxonomy of northeastern 

Atlantic. Deep Sea Research 1148, 795-823. 

X 



Giese, B., Laturnus, F., Adams, F.C., Wiencke, C., (1999). Release of volatile 

iodinated C1-C4 by marine macroalgae from various climate zones. 

Environmental Science and Technology 33.2432-2439. 

Gieskes, W.W.C., G.W. Kraay, (1983 a). Unknown chlorophyll a derivative in 

the North Sea and tropical Atlantic Ocean reveled by HPLC analysis. 

Limnology and Oceanography 28, 757-766. 

Goldman, C.R. and A.D. Jassby., (1993). Sources of variability in annual 

primary productivity at two mountain lakes. Collected extended 

abstracts from EAWAG Workshop on the Importance of External 

Perturbations for Short- and Long-Term Changes in Large Lake 

Ecosystems, Konstanz, Germany. 

Goodwin, K. D., Lidstrom, M. E., Oremland, R. S., (1997). Marine bacterial 

degradation of brominated methanes. Environment Science 

Technology 31, 3188-3192. 

Grasshoff K, Erhardt M, Kremiling K., (1983). Methods of seawater 

analysis.Verlag Chemie. 

Hallegraeaff, G.M., Jeffrey, S.W., (1985). Description of new chlorophyll a 

alteration products in marine phytoplankton. Deep-Sea Research 32, 

697-705. 

Happell, 	J.D., Wallace, 	D.W.R., 	(1996). 	Methyl 	iodide in the 

Greenland/Norwegian Seas and the tropical Atlantic Ocean: Evidence 

for photochemical production, Geophysical. Research Letters 23 (16), 

2105 — 2108. 

XI 



Happell, J.D., Wallace, D.W.R., (1998). Removal of atmospheric CCI4 under 

bulk aerobic conditions in groundwater and soils. Environmental 

Science and Technology 32.1244-1252. 

Harper, D.B. (1983). Biogenesis and metabolic role of halomethanes to fungi 

and plants. Metal Ions in Biological Systems, 29, 345-388. 

http://www.encineerinatoolbox.com/water-dynamic-kinematic-viscosity- 

d 596.html  

Hughes, C., Chuck, A.L., Turner, S.M., Liss, P.S., (2008).The production of 

volatile iodocarbons by biogenic marine aggregates. Limnology 

Oceanography 53, 867-872. 

Hughes, C., Malin, G., Nightingale, P.D., Liss, P.S., (2006).The effect of the 

light stress on the release of volatile iodocarbons by three species of 

marine phytoplankton. Limnology Oceanography 51, 2849-2854. 

Jayakumar, D.A., S.W.A. Naqvi., Narvekar, P.V., George, M.D., (2001). 

Methane in coastal and offshore waters of the Arabian Sea. Marine 

Chemistry 74, 1-13. 

Jeffers, P.M., Ward, L.M., Woytowitch, L.M., Wolfe, N.L., (1989). 

Homogenous hydrolysis constant for selected chlorinated methanes, 

ethanes, ethenes and propanes. Environmental Science and 

Technology 23, 965-969. 

Jeffrey, S. W. and Hallegraeff, G. M., (1990). Phytoplankton ecology of 

Australasian waters. In: Clayton, M N and King, R J (Eds.).Biology of 

Marine Plants. Melbourne: Longman Cheshire, (Ch.14), 310-348. 

Jeffrey, S. W., (1976). Report of green algal pigments in the Central North 

Pacific Ocean. Marine Biology 37, 33-37. 

XII 



Jeffrey, S.W. and M, Vesk., (1997). Introduction to marine phytoplankton and 

their pigment signatures. In: Jeffrey, S.W., Mantoura, R.F.C., Wright, 

S.W. (Eds), Phytoplankton Pigments in Oceanography. UNESCO 

publishing, Paris, pp.37-84. 

John, C.C., Menon, M.A.S., (1942). Food and feeding habits of the oil sardine 

and mackerel. Current Science 11, 243-244. 

Karunasagar, I.,Gowda, H.S.V., Subburaj, M., Venugopal, M.N., (1984). 

Outbreak of paralytic shellfish poisoning in Mangalore, west coast of 

India. Current Science 53, 247-249. 

Klick, S., K. Abrahamsson., (1992). Biogenic volatile iodated hydrocarbons in 

the ocean, Journal Geophysical Research 97(C8), 12683-12687. 

Klick, S., (1992). Seasonal variations of biogenic and anthropogenic 

halocarbons in seawater from a coastal site. Limnology and 

Oceanography 37, 1579-1585. 

Keene, W.C., (1999). Composite global emissions of reactive chlorine from 

anthropogenic and natural sources: reactive chlorine emissions 

inventory. Journal of Geophysical Research104, 8429-8440. 

Khalil, M.A.K., Moore, R.M., Harper, D.B., Lobert, J.M., Erickson, D.J., 

Koropolov, V., Sturges, W.T., Knee, W.C., (1999). Natural emission of 

chlorine —contaning gases: Reactive chlorine emission inventory. 

Journal of Geophyscical Research 104, 8333-8346. 

Khalil, M.A.K., Rasmussen, R.A., Hoyt, S.D., (1983). Atmospheric chloroform 

(CHCI3): Ocean-air exchange and global mass balance.]Tellus 35(B), 

266-274. 

XIII 



King D. B. and Saltzman E. S., (1997). Removal of methyl bromide in coastal 

seawater: Chemical and biological rates.Journal of Geophysical 

Research. 102, 18715-18721. 

Kortzinger, A., Duinker, J.C., Mintrop, L., (1997). Strong CO2 emission from 

the Arabian Sea during southwest monsoon. Geophysical Research 

Letters 24, 1763-1766. 

Krishnan, A. A., Krishnakumar, P.K., Rajagopalan, M., (2007). Trichodesmium 

erythraeum (Ehrenberg) bloom along the southwest coast of India 

(Arabian Sea) and its impact on trace metal concentrations in 

seawater. Estuarine Coastal Shelf Science 71, 641-646. 

Krysell, M., & Wallace, D. W. R., (1988). Arctic Ocean ventilation studied with 

a suite of anthro-pogenic halocarbon tracers. Science 242, 746-749. 

Krysell, M., (1992). Carbontetrachloride and Methyl chloroform as tracer of 

deep water formation in the Weddell Sea, Antarctica. Marine Chemistry 

39.297-310. 

Krysell, M., Nightingale, P.D., (1994). Lower molecular weight halocarbons in 

the Humber and Rhine estuaries determined using a new purge and 

trap gas chromatography method. Continental Shelf Research 14, 

1311-1329. 

Krysell, M., (1991). Bromoform in the Nansen Basin in the Arctic-Ocean. 

Marine Chemistry 3, (1-2), 187-197. 

Kumar, M.D., (2006). Biogeochemistry of north Indian Ocean. Indian National 

Science Academy publishing. New Delhi, pp.1-25. 

XIV 



Kumar, M.D., Li,Y.H., (1996). Spreading water masses and regenerations of 

silica and 226  Ra in the Indian Ocean. Deep-Sea Research II 43, 83-

110. 

Latasa, M., Bidigare, R.R., (1998). A comparison of phytoplankton population 

of the Arabian Sea during the Spring Intermonsoon and Southwest 

Monsoon of 1995 as described by HPLC- analyzed pigments. Deep-

Sea Research PT II, 45, 2133-2170. 

Laturnus, F., Wiencke, C., Kloser, H., (1996). Antarctic macroalgae —sources 

of volatile halogenetated organic compounds. Marine Environment 

Research 41,169-181. 

Law, C. S., Owens, N. J. P., (1990). Denitrification and nitrous oxide in the 

North Sea. Netherlands Journal Sea Research 25, 65-74. 

Law, K.S., Sturges, W.T., (2007). Halogenated very short —lived substances, 

Chapter 2 in: Scientific Assessment of Ozone Depletion: 2006, Global 

Ozone Research and Monitoring Project-Report No. 50, World 

Meteorological Organization, Geneva, pp 572. 

Lebour, M., (1978).The Planktonic Diatoms of Northern Seas Otto Koeltz 

Science publishing, D-6240 Kooenigstein W- Germany, 244. 

Lee, B-S., Bullister, J.L., Whitney, F.A., (1999). Chlorofluorocarbon CFC-11 

and carbon tetrachloride removal in Saanich Inlet, an Intermittently 

Anoxic Basin, Marine Chemistry , 66, 171-185. 

Liaaen-Jensen, S., and A. G. Andrews., (1972). Microbial carotenoids. Annual 

Review Microbiology 26, 225-248. 

Liss, P. S., Slater, P. G., (1974). Flux of gases across the air—sea interface, 

Nature 247, 181-184. 

XV 



Liss, P.S., (2001). Biogeochemical connections between the atmosphere and 

the ocean.ln: Pearce, R.P.(ed.) Meteorology at the Millenium, 

Academic Press, 249-258. 

Liss, P.S., Broadgate, W.J.,Hatton, A.D., Little, R.H., Malin, G., McArdle, N.C., 

Nightingale, P.D., Turner, S.M., (2000). Biological production of trace 

gases insurface sea water and their emission to the atmosphere. In: 

Larsen, S. Fiedler, F.Borell, P. (eds.) Exchange and Transport of Air 

Pollutants over Complex Terrain and the Sea, Springer-Verlag, 139- 

144. 

Liss, P.S., Merlivat, L., (1986). Air-sea gas exchange rates: Introduction and 

synthesis, in The Role of Air-Sea Exchange in Geochemical Cycling, 

Llewellyn C.A., Mantoura R.F.C., (1996). Pigment biomarkers and particulate 

organic carbon in the upper water column compared to the ocean 

interior of the northeast Atlantic. Deep Sea Research 43, 1165-1184. 

Lovelock, J.E., (1975). Natural halocarbons in the air and in the sea. Nature, 

256, 193-194. 

Mabey, W. and Mill, J., (1978). Critical review of hydrolysis of organic 

compounds in water under environmental conditions. Journal of 

Physical and Chemical Reference Data 8(2), 383-385. 

Madhupratap, M., Kumar, S.P., Bhattathiri, P.M.A., Kumar, M.D., 

Raghukumar, S., Nair, K.K.C., Ramaiah,N., (1996). Mechanism of 

biological response to winter cooling in the northeastern Arabian Sea. 

Nature 384, 349-352. 

XVI 



Madhupratap, M., Sawant, S.S., Gauns, M., (2000). A first report on a bloom 

of the marine prymnesiophycean Phaeocyctics globosa from the 

Arabian Sea. Oceanologia Acta23, 83-90. 

Manley, S.L., Goodwin, K and North, W. J., (1992). Laboratory production of 

bromoform, methylene bromide, and methyl iodide by macroalgae and 

distribution in near shore California waters. Limnology Oceanography, 

37(8): 1652-1659. 

Manley, S.L., Cuesta, de. la., (1997). Methyl iodide productions from marine 

phytoplankton cultures. Limnology Oceanography 42, 142-147. 

Margalef, R. (1978). Life-forms of phytoplankton as survival alternatives in an 

unstable environment. Oceanologica Acta 1, 493-509. 

Mcconnell, 0., Fenical, W., (1977). Halogen chemistry of the red alga 

Asparagopsis. Biochemistry 16, 367-374. 

McGillis W. R., Edson J. B., Hare J. E., Fairall C. W., (2001a). Direct 

covariance air-sea CO2 fluxes. Journal of Geophysical Research 106, 

16729-16745. 

McGillis, W. R., Edson, J. B., Ware, J. D., Dacey, J. W. H., Hare, J. E., 

Fairall, C. W., Wanninkhof, R. (2001 b). Carbon dioxide flux techniques 

performed during GasEx-98. Marine Chemistry 75, 267-280. 

Michaels, A.F. and Silver, M.W., (1988). Primary production, sinking flux and 

the microbial food web. Deep-Sea Research 35: 473-490. 

Mills, W.B., Lew, C.S., Loh, J.Y. (1998). Prediction of potential human risks 

from power plant discharges of total residual chlorine and chloroform 

into rivers. Environmental Science and Technology, 32, 2162-2171 

XVII 



Moore, R.M., (2003). Marine sources of volatile organohalogens. In: (Ed.): 

Handbook of Environmental Chemistry 3(P), 85-101. 

Moore, R.M., Groszko, W., (1999). Methyl iodide distribution in the ocean and 

fluxes to the atmosphere. Journal of Geophysical Research 104 

(C5).11163-11171. 

Moore, R.M., M. Webb., R. Tokarczyk., R .Wever., (1996).Bromoperoxidase 

and lodoperoxidase enzymes and production of halogenated methanes 

in marine diatom cultures. Journal of Geophysical Research 101(20), 

20899-20908. 

Moore, R.M., 0, Zafiriou., (1994). Photochemical production of methyl iodide 

in seawater. Journal of Geophysical Research 99, 16415-16420. 

Moore, R.M., R. Tokarczyk., (1993). Volatile biogenic halocarbons in the 

northwest Atlantic, Global Biogeochemical Cycles 7,195-210. 

Moore, R.M., Webb, M.E., (1996).The relationship between methyl bromide 

and chlorophyll a in high-latitude ocean waters Geophysical Research 

Letters 23, 2951-2954. 

Mtolera M. S. P., Collen J., Pedersen M., Ekdahl A., Abrahamsson K., and 

Semesi A. K., (1996). Stress-induced production of volatile 

halogenated organic compounds in Eucheuma denticulatum 

(Rhodophyta) caused by elevated pH and high light intensities. 

European Journal of Phycology 31, 89-95. 

Mulholland, M. R., Bernhardt, P. W., Heil, C. A., Bronk, D. A., and O'Neil, J. 

M., (2006). Nitrogen fixation and regeneration in the Gulf of Mexico, 

Limnology Oceanography 51, 176-177,. 

XVIII 



Mulholland, M.R., (2007). The fate of nitrogen fixed by diazotrophs in ocean. 

Biogeosciences 4, 37-51. 

Nair, R.R., lttekkot, V., Manganini, S.J., Ramaswamy,V., Haake,B., 

Degens,E.T., Desai,B.N., Honjo, S., (1989). Increased particle flux to 

the deep ocean related to monsoon. Nature 338.749-751. 

Naqvi, S. W. A, Naik, H., Jayakumar, D. A., Shailaja, M. S., Narvekar, P. V., 

(2006a). Seasonal oxygen deficiency over the western continental shelf 

of India, in: Past and Present Water Column Anoxia. NATO Science 

Series, IV. Earth and Environmental Sciences Vol 64, Springer, 195-

224. 

Naqvi, S. W. A., (1987). Some aspects of the oxygen deficient conditions and 

denitrification in the Arabian Sea. Journal of Marine Research 45, 

1049-1072. 

Naqvi, S. W. A., Naik, H., D' Souza, W., Narvekar, P. V., Paropkari, A. L., and 

Bange, H. W., (2006b). Carbon and nitrogen fluxes in the North Indian 

Ocean, in: Carbon and Nutrient Fluxes in Continental Margins: A 

Global Synthesis, edited by: Liu, K. K., Atkinson, L., Quinones, R., and 

Talaue-McManus, L., Springer-Verlag, Berlin. 

Naqvi, S. W. A., Sarma, V. V. S. S., and Jayakumar, D. A., (2002). Carbon 

cycling in the northern Arabian Sea during the northeast monsoon: 

Significance of salps. Marine Ecology Progress Series 226, 35-44. 

Naqvi, S.W. A., Jayakumar, D. A., Narvekar, P. V., Naik, H., Sarma, V. V. S. 

S., D' Souza, W., Joseph, S., and George, M. D., (2000). Increased 

marine production of N20 due to intensifying anoxia on the Indian 

continental shelf. Nature 408, 346-349. 

XIX 



Naqvi, S.W.A., and Qasim, S.Z., (1983). Inorganic nitrogen and nitrate 

reduction in the Arabian Sea. Indian Journal of Marine Sciences 12, 

21-26. 

Naqvi, S.W.A., George, M.D., Narvekar, P.V., Jayakumar, D.A., Shailaja, 

M.S., Sardesai, S., Sarma, V.V.S.S., Shenoy, D.M., Naik, H., 

Maheshwaran, P.A., Krishnakumari, K.G., Rajesh, A.K., Sudhir, Binu, 

M.S., (1998). Severe fish mortality associated with 'red tide' observed 

in the sea off Cochin. Current Science 75, 543-544. 

Naqvi, S.W.A., Noronha, R.J., (1991). Nitrous oxide in the Arabian Sea. Deep-

Sea Research 38, 871-890. 

Naqvi, S.W.A., Noronha, R.J., Reddy, C.V.G., (1982). Denitrification in 

Arabian Sea. Deep Sea Research I 29, 459-469. 

Naqvi, S.W.A., Shailaja, M.S., (1993). Activity of the respiratory electron 

transport system and respiration rates within the oxygen minimum layer 

of the Arabian Sea, Deep -Sea Res. PT II, 40, 687-695. 

Neideleman S.L,Geigert J.,(1983). Biological halogenation and epooxidation. 

Biochemical Society Symposium 48, 39-52. 

Nightingale, P. D., (1991). Low molecular weight halocarbons in seawater. 

Ph.D. thesis, University of East Anglia. 

Nightingale, P. D., Liss, P. S., Schlosser, P., (2000a). Measurements of air-

sea gas transfer during an open ocean algal bloom. Geophysical 

Research Letters 27, 2117-2120. 

Nightingale, P. D., Malin, G., Law, C. S., Watson, A. J., Liss, P. S., 

Liddicoat, M. I., Boutin, J., Upstill-Goddard, R. C., (2000b). In situ 

evaluation of air-sea gas exchange parameterizations using novel 

XX 



coervative and volatile tracers. Global Biogeochemical Cycles 14, 373-

387. 

Nightingale, P.D., Malin, G., Liss, P.S., (1995). Production of chloroform and 

other low molecular-weight halocarbons by some species of 

macroalgae, Limnology. Oceanography 40(4), 680 — 689. 

O'neil, J. M., (1998). The colonial cyanobacterium Trichodesmium as a 

physical and nutritional substrate for the harpacticoid copepod 

Macrosetella gracilis. Journal of Plankton Research 20, 43-59. 

O'Neil, J. M., (1999). Grazer interactions with nitrogen-fixing marine cyanobacteria: 

adaptation for N-acquisition?, Bulletin Institute Oceanography Monaco 19, 

293-317. 

Paraba, S. G., Matondkara, S.G. P., Gomes, H. do R., Goes, J.I., (2006). 

Monsoon driven changes in phytoplankton populations in the eastern 

Arabian Sea as revealed by microscopy and HPLC pigment analysis. 

Continental Shelf Research 26, 2538-2558. 

Patra, P.K., Lal, S., Venkataramani, S., Gauns, M., Sarma.V.V.S.S., (1998). 

Seasonal variability in distribution and fluxes of methane in the Arabian 

Sea, Journal of Geophysical Research 103, 1167-1176. 

Pedersen M, Coll& J, Abrahamson K, Ekdahl A (1996). Production of 

halocarbons from seaweeds: An oxidative stress reaction?. Scientia 

Marina 60, 257-263. 

Pedro, J.J.A., Illman, W.A, (2005). Bioremediation and natural attenuation: 

process fundamentals and mathematical models. John Wiley and Sons 

publishing, pp.137-138. 

XXI 



Prasannakumar, S., Madhupratap, M., Kumar, M. D., Muraleedharan, P. M., 

de Souza, S. N., Gauns, M. and Sarma, V. V. S. S. (2001). High 

biological productivity in the central Arabian Sea during the summer 

monsoon driven by Ekman pumping and lateral advection. Current 

Science, 81, 1633-1638. 

Prasannakumar, S., Nuncio, M., Narvekar, J., Kumar, A., Sardessai, S., 

DeSouza, S. N., Gauns, M., Ramaiah, N., Madhupratap, M. (2004). Are 

eddies nature's trigger to enhance biological productivity in the Bay of 

Bengal? Geophysical Research Letters 31, L07309. 

PrasannaKumar, S., Ramaiah, N., Gauns, M., Sarma, V.V.S.S., 

Muraleedharan, P.M., Raghukumar, S., Dileep Kumar, M., 

Madhupratap, M., (2001). Physical forcing of biological productivity in 

the northern Arabian Sea during northeast monsoon. Deep-Sea 

Research II 48, 1115-1126. 

Qasim, S.Z., (1977). Biological productivity of the Indian Ocean. Indian 

Journal of Marine Sciences 6, 122-137. 

Quack, B., Atlas, E., Petrick, G., Stroud, V., Schauffler, S., Wallace, D.W.R., 

(2004). Oceanic bromoform sources for the tropical atmosphere. 

Geophysical Research Letters 31, L23S05. 

Quack, B., Wallace, D.W., (2003). Air-sea flux of bromoform: Controls, rates 

and implications. Global Biogeochemical Cycles 17, 1023. 

Quack. B., I. Peeken., G. Petrick., K. Nachtigall., (2007).Oceanic distribution 

and source of bromoform and dibromomethane in Mauritanian 

upwelling. Journal of Geophysical Research 112, C10006. 

XXII 



Ram, N.M., Christman, R.F., Cantor, K.P, (1990). Significance and treatment 

of volatile organic compounds in water supplies. CRC publishing. pp. 

493-494. 

Ramaiah, N., Raghukumar, S., and Gauns, M., (1996). Bacteria abundance 

and production in central and eastern Arabian Sea. Current Science 

71, 878-882. 

Rasmussen, R.A., M.A.K. Khalil, R. Gunawarden., Hoyt S.D., (1982). 

Atmospheric methyl iodide (CH3I), Journal of Geophysical Research 

87, 3086-3090. 

Rensburg, J. F. J. V., Van Huyssteen, J. J. and A. J. Hasse'rt., (1978). A 

semi- automated technique for the routine analysis of volatile 

organohalogens in water purification processes. Water Research 12v 

127 -131. 

Revelante, N., Gilmartin, M., (2002). Dynamics of phytoplankton in the Great 

Barrier Reef Lagoon. Journal of Plankton Research 4, 47-76. 

Richter, U., Wallace D.W.R., (2004). Production of methyl iodide in the 

tropical Atlantic Ocean. Geophysical Research Letters 31 L23S03. 

Rixen ,T., Goyet., lttekkot, V.C., (2005). Interactive comment on Diatoms and 

their influence on biologically mediated uptake of atmospheric CO2 in 

the Arabian Sea upwelling system. Biogeosciences Discussions 2,103- 

106. 

Roy, R., Prathihary, A., G. Mangesh., S.W.A Naqvi., (2006). Spatial variation 

of phytoplankton pigments along the southwest coast of India. 

Estuarine coastal Shelf Science 69, 189-195. 

XXIII 



Russo, M.V., L. Campanella, P. Avino., (2003). Identification of halocarbons in 

the Tiber and Marta River by static headspace and liquid-liquid 

extraction analysis. Journal of Separation Science 26, 376-380. 

Saeed,T.H., Khordagui, 	H., Al-Hashash., 	(1999). Contribution of 

power/desalination plants to the levels of halogenated volatile liquid 

Hydrocarbons in the coastal areas of Kuwait. Desalination 121, 49-63. 

Saji, N.H., B.N. Goswami, P.N. Vinayachandran, Yamagata, T., (1999). A 

dipole mode in the tropical Indian Ocean. Nature, 401, 360-363. 

Salawitch R. J, (2006). Atmospheric chemistry: Biogenic bromine. Nature 439, 

275-277. 

Sarma, V. V. S. S., (2004). Net plankton community production in the Arabian 

Sea based on 02 mass balance model. Global Biogeochemical Cycles 

18, 4001. 

Sarma, V.V.S.S., Dileep, M.D., George., (1998). The central and the eastern 

Arabian Sea as perennial source of atmospheric carbondioxide. Tellus 

50B, 179-184. 

Sarmiento, J.L., Herbert, T.D., and Toggweiler, J.R., (1988). Causes of anoxia 

in the world ocean: Global Biogeochemical Cycles v. 7p, 417-450. 

Sawant S, Madhupratap, M., (1996). Seasonality and composition of 

phytoplankton in Arabian Sea. Current Science 71, 869-873. 

Scarratt, M.G. and Moore, R.M., (1996). Production of methyl chloride and 

methyl bromide in laboratory cultures of marine phytoplankton. - Marine 

Chemistry 54, 263-272. 

XXIV 



Scarratt, M.G. and Moore, R.M., (1999). Production of chlorinated 

hydrocarbons and methyl iodide by red microalgae Porphyridium 

puroureum. Limnology and Oceanography 44, 703-707. 

Scarratt, M.G., R.M. Moore., (1998). Production of methyl bromide and methyl 

chloride in laboratory cultures of marine phytoplankton II. Marine 

Chemistry 59, 311-320. 

Schall, C., Heumann., G.O. Kirst., (1997). Biogenic volatile organoiodine and 

organobromine hydrocarbons in the Atlantic Ocean from 42 °N to 72 

°S. Fresenusenes Journal Analytical Chemistry 359, 298-305. 

Schauffler, S.M., E.L. Atlas, D.R., Blake, F., Flocke, R.A., Lueb, J.M., Lee-

Taylor, V., Stroud., W. Travnicek., (1999). Distributions of brominated 

organic compounds in the troposphere and lower stratosphere, Journal 

of Geophysical Research 104, 513-21,535. 

Sellner, K. G., (1997). Physiology, ecology, and toxic properties of marine 

cyanobacteria blooms. Limnology Oceanography 42, 1089-1104. 

Sen Gupta, R., Rajagopal, M.D., Qasim, S.Z. (1976). Relationship between 

dissolve oxygen and nutrients in the northwestern Indian Ocean. Indian 

Journal of Marine Sciences 5, 201-211. 

Shankar, D., Vinaychandran, P.N., Unnikrishnan, A.S., (2002). The monsoon 

currents in the north Indian Ocean. Progress in Oceanography 52, 63- 

120. 

Shenoy, D.M., Kumar, M.D., (2007). Variability in abundance and fluxes of 

dimethyl sulphide in the Indian Ocean, 83, 277-292. 

XXV 



Sheridan, C. C., Steinberg, D. K., and Kling, G. W., (2002). The microbial and 

metazoan community associated with colonies of Trichodesmium spp.: 

a quantitative survey. Journal of Plankton Research 24, 913-922. 

Sheridan, C. C., Steinberg, D. K., Kling, G. W., (2002). The microbial and 

metazoan community associated with colonies of Trichodesmium spp.: 

a quantitative survey. Journal of Plankton Research 24 (9), 913-922. 

Shetye, S.R., (1998). West India coastal current and Lakshadweep high/low. 

Sadhana 23, 637-651. 

Shetye, S.R., Gouveia, A.D., Shenoi, S.S.C., Michael, G.S., Sundar, D., 

Almeida, A. M., Santanam, K., (1991). The coastal currents off western 

India during the northeast monsoon: Deep-Sea Research 38, 1517- 

1529. 

Siddiqui P.J.A., Carpenter E.J., Bergman, B., (1993). Trichodesmium: 

Ultrastructure and protein localization. In: Carpenter E.J., Capone D.G., 

Rueter J. (eds) Marine pelagic cyanobacteria: Trichodesmium and 

other diazotrophs. Kluwer Academic Publishers. Dordrecht, p 9-28. 

Siddiqui, P. J. A., Bergman, B., Carpenter, E. J., (1992). Filamentous 

cyanobacterial associates of the marine planktonic cyanobacterium 

Singh, H.B., Salas, L.J., and Stiles, R.E., (1983). Selected man-made 

halogenated chemicals in the air and oceanic environment. 

Geophysical Research Letters 88(C6), 3675-3683. 

Siefert, R.,Johansen, A.M., Hoffmann, M.R., (1999).Chemical characterization 

of ambient aerosol collected during southwest monsoon and 

intermonsoon season over the Arabian Sea: Fe (ii) and other trace 

metals. Journal of Geophysical Research 104, 3511-3526. 

XXVI 



Solomon, S., Garcia, R.R., Ravishankara, A.R., (1994). On the role of iodine 

in ozone depletion. Journal of Geophysical Research 99, 491-499. 

Subrahmanyan, R., (1959). Studies on the phytoplankton of the west coast of 

India-I and II. Proceedings of the Indian Academy of Science B50, 

113-252. 

Subrahmanyan, R., Sarma, A.H.V., (1961). Studies on the phytoplankton of 

the west coast of India. Part III, seasonal variation of the phytoplankton 

and environmental factors. Indian Journal of Fisheries 7, 307-336. 

Subrahmanyan, R., Sarma, A.H.V., (1967). Studies on the phytoplankton of 

the west coast of India. Part IV, magnitude of the standing crop for 

1955-1962, with observations on nanoplankton and its significance to 

fisheries. Journal of the Marine Biological Association of India 7, 406— 

419. 

Tait. V. K., R.M. Moore (1995). Methyl chloride (CH3CI) production in 

phytoplankton cultures, Limnology Oceanography 40, 189-195. 

Tanhua, T., Fogelqvist, E., Basturk, 0., (1996). Reduction of volatile 

halocarbon in anoxic seawater, results from a study in the Black sea. 

Marine Chemistry 54, 159-170. 

Theiler, R., Cook, J.C., Hager, L.P. (1978). Halohydrocarbon synthesis by 

bromoperoxidase. Science, 202, 1094-1096. 

Tokarczyk, R., R.M. Moore, (1994). Production of volatile organohalogens by 

marine phytoplankton, Geophysical Research Letters 21(4), 285-288. 

Tokarczyk, R., R.M. Moore., (1994). Production of volatile organohalogens by 

marine phytoplankton. Geophysical Research Letters 21(4), 285-288. 

XXVII 



Tomas, C.R., (1996). Identifying marine phytoplankton. Academic Press 

Limited London .pp 857. Trichodesmium. Phycologia, 31, 326-337. 

unesdoc.unesco.org/imaqes/0009/000997/099739eo.pdf  

Upstill-Goddard R. C., Barnes J., and Owens N. J. P., (1999). Nitrous oxide 

and methane during the 1994 SW monsoon in the Arabian 

Sea/northwestern Indian Ocean. Journal of Geophysical Research. 

104, 30067-30084. 

Urhahn, T., Ballschmiter, K., (1998). Chemistry of biosynthesis of halogenated 

methanes: C1- organohalogens as pre-industrial chemical stressors in 

the environment. Chemosphere 37, 1017-1032. 

Van Heukelem. (2002). HPLC phytoplankton pigments: Sampling, laboratory 

methods, and quality assurance procedures. In: Mueller, J., and 

Fargion, G., (Eds.), Ocean Optics Protocols for Satellite Ocean Color 

Sensor, Revision 3, Volume 2,Chapterl6,NASA Technical 

Memorandum 2002-2004, pp.258-268. 

Van Leeuwe, M. A., and Stefels, J., (1998). Effects of iron and light stress on 

the biochemical composition of Antarctic Phaeocystis sp. 

(Prymnosiophyceae),II. Pigment composition, Journal of Phycology 34, 

496-503. 

Vidussi, F., Claustre, H., Manca, B., Luchetta, A., & Marty, J.C., (2001). 

Phytoplankton pigment distribution in relation to the upper thermocline 

circulation in the Eastern Mediterranean Sea during winter, Journal of 

Geophysical Research 106, 19939-19956. 

Vogel, T.M., Criddle, C.S., McCarthy, P.M., (1987). Transformation of 

Wanninkhof, R., 1992.Relationship between wind speed and gas 

XXVIII 



exchange over the ocean. Journal of Geophysical Research 97, 7373-

7382. 

Wallace, D.W.R., Beining, P., Putzka, A., (1994). Carbontetrachloride and 

chloroflurocarbons in South Atlantic Ocean, 19`S.Jo urnal of 

Geophysical Research 99. 7803-7819. 

Walsh, J. J., Steidinger, K. A., (2001). Saharan dust and red tides: The 

cyanophyte connection. Journal of Geophysical Research 106, 11597-

11612. 

Wanninkhof, R., (1992). Relationship between wind speed and gas exchange 

over the ocean. Journal of Geophysical Research. 97, 7373-7382. 

Weyer, R., Tromp, M. G. M., Krenn, B. E., Marjani, A., and Vantol, M., (1991). 

Brominating activity of the seaweed Ascophyllum-nodosum — impact on 

the biosphere, Environment Science Technology 25, 446-449. 

Weyer, R., Tromp, M.G.M., Van Schijndel, J.W.P.M., Vollenbroek, E.G.M., 

(1993). Bromoperoxidase, Their role in the formation of HOBr and 

bromoform in seaweeds, in: Biogeochemistry of Global Change, (ed: 

R.S. Oremland) Chapman and Hall, New York. 

Whittle, K.J., (1977). Marine organic matter and there contribution to organic 

matter in the ocean. Marine Chemistry 5, 381-411. 

Wilke, C.R., and P. Chang., (1955) A.E.CH.E. Journal 1, 264-270. 

WMO: Scientific assessment of ozone depletion: (2006). Global ozone 

research and monitoring project- Report no. 50, World Meteorological 

Organization , Geneva, http://ozone.unep.orq/ publications, 2007. 

XXIX 



Wright, S.W., and Jeffrey, S.W., (1987). Fucoxanthin pigment markers of 

marine phytoplankton analysed by HPLC and HPTLC. Marine Ecology 

Progress Series 38, 259-266. 

Wright, S.W., and Jeffrey, S.W., (1987). Fucoxanthin pigment markers of 

marine phytoplankton analysed by HPLC and HPTLC. Marine Ecology 

Progress Series38, 259-266. 

Wright, S.W., Jeffrey, S.W., Mantoura, R.F.C., Llewellyn, C.A., Bjornland, T., 

Repeta, D., Welschmeyer, N., (1991). Improved HPLC method for the 

analysis of chlorophylls and carotenoids from marine phytoplankton. 

Marine Ecology Progress Series 77, 183-196. 

Xin, Y., Richard, A., Cox, N. J., Warwick, J. A., Pyle, G. D., Carver, F. M. 

O'Connor, 1., Nick, H. S., (2005). Tropospheric bromine chemistry and 

its impacts on ozone: A model study. Journal of Geophysical Research 

110, D23311, doi: 10.1029/2005JD006244. 

Yamamoto, H., Y. Yokouchi., A. Otsuki., H. Itoh., (2001). Depth profiles of 

volatile halogenated hydrocarbons in seawater in the Bay of Bengal. 

Chemosphere 45, 371-377. 

Yang, X., Cox, R.A., Warwick, N.J., Pyle, J.A., Carver, G.D., O'Connor, F.M., 

Savage, N.H., (2005). Tropospheric bromine chemistry and its impact 

on ozone: a model study. Journal of Geophysical Research 110, 

D23311. 

Yates, S.R., Wang, D., Gan, J., Ernst, F.F., Jury, W.A., (1998). Minimising 

methyl bromide emission from soil fumigation. Geophysical Research 

Letters, 25, 1633-1636. 

XXX 



Zafiriou, 0.C., (1974). Photochemistry of halogens in the marine atmosphere. 

Journal of Geophysical Research 79(18), 2730 — 2732. 

Zoccolillo, L., Abete, C., Amendola, L., Ruocco, R., Andrea, S., Termine, M., 

(2004). Halocarbons in aqueous matricies from the Rennick glacier and 

the Ross Sea (Antarctica).International Journal Environment Analytical 

Chemistry 84 (6-7), 513-522. 

Zoetman B, Harmsen, K., Linders, J., Morra, C, Slooff. , W., (1980). Persistent 

organic pollutants in river water and groundwater of the Netherlands. 

Chemosphere 9, 231-49. 

XXXI 





List of publications of the candidate 

1. Roy, R., Prathihary, A., Mangesh, G., Naqvi. S.W.A., 2006. Spatial variation 

of phytoplankton pigments along the southwest coast of India. Estuarine 

Coastal Shelf Science 69, 189-195. 

*Copy Enclosed 

2. Kurian, S., Shenoy, D.M., Gauns, M., Pratihary, A.K., Roy, R., Narvekar, G., 

Paul, J.T., 2007. Water column characteristic following the September 2004 

stench event off southern Malabar Coast. Indian journal Of Marine 

Science 36, 199-205. 

*Copy Enclosed 

3. Roy, R., Kumar, D., Naqvi, S.W.A., Pratihary, A., 2009. Halocarbons in 

Arabian Sea: Influence of coastal upwelling and phytoplanktons. Journal of 

Geophysical Research. Under Revision.  

4. Roy, R. Naqvi, S.W.A., Kumar, D., Pratihary, A., Gauns, M., Mochemadkar, 

S., 2009. Oceanic distribution and abundance of chloroform, 1-iodopropane 

and carbon tetrachloride in central Arabian Sea: Influence of phytoplankton 

pigments and nutrients dynamics. Deep Sea Research I. Revised  

Submitted.  

5. Roy, R., 2009. Halocarbons in the eastern Arabian Sea: Temporal variability 

in relation to phytoplankton pigments. Estuarine Coastal Shelf Science. 

Under Revision. 



Available online at www.sciencedirect.com  

SCIENCE 6DIRECT• 

ESTUARINE 
COASTAL 

AND 

SHELF SCIENCE 
ELSEVIER Estuarine, Coastal and Shelf Science 69 (2006) 189-195 

 

www.elsevier.com/locate/ecss  

Spatial variation of phytoplankton pigments along 
the southwest coast of India 

Rajdeep Roy* , Anil Pratihary, Gauns Mangesh, S.W.A. Naqvi 

National Institute of Oceanography, Dona Paula, Goa 403004, India 

Received 23 December 2005; accepted 10 April 2006 
Available online 15 June 2006 

Abstract 

Phytoplankton composition and abundance were studied along the southwestern Indian coast toward the end of the upwelling season in 
October 2004. Phytoplankton pigment analyses, complemented by limited microscopic counts, were carried out to determine the community 
structure. Chlorophyll a was the most abundant of all pigments, followed by fucoxanthin. Zeaxanthin was abundantly found in the southern 
part of the study region (off Trivandrum), whereas fucoxanthin was the dominant marker pigment in the north (off Goa). The inferred shift 
in the community structure from a dominant picoplankton fraction and Prymnesiophytes to diatom-dominated microplankton toward the north 
is ascribed to differences in the physico-chemical environment. 
© 2006 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Accounting for approximately one-fourth of all plants in 
the world (Hallegraeaff and Jeffrey, 1985), marine phytoplank-
ton are important contributors to global carbon fluxes 
(Falkowski et al., 1998). Phytoplankton communities in the 
ocean comprise many different taxonomic groups, which to-
gether determine primary production and various trophic level 
interactions. Quantification of phytoplankton biomass and 
community composition is important for understanding the 
structure and dynamics of marine ecosystems. 

Phytoplankton biomass is often quantified through chloro-
phyll a (Chl a), which has long been measured following 
spectrophotometric (Lorenzen, 1967) or fluorometric (Holm-
Hansen et al., 1965) methods. These methods suffer from 
spectral interference from other degradation products of chlo-
rophyll (chlorophyllides, phaeophoribides and paheophytins). 

* Corresponding author. 
E-mail address: rrajdeep@nio.org  (R. Roy). 

0272-7714/$ - see front matter © 2006 Elsevier Ltd. All rights reserved. 
doi:10.1016/j.ecss.2006.04.006 

The application of high-performance liquid chromatography 
(HPLC) has been found to be more accurate and reliable for 
estimating not only Chl a but other pigments as well. This 
technique allows quantification of additional 50 phytoplankton 
pigments and carotenoids in marine phytoplankton (Wright 
et al., 1991; Jeffrey et al., 1997). 

Phytoplankton identification and enumeration is usually 
done through microscopic examination. This procedure is 
time-consuming and also requires a high level of taxonomic 
skill. Moreover, smaller organisms such as picoplankton can-
not be identified or counted with this approach. Alternatively, 
photosynthetic pigments can easily be studied to know the 
phytoplankton composition and their physiological status. 
Most of these pigments (Table I) have chemotaxonomic asso-
ciation. For example, fucoxanthin is considered to be a marker 
of diatoms; zeaxanthin of cyanobacteria; 19'-hexanoyloxyfu-
coxanthin of Prymnesiophyceae; alloxanthin and crocoxanthin 
of Cryptomonads; prasinoxanthin of prasinophytes; peridinin 
and chlorophyll c2  of dinoflagellates (see Jeffrey et al., 1997, 
for details of signature pigments of various phytoplankton). 
However, it should be noted that marker pigments are not 
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Table 1 
Chemotaxonomic relation used in the study of phytoplankton taxonomy (Gil* 
et al.. 2001; Jeffrey et al., 1997) 

report on the spatial distribution of phytoplankton marker pig-
ments along the Indian coast. 

Pigment 
	

Abbreviation Occurrence 

Chlorophyll a 	 Chl a 
	Total algal biomass 

(including cyanobacteria) 
Chlorophyll b 
	

Chl b 
	

Chlorophytes, prasinophytes 
Chlorophyll C1C2 

	 Chl c2 	Diatoms, prymnesiophytes, 
cryophytes, dinoflagellates 

Chlorophyll c3 	 Chl c3 	Prymnesiophytes, cryophytes 
Alloxanthin 	 ALLO 

	
Cryptophytes 

19'-Butanoyloxyfucoxanthin BUT 
	

Chrysophytes, prymnesiophytes 
Diadinoxanthin 	 DIADINO 

	
Diatoms, dinoflagellates, 
prymnesiophytes, chrysophytes 

Diatoxanthin 	 DIATO 
	

Diatoms, dinoflagellates, 
prymnesiophytes, chrysophytes 

Divinyl chlorophyll a 	DvChl a 
	Prochlorococcus sp. 

Fucoxanthin 	 FUC 
	

Diatoms, prymnesiophytes, 
chrysophytes 

19'-Hexanoyloxyfucoxanthin HEX 
	

Prymnesiophytes 
Lutein 	 LUT 

	
Chlorophytes, prasinophytes 

Peridinin 	 PER 
	

Autotrophic dinoflagellates 
Violaxanthin 	 VIO 

	
Chlorophytes, prasinophytes 

Prasinoxanthin 	 PRAS 
	

Prasinophytes 
Zeaxanthin 	 ZEA 

	
Cyanobacteria, 
Prochlorococcus sp. 

exclusive of any one group of algae. In natural environment 
pigment composition may well vary with prevailing light con-
dition and photoadaptive state (Falkowski and LaRoche, 
1991). 

The semi-annual reversal of coastal currents in the Arabian 
Sea introduces a high degree of seasonality in the physico-
chemical environment (Banse, 1959, 1968; Naqvi et al., 2000, 
2006). The consequent strong biological response includes 
marked changes in the composition of phytoplankton, a subject 
of several previous studies (e.g., Subrahmanyan, 1959; 
Dehadrai and Bhargava, 1972; Devassy and Goes, 1988), all 
of which, however, have been confined to microplankton. In 
general, phytoplankton have been found to be most abundant 
during the upwelling period that lasts from May—June to 
October—November. Diatoms constitute the bulk of micro-
plankton exhibiting rich diversity. Dinoflagellates are the next 
abundant group, occasionally forming blooms sometimes asso-
ciated with fish kills (Naqvi et al., 1998 and references therein), 
and in rare cases resulting in paralytic shellfish poisoning 
(Karunasagar et al., 1984). In September 2004 an incident of 
fish mortality also accompanied by the release of an obnoxious 
gas (presumably H2S) from the sea that caused sickness to chil-
dren led to a public health alarm around Trivandum (Lat. 8.5 ° 
N). Investigations carried out just after this incident suggested 
a bloom of holococolithophore and oxygen (02) depletion in 
the upwelled water to be the cause of fish mortality (Ramaiah 
et al., 2005). Such blooms, not recorded previously, are quite 
significant in the context of coastal ecosystem dynamics and 
biogeochemical processes. In this study we provide additional 
data on the plankton composition offshore of the sampling sites 
of Ramaiah et al., based on observations made approximately 
3 weeks after the bloom. To our knowledge this is the first  

2. Material and methods 

Water samples were collected at a number of stations off the 
coast of Kerala (Fig. 1 ) that was affected by the above-
mentioned obnoxious bloom and at few other stations along 
the southwest coast of India during a cruise of the coastal 
research vessel (CRV) Sagar Sukti during the period 2-10 
October, 2004. Niskin bottles (5 L) fixed on polyvinyl chloride 
(PVC)-coated hydrowire were used for sampling. Continuous 
profiles of salinity and temperature were also obtained at all sta-
tions except Sta. 13 using a Sea-Bird Conductivity-Tempera-
ture-Depth (CTD) profiler (Sea-Bird Electronics 25). 
Dissolved 02  was measured immediately after collection fol-
lowing the Winkler procedure. Sub-samples for nutrients were 
deep-frozen for analysis in the shore laboratory performed 
soon after the cruise with a Skalar analyser following standard 
methods (Grasshoff et al., 1983). 

For the pigment analysis, samples were immediately fil-
tered on a GF/F filter (pore size 0.7 um) avoiding exposure 
of the filter paper to direct light and high temperature. The fil-
ter paper was stored in liquid nitrogen until analysed in the 
shore laboratory as follows. The frozen filters were immersed 
in 3 ml of 95% acetone (v/v in deionized water) for extraction 
using a sonicator probe (5 s, 25 kHz) under low light and tem-
perature (4 °C) followed by storage at —20 °C for 4 h. The ex-
tract was passed through a Teflon syringe cartridge (Millipore) 
having a glass fibre pre acrodisc filter (pore size 0.45 um, di-
ameter 25 mm) to remove the cellular debris. The clarified 
extract was collected in a 5 ml amber colour glass vial and 
placed directly into the temperature controlled (5 °C) auto-
sampler tray for the (HPLC) analysis. 

Pigments were separated following a slight modification of 
the procedure of Van Heukelem (2002), which provides quan-
titative analysis of 20 pigments and qualitative analysis of sev-
eral others. The HPLC system was equipped with an Agilent 
1100 pump together with online degasser, an Agilent diode ar-
ray detector connected via guard column to an Eclipse XDB 
C8 HPLC column (4.6 x 150 mm) manufactured by Agilent 
Technologies. The column was maintained at 60 °C. Elution 
at a rate of 1.1 ml/minute was performed using a linear gradi-
ent program over 22 min with 5/95% and 95/5% of solvents 
B/A being the initial and final compositions of the eluant, 
where solvent B was methanol and solvent A was (70:30) 
methanol and 1 M ammonium acetate (pH 7.2) instead of 
28 mM solution as recommended in the protocol. An isocratic 
hold on 95% B was necessary from 22 to 27 min for the elu-
tion of the last pigment (a- or (3-carotene) at approximately 
27 min. After returning to the initial condition (5% solvent 
B) by 31 min, the column was equilibrated for 5 min prior 
to next analysis. The eluting pigments were detected at 450 
and 665 nm (excitation and emission) by the diode array de-
tector. All chemicals used were of HPLC-grade, procured 
from E. Merck (Germany). 
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Fig. 1. Station locations: Cruise track indicating the sampling locations along the southwest coast of India. 

Commercially available standards obtained from DHI Inc 
(Denmark), were used for the identification and quantification 
of pigments. Solutions of chlorophyll a, chlorophyll b, chloro-
phyll c2, chlorophyll c 3, fucoxanthin, peridinin, neoxanthin, 
diadinoxanthin, diatoxanthin, alloxanthin, violaxanthin, can-
thaxanthin, divinyl chlorophyll a, a-carotene, 13-carotene and 
zeaxanthin were run in order to obtain calibration curves 
and absorption spectra and to determine detection limits. Iden-
tification was based on the retention time and peak shape, i.e. 
through fingerprint matching with known peak shape from the 
diode array spectra library created by running pure standard of 
individual pigments. The concentrations of the pigments were 
computed from the peak areas. 

With the protocol followed, complete resolution and separa-
tion of a- and 13-carotene could not be achieved; these pigments 
were therefore grouped together and treated as total carotenoids. 

In order to know the contribution of each community, data 
reduction was performed and size structure indices were made 
(cf. Vidussi et al., 2001) for a few selected stations. Pigment 
data reduction was performed with the size structure corre-
spondence presented in Table 2. The diagnostic pigment 
(DP) is defined as the sum of seven pigments as follows: 

DP = ZEA + Chl b + ALLO + 19' - HF + 19'BF + FUC 

+ PER 

The biomass proportion (BP) associated with each size 
class [picoplankton (<2 um), nanoplankton (2-20 um) and 
micropankton (20-200 um)] is defined as: 

(ZEA + Chl b)/DP 

BPnano = (ALLO + HEX + BUT)/DP 

BPmicro = (FUC + PER)/DP 

Table 2 
Size structure correspondence used for the performing data reduction. For fur-
ther details see Vidussi et al. (2001). References: 1, Gieskes et al. (1988); 2, 
Guillard et al, (1985); 3, Goericke and Repeta (1992); 4, Gieskes and Kraay 
(1983a); 5, Chisholm et al. (1988); 6, Partensky et at. (19931, Moore et al. 
(1995); 8, Jeffrey (1976); 9, Simon et M. (1994); 10, lijonuand and Leaaen-
Jensen (1989); 11, Hooks et al, (1988); 12, Arpin et al. (1976); 13, Wright 
and Jeffrey (1987); 14, Jeffrey and Vesk (1997); 15, Andersen et at. (1993); 
16, Bjorland et at. (1989); 17, Gieskes and Kraay (1983b); 18, Kimor et al. 
(1987); 19, Johanssen et al. (1974); 20, Jeffrey et al. (1975) 

Pigment 
	

Taxonomic 
significance 

 

Zeaxanthin 
	

Cyanobacteria and 
prochlorophytes 

Divinyl-chlorophyll a 
	

Cyanobacteria and 
prochlorophytes 

Chlorophyll b 
	

Green flagellates 
and prochlorophytes 

19'-}lexanoyloxyfucoxanthin Chromophytes and 
nanoflagellates 

19'-Butanoyloxyfucoxanthin Chromophytes and 
nanoflagellates 

Alloxanthin 
	 Cryptophytes 

Fucoxanthin 
	

Diatoms 
Peridinin 
	

Dinoflagellates 

Size 	References 
(11m)  

<2 	I, 2, 5 

<2 	3. 4, 5 

<2 	6, 7, 8, 9 

2-20 	10, 11, 12, 
13, 14 

2-20 15, 16 

2-20 14, 17 
>20 	10, 11, 13, 18 
>20 	18, 19, 20 
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A linear regression analysis performed between DP and Chl 
a showed a significant correlation (r 2  = 0.84, n = 21, 
P < 0.001), indicating that DP can also act as a proxy of phy-
toplankton biomass. The existence of similar correlation be-
tween DP and Chl a has also been reported previously 
(Vidussi et al., 2001; Barlow et al., 2005). Thus, although 
the DP/Chl a ratio may change with variations in nutrient dy-
namics and prevailing light condition, the DP can still be used 
as a surrogate of phytoplankton biomass and for identifying 
general trends. 

Other marker pigments were categorized into accessory 
photosynthetic pigments (APSP = PER + BUT + FUC + 
HEX + VIOLA + Chl b; Gibb et al., 2001) and accessory 
photo protective pigments [APPP = DIADINO + ALLO + 
DIATO + ZEA + TOTAL CAROTENEs (a + 13)1. 

Microscopic examinations of phytoplankton were carried 
out to enumerate diatoms and dinoflagellates to partially eval-
uate the results of the pigment analysis.  

3. Results 

3.1. Hydrography 

Hydrographic and chemical data collected during the cruise 
are presented in detail elsewhere (Kurian et al., unpublished 
data), and will only be discussed briefly here. Weak upwelling 
was found to occur everywhere in the study region. Surface 
temperature varied from 26.0 to 27.8 °C, decreasing with 
depth to a minimum of 25.4 °C at 25-30 m at near-shore sta-
tions (1-5); farther offshore, near-bottom temperature fell to 
23.8 °C at the maximum depth of sampling (45 m, Sta. 12). 
Surface salinity ranged between 34.4 and 35.3, increasing 
with depth to a maximum of 35.8 in near-bottom waters. 
The upwelled waters were expectedly nutrient-enriched with 
the nitrate (NO3) concentration varying from 0 to 2.6 p.M 
at the surface to a maximum of — 10 uM at depth (40 m, 
Sta. 14). However, at the two northernmost stations (15 and 

Fig. 2. Spatial variability of chlorophyll a (ng L -1 ). (a) Chlorophyll a distribution in inshore waters (2, 3, 4 and 5). (b) Chlorophyll a distribution in off shore waters 
along the same transects (7, 8, 11 and 14). (c) Chlorophyll a distribution at the middle transects (6, 9, 10 and 13). The black dots represent the sampling points. 
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Fig. 5. Comparison of diatoms cell density obtained from microscopic data 
and specific marker pigment fucoxanthin obtained from HPLC. 

Maximal concentrations of APSP were observed close to the 
sea surface. These pigments show peak absorption and are 
very active within the wavelength range 400-500 nm. 

4. Discussion 

Oceanic phytoplankton comprise many different groups, 
which makes visual interpretation of the data sometimes com-
plicated, necessitating data reduction. The size structure pro-
vides useful insights into ecosystem functioning as the larger 
phytoplankton are known to be generally dominant in nutri-
ent-rich, productive waters whereas smaller phytoplankton 
are more abundant under oligotrophic conditions. 

The biomass proportions derived from the marker pigments 
and DP as defined above indicate that the picoplankton com-
munity contributed significantly to the biomass structure in 
the southern-most part of our study region where a bloom of 
holococolithophore is reported to have occurred about 3 weeks 
earlier (Raniaiah et al., 2005). In contrast, microplankton ap-
pear to be most abundant in the northern transect. For the 
whole sampling area, the order of abundance was microplank-
ton (38.6%), picoplankton (32.7%) and nanoplankton (24.6%). 

Picoplankton communities are generally dominated by pro-
chlorophyte and cyanobacteria, which are common in tropical 
oceans and most likely, represent systems associated with re-
generated production (Claustre, 1994). The greater abundance 
of picoplankton especially at the surface at the southern sta-
tions as compared to the northern stations probably reflects 
the difference in macronutrient availability. Upwelling, which 
brings about nutrient enrichment of near-surface waters along 
the west coast of India during and just after the southwest 
monsoon, begins and ends a little earlier in the south than in 
the north. With the period of our observations being close to 
the end of the upwelling period, this process was therefore 
more developed at the northern-most stations, supporting 
larger biomass of microplankton. A significant contribution 
was also seen from the nanoplankton community except at 
Sta. 4. 

The abundance of diatoms, confirmed by microscopic anal-
ysis (see below), at Stations 15 and 17 is intriguing given the 
low levels of NO3 and high concentrations of NH4. Our re-
sults are in conflict with the belief that diatoms generally uti-
lize NO (usually the most abundant form in the upwelling 
systems) and the presence of NH4 in high concentrations, 
which has an inhibitory effect on NO 3-  uptake, may not favour 
their growth (Dugdale et al., 2002). 

The correlation between the microscopically determined di-
atom cell density and fucoxanthin associated with diatoms was 
reasonably good, if a few outliers were ignored (Fig. 5). Devi-
ations of the pigment-derived data from the microscopic data 
may occur because some of the pigments could be commonly 
present in different algal classes; in fact, the pigment compo-
sition may sometimes vary within species, physiological con-
dition and photoadaptive states (Falkowski and LaRoche, 
1991). Nevertheless, our results seem to provide a reasonably 
good account of phytoplankton composition that is consistent 
with the hydrography. 
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An unusual stench emanated from the coastal waters of southwest coast India during September 2004 associated with an 
algal bloom. Water samples collected from 14 stations from the affected area after three weeks of the event, revealed that 
phytoplankton were dominated by holococcolithophorids (max 27 x lir cells f') in the coastal stations in comparison with 
the offshore stations (max 8000 cells 1 -1 ), which contained mainly diatoms. Slightly low oxygen concentration (81-191 [(M) 
associated with relatively lower temperature and high nutrients indicated the prevalence of weak upwelling in the region. 
Chlorophyll a to phacopiginents ratio at the coastal stations indicated that the bloom was in the degrading phase. Resultant 
microbial activities perhaps led to higher ammonia concentration in the study region, The holococcolithophorids seem to he 
uncommon to this region. but upon availability of right conditions, presumably temperature and nutrients formed massive 
bloom and consequently a stench affecting coastal population. 

[Key nords: Holococcolithophore, phytoplankton bloom, Arabian Sea, nutrients, chlorophyll a, phaeopigments. 
stench event, Malabar coaml 

I ntroduction 
Phytoplanloon blooms are enured by rapid increase 

of phytoplankton biomass over a relatively short 
period of time. Algal blooms that adversely affect 
other organisms, ecosystems, human health, 
recreation and/or fisheries are considered harmful 
About 40 to 50 of phytoplankton species produce 
toxins that curt affect marine populations, as well as 
human heings l ' 3 . Harmful algal blooms (FRB) have 
become the subject of intensive ceSektrith over the past 
few decades since the blooms are becoming more 
frequent globally -4 . 

Blooms occur frequently in the coastal waters of 
India and the most reported blooms are 
Trichodesucium and NOctiitayr. Extensive bloom 
pitches of Trichoelesmitnn have been regularly 
observed in the coastal waters during February to 
April along the West coast of WM". Blooms of 
ditionagellates NOCaltleel milierris (red tide) have also 
been reported along the south west coast of India 
during the monsoon and postmons0011 periods, 
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leading to fish mortality, which may be due to the 
oxygen deficiency or the „presence of other toxins 
released by the bloom An unusual. stench was 
reported during 16-17, September 2004, at Kollam 
and Vizhinjam. coast in Kerala, which resulted. in 
breathlessness, nausea and chest _pain among the 
coastal population.. Ramaiah et al..' collected water 
samples from the affected coasts and mported that the 
stench was probably caused by a bolococcolithophore 
bloom, In order to study the changes in water column 
properties following the bloom, we carried out 
observation on the physical, chemical and biological 
characteristics of these coastal areas, 

Materials and Methods 
Sampling was made from 4-7 October, 2004 at 14 

stations located, between Kollam anti Viittinjarn toff 
the south west coast of Kerala (Fig. I), The first the 
stations (stns. 1-5) were close to the coast (where the 
depth ranged between 18 and. 30 m), whereas stations 
6-1.4 were located offshore (35 to 45 m depth), 
Previously on 23 and 26 September 2004, this 
affected near shore area was sampled by Rornalall 
et n19 , Therefore, present findings are compared with 
earlier observations 9  in the following section, 
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Fig. 1—Station locations off Kerala, South west coast of India. 

Temperature and salinity measurements were made 
by using a portable cm (Sea Logger, Sea Bird CAD 
system). Water samples were collected from surface 
to bottom. (at discrete depths) with Niskin bottles 
(5 litre). Sub-sampling was carried out for dissolved. 
oxygen (DO), nutrients, chlorophyll a and 
phytoplankton speciation. DO was measured by 
iodometrie Winkler titration. Nutrients (nitrate, nitrite, 
phosphate, silicate and ammonia) were analyzed using 
a SKALAR autoanalyzer. Chlorophyll a and 
phacopigments were analyzed by the acetone 
extraction inethod' ° . Phytoplankton samples (250 rul) 
fixed with Lugol's iodine (0.5% final concentration)" 
were analyzed for abundance after concentrating the 
phytocells through a sedimentation technique 
followed by microscopic observation )2 . For the 
pigment analysis, samples were immediately filtered 

on a GF/F filter (pore size 0.7 on) and stored in 
liquid. nitrogen until the analysis, The frozen filters 
were extracted in 3 ml of 95% acetone (v/v in 
deionized water) using a sonicalor probe (S see, 25 
kHz) under low light and temperature (4°C) followed 
by storage. at -20°C for 4 hours. The extract was 
passed through. a Teflon syringe cartridge (Millipore) 
having a glass fiber pre acrodise filter to remove the 
cellular debris. The clarified extract was analyLecl by 
a HPLC (Agitent Technologies) system equipped with, 
an Agilent 1100 pump together with online degasser 
and Agilent diode array detector following the method  

of Van Heukelem". The column used for the 
analysis was an Eclipse XDB-C8 HPLC column 
(4.6 x 150 MID, Agilent Technologies) connected via 
guard column, 

Results and Discussion 
Ifydrographie parameters 

The sampling period was at the end of the 
southwest monsoon and heavy rainfall was observed 
in the study area during the first two days. 
Temperature. and salinity profiles for the coastal and 
offshore stations are given in Fig, 2 (A-D). Towards 
the. northern end (stations 1 and 2), the waters were 
well mixed with near uniform temperature throughout 
the water (27.4°C; 0-20 rn) but decreased to 26.4°C at 
24 m depth. The southern stations (3-5) showed 
gradual decrease in temperature from 27.4°C to 
25.4°C front surface to bottom. (Fig. 2A). Surface 

13 lnitie in  s 
salinity (34.76 PSU) was patchy and less than 

sai 
tl n that 

 the deeper waters (Fig. 2C). Column 
 

increased from surface to bottom and ranged between 
34.63 and 35,48 PSU, The waters along the coastal 
transect were variously oxygenated with 
concentrations decreasing from 186 oM at the surface 
to 94 pM close to the bottom (Table 1, Fig. 3A). 
Nitrate was found to be increasing with depth, 
reaching maximal concentrations in bottom waters of 
stations 4 and 5 (up to 9 NM) [Fig, 3C), Nitrite was 
observed throughout the water column, with 
concentrations varying between 0.19 and 2.06 pM 
(Table 1). On the other hand, phosphate 
concentrations did not follow any particular trend 
spatially, and ranged between 0.18 and 0,44 u.N.4. 
(Table 1). Silicate exhibited the highest concentration 
at the surface at station 5 (14.26 n.M). Higher 
concentrations of silicate were observed at all the 
coastal stations (average 10 uM) [Table 1]. A very 
high ammonia concentration was observed at station 
5 at 20 m depth (12 pM) and the levels decreased 
from surface to bottom at all the stations. 

The profiles of temperature, salinity, DO and 
nitrate along the farther transect comprising stations 
7, 8, 11, 12 and 14 are shown in Figs, 2 and 3 
(B and D). In comparison to the coastal transect, 
temperatures at offshore statiolis decreased gradually 
from surface (27.8°C) to bottom (23.8°C; —45 m) 
(Fig. 213). Salinity was found to vary from 34,5 to 
35.49 with lower surface salinities in the north 
(Fig. 2D), Oxygen was found to decrease from 191 
1.1.M at surface to 8t pM in bottom waters (Fig. 3B, 
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Fig 2- -Variationin temperature for the coastal stations (stns. 1-5) IA], offshore stations (stns. 7, 8. I I. 12 & 14) [131 and 
salinity for the coastal stations (C) and offshore stations (0). 

roble 1—Concentration of various chemical and biological prmie 
	

for the coastal 
(stns. 1-5) and offshore stations (stns. 6-14) 

Coastal stat ions  
Range 	Average 

Offshore stations 
Range 	Average 

25,4-27.58 (26.96) 2312-27.83 (26.47) 
34.63-35.48 (35.24) 34.57-35.49 (35.31) 
93.5-185.5 (151.5) 81.2-191.4 (144.7) 
0.69-8.88 (2"52) 0.77-9.97 (3.62) 
0.19=2,06 (0.99) 038-231 (1.04) 
0.18-0.44 (0.30) 0.06-0.86 (0.32) 
5.57-14,26 (10.03) 3,26-13.14 (7.63) 
014.11,99 (3.4) 1.12-8,18 (4.0(0 
0.05=2.45 (0.5) 0.08-8,97 (1.61) 
0.061.11 (0.38) 0.13-3.35 (0.61) 

Parameters 

Temp, (°C) 
Sat (PS'11) 
DO (t,M) 
Nitrate (AM) 
Nitrite M) 
Phosphate (pM) 
Silicate (pM) 
Altunonia (i11)4) 
Chlorophyll (mg/m 3) 
Phaeopiginetits (mg/tn3) 

Table 1). The southernmost station showed a 
significant and sharp drop in oxygen concentrations 
below 15 m depth, Substantial amounts of nitrate 
were observed in the surface waters (0 - 10 m; —2 IA) 
and the concentrations increased up to 9.9 pM. below 
10 m depth (Fig. 3D). Nitrite was also present 
throughout the water column (0.18 to 2.7 pM) with 
maximal levels between 10 and 20 m (Table 1). 
Similarly, phosphate and silicate were also found in 
measurable concentrations throughout the water 

column (PO4, 0.06-0,86 1,t1V1; SiO,t, 3.26 - 13 PM) 
(Table 11, In the case of phosphate and silicate high 
concentrations were observed from intermediate 
(20 ni) to bottom depths. 

Chlorophyl! a , p futeopigments and phytoptankort spec tatton 

Along the coastal transect, chlorophyll a 
concentration was found to vary between 0.05 and 
2.45 mg re with the maximal levels in the surface 
waters at station I (Fig. 4A). Similar variations were 
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Fig, 3—Variation in dissolved oxygen for the coastal stations (A), offshore stations (B) and nitrate for the coastal stations (C) and 
offshore stations (D). 

observed for phaeopigments, which varied between 
0.06 and 1.1 mg tn4  (Fig. 4C). The average 
chlorophyll a and phacopigments for the coastal 
transect were 0.5 mg nf 3  and 0.4 mg tri-  respectively 
(Table 1). In comparison, the offshore transect had 
higher concentrations of chlorophyll a (Fig. 413) and 
phacopigments (Fig. 40), Here, chlorophyll a was 
found to vary between 0.08 to 9 mg m" with an 
average concentration of 1.6 mg tit -3 , while 
phaeopiginents varied between 0.13 mg m 3  to 
3.35 mg m'' with a mean of 0,6 mg ni3 . In contrast to 
the coastal transect, the higher chlorophyll a in the 
offshore stations was mostly in subsurface samples. In 
particular, pigment levels were higher at station I I. 

The coastal stations were dominated by the: 
holocoecolithophore cells with abundances as high as 
27 x cells f t  at certain stations. The offshore 
stations were totally dominated by diatoms with few 
dittollagellates, and. did not contain any bloom cells. 
Total diatoms and dinoflagellates for coastal stations 
were lower (35 x t.06  cells m-2 ; integrated to 30 m 
water depth) than for offshore stations (555 x 10`' 
cells re; integrated to 45 m; Table 2). The 
predominant diatoms in the coastal stations were 

Coseinodiscus rndicous, Cosciliodiscus sp. (>25%), 
Novicula divans (26%), Navicula sp. (19%), 
Pleurosirto sp. (23%) and Tholosseottenta 
nitzscholdes (20%). At the offshore stations (644), 
the above species dominated along with Chwtacerus 
curvisetus (43%), Guinordia striato (41%), Goenordio 
Jhieeith (13.5%), and Ritizosolenio strioto (23%). 
A.rnong the dinotlagellates, the major taxa were 
Dinophysts sp. (16%), Noctiluea sp. (11%) and 
Keratella sp. (10.4%). 

Pigments 
HPLC pigment analysis revealed the dominance of 

specific marker pigments "  representative of 
prynmesiophytes at the coastal stations, while 
offshore stations showed relatively low concentratirms 
of these pigments. The surface concentration of 
pigments at the coastal and offshore stations is given 
in the Fig. 5 A and B. Among the marker pigments, 
fueoxanthin was the most dominant, The average 
value of fueuxanthin was 156 ag 1 -1  and its range was 
1-1037 ng 1" , with the highest concentration observed 
in the surface water of station 2. DindinoxantIlin was 
also found at stations 3 and 5 with average 
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Fig. 4—Variation in chlorophyll a (mg nf3) for the coastal 
for coastal stations (C) and offshore stations (D). 

stations (A), offshore stations (B) and phaeoplgulctiks (111 g 

Table 2--Phytoplankton counts for the coastal (stns. 1-5) and 
offshore stations (sms. 6-14): Range and (Average) 

Coastal stations 
	

Offshore stations 

Depth range (m) of 
	

0-30 m 
	

0-45 m 
integration 

Total diatoms and 
	

6.91-115,5 
	

17,76-4480 
dinotlagellates 	 (34.97) 

	
(555.4) 

(Nos. x 106  in';) 

Total phytoplankton 
	

811-273955 
	

17.76-4480 
(bloom tells, diatoms 
	

(105790) 
	

(555.4) 
and dinotlagellates) 
(Nos. x 	n 2 ) 

Diatoms 	and 
	

0.01-1,32 (0.29) 
	

100 
dittotlagel talcs (%) 

Bloom cells (%) 
	

98.68-99.99 
(99.71)  

concentration 65 ng and its range was 1 -324 ng 1 4 , 
Concurrently, 19' -hexanoyloxyfucoxanthin (191 -1F), 
19'-hutanoyloxyllicoxanthin (19' 13F), Chlorophyll 
c i c2 and Chlorophyll cz were also present at few 
stations (Fig. 5A). The marker pigments showed low 

concentration in. the offshore s.impies (Fig, 513), 
where fucoxanthin showed 1.6ng IT' at station 7, 

Lower salinities (34.(' PSU) and. higher silicate in 
the surface waters of the coastal transeet indicate the, 
effect of runoff following the heavy rainfall. On the 
other hand, lower dissolved oxygen and temperature 
in subsurface waters indicate continuing upwelling 
during this time which is supported by the presence 
of higher nitrate in subsurface waters. This is in 
agreement with previous observations along the west 
coast of India ls.1 '. 

Ramaiah et at 9  reported that the stench along the 
southern Kerala coast during Septembe, 2004 was 
perhaps the consequence of a holococcolithophore 
bloom. Scanning electron photomicrographs of blown 
samples indicated that the holococcolithophore 
belonged to the genus Hellattasphaera9 . In the present. 
study also, we observed large number of 
holococcolithophore cells at the coastal stations (1-5). 
The counts of bloom forming holococcolithophore at 
these stations were very high (up to 27 x 01' cells 1- ') 
while there was a marked absence of these cells at the 
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Fig. 5.—piginmt conneinintions (•I.PLC) for the consul stations 
(2, 3 and 5) IA] and offshore stations (7, 8 and It) tBl. 

offshore stations (6-14). This abundance is lesser than 
that observed by Rnmaiah et a1.9  (57.7 x Mt' 
holococcolithnpbore cells r') along the Kollam. coast 
(south west coast of Kerala). Nevertheless, our study 
showed higher cell numbers compared to Sukhanova 
et al.17  of 2.8 to 4.5 x 10ei  cells r` during a bloom 
event in the Bering Sea. As observed by Sukhanova 
et al. 17  holococeolithophore cells constituted about 
99% of the total phytoplankton count in the present 
study (Table 2). It is however, surprising that bloom 
cells were absent in the offshore stations that were 
only about 5=10 km away from the coastline, Our 
pigment analysis also revealed high amounts of 
pryntnesiophyte marker pigments like, rucosanthin, 
diadinoxanthin and 19'.hexatioylfnetaxanthin in the 
coastal waters, which is .supported by the microscopic 
observation of higher abundance of holococcoli-
thophore cells, 'knee this study confirms the finding 
of Ramaiab et al.9  that the bloom cells belonged to the 
pry tunes top hy te group. 

Phileopigmem coneetaration in the coastal waters 
formed about 70% of the chlorophyll a content. The 
high concentration of phaeopigments indicates that 
the, bloom was in the phase of degradation, The 
enhanced microbial activities resulted in the observed 
high concentration of ammonia (ca. 12 pM) as also 
reported by Alldredge: et al."` hosed on a utesocosru 
study, Further evidence for this coMQS, from low  

dissolved oxygen concentrations (up to 81 Pet) in a 
30 m water column in association. with high nutrient 
concentrations. Nevertheless, nutrient levels might 
have also been enhanced by the degrading bloom. In 
contrast, phaeopigments in the offshore stations 
(dominated by diatoms) comprised of about 40% of 
the total. chlorophyll a indicating the active growth in 
these phytoplarkon cells, 

The seeding of bloom, alien to the Indian Ocean 
region may be due to human interference through. 
exchange of ballast waters. Holocoeeolithophore or 
other HABs proliferate when right conditions with 
respect to nutrients, light and temperature become 
prevalent9, which were available in the study area 
during this period., Immediately following the bloom 
(stench event), a bloom of dinoflagellates (Noctiluca 
rttiliaris) was also observed on 29 th  September 2004 
along the southern Kerala coast where the water 
showed low temperature and high salinity. The 
difference was that this bloom had formed around 20 
miles off the coast while our study and that of 
Ranutiah et a1,9  concentrated closer to the coast, 
Bloom formation is a natural process which enhances 
biological productivity, but toxic blooms can lead to 
fish mortality (either due to anoxia or due to the 
damage of fish gills) and hazards to human health w, 
The other adverse effect of blooms is the toxins 
produced enter the food chain of clams, mussels etc, 
lead to paralytic shell fish poisonine. In the present 
study the stench. event reported. along the south west 
Kerala coast affected the children and created panic 
among the coastal population, Sukhanova et al," 
reported the re-occurrence of holococcolithophore 
bloom in the subsequent years, hence systematic 
samplings and studies will help to create ilWorentUs 
among the people, residing coastal areas, 

Conclusion 
The present study confirmed the presence of 

prymnesiophyte bloom along the southern Kerala 
coast that probably resulted. in stench during 
September 2004, The abundance of bloom cells 
during the present investigation was c+i, 60% less than 
that observed. just two weeks previously by Ramaitth 
et ar, The hoioeoccolithophore cells were confined to 
near shore stations whereas the deeper samples were 
dominated by active diatoms. The harmfulness of 
algal blooms including coecolithophores were 
reported earlier but the occurrence of these blooms in 
the coastal waters of Arabian Sea were observed for 
the first time9. 
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