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Abstract 

Concentrations of total dimethylsulphoniopropionate (DMSPt), Dimethylsulfide (DMS) and total 

dimethylsulfoxide (DMSOt) were measured at a coastal time series site, west coast of India, from 

September 2009 to December 2013. While, DMSPt varied between 0.35 and 252 nM (avg. 24 ± 32.3 

nM), DMS varied from 0.5 to 442 nM (avg. 22.5 ± 48.3 nM). The annual phytoplankton regime and 

succession was observed to play a key role in DMSP and DMS production. DMSPt, DMS and 

DMSOt showed high temporal variability with maximum concentrations observed during the 

southwest monsoon (SWM; June to September). Whilst the least DMSP and DMS (< 20 nM) 

concentrations were observed during the northeast monsoon (NEM; December to February) in 

association with low Chlorophyll a (Chl a), moderate concentrations (40 – 60 nM) were observed 

during the spring inter-monsoon (SIM; March to May) in association with diatoms which appear 

during the senescent phase of the annual Trichodesmium bloom. Moderate concentrations were also 

observed during the mid-phase of the SWM (July-August) in association with the diatom population. 

On the other hand, maximum DMSP and DMS observed towards the end of the SWM (September) 

and fall inter-monsoon (FIM; October) were associated with dinoflagellates, which appear as 

conditions calm down towards the end of the SWM. There was no correlation between DMSPt and 

Chl a. High DMS concentrations (up to 442 nM) were observed in the bottom waters during the 

September of 2009 and 2013 in association with the seasonal anoxia. DMSOt distribution closely 

resembled that of DMSPt and DMS with an overall variation from 0.56 to 185.9 nM (avg. 27.8 ± 

30.1 nM). Though wind speeds were highest during July, high DMS flux was observed during 

September owing to the high surface DMS concentrations. Average surface DMS during the study 

period was 18.5 nM, whereas average DMS flux was estimated to be 20.9 µmol S m-2 D-1. This time 

series study brings out the importance of hydrography in shaping the phytoplankton population and 

its influence on the production of DMS. 
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1. Introduction 

DMS is the most abundant natural source of sulphur gas to the atmosphere (Lovelock et al., 1972; 

Bates et al., 1992). Present in the surface oceans, its concentration is sufficient to sustain a positive 

flux to the atmosphere (Kettle et al., 1999; Yang et al., 1999; Yang, 2000). The oxidation of DMS in 

the atmosphere results in the formation of sulphate aerosols postulated to influence the radiation 

balance of the Earth (Charlson et al., 1987). Sulphate aerosols are formed from either sulphur dioxide 

from anthropogenic sources (which occur widely in the northern hemisphere), or by oxidation of 

DMS from the oceans (Bates et al., 1992). In the more pristine southern hemisphere DMS accounts 

for 43% of the non-sea salt (nss) sulphate, whereas in the northern hemisphere with larger 

anthropogenic load, it accounts for only 9% of the nss sulphate (Gondwe et al., 2003). DMS is 

formed from its precursor DMSP; an intracellular osmolyte widely present in marine phytoplankton 

(Vairavamurthy et al., 1985). The content of DMSP in algal cells is affected by abiotic and biotic 

factors like salinity, temperature, light, nutrient availability and cell age among which salinity is 

most studied (Malin et al., 1997). Algal species that synthesize DMSP are found in a wide range of 

taxa occurring in diverse ecosystems ranging from the poles to the tropics. It is synthesized by a 

variety of eukaryotic algae of exclusive marine forms (Pokorny et al., 1970; Keller et al., 1989) 

which serve many functions in the algal cells. Since the cell cytoplasm is known to be hypertonic as 

compared to the surrounding seawater, its concentration could be detrimental to the cell membrane. 

DMSP being zwitterionic fulfills the requirement of a compatible solute (an osmolyte; Groene et al., 

1995). Apart from the osmoregulatory function, DMSP may also act as a cryoprotectant (Kirst et al., 

1991; Karsten et al., 1992). Karsten et al. (1992) observed an increase in DMSP concentrations (by 

order of 80 mM) when cultures of Enteromorpha bulbosa were exposed to temperature decrease (by 

10˚C). When DMSP breaks down, it forms DMS and acrylic acid (Challenger and Simpson, 1948; 

Ishida, 1968). Barnard et al. (1984) proposed that in Phaeocystis poucheti and few other species of 

phytoplankton, the release of acrylic acid serves to inhibit bacterial attack on algae. Antibacterial 

activity of acrylic acid was also shown by Sieburth (1961) in culture experiments. The release of 

DMSP from phytoplankton during stress, senescence, viral lysis, microbial attack and grazing by 

zooplankton can lead to DMS production (Wolfe et al., 1996; Sunda et al., 2002; Yoch, 2002 and 

references therein). In culture studies, senescence of phytoplankton cells leads to the release of 

DMSP and DMS (Turner et al., 1988), whereas in natural environments, zooplankton grazing on 

microalgae plays an important role in DMS production (Dacey and Wakeham, 1986; Wolfe et al., 

1996). Evans et al. (2007) revealed that grazing is by far the most significant process of DMS 

production in comparison to viral lysis. However, significant production of DMSP is limited only to 
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a few algal classes. The species ability to produce DMSP increases in the following order (Liss et al., 

1993). 

                 Diatoms < Dinoflagellates < Prymnesiophytes 

While Gibson et al. (1990) recorded 290 nM of DMS in Antarctic waters during a Phaeocystis 

bloom, highest concentrations of DMSP and DMS have been recorded during blooms of specific 

plankton particularly prymnesiophytes and dinoflagellates (Matrai and Keller, 1993; Malin et al., 

1993). Eutrophic coastal areas and upwelling zones have higher DMSP and DMS concentrations 

than oligotrophic open ocean waters (Hatton et al., 1999; Shenoy and Kumar, 2007). The Arabian 

Sea is a region which includes diverse biogeochemical provinces such as eutrophic, oligotrophic, 

upwelling and reduced oxygen environments (Burkill et al., 1993). Hatton et al. (1999) observed 

higher concentrations of DMS, DMSP and dimethyl sulfoxide (DMSO) in the eutrophic waters off 

the coast of Oman in comparison to the oligotrophic waters of the open Arabian Sea. Studies in the 

Central Indian Ocean during the winter season of 1998 and 1999 showed clear annual variations in 

DMSP and DMS with 1999 showing five times higher concentrations due to changes in biology 

triggered by turbulent mixing (Shenoy et al., 2002). High concentrations of DMS and DMSPt (525 

and 916 nM, respectively) were observed along the west coast of India during the southwest 

monsoon (Shenoy and Kumar, 2007). 

Further, Shenoy et al. (2000) presented the first-ever report on the measurements on DMS in the Bay 

of Bengal and found that changes in salinity could regulate DMSP production. A Study by Shenoy 

and Kumar (2007) observed lower DMS concentrations in the Bay of Bengal compared to the 

Arabian Sea and the Central Indian Ocean. On the other hand, Shenoy et al., (2012) reported 

extremely high concentrations of DMS in the bottom waters (442 nM) in association with seasonal 

anoxia observed off the west coast of India. Shenoy and Patil (2003) recorded elevated levels of 

DMSP and DMS during the SWM which coincided with the prevalence of a mixed bloom of 

dinoflagellates and diatoms in an estuary (Zuari) on the west coast of India. Viswanadham et al. 

(2016) examined variation in DMS in 25 major and medium estuaries from the Indian subcontinent 

during the wet and dry periods and reported relatively higher concentrations of DMS in the east in 

comparison to the west coast of India during the wet period with no significant differences observed 

in the dry period. While we have a reasonably good understanding of the variation of DMS and 

associated compounds in the open ocean waters of the Indian Ocean, the annual variation of DMS 

along the west coast of India remains a fairly grey area. In this paper, we present time series data on 

DMSPt, DMS and DMSOt at a coastal time series station off Goa. The seasonal and inter-annual 



4 

 

variation of DMS and associated compounds are discussed in the light of changing environmental 

and biological conditions, and finally, an estimate of DMS flux is presented. 

2. Materials and Methods 

2.1. Study area: 

The Indian Ocean is unique when compared to the World Oceans for the reason that it is landlocked 

to the north by the Asian continent. Owing to this geographical setting, the northern Indian Ocean is 

forced by intense annually reversing monsoon winds. In conjunction with the reversal of winds, 

surface current along the west coast of India also reverses every six months. Our study area, the 

Candolim time-series (CaTS) station-G5, is located approximately 12 km off the coast of Goa, India 

(Figure 1). During the NEM, the West India Coastal Current (WICC) carries warmer, fresher waters 

of equatorial origin towards the north (Schott and McCreary, 2001). This current flows against the 

wind greatly influencing the biogeochemistry of the region as it induces downwelling resulting in 

low nutrient waters with low productivity, and well-oxygenated waters due to relatively deep mixed 

layers (Naqvi et al., 2006a). The NEM is followed by SIM, during which the warm, lull and nutrient 

deficient conditions promote extensive blooms of Trichodesmium, a cyanobacteria (Desa et al., 2005; 

Parab et al., 2006; Basu et al., 2011). Circulation during the SWM is directed towards the equator 

with the subsurface current flowing in the opposite direction (Schott and McCreary, 2001). This 

circulation is characterized by coastal upwelling which brings cold, nutrient-rich, low oxygen waters 

over the continental shelf. However, this upwelling is not as intense as the one observed in the 

Western Arabian Sea (off Somalia and Oman; Naqvi et al., 2006b). The upwelling accelerates 

chlorophyll growth and promotes primary production along the coast during the SWM (Mann and 

Lazier, 1996; Naidu et al., 1999). Due to the intense rainfall in the coastal zone during this period a 

thin (< 10 m) warm fresher layer is formed which prevents this water from surfacing. Respiration of 

organic matter coupled with strong near-surface stratification leads to the development of very 

intense oxygen depletion in the sub-surface waters (Naqvi et al., 2006a). Naqvi et al. (2006a) 

reported a complete loss of dissolved oxygen with hydrogen sulphide production and attributed it to 

heavy nutrient loading from land over the past few decades. FIM, on the other hand, experiences the 

withdrawal of the upwelling conditions. Thus, the study area was characterised by distinct physical 

and biogeochemical processes.  

2.2. Sampling strategy: 

Seawater samples were collected from the Candolim Time Series (CaTS) - G5 station (Figure 1) 

every month between September 2009 and December 2013, except during the peak SWM (June – 
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August), when it was too rough to venture out to sea on a trawler. Temperature and salinity were 

measured with the help of a portable CTD (Sea bird systems; SBE911). Water samples were 

collected using a 5 litre Niskin sampler. Sub-sampling was done for dissolved oxygen (DO), DMS, 

DMSPt, DMSOt, Chl a and pigments. Gas sampling was done first taking precaution to minimise 

exposure to the atmosphere. Dissolved oxygen samples were fixed immediately upon collection and 

later analysed in the laboratory by the Winkler’s titration method (Grasshoff et al., 1983). Chl a and 

pigment samples were collected in 1-litre brown high-density plastic bottles and stored in ice during 

transit to the laboratory. Chl a was determined by filtering a known volume of seawater sample 

through Whatman GF/F filters under low vacuum.  Chl a was extracted with 10 ml 90% acetone at 

4˚C in the dark for 24 hours and analysed fluorometrically (UNESCO 1994). Phytoplankton 

pigments were analysed using HPLC (Agilent Technologies) using an Eclipse XDB C8 column; the 

method followed is detailed in Kurian et al. (2012). Phytoplankton speciation samples were fixed 

with Lugol’s iodine and analysed using an inverted microscope (Olympus IX 51; 200X). 

2.3. DMS, DMSPt and DMSOt measurements: 

DMS samples were collected in 60 ml amber coloured ground glass stoppered bottle following the 

DO collection. The bottles were air-tight with no headspace and kept in the dark at 4°C till analysis. 

The analysis was completed within 10 hours of collection. DMS, DMSPt and DMSOt samples were 

analysed using the method detailed in Shenoy et al. (2012) with minor modification for DMSO 

analysis as detailed below. The analysis was performed on a gas chromatograph (GC, Shimadzu 

2010 AF), fitted with flame photometric detectors (FPD). A known volume of sample was purged for 

15 minutes with dry nitrogen at a flow rate of 60 ml min-1. The system was well designed to ensure 

no leaks of the stripped sulphur gases. The stripped gases were then passed through a series of 

moisture traps; ice bath, Nafion tubing with molecular sieve and calcium chloride trap, which were 

frequently replaced. The stripped gases were collected cryogenically (liquid nitrogen) on a Teflon 

loop maintained at -145°C. On completion of 15 minutes of purging, the loop was transferred to a 

water bath maintained at > 80°C, for elution of trapped gases and transferred to the GC using a gas 

sampling valve. The separation was done on a Chromosil 330 column. The oven and detector 

temperatures were maintained at 45°C and 200°C respectively. DMS eluted at 1.9 minutes under 

these conditions. Following DMS analysis, DMSPt was analysed by hydrolyzing the same sample 

with 1 ml of 10 M NaOH and purging for 20 min (Turner et al., 1990). Later DMSOt was analysed 

by reducing the same sample to DMS by adding approximately 0.3 g of cobalt doped NaBH4 and 

purging for 20 min (Simo et al., 1996). Tests revealed > 95% conversion of DMSP to DMS during 

alkaline hydrolysis and DMSO to DMS during reduction by NaBH4. Calibration was performed 
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using DMSP standards (Research Plus, New Jersey). The above method gave a precision between 8 

– 10 % for samples. 

2.4. DMS Flux: 

DMS flux was calculated following Turner et al. (1996) using correction factors given by Saltzman 

et al. (1993). The flux of DMS gas between sea and air is proportional to the concentration gradient 

across the air-sea interface and is calculated according to the following equation. 

FDMS = k. ΔC 

Where FDMS = net flux of DMS 

k = transfer (or piston) velocity and 

ΔC = concentration gradient across the air–sea interface. 

ΔC = Cw -Ca . h
-1 

Where Cw = concentration of DMS is seawater 

Ca = concentration of DMS in air 

h = Henry’s Law constant expressed as the ratio of air to water concentrations at equilibrium. 

As the concentration of DMS in the air is very low, Ca is considered to be zero and 

thus Cw equals ΔC. 

3. Results 

3.1. Temperature and Salinity: 

During the study period, CaTS-G5 station was distinctly characterised by different temperature and 

salinity regimes on an annual scale. In general, the water column temperature varied between 22.2 

and 31.6˚C, with an average of 26.8˚C (Figure 2). Near-isothermal conditions were observed in the 

water column during the NEM, during which the temperature varied around 28°C. These conditions, 

however changed during the SIM and the SWM. During the SIM the surface water temperatures 

varied between 29 and 31°C, whereas during the SWM the surface temperatures fell below 28˚C. 

The SIM of 2010 was unusually warmer with water temperatures increasing up to 31.5°C. The 

subsurface temperatures (below 5 m) during the SWM varied between 22 and 26°C. The lowest 

temperature of 22.2 °C was observed in the bottom waters during the SWM (September) of 2010, 

which incidentally also recorded the highest temperature in the surface waters.  
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Salinity also showed distinct annual variability. In general, the water column salinity varied between 

26.3 and 37.2, with an average of 34.6 (Figure 3). Near isohaline conditions were observed during 

the NEM during which the salinity varied between 34 and 35. During the SIM, the water column 

salinity gradually increased up to 36. In conjunction with the temperature, 2010 also observed high 

surface salinities (> 36). Distinct fall in salinity was observed during the SWM, during which the 

surface salinity dropped drastically from ~36 to < 27. During the SWM a low saline lens was 

observed in the surface waters. The lowest salinity was observed during September of 2012. 

3.2. Dissolved Oxygen: 

The DO concentration in the water column varied largely between zero and 6.1 mL L-1 (Figure 4). A 

clear seasonal pattern was observed in its variability. The surface waters (up to 6 m) were found to 

be well oxygenated throughout the year, where the DO varied between 3.5 and 6.1 mL L-1. During 

January to March of 2012 and 2013, the DO remained well mixed throughout the column with 

concentrations ranging from 4 to 6 mL L-1. Just as temperature and salinity, maximal variations in 

DO were also observed during the SWM. Low DO (< 3 mL L-1) was observed below 5 m with the 

onset of the SWM, which gradually decreased during the mid-phase of the SWM (July to August) 

from hypoxic (< 2 mL L-1) to suboxic (< 0.1 mL L-1) conditions. During the last phase of the SWM 

(September) and during FIM, bottom DO concentrations were always suboxic, except during 2009 

and 2013, when it was anoxic with hydrogen sulphide being observed in the bottom waters. During 

the rest of the year, the subsurface DO vary between 2.5 and 5 mL L-1. 

3.3. Chlorophyll a (Chl a): 

Chl a concentrations varied between 0.06 and 14.4 mg m-3 in the water column (Figure 5). 

Seasonally, SWM and subsequent FIM exhibited higher biomass (avg. 2.8 mg m-3), followed by the 

SIM (avg. 1.3 mg m-3) with the least observed during the NEM (avg. 1.2 mg m-3). High Chl a 

concentrations were observed during 2009 and 2012, whereas low Chl a was observed during 2010 

and 2011. During 2013, low concentrations (<1 mg m-3) were observed in the surface waters, 

whereas relatively higher concentrations (between 2 and 4 mg m-3) were observed in subsurface 

waters. Maximum Chl a concentration observed at subsurface depth during the FIM of 2012, was 

associated with the nutricline depth, while during other periods it was restricted to upper 10 m of the 

water column. The lowest concentrations were observed during the beginning of SWM (June) in 

2011. 
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3.4. DMSPt, DMS and DMSOt: 

Figures 6, 7 and 8 show the variation of DMSPt, DMS and DMSOt respectively from September 

2009 to December 2013 at the CaTS-G5 station. All three parameters showed distinct seasonal as 

well as inter-annual variability. During the study period, DMSPt in the water column varied between 

0.35 and 252 nM, with an average of 24 nM. Higher DMSPt concentrations were observed in 2009, 

2012 and 2013 in comparison to 2010 and 2011. Seasonally, high DMSPt were observed in the water 

column (0-18 m) during the latter half of SWM (August-September), followed by the FIM and the 

SIM period with the least DMSPt concentrations observed during the NEM. The maximum DMSPt 

values were observed during the September of 2013 during which 252 nM were recorded in the 

surface waters, whereas 221 nM and 206 nM were recorded in the mid and bottom waters 

respectively. High DMSPt concentrations up to 119 nM and 134 nM were observed during the SWM 

of 2009 and 2012 respectively. In comparison, moderate DMSPt concentrations of up to 40 nM and 

60 nM were observed during the SWM’s of 2010 and 2011 respectively. Relatively higher DMSPt 

were also observed in the water column (0-18 m) during the SIM season (March-May) during which 

the concentrations generally varied between 20 and 60 nM, except during the SIM of 2013 where the 

DMSPt concentration of 205 nM was observed at 18 m. In general, the DMS concentrations during 

the study period varied between 0.5 and 442 nM, with an average of 22.7 nM. The water column 

DMS distribution up to 18 m followed the same seasonal and inter-annual distribution pattern as that 

of DMSPt. Thus higher DMS concentrations were observed during 2009, 2012 and 2013, whereas, 

lower DMS concentrations were observed during 2010 and 2011. High DMS (up to 113 nM and 148 

nM) was observed in the surface waters during the FIM of 2009 and during the SWM (September) of 

2012 respectively. Relatively higher DMS concentrations ranging between 20 nM and 60 nM were 

also observed during the mid-phase (August) of SWM in 2012. During the SWM (September) of 

2013 high DMS was observed throughout the water column with DMS concentrations varying 

between 157 nM and 241 nM in the top 18 m. In comparison, moderate DMS concentrations ranging 

between 20 nM and 40 nM were observed during the SIM of 2010, 2011 and 2012. 

On the other hand, high DMS ranging between 80 nM and 100 nM were observed during the SIM of 

2013. The lowest DMS concentrations (< 20 nM) were observed during the NEM season. One of the 

interesting features of the time series study is the unusually high DMS concentration observed during 

the anoxic events (Shenoy et al., 2012). During the SWM (September) of 2009 and 2013 unusually 

high concentrations (up to 442 and 233 nM respectively) were observed in the bottom waters in 

association with the anoxia. 
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While, DMSO is produced by photochemical (Brimblecombe and Shooter, 1986) as well as bacterial 

oxidation of DMS (Green et al., 2011) serving as a sink for DMS, it is also reported to be produced 

by algae which directly contributes to DMSO in seawater (Simo et al., 2000). In the present study, 

DMSO concentrations were generally, although not consistently, higher than DMS concentrations. 

The distribution of DMSOt also followed the same pattern as that of DMS and DMSPt. In general, 

the DMSOt concentrations varied between 0.3 nM and 186 nM. The maximum concentration was 

observed during the SIM of 2013 at 18 m depth. This apart, high concentrations varying between 125 

– 184 nM were observed in surface water (up to 10 m) during SWM and FIM (September – October) 

of 2009, 2012 and 2013. In comparison, low concentrations were observed in 2010 and 2011 except 

a pocket of high concentration (~ 80 nM) during the NEM of 2011. During the NEM and SWM of 

2012, high DMSOt concentrations (up to 80 nM) were observed throughout the water column. Thus, 

our data set showed higher concentrations of DMSPt, DMS and DMSOt in 2009, 2012 and 2013 in 

comparison to 2010 and 2011. 

4. Discussion 

Three different hydrographic regimes operating during the NEM, SIM and SWM-FIM succeed each 

other along the west coast of India and play a crucial role in phytoplankton speciation and 

succession. This, in turn, was observed to influence the distribution pattern of DMSPt, DMS and 

DMSOt at the coastal time series site. From the overall distribution of DMSPt and DMS, it was 

evident that DMS follows DMSPt distribution, which in turn depends on phytoplankton biomass (Chl 

a). In the present study, overall low DMSPt, DMS and DMSOt observed during 2010 and 2011 may 

be attributed to low productivity as seen from low Chl a during these years (Figure  5). On the other 

hand, the high DMSPt and DMS during 2009 and 2012 may be attributed to the high Chl a observed 

during these years. The exception to this was the high DMSPt observed during 2013. However, as 

DMSP production is species dependant (Liss et al., 1993) a good correlation never usually exists 

between DMSPt and Chl a (Barnard et al., 1982; Kwint and Kramer., 1996; Simo et al., 1997). As 

expected, in the present study too there was no correlation between DMSPt and Chl a (Figure 9). 

However, the high values observed in the study are coincident with specific seasons and to specific 

groups or species known for DMSP production. The seasonal variation keeping in focus the high 

values during different seasons of the year are discussed below. 

4.1. Northeast monsoon variation: 

During the NEM, the waters were well-mixed as seen from the uniform temperatures throughout the 

water column (Figure 2). Downwelling dominated during this period, and productivity was low as 
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seen from the low Chl a concentrations (Figure 5). In the present study, the low DMSPt, DMS and 

DMSOt observed during the NEM may be attributed to the low productivity as seen from the low Chl 

a concentrations during these months. An exception to this was the high DMSO in 2011 (at 9 m) and 

in 2012 (throughout the water column). DMSO is produced in seawater as a result of photochemical 

or bacterial oxidation of DMS (Brimblecombe and Shooter, 1986; Kieber et al., 1996; Hatton et al., 

1999; Lee et al., 1999). As the high concentrations were not supported by high DMSP and DMS 

concentrations, these results stand out and need further investigation.  

4.2. Spring inter-monsoon variation: 

During the SIM, mild stratification was observed at the station as the surface waters were warmed up 

due to the solar insolation during summer. The SIM was dominated by blooms of cyanobacteria 

Trichodesmium, which occur on an annual basis and contribute significantly to the phytoplankton 

biomass. These are often associated with the occurrence of diatoms and sometimes dinoflagellates 

during the senescent phase of the Trichodesmium bloom (Devassy et al., 1979; Parab et al., 2006). In 

May 2010, at 9 m diatoms contributed up to 81% of the phytoplankton cell count (7 x 104 cells L-1), 

whereas dinoflagellates contributed up to 19% (1.6 x 104 cells L-1). Similarly, in April 2011, diatoms 

contributed up to 91% of the phytoplankton cell count (1.7 x 105 cells L-1), whereas dinoflagellates 

contributed to nearly 9% (1.7 x 104 cells L-1) in surface waters. On the other hand in April 2013 at 18 

m, diatoms contributed up to 63% (1.1 x 104 cells L-1), whereas dinoflagellates contributed up to 37 

% (0.7 x 104 cells L-1) of the total phytoplankton cell counts (1.8 x 104 cells L-1) with Scrippsiella sp 

as the dominant dinoflagellate. Thus, in the present study, the high sub-surface Chl a observed 

towards the end of the SIM may be attributed to the mixed populations of diatoms and 

dinoflagellates. The moderately higher concentrations of DMSPt and DMS observed during the late 

phase of the SIM may be attributed to diatoms and dinoflagellates, which proliferate during these 

time periods, whereas the high concentrations of DMSPt, DMS and DMSOt observed during the SIM 

of 2013 may be attributed to the dinoflagellate Scrippsiella sp, a high DMSP producer (Keller et al., 

1989; Hatton et al., 2012).  

4.3. Southwest monsoon - fall inter-monsoon variation: 

On the other hand, during the SWM (between June and September), the study site experienced rough 

weather conditions due to the high winds of the SWM, upwelling as seen from the low temperatures 

between 22 and 27 °C accompanied with low dissolved oxygen concentrations of < 2.5 mL L-1 below 

5 m depth (Figure 2). These upwelled waters being rich in nutrients, drive the primary productivity 

over the shelf (Naqvi, 2000). During the mid-phase of SWM, diatoms contribute significantly to the 
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phytoplankton biomass (Naqvi et al., 2006). During July 2012, diatoms contributed nearly 100% of 

the phytoplankton biomass with a cell count of 3.6 x 106 cells L-1. Similar to SIM, the moderately 

higher concentrations of DMSPt and DMS observed during the mid-phase of the SWM may also be 

attributed to diatoms, which proliferate during these months. However, as the rough weather 

conditions which prevail predominantly from July and mid-August subside, dinoflagellates begin to 

proliferate (Naqvi et al., 2006). We also used HPLC-based pigment analysis to get an insight into the 

phytoplankton community structure. Based on Uitz et al. (2006), we determined the fraction of the 

phytoplankton associated with the microplankton (fmicro) mainly comprising diatoms and 

dinoflagellates. The microplankton fraction contributed maximum to the overall biomass of the study 

area, indicating the dominance of diatoms as seen from high fucoxanthin concentrations during the 

study period. Overall, 2010 and 2011 showed the least fmicro (60 and 63% respectively) during the 

study period as also supported by the low Chl a concentrations. During the SWM of 2010 and 2011, 

both diatom marker pigment (fucoxanthin) and dinoflagellate marker pigment (peridinin) were low, 

whereas, the SWM of 2009 and 2012 showed high fmicro (87 and 97% respectively). During 

September of 2009, dinoflagellates contributed up to 96% of the total phytoplankton biomass in 

surface waters (Shenoy et al., 2012). On the other hand, during the September of 2013, the entire 

water column had a higher percentage of dinoflagellates varying between 15% (0.8 x 104 cells L-1) at 

the surface and up to 85% (3 x 104 cells L-1) at 18 m due to the presence of a Cochlodinium bloom. 

Thus diatoms dominated the mid-phase of the SWM monsoon, whereas dinoflagellates proliferated 

towards the end of the SWM and early FIM. The high DMSPt and DMS concentrations observed in 

the surface waters during the SWM of 2009 may be attributed to dinoflagellates, which contributed 

up to 96% of the total phytoplankton biomass. On the other hand, the high DMSPt and DMS 

observed in the entire water column during the late phase of SWM of 2013 may be attributed to the 

bloom of Cochlodinium spp. The high DMSO observed during the SWM and FIM of 2009, 2012 and 

2013 (Figure 8) may be attributed to the photo-oxidation of DMS as seen from the high 

concentration of DMS (Figure 7) for these years. 

Another remarkable feature observed in the present study was the occurrence of high DMS (442 nM; 

Figure 7) in the bottom waters in association with H2S during late SWM’s of 2009 and 2013. In 

2009, the high DMS in bottom waters was not associated with high DMSP (Figure 6) or DMSO 

(Figure 8) in the water column. Such a scenario results in speculation that the sediments might be a 

source for the high DMS observed under anoxic conditions (Shenoy et al., 2012). Interestingly, high 

DMSPt and DMSOt have been observed in the sediments at CaTS-G5 station. Sediment-slurry 

experiments have also indicated a sedimentary source for the extremely high DMS observed in 
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association with anoxia (Bepari et al., in preparation). Omuri et al. (2015) have shown enhanced 

DMS production and reduced bacterial DMS consumption under anoxic condition. Other studies had 

shown that methoxy groups of naturally occurring compounds were efficiently converted to DMS 

and MeSH in marine and freshwater anoxic sediments when sulphide was present (Kiene and 

Capone, 1988; Finster et al., 1990, Lomans et al., 1997, Visscher et al., 2003). Incubation 

experiments conducted with Methanosarcina acetivorans have suggested sulphide methylation as a 

possible pathway for the production of DMS and methanethiol (MeSH; Moran et al., 2008). In the 

present study, the production of high DMS in the presence of H2S could be a result of similar 

mechanisms. On the other hand, in 2013, the high DMS observed in the bottom waters in association 

with anoxia was also associated with a high concentration of DMSP, indicating that both water 

column DMSP, as well as sediments, might have been the source of the high DMS.   

4.4. Community shift and DMSP/DMS production: 

One of the observations from this time series data is the build-up of DMSPt and DMS as the 

phytoplankton community shift from one to another. In the present case during the senescent phase 

of the Trichodesmium bloom in SIM, diatoms and dinoflagellates appear in the water column, thus 

contributing to the DMSPt and DMS concentrations. Dinoflagellates also contributed to the high 

DMSPt, and DMS observed during the late phase of the SWM. Hatton et al. (1999) measured 

biogenic sulphur compounds (DMS, DMSP and DMSO) in the central Arabian Sea during the SWM, 

and found an increase in the concentration of these compounds over three weeks following a 

phytoplankton community shift from diatoms to prymnesiophytes. Shenoy and Patil (2003) reported 

high concentrations of DMSPt (up to 420 nM) in the Zuari estuary during the SWM and attributed 

high DMSPt to the occurrence of a mixed bloom of diatoms and dinoflagellates. Similarly, Matrai 

and Vernet (1997) have reported high DMSP and DMS in association with blooms of Phaeocystis 

pouchetii and diatoms, where the contribution of diatoms to the water column budgets of DMSP and 

DMS appeared to be significant. In another study, Levasseur et al. (1996) observed an increase in 

DMSP and DMS content during a phytoplankton succession from the diatom Skeletonema costatum 

to the prymnesiophyte Emiliania huxleyi. The results from the present study are in agreement with 

other investigations. 

Though the distribution of DMS follows that of DMSPt, the correlation between the two is not 

straightforward. Figure 10a shows the relation between DMSPt and DMS for the September-October 

period, whereas Figure 10b shows the relation for the rest of the months in a year. The slopes in the 

Figures show a better conversion of DMSP to DMS in the case of September-October period, when 
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dinoflagellates were present, in comparison to the rest of the year, during which diatoms were 

dominant. Though the presence of dinoflagellates supports the high DMSP and DMS during the 

present study, other factors such as their physiological state (Keller et al., 1989), zooplankton grazing 

(Dacey and Wakeham, 1986; Nguyen et al., 1988), viral lysis (Hill et al., 1998; Malin et al., 1998) 

cannot be ruled out. As the late SWM was marked by a higher contribution of dinoflagellates, this 

result probably suggests a better conversion of DMSP to DMS in dinoflagellates compared to 

diatoms.  

4.5. Seasonal variation and comparison 

Table 1 shows the seasonal column range and the average for DMS at the CaTS-G5 station during 

the study period. The lowest average (9.3 nM) was observed during the NEM, whereas the highest 

(28.9 nM) was observed during the SWM. Average concentrations were also higher during FIM and 

SIM (22.6 nM and 19.7 nM) respectively. The DMS concentrations observed in the present study are 

higher than the open ocean waters of the Arabian Sea and the Bay of Bengal. They are also higher 

than the surface DMS concentrations observed in northeast Atlantic and the eastern North Pacific 

(Table 2). Some of the highest DMS concentrations (> 300 nM) observed in Antarctic waters are in 

association with spring blooms (Barnard et al., 1984; Gibson et al., 1990; DiTullio et al., 2003). 

Similarly, high DMS concentrations have also been associated with the spring and summer blooms 

in the North Atlantic and frontal regions (Holligan et al., 1987; Holligan et al., 1993). However, 

these regions experience high DMS usually once during the year, in association with the spring or 

summer blooms. In comparison, the west coast of India experiences several blooms throughout the 

year; Trichodesmium and diatoms during March-May, diatoms during July-August and 

dinoflagellates during September and October.  

5. Wind and DMS flux  

Wind largely determines the air-sea interaction process. The study area experiences seasonally 

variable winds. During the SWM the wind speed ranged from 4.9 to 8.8 m s-1 with the maximum 

wind observed during July 2013. Moderate wind speeds were observed during the NEM and SIM 

varying between 4.1 and 6.1 m s-1 and the least was observed during October. Overall wind speed 

during the study period varied from 3.9 to 8.8 m s-1 with an average of 5.6 m s-1. Surface DMS 

concentrations varied from 2.2 nM to 100 nM with an average of 18 nM; the maximum DMS 

concentration being observed in September 2013. DMS flux varied between 0.8 and 100 µmoles S 

m-2 day-1 with an average of 20 µmoles S m-2 day-1. Though wind speeds were consistently higher 
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during July, surface DMS concentrations were low, ranging from 8 nM to 20 nM due to which 

resultant DMS flux to the atmosphere was also low. 

On the other hand, high DMS flux (100 µmoles S m-2 day-1) was recorded during September 2013 as 

a result of high DMS concentrations in surface waters even though the wind speeds dropped from 5.5 

to 4.8 m s-1. The average flux observed in the present study was nearly six times the flux estimated 

for coastal waters (3.4 µmoles S m-2 day-1) by Shenoy and Kumar (2007). This may be attributed to 

the lower wind speeds during earlier observations. Our present estimates are also much higher than 

those observed for East (3.4 µmoles S m-2 day-1; Yang et al., 2000) and South (5.5 µmoles m-2 day-1; 

Yang, 2000) China Sea. However, our results agree well with Wong et al. (2005), who estimated an 

average flux of 16 µmoles m-2 day-1 in the subarctic northeast Pacific Ocean.  

6. Conclusion 

Time series measurements on DMS, DMSPt and DMSOt were carried out from September 2009 to 

December 2013 at the CaTS-G5 station, west coast of India. All three sulphur species DMSPt, DMS 

and DMSOt exhibited significant seasonal as well as inter-annual variability. The years 2009, 2012 

and 2013 were most productive for DMSPt, DMS and DMSOt due to the abundance of diatoms and 

dinoflagellates. In contrast, 2010 and 2011 showed the least DMSPt and DMS coincident with low 

phytoplankton biomass. The least DMSPt and DMS was observed during the NEM, during which 

downwelling prevailed at the station resulting in low Chl a. Moderate concentrations of DMSPt and 

DMS were observed during the SIM, in association with the diatom population which succeeded the 

Trichodesmium blooms towards the end of the season. Similarly, moderate concentrations were also 

observed during the mid-phase of the SWM during which diatoms dominated the phytoplankton 

population. The maximum DMSPt and DMS concentrations were observed during the last phase of 

the SWM, due to the presence of dinoflagellates, which proliferate following the relaxation of the 

rough weather conditions towards the end of the SMW. While the maximum observed DMS in the 

bottom waters in September 2009 suggested a benthic source for DMS, the high concentrations in 

bottom waters during the September of 2013 was supported by high DMSPt. While there was no 

correlation between DMSPt and Chl a, phytoplankton regime and succession was observed to play a 

key role in determining DMSPt and DMS concentrations. Correlation between DMSPt and DMS 

suggested a better turnover of DMS during dinoflagellate abundance in comparison to diatoms. DMS 

flux to the atmosphere was estimated to vary between 0.8 and 100 µmoles S m-2 day-1 with an 

average of 20 µmoles S m-2 day-1.  
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Figures and tables: 

 

Figure 1: Map showing Candolim time-series (CaTS) – G5 station in the Arabian Sea. 

 

 

 

Figure 2: Temperature variation at the CaTS-G5 station. 
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Figure 3: Salinity variation at the CaTS-G5 station. 

 

 

Figure 4: DO variation at the CaTS-G5 station. 
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Figure 5: Chl a variation at the CaTS-G5 station. 

 

Figure 6: Variation of DMSPt at CaTS-G5 from September 2009 to December 2013. Some of the 

high concentration points (actual concentrations are labelled in black) have been taken as 100 nM to 

avoid skewing of the graphs. 
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Figure 7: Variation of DMS at CaTS-G5 from September 2009 to December 2013. Some of the high 

concentration points (actual concentrations are labelled in black) have been taken as 100 nM to avoid 

skewing of the graphs. 

 

 

Figure 8: Variation of DMSOt at CaTS-G5 from September 2009 to December 2013. Some of the 

high concentration points (actual concentrations are labelled in black) have been taken as 100 nM to 

avoid skewing of the graphs. 
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Figure 9: Correlation between DMSPt v/s chl a during the study period. 
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Figure 10: Correlation of DMS v/s DMSPt for (a) all data points for September and October during 

the study period and (b) for all data points for the rest of the year.  
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 Table 1: Column DMS range (surface to 28 m; minimum and maximum values) and average during 

different seasons at CaTS-G5.  

 

Season 
DMS (nM) 

Minimum – Maximum (avg. ± SD) 

South West Monsoon (n = 157) 0.45 – 442 (28.9 ± 61.6) 

Fall Inter Monsoon (n = 34) 0.63 – 172.90 (22.6 ± 36.9) 

North East Monsoon (n = 64) 0.44 – 58.87 (9.3 ± 11.3) 

Spring Inter Monsoon (n = 44) 3.30 – 95.82 (19.7 ± 19.8) 

 

 

 

Table 2: Comparison of DMS concentration in the present study with other regions of the world. 

 

Area 
DMS (nM) 

Minimum – Maximum 

Reference 

Eastern North Pacific 1.5 – 10.82 
Watanabe et al. 

(1995) 

Northeast Atlantic 1 – 93.8 Malin et al. (1993) 

Open Arabian Sea 

South West Monsoon: 0.5 – 3.7 

North East Monsoon: 0.2 – 11.9 

Fall Inter-Monsoon: 0.9 – 2.2 

Shenoy and Kumar 

(2007) 

Open Bay of Bengal 
South West Monsoon: 0.2 – 11.1 

Fall Inter-Monsoon: 0.8 – 5.5 

Shenoy and Kumar 

(2007) 

CaTS-G5 (coastal 

Arabian Sea) 
0.44 – 442 This study 

 


