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Abstarct

Trichodesmium is a bloom-forming, diazotrophic, non-heterocystous cyanobacteria widely distributed in the warmer oceans, and their bloom is
considered a ‘biological indication’ of stratification and nitrogen limitation in the ocean surface layer. In the first part of this paper, based on the
retrospective analyses of the ocean surface mesoscale features associated with 59 Trichodesmium bloom incidences recorded in the past, 32 from the
Arabian Sea and the Bay of Bengal, and 27 from the rest of the world, we have showed that warm-core features have an inducing effect on bloom
formation. In the second part of this paper, we have considered the environmental preferences of Trichodesmium bloom based on laboratory and field
studies across the globe, and proposed a view about how warm-core features could provide an inducing pre-requisite condition for the bloom formation
in the Arabian Sea and the Bay of Bengal. Proposed that the subsurface waters of warm-core features maintain more likely chances for the conducive
nutrient and light conditions required for the triggering of the blooms.



1. INTRODUCTION

The marine cyanobacteria, Trichodesmium, arewell-known for their sporadic and abrupt blooms in the surface waters of warm oceansduring
conduciveconditions and their thick, yellowish-brown, mat-like bloom biomass that floats on the sea surface is referredto as ‘Sea Sawdust’ (Qasim,
1972; Capone et al., 1997; Jyothibabu et al., 2003). These blooms are expected to channel large amounts ofmolecular nitrogen into the photic zone of
the ocean through new production and,therefore,believed to play asubstantialrole in ocean nitrogen cycle (Carpenter and Capone, 1992; Capone et al.,
1997; Gandhi et al, 2011; Parab and Matondkar, 2012).Also, it has beenbelievedsince the last few decadesthat
Trichodesmiumbloomsrepresentbiological indicationsof prolonged ocean surface layer stratification and nitrogen limitation (Carpenter and Roenneberg,
1995; Matondkar et al., 2006). Although the formation mechanism of Trichodesmium blooms continues to be an enigma across the globe, several
concerted field surveys and laboratory experiments in the recent decades world over have helped in significantlyimproving our understanding on the
environmental preferences for the7richodesmium bloomformation (Ohki and Fujita, 1986,1988; Carpenter and Capone, 1992; Capone et al., 1998; Chen
et al., 1996; Subramaniam et al., 1999, 2001; Jyothibabu et al., 2003; Bell et al., 2005; Matondkar et al., 2006; Parab and Matondkar., 2012). It is also
pertinent to remember that ocean colour satellite remote sensing has contributed significantly insynoptically tracking thick blooms of Trichodesmium in

ocean surface layers (Subramaniam et al., 2001; Hegde et al., 2008; Gower et al., 2014; McKinna, 2015 and references therein).

The bloom formation of Trichodesmium(both Trichodesmium erythraeum and T. thiebautii) in the northern Indian Ocean and their possible linkages
to the ocean surface mesoscale processes are the focus points of this study. To make the evaluation in the northern Indian Oceanmore reliable,
certainbloom incidencesfrom other parts of the worldwerealso considered in this paper.Literature confirmsthat 7Trichodesmium population inhabitsthe
Arabian Sea and the Bay of Bengal throughout the year, albeit their contribution to the native phytoplankton communityremains insignificant except at
conducive times when theyproliferate(Ramamurthy, 1972;Jyothibabu et al., 2003;Hegde et al., 2008;Ashadevi et al., 2010;Mohanty et al., 2010;Parab
and Matondkar., 2012). The predominant conducive season of7richodesmium blooms in the northern Indian Ocean is the pre-southwestmonsoon(March
- May), when the regionis exposed tothe seasonal highest solar heatingand has thermally stratified and nitrogen limited ocean surface waters (Qasim.,

1972, Devassy, 1978, Capone et al., 1997; Subramaniam et al., 1999; Jyothibabu et al., 2003, Matondkar et al., 2006; D’Silva et al., 2012 and references



therein).However, it is a reality that the usual Trichodesmium blooms that occur in the Arabian Sea and the Bay of Bengalhave only sporadic
appearancewithmuch lesser geographical extent and durationcompared to the ocean surface layer stratification and nitrogen limitation, which areactually
basin-scale seasonal features during the pre-southwest monsoonperiod. In other words, even during the stratifiedand nitrogen-limited pre-southwest
monsoonocean surface conditions that prevail in the entire northern Indian Ocean, Trichodesmium surfacebloomsoccursporadically and

abruptly,andmostly on a micro-scale (a few km) to meso-scale (10s to100s of km) spatial extent.

The scientific reasoningpresented aboveand our field experience in the seas around India during the last two decades have motivated usto investigate
the role ofocean mesoscalefeaturesin facilitatingthe optimum conducive conditions for Trichodesmium blooms.The other motivation behind this paper is
the interesting research paper published by Davis and McGillicuddy Jr., (2006), who showed that waters in the north Atlantic with warm core (anti-
cyclonic) mesoscale features harbour high abundance of Trichodesmium filaments. This observation was based on Video Plankton Recorder (VPR) tows
across the north Atlantic during the spring season. More recently, another study from the same geographical area showed that cold core (cyclonic)
eddies also harbour abundant Trichodesmium filaments, but during the fall season (Olson et al., 2015). The common message in these studies is the
potential of the mesoscale features (both anti-cyclonic and cyclonic) to provide conducive condition for the prevalence of Trichodesmiumpopulations.
Nevertheless, it is relevant to recall here that the above studies from the north Atlantic neither dealt with Trichodesmium bloom incidences nor the

possible mechanism that favour the bloom formation in the region.

Earlier studies on Trichodesmium blooms from the northern Indian Ocean have mainly dealt with the environmental characteristicsthat existed either
during or just after the sighting of the surface blooms(Devassy et al., 1978; D’Silva et al., 2012 and the references therein). Therefore, theyfailedto
capture the mechanisms that triggered/favouredthe formation of the bloom, whichhas greatest scientific importancewhile consideringthat
Trichodesmium population with its slow growth raterequires more than a week’s timeto form mat-like surface blooms (Ohki and Fujita, 1988; Chen et
al., 1996; Bell et al., 2005). Thisindicates that the conditioning of the favourableenvironment thattriggers7richodesmium bloomingbegins a few weeks
prior to the actual sighting of the floating bloom biomass on the ocean surface. This agrees very well with earlier observations thatthe floating bloom

biomass on the sea surface mostly represents the collapsing/dead phase of the bloom biomass and, therefore, consists of fewer viable individuals



(Ramamurthy, 1972; Ohki and Fujita, 1988; Chen et al., 1996; Bell et al., 2005). Therefore, naturally, the environmental features recorded during
thesurface bloomsightingsmight haveessentially represented the post-bloomdisintegration phase rather than the actual environmental conditioning
thatfavours the bloom formation. All the above pointsindicate the relevance of focussedtime - series studies that begin at least a fortnight prior to the
sighting of the bloom biomass on the ocean surface,to understand the environmental conditioning triggering the bloom. However, a progressive time
series study to track 7richodesmium bloom formation in a marine environment has large uncertainties as we never know exactly when and where the
bloom occurs, even when stratification and nitrogen limitation exist overan extensivegeographical area.Time series data from environmental data buoys
with biochemical sensors could be a promising tool in this regard, but research in this line in the northern Indian Ocean is still in the beginning phase.
Therefore,in this paper we addressedthe following (a) investigatedthe linkage between meso-scale features and the7richodesmium bloom incidencesin
the northern Indian Ocean (b) analysed a few Trichodesmium bloom casesand mesoscale processes from the rest of the world oceanand (c) attempted to

explainthe possible mechanism behind theobserved biophysical linkage.
2. METHODS

Although ocean-colour sensors have been used for direct synoptic-scale detection of Trichodesmium, a majority of suchmethods are non-quantitative
and developed for mapping dense surface aggregations; therefore, they are unsuitable for tracking low background (cases <3200 trichomes L ™")bloom
concentrations (McKinna, 2015). The approach is different in this paper, wherein,a retrospective analysis of the mesoscale ocean surface featureshave
been carried out based on relevant satellite remote sensing data associated with7richodesmiumbloom incidences recorded in many literature. The
geographical co-ordinates of the bloom incidences given in the literature are used to scientifically assess the proximity/linkage of these blooms with the
ocean surface mesoscale processes.In these literature, the terminology‘bloom’was used for representing the sightings of thick floating biomass of
Trichodesmium (sea saw dust)on the sea surface. The incidences of blooms analysed in the present study from the northern Indian Ocean were confined
to the sampling domain of 52°E - 95.5°E and 5°N - 22°N (Figure 1; Table 1). The enlisted past bloom incidences showed that most of themoccurred
during the pre-southwest monsoon (March-May) and onset of thesouthwest monsoon(early June) periods.The photographs of a few Trichodesmium

blooms encountered during our earlier cruises and the photomicrographs of the samples are presented in Figure 2. In order to have an overall



understanding of the seasonal oceanographic setting favouring the Trichodesmium bloom formation in the study domain, satellite remote sensing data
from online databases consisting of sea surface temperature(http://oceanwatch.pifsc.noaa.gov/), surface wind (http://apdrc.soest.hawaii.edu),
photosynthetically active radiation (http://oceanwatch.pifsc.noaa.gov), sea surface currents (OSCAR) (http://apdrc.soest.hawaii.edu), mean sea level
anomaly (http://las.aviso.oceanobs.com), wave height (http://apdrc.soest.hawaii.edu), mixed layer depth(http://apdrc.soest.hawaii.edu), sea surface

salinity (http://oceanwatch.pifsc.noaa.gov) and chlorophyll a(http://oceanwatch.pifsc.noaa.gov/) were retrieved and presented (Figure 3-6).

The time-series of the ocean surface layer mesoscale features associated withthe bloom incidences recorded in the past were analysed based on
satellite datasets spanning overthe respective periods.The geostrophic currents for the specific periods of bloom sightings were retrieved from NOAA
database (http://aoml.noaa.gov/) and Mean Sea Level Anomaly (MSLA) from AVISO (http://las.aviso.oceanobs.com/). The geographical positions of
the past bloom incidenceswere overlaid on the merged images of the geostrophic currents and MSLA. Based on this,a retrospective weekly time-series
of the mesoscale features,at least a fortnight prior tothe actual sighting of the floating bloom biomass on the ocean surface were carried out. Due to the
absence of relevant satellite data in most of the earlier times, bloom incidences recorded older than two decades were not attempted in the present
analysis. Similarly, a few bloom sightings very close to the coastline were also omitted from the present analysis due to the large uncertainty of satellite
datasets closer to the coast. Altogether 327richodesmium incidences from the northern Indian Ocean were considered in the present study (Figure 1,
Table 1). Similarly, 27 Trichodesmium bloom incidences from the rest of the ocean were also considered with the respective mesoscale features (Table
1). The first 9 cases of the retrospective analysis of the bloom incidences are given in the main text of this paper while the rest have been presented as

supplementary material (Supplementary Materials 1-21).

As mentioned above, most of the Trichodesmium blooms recorded earlier from the Indian Ocean were observed during the pre-southwest monsoon,
when the region receives the seasonal highest Photosynthetically Active Radiation (PAR). It is fundamental to consider the solar radiation available
underwater whileinvestigating thepre-requisite environmentalconditioning for the formation of the Trichodesmium blooms. Many studies have showed
that low PAR is conducive for Trichodesmium bloom formation, which is usually present in the subsurface waters in tropical oceans. Therefore,

understanding underwaterPAR during the bloom incidences is very relevantfor definingthe environmental settings favouring the 7richodesmium bloom



formation. To accomplish the above, MERIS, MODIS, SeaWiFS, VIIRS merged daily mean PAR and diffuse attenuation co-efficient of PAR (Kd PAR)
was downloaded from online database (http://hermes.acri.fr). 8--days’ mean downwelling PAR for typical pre-southwest monsoonconditions in the
Arabian Sea and the Bay of Bengal were presentedto show the overall underwater light condition in the study domain when Trichodesmium blooms are
most frequent in the region. PAR at specific depth of the water column was derived using the formulae of Gallegos et al., (2001) and the derived PAR

values in each depth were used for presenting its vertical distribution.
3. RESULTS AND DISCUSSION

The seasonal reversal of winds and currents during the northeast monsoon (October — February) and southwest monsoon (June - September) with a
clear transition phase during the pre-southwest monsoon (March-May) are the most important seasonal climatological features of the seas around India
(Figure 3). The wind in the study domain is the strongest during the southwest monsoon (south-westerly), moderateduring the northeast monsoon
(north-easterly) andthe weakestduring the pre-southwest monsoon. In the case of surface currents, strong and more organised currents are present during
the southwest and northeast monsoons, whereasvery weak and unorganised currents are present during the pre-southwest monsoonin major parts of the
study domain with mesoscale eddy circulations. An exception to this could be the shelf regions along the southeast coast of India where East India
Coastal Currents (EICC) are dominant during the pre-southwest monsoon. However, recent research showsthat even EICC flows as several mesoscale
eddy cells (Durand et al., 2009; Shenoi, 2010),and this feature was clearly reflected in the seasonal image presented in this paper (Figure 3). The
seasonal distribution of sea surface temperature (SST) and sea surface salinity (SSS) showed the highest SST and the second highest SSS in the seas
around India during the pre-southwest monsoon (Figure 4). Seasonal distribution of wave height and mixed layer depth showedthe lowest values of
these parameters during the pre-southwest monsoon period, indicating the calm and highly stratified sea conditions during the period (Figure 5). The
PAR was the seasonal highest during the pre-southwest monsoon, followed by the southwest monsoon,and the least during the northeast monsoonperiod
(Figure 6a-c). The seasonal surface chlorophyll aconcentration was the highest during the southwest monsoon, followed by the northeast monsoon, and

the least during the pre-southwest monsoon(Figure 6d-f).In essence, all the above show that the pre-southwest monsoon in the northern Indian Ocean



was a period with highest SST, SSS, PAR and the lowest winds, surface currents, and wave action causing thermally stratified relatively calm sea

surface conditions.

As presented above, it has been documented earlier also that high SST, low or nil surface winds, and stratified and stable water column are the
typical characteristics of the pre-southwest monsoon in the Northern Indian Ocean during which most of the7richodesmiumblooms in the past were
recorded (Qasim 1970; Capone et al. 1997; Carpenter et al. 1999; Hood et al. 2001;Matondkar et al., 2006). It is logical to link the general
oceanographic settings of the northern Indian Ocean during the pre-southwest monsoonwith the proliferation of the Trichodesmium blooms. During the
pre-southwest monsoon period, the mixed layer is shallow (average 23 + 5m) and nitrate concentration in the upper euphotic column (upper 50m) is
below detectable concentration in the seas around the Indian subcontinent. The nitrate concentration gradually increases below mixed layer and the
nitracline (1M of nitrate) is usually found at 50-60m depth (Madhu et al., 2006; Matondkar et al., 2006). This condition provides advantage to the
slow-growing and nitrogen fixing phytoplankton community such as cyanobacteria over diatoms. Unlike diatoms, the slow growth of nitrogen fixers
enables them to assimilate very low concentration of nitrate present in the water column. The marine cyanobacteria Trichodesmium are better
advantaged during the pre-southwest monsoon as they are slow growers as well as nitrogen fixers. It was proved through experiments that
Trichodesmium filaments multiply slowly (3-5days), requiringmore than a week to complete the exponential growth phase and form blooms (Ohki et
al., 1986; Lin et al., 1998; Stihl et al., 2001; Bell et al., 2005). Also important is the fact that7richodesmium blooms have much smaller geographical
spread and duration compared to the ocean surface layer stratification during the pre-southwest monsoon period, suggesting that mere stratification of
the ocean surface layer is not the only requirementfor triggering the blooms. It is pertinent here to consider that Trichodesmium surface blooms in the

seas around India occur sporadically and abruptly, and that, too, mostly on a micro- (<10 km)to meso- (10-500km) scale spatial extent.

Mesoscale surface ocean features (eddies)are common in the ocean and they can play an important role in plankton distribution and patchiness as
they can modify the vertical distribution of physico-chemical parameters (Mackas and Galbraith, 2002; McGillicuddy et al., 1998, 2003; Flierl and
McGillicuddy, 2002; Batten and Crawford, 2005; Mackas and Coyle, 2005; Strzelecki et al., 2007; Feng et al., 2007). As evidenced in many earlier

studies, eddies are common in the Bay of Bengal and the Arabian Sea and their general response on biological production shows that anti-cyclonic



(warm-core) eddies cause downwelling of surface waters and intensify oligotrophy in the ocean surface layers, whereas, cold-core eddies upwell
subsurface waters and enhance biological production (Prasannakumar et al., 2007 and references therein; Jyothibabu et al., 2008, 2015; Nishino et al.,
2011; Amol et al., 2014; Jineesh et al., 2015 ). Based on the above general understanding of the mesoscale features, it was rather difficult to explain how
warm core eddies support high abundance of Trichodesmium filaments (Davis and McGillicuddy Jr., 2006).This is primarily because Trichodesmium is
a diazotroph (nitrogen fixer) and, therefore, its preferences for the environmental parameters are different from those of the usual microphytoplankton
community consisting of diatoms and dinoflagellates,which form the major portion of phytoplankton biomass during nutrient enriched environmental

situations (Devassy et al., 1978).

The detailsof Trichodesmium bloom incidences analysed in the present study are shown in Table 1. Among thesebloom incidences, the time series
images of the satellite data of the cases fromthe Bay of Bengal andthe Andaman Seaare presented in the main body of this paper (Figures 7-9). Images
of allthe remaining time series analyses of the bloom incidences are presented as supplementary materials(Supplementary Materials 1-21). The most
significant features evident in the retrospective analysis with respect to each Trichodesmium incidencesprovided inthe supplementary material
aredetailed in the respective figure captions.Interestingly, almost all earlier bloom incidences analysed in thepresent study showedsome positive
linkages/connection with warm-core features.This was true for the Trichodesmium incidences analysed for the northern Indian Ocean as well as the rest
of the world ocean, indicating that the observed feature could haveglobal importance.Out of 32 Trichodesmium incidences analysed from the northern
Indian Ocean, 26 incidences (~80%) coincided with warm core mesoscale surface features. Similarly, out of 27 incidences analysed from the rest of the
world, 25 incidences (~90%) coincided with warm core features. Nevertheless,it is quite intriguing to explain how warm core eddy, which usually
increases the oligotrophy of the ocean surface layer, favours the Trichodesmium bloom formation. The above observation,in principle,corroborates the
findings ofDavis and McGillicuddy Jr., (2006) from the Atlantic Ocean that showed that warm-core eddyfavours the proliferation of
Trichodesmium,albeitthere was neither any mention about bloom nor the mechanism that favours bloom formation. Therefore, here we propose

mechanisms,which makethe warm core eddies more conducive for the formation of Trichodesmium blooms during the pre-southwest monsoon. To



comprehend the task, it is invaluable to have a careful understanding of the relevant past studies conducted world over,dealing with the ecological and

physiological aspects of Trichodesmium blooms.

It has been recorded earlier that Trichodesmiumcan grow actively over a wide range of salinity (22-43psu),withan optimum range between 30-37psu
(Fu and Bell., 2003; Bell et al., 2005; Hegde et al., 2008). Similarly, it was observed earlier that7richodesmiumblooms occurin a large geographical
region, extending from the tropicsto the temperate waters, indicating their wide range of tolerance to temperature (28-36) (Capone et al., 1997).
Nonetheless, it is a very common feature in the Indian waters that low or nil wind and warmer temperaturesact as a prerequisite for the formation of
Trichodesmium blooms (Matondkar et al., 2006; Parab and Matondkar, 2012).This would mean that highly illuminated, warm and stable environmental
conditions exert an inducing effect on the formation of T7richodesmium blooms in the northern Indian Ocean. As discussed earlier, accurate
measurement of environmental factors promoting7richodesmiumblooms in natural environment and drawing meaningful conclusions is less
effective,and apossible alternative is to adopt the results of laboratory experiments to explain the observed features in the natural environment— as
attempted in a few earlier studies(Ohki et al., 1986; Lin et al., 1998; Stihl et al., 2001; Bell et al., 2005). To elucidate how warm - core eddies facilitate
optimum conduciveenvironment for the formation of Trichodesmium bloom in the northern Indian Ocean, we consideredobservations from the field and
attempted to explain them logically with the results emerging fromlaboratory culture studies. This is very significant,considering that the environmental

features that coexist during the sighting of floating bloom biomass do not reflect the actual conducive environment that triggered the bloom formation.

Fundamental to this isthat optimum PAR and nutrient levels are the two most important factors for the formation of any phytoplankton blooms in the
tropical region,though the optimum requirements of these two factors may vary indifferent phytoplankton groups. For several decades, the actual
nutrient and light requirements of Trichodesmium to form blooms remained unclearmainly because of (a) Trichodesmium experimental studies were
restricted earlier (b) their biomass floatingon the surface, during bloom formation,is usually exposed to the highest level of solar radiation and un-
detectable level of nutrients, posing doubt aboutlight and nutrient requirements,and (c) their diazotrophic (nitrogen fixing) ability introduces difficultyin
distinguishing whether they are fixing their own nitrogen or absorbing it from the surroundings. Research over the last few decades made the entire

scenario clearer and it is reasonably clear now that (a) Trichodesmium has a viable growing stock of individual filaments in the subsurface waters and a



thick mat-like floating biomass of trichomes on the sea surface, which aremostly in the declining phase (Ramamurthy, 1972; Letlier and Karl., 1998;
Capone et al., 1998; Bell et al., 2005; Mohanty et al., 2010), (b) Trichodesmium can actively assimilate nitrate and other nitrogen compounds during
their growth phase (Ohki et al., 1986; Lin et al., 1998; Stihl et al., 2001; Holl and Montoya, 2005; Martin et al., 2013), indicating their subsurface
biomass build up during the initial phase of the life cycle and (c) Trichodesmium prefers low PAR for their proliferation and bloom formation (Ohki et

al., 1986; Capone et al., 1997; Bell et al., 1999,2005).

Studieshave confirmedthat Trichodesmiumefficiently assimilatesnitrate (NOj)from solutions even invery low concentrations, i.e.,<0.5[/M
(Mulholland and Capone, 1999; Holl and Montoya 2005; Matondkar et al., 2006). However, availability of excess NOs in the environment has an
inhibitory effect on the nitrogen fixation of Trichodesmium, an initial concentration of0.5uMNOscan inhibit nitrogen fixation ability by 20%, 10uM of
NO;j can inhibit nitrogen fixation by 70% and beyond 10uM ofNO; cancompletely stop N-fixation (Holl and Montoya, 2005). It was also observed that
cultures exposed to high concentration of NO; regain their nitrogen fixing ability when NOj; concentration in the culture media deplete to the level of 0.3
— 0.4 uM. On the other hand, Trichodesmium cultures maintained in high concentration continue to grow by obtaining their nitrogen requirement from
NOs sources available in the environment and not through molecular nitrogen fixation. Experimental studies have also proved that actively growing
filaments ofTrichodesmium prefer to grow in low levels ofPAR (20-150 JEm™s™) for their initial biomass build up, and such low light levels in the
northern Indian Ocean during the pre-southwest monsoon occuronly in the subsurface waters (Ohki et al., 1986; Capone et al., 1997; Bell et al., 1999,

2005; Jyothibabu et al., 2014).

All the above-mentioned pointssuggest that although the thick bloom biomass of Trichodesmiumfloats on the ocean surface, their initial growth and
biomass built-up occur somewhere below the mixed layerwhere the nutrient and light conditions are conducive and stable for alonger period.It is also
possible that there could be two physiologically adapted Trichodesmium stocks present in the water column. The firststock may occupy a niche just
below the mixed layer, and assimilatethe trace concentrations of NOsavailable there for theirinitial biomass built-up;later, they may source their nitrogen
requirement through fixationin the surface waters through vertical migrations. The second stock may occupy a niche deeper in the water column,

utilising the available high nitrate concentration in the environment as here nitrogen fixation is prevented through feedback inhibition. The above

10



inference is supported by a few observations from the northern Indian Ocean, in which high abundance of phytoplankton stock has been reported below
the mixed layer (20-30m depth) and also deep in the euphotic column (60-70m depth)(Matondkar et al., 2006; Parab and Matondkar, 2012). If this
possibility is reasonable, then a logical explanation can be deducedregardinghow warm core eddies in the northern Indian Ocean facilitate more likely
chances to form a conducive environment for the formation of Trichodesmium blooms.This needs to be judged based on robust evidences from the north
Atlantic where Davis and McGillicuddy Jr., (2006) noticed large stock of Trichodesmium filaments in warm core eddies during the spring whereas,
Olson et al., (2015) did so in cold core eddies during the fall season. Although the common take away message in these studies is that mesoscale
eddies/gyres favour high abundance of Trichodesmium filaments in the north Atlantic, a probable reason for the contrasting observations are yet to be

evolved.

The PAR available in the Bay of Bengal and Arabian Sea surface during the pre-southwest monsoon is presented in Figure 10a and its underwater
distribution in Figure 10b. It is evident that the optimum PAR favouring Trichodesmiumproliferation as evidenced by Bell et al., (2005) is ~40 -5000Em’
%s™'and occurs at a depth of ~50m. The mixed layer depth in the Bay of Bengal and Arabian Sea during the pre-southwest monsoon is usually around 20-
25m while nitracline is around 50m (Jyothibabu et al., 2008). Considering the above, it is quite likely that the physiologically adapted Trichodesmium
stock that usually inhabiting just below the mixed layer assimilates low nitrate concentration and performs nitrogen fixation, but is exposed to PAR in
excess of the optimum level suggested by Bell et al.,(2005). This may cause a situation where optimum nitrate and PAR levels do not co-occur in the
water column, which is not very conducive for triggering bloom formation.Opposite to this is the case in the deeper waters, where the Trichodesmium
stock that survives in high nitrate level is exposed to less than the optimum PARIlevel suggested by Bell et al.,(2005), making that region also less
conducive for triggering bloom formation. In essence, due to the mismatch in the regions of optimum PAR and nitrate levels in the water column,
chances of formation of Trichodesmiumblooms are less in the water column even during the pre-southwest monsoon. Based on the aboveconsiderations,
we try here to analyse how mesoscale warm core eddies can make a difference to the above scenario and facilitate the formation of Trichodesmium

blooms in the northern Indian Ocean.

11



Two typical characteristics of the warm core eddies/gyres in the northern hemisphere are the sinking of surface waters leading to the deepening of the
mixed layer. Based on this fundamental understanding, here we try to explain how warm core eddies can stimulate the bloom formation, a schematic of
which is presented in Figure 11. We propose here that the above-mentioned property of the warm core eddy may have a crucial role in creating optimum
NOs and PAR levels to the growing population below the mixed layer adapted to low nutrient environment and high PAR levels. As warm core eddy
facilitates sinking and deepening of the mixed layer, two ways warm core eddies induce the formation of the Trichodesmium blooming may be (a)
subsurface waters become warmer than the adjacent regions; it has been noticed that warmer waters, even during the upwelling period,can induce
Trichodesmium bloom formation (Ramos et al., 2005) (b) low nutrient and nitrogen-fixing stocks in the subsurface waters could get more chances to
stay within the optimum PAR level suggested by Bell et al., (2005) in many parts of the eddy.The down-sloping of isolines of optimum nitrate
concentration may get exposed to different intensities of PAR, thereby increasing chancesof optimum nitrate with PAR levels favouringthe blooming of
Trichodesmium. In other words, eddies work like a natural laboratory set-up, whereinthe optimum nitrate concentration of7richodesmiumis exposed to
different PAR levels, creating more likely chances for the co-existence of the optimum concentrations of both these parameters. As the environmental
conditions in the northern Indian Ocean are relatively stable during the pre-southwest monsoon period, the optimum conducive factors provided in
certain regions of the eddy may last for longer periods to induce the bloom formation in the subsurface waters.The seasonal variations in the underwater
light levels could be the reason behind the observation in the north Atlantic where Davis and McGillicuddy Jr., (2006) noticed large stocks of
Trichodesmium filaments in warm core eddies during the spring (high surface PAR),whereas Olson et al., (2015) did so in cold core eddies during the
fall (low surface PAR) season.In the above cases, the only probable difference could be that the growing Trichodesmium population may be getting the

conducive condition in relatively deep water during the spring season (anti-cyclonic) and in shallow depths during the fall season (cyclonic).

It is evident in the present study that the floating bloom biomass of Trichodesmiumquite often occur on the boundaries of warm core eddies rather
than in their centres (as in Figures 7, 8, 9; Supplementary Material 6, 11, 16, 17). There could be a few possible mechanisms favouring a situation
wherein bloom biomass aggregates on the eddy boundaries. The first two possibilities are pure physical mechanismswherein the passive biological

material in the surface layers could get aggregated on the eddy boundaries,as indicated in a recent study (Samuelsen, et al., 2012). The work of

12



Mahadevan et al., (2012) and Mahadevan (2014) showed another possibility wherein the downwellingof less dense surface waters at the centre of the
warm core eddy could transport7Trichodesmium filaments vertically downwards. These filament may develop further and form dense blooms andlater
surface through eddy boundaries where the vertical suction forcing is much lesser as compared to the centre of the eddy.The third possibility could be
the more likely chances of co-occurrence of optimum environmental conditions in the eddy boundaries due to the down-sloping of isolines of
hydrological parameters exposed todifferent downwellinglevelsof PAR. Although this paper evidenced that Trichodesmiumbloom events and warm core
eddies have a close positive linkage, it does not argue that warm core eddies are essential to form the bloom. On the other hand, the study shows that
warm core eddy provides more chances for formation of the Trichodesmium blooms, by providing an inducing effect, andtherefore,any other
environmental setting that can provide similar conducive environmental setting can also lead to the formation of the blooms. Such conducive
environmental setting due to any other ocean processesmightalso be capable of favouring bloom formation, and this will be the reason behind

casesanalysed in the present study where there was no clear coincidence with the Trichodesmium bloom incidences and mesoscale warm-core features.

One peculiar adaptationof Trichodesmium is the presence of gas vacuoles, which provide buoyancy for themto position themselvesin the water
column (Romans et al., 1994; Capone et al., 1997;Villareal and Carpenter, 2003; White et al., 2006; Hewson et al., 2009).It is believed
thatTrichodesmium population can rise and sink in the water column using buoyancy (cell ballasting)(Capone et al., 1997; Letlier and Karl.,
1998;Matondkar et al., 2006).Similarly, the high pigmentation of the bloom biomass in the surface water may provide photoprotection at high light
levels on the highly illuminated surface waters (Capone et al., 1997). When sea surface is warmer and the wind stress is low for extended periods, the
intrinsic buoyancy of Trichodesmiummay help them to float upwards and form extensive mats within very short periods of time. This intriguing feature
of the Trichodesmium bloom could have led to Dr. S.Z. Qasim, the well-known Indian biological oceanographer remarkingthat ‘the interesting feature
(that) often puzzled both marine scientists and oceanographers is the suddenness with which the blooms of Trichodesmium, an organism which normally
constitutes an insignificant proportion of the total biomass at sea, appear’ (Qasim, 1972). We do accept that lateral advection of surface bloom biomass
can introduceuncertainty in directly linking the floating bloom biomass with surrounding environmental features (Martin et al., 2013). However,

logically, this feature could be more relevant in regions with strong surface currents, whereas the typical Trichodesmium bloom period in the Bay of
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Bengal and Arabian Sea is the pre-southwest monsoon, which is characterised by low surface currentsthat too dominated by mesoscale eddy

circulations.

Phosphorus and iron are believed to be two critical nutrients restricting the growth and N, fixation of most of the marine nitrogen -fixers (Deutsch et
al., 2001, 2007; Webb et al., 2001; Kustka et al., 2003; Shi et al., 2007; Whittaker et al., 2011) and the ways and means by which Trichodesmium
scavenge these nutrients is reviewed in detail recently (Bergman et al., 2013). Several studies suggested that in order to overcome phosphorus
limitations, Trichodesmium colonies migrate vertically in the water column to scavenge phosphorus and other nutrients using the buoyancy regulations
through intracellular gas vacuoles present in them (Capone et al., 1997; Letlier and Karl., 1998; Matondkar et al., 2006; Bergman et al., 2013). It is
believed that in the upper euphotic zone, Trichodesmium filaments capture and store carbon and nitrogen (Romans et al., 1994), and with this ballast, the
filaments sink into deeper waters from where phosphorus is acquired (Romans et al., 1994; Villareal and Carpenter, 2003; White et al., 2006; Hewson et
al., 2009). The sinking of the surface water in the core of the warm core eddies may be providing an added advantage to the Trichodesmium filaments
sinking into the deeper waters for scavenging phosphorous and other nutrients. Similarly, iron is a pivotal co-factor in a number of cellular processes of
Trichodesmium, such as photosynthesis, N, fixation, and oxygen scavenging (Kustka et al., 2003; Shi et al., 2007). The high iron content in
Trichodesmium cells suggests that they are very efficient in assimilation of iron, which is otherwise a poorly soluble element in oligotrophic oceans
(Kustka et al., 2003; Whittaker et al., 2010). This is well supported by a recent study showing that Trichodesmium employs two different iron uptake
mechanisms: superoxide-mediated reduction of inorganic iron in the surrounding milieu and a superoxide-independent uptake system for ferric citrate
complexes. These two iron uptake adaptation strategies may allow Trichodesmium to effectively scavenge iron even in oligotrophic ocean (Roe et al.,
2014). Another possibility is the atmospheric transport and aerosol dust deposition, which is considered to be a crucial pathways for the input of a
variety of chemical elements and nutrients into the ocean surface and stimulate the phytoplankton growth (Rubin et al., 2011). It is quite possible that
Trichodesmium colony formation in the Indian seas may be getting particulate iron and phosphorous from eolian dust depositions as indicated in a few
recent studies (Rubin et al., 2011; Srinivas and Sarin, 2012; Yadav et al.,2016 ) but, this aspect needs to be looked at more carefully based on concerted

seasonal observations.Loescher et al., (2014) proposed the suitability of oxygen minimum zones (OMZ) to nurture diazotrophy of cyanobacteria, and
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this may be very much important along the west coast of India where shallow OMZ zones are a typical feature during the southwest monsoon period

(Karnan et al., 2017).

Singh and Ramesh (2015) hypothesized that more intense stratification in the Bay of Bengal would provide a better niche for diazotrophy as compared
to the Arabian Sea. The propositions in Singh and Ramesh (2015) are quiet logical when considered the intensity of stratification in the Bay of Bengal
as compared to the Arabian Sea. The scientific uncertainty here then is why the Bay of Bengal does not own more Trichodesmium surface blooms
records as compared to the Arabian Sea? First of all, here, we have to realise the lack of a systematic data to draw the above conclusion that Arabian Sea
has more Trichodesmium bloom incidences than in the Bay of Bengal. This needs to be judged carefully with the following reasoning. The Bay of
Bengal is still a less studied region as compared to the Arabian Sea. This is primarily because of (a) only less number of research programmes were
undertaken in the Bay of Bengal as compared to the Arabian Sea and (b) the logistic disadvantage of the Bay of Bengal being located in the eastern side
of India, whereas, most of the Indian research ships and organisations active in oceanographic research are located along the west coast of India
(D’Silva et al., 2012). This essentially caused disproportionate research efforts in these two ocean basins. It is also relevant to see in this connection, that
most of the earlier observations of Trichodesmium blooms from the Indian seas were accidental observations while attempting oceanographic
expeditions intended for some other objectives (D’Silva et al., 2012 and references therein). Therefore, the disparity in research efforts in the two ocean
basins in the past could be one of the reasons for the emergence of the general belief that the Arabian Sea has more Trichodesmium bloom incidences as

compared to the Bay of Bengal.

Another important aspect deserving attention in the present case is if eddies are able to trigger blooms then why the Bay of Bengal does not witness
more Trichodesmium blooms as compared to the Arabian Sea, as the former seems to have more eddy incidences compared to the latter?. The fact of the
matter is that irrespective of the seasons, eddies are common in the Arabian Sea and the Bay of Bengal but, concerted studies on these are lacking from
the former(Prasannakumar et al., 2007; Jyothibabu et al., 2008, 2015; Amol et al., 2014; Jineesh et al., 2015). This is also evident in many figures
presented in this paper depicting that both the Arabian Sea and the Bay of Bengal harbour warm core mesoscale features. As discussed earlier in this

manuscript, pre-southwest monsoon is the most conducive season for the formation of the 7richodesmium blooms in Indian Seas. Certainly, the warm
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core mesoscale features during the pre-southwest monsoon could augment the conducive conditions for the formation of the 7richodesmium blooms.
Even with all these conducive conditions, the formation of the thick surface blooms happens only during extended periods of high solar radiation,
low/nil wind, leading to very clam/ glassy water column conditions. In the Bay of Bengal, due to the sporadic tropical cyclones and frequent
depressions during the pre-southwest monsoon period, extended periods of very calm sea conditions, which is a pre-requisite for the Trichodesmium
bloom formation, are lesser as compared to the Arabian Sea. This situation may also cause less chances for the formation of thick surface blooms of

Trichodesmium in the Bay of Bengal, even though their filaments are abundant in the water column during the period.

Convincing evidences in the present study,especially from the oceanic regions,clearly show that warm-core features in the Arabian Sea and the Bay
of Bengal have an inducing effect on the Trichodesmium bloom formation, which could be a robust feature applicable elsewhere as well since many of
the bloom incidences considered from the rest of the world ocean also showed similar results. However, it is also true that the present study could not
answer questions such as (a) do all the warm core surface features in the Arabian Sea and the Bay of Bengal cause Trichodesmium blooms? (b) Could
the warm core that occurs in all seasons lead to Trichodesmium blooms? (c) What is the time period required for a warm core to lead to the formation
Trichodesmium blooms? (d) What are the other ocean processes involved in the formation of the blooms? (¢) What are the other nutrient requirements
for the formation of Trichodesmium blooms? Obviously,answering these questions is beyond the reach of the present study as it is purely based on a
retrospective study combining some applications of the satellite remote sensing and in-situ observations of the Trichodesmium blooms. As suggested
recently by McKinna (2015), planned next-generation sensors with higher spectral resolutions, in both low earth and geostationary orbits, may help us to
remotely-sense global Trichodesmium abundance even at low concentrations. Considering the intricacies involved in the formation of the
Trichodesmium blooms, as detailed in many places in this manuscript,any single approach alone is not sufficient for unravelling the actual mechanisms
involved in the formation of the blooms and probably, a comprehensive study combining satellite remote sensing and environmental buoy observations
assisted with micro and mesocosm experiments could be more appropriate by which the refinement/validation of the idea presented in the paper could
be achieved. Certainly, our future efforts will be targeted toward testing the hypotheses proposed in this paper based on satellite imagery, in-situ

measurements and laboratory experiments.
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4. CONCLUSION

Based on a retrospective analysis of 597richodesmiumbloom incidences in the past, this studyshowed that warm coreeddies have an inducing effect
in the formation of Trichodesmium blooms in the Arabian Sea and the Bay of Bengal. The present observation not only corroborates the study of Davis
and McGillicuddy Jr., (2006) in the north Atlantic,which reported that high abundance of Trichodesmium filaments occurs in warm core eddies, but
advances one step further and shows that warm core features exert an inducing effect upon the formation of the 7richodesmium blooms in the Arabian
Sea and the Bay of Bengal. Also, this studyproposes how warm core eddies could possibly inducesuchbloom formationin a nitrogen-limited ocean
surface layer,based on the evidences and observationsin literature and from our own field studies. We have showed here that due to the sinking
(convergence) of surface waters in warm core features, Trichodesmium stock in the subsurface waters get more exposed to optimum levels of
temperature, nitrateand PAR. Hence, withgreater chances of meeting the optimum conditions in the subsurface waters of warm-core eddies, proliferation
of Trichodesmium filaments occursdeep in the water column.7richodesmiumsubsequently aggregates and migrates(scavenges) vertically using buoyancy
for assimilation of other nutrients such as phosphate from the depth,and finally floatsabruptly on the sea surface, forming patches, bands or mats

depending upon the calmness of the sea.
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Figure Captions

Figure 1- Past incidences of Trichodesmium (red and green filled circles) in the northern Indian Ocean analysed in the present study. A total of 32
incidences from the northern Indian Ocean are presented in which 9 are from Bay of Bengal and 23 from the Arabian Sea. The bloom incidences
considered from the rest of the world (other than the Indian Ocean) are not represented here. Red filled circles represent sighting of the surface blooms
whereas, green filled circles indicate the presence of high abundance of Trichodesmium. Serial numbers of the bloom incidences here are the same in
Table 1, wherein, more details of each bloom incidence are given.

Figure 2 - Floating surface bloom biomass (sea sawdust) of Trochodesmium observed in the Bay of Bengal. Panels represent the bloom incidences (a)
April 2001 in the South-western Bay of Bengal - Jyothibabu et al., (2003), (b) April 2002 in the northern Andaman Sea - Jyothibabu et al., (2014) and
(c) May 2014 in the central western Bay of Bengal - Jyothibabu et al., (unpublished). All these were sighted as floating bloom biomass on the sea
surface, indicating their declining phase. The morphological and structural details of a Trichodesmium bundle (trichome) in different magnification
under a fluorescent microscope are presented in panels (d) trichome intact, (¢) and (f) trichome gently pressed under a cover slip to differentiate
individual filaments.

Figure 3 - Seasonal distribution of (a-c) wind (m s) and (d-f) ocean surface currents (m s*) in the northern Indian Ocean. Overall, winds and currents
were the weakest during the pre-southwest monsoon/ spring inter monsoon (SIM) indicating the monsoonal transition phase. The red arrows in panels (d
-f) indicate more organised surface currents during the southwest and northeast monsoons compared to the pre-southwest monsoon. Weak currents with
mesoscale eddy circulations were very common during the pre-southwest monsoon. Even the better organised East Indian Coastal Currents (EICC),
along the Southeast coast of India during the pre-southwest monsoon period, encompasses mesoscale eddy cells, which is highlighted in red arrows in
panel (e).

Figure 4 - Seasonal distribution of (a-c) sea surface temperature (°C) and (d-f) sea surface salinity in the northern Indian Ocean. The seasonal highest
SST and high salinity prevails in the northern Indian Ocean during the pre-southwest monsoon period.

Figure 5- Seasonal distribution of (a-c) significant wave height (cm) and (d-f) mixed layer depth (MLD) in the northern Indian Ocean. The seasonal
lowest wave height and the shallowest mixed layer depth was found during the pre-southwest monsoon period.

Figure 6- Seasonal distribution of (a-c) Photosynthetically Active Radiation (PAR) and (d-f) chlorophyll a in the northern Indian Ocean. Overall, PAR
was the highest and the chlorophyll a was the lowest during the pre-southwest monsoon period.
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Figure 7 - (A) Trichodesmium bloom sighted in the northern Andaman Sea in April 2002 (Jyothibabu et al., 2014) and (B) Trichodesmium bloom
sighted in the south-western Bay of Bengal in April, 2001 (Jyothibabu et al., 2003). In all panels, the time-series of mean sea level anomaly (cm) and
geostrophic currents (cm s™') were merged to delineate the mesoscale ocean surface features prevailed in the region. In all panels, the region of the
floating bloom biomass sighted is indicated by a blue discontinuous circles. The blue arrows indicate the period of sighting the blooms. The right hand
side panels represent the environmental setting that prevailed in the region one week prior to the bloom sighting on the sea surface. The analyses
showed that the floating bloom biomass in both incidences coincided with a persistent warm core features in the region.

Figure 8 - (A) Trichodesmium bloom observed in May, 2014 in the central western Bay of Bengal and the bloom region is marked in blue dashed
circles (Jyothibabu et al., unpublished) and (B) Trichodesmium bloom observed in April, 2014 in the central western Bay of Bengal and the bloom
region. In all panels, the time-series of mean sea level anomaly (cm) and geostrophic currents (cm s1) were merged to delineate the mesoscale ocean
surface features prevailed in the region. In all panels, the region of the floating bloom biomass sighted is indicated by a blue discontinuous circles. The
blue arrows indicate the period of sighting the blooms. The right hand side panels represent the environmental setting that prevailed in the region one
week prior to the bloom sighting on the sea surface. The analyses showed that the floating bloom biomass in both incidences were linked to persistent
warm core features in the region.

Figure 9 - (A) Trichodesmium bloom biomass sighted floating on the sea surface of north-western Bay of Bengal in April, 2001 (Jyothibabu et al.,
2003). The mean sea level anomaly (cm) and geostrophic currents (cm s™) were merged to delineate the mesoscale features in the region. The region of
the floating bloom biomass sighted is indicated by a blue discontinuous circles and the blue arrows indicate the period of sighting the bloom. The right
hand side panel represent the environmental setting that prevailed in the region one week prior to the bloom sighting on the sea surface.
(B)Trichodesmium filaments noticed in the surface waters in different regions across the Bay of Bengal in October 2000 and August 2002 (Hegde et al.,
2008). The surface sampling in every 1° distance was carried out along a ship route from Chennai to Singapore. The regions where Trichodesmium
filaments were recognised are indicated with a blue discontinuous circle, all of them coincided with warm core mesoscale features.

Figure 10- (a) Spatial distribution of the PAR in the Arabian Sea and the Bay of Bengal during the pre-southwest monsoon. The vertical distribution of
PAR in the study region considering two equal spaces (whlte rectangles in the above panel) in the Arabian Sea and the Bay of Bengal are presented in
panels (b). Optimum PAR levels of 40-50 [ /E m™Sec” was found at the depth of 42 - 46m in Arabian Sea and 43 - 46 m in the Bay of Bengal, which
means that the most conducive PAR levels for triggering the formation of the Trichodesmium bloom in the region is located somewhere deep in the sub-
surface waters.

Figure 11 - Diagrammatic representation of the warm- core and cold - core mesoscale features. The blue dotted lines indicate the down-slopping/up-
slopping of isolines of nitrate and white dotted arrows represent the downwelling PAR. It is clear that the environmental setting in the mesoscale
features is such that same isolines of nutrient are exposed to different PAR levels facilitating more likely chances of coinciding optimum light and
nutrient conditions, thereby facilitating the most conducive micro-environment for triggering the bloom.
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Supplementary Material 1 - Trichodesmium bleom observed in May, 1995 in the Central Arabian
Sea (Capone et al. 1998). Time-series of Mean Sea Level Anomaly (cm) and geostrophic currents
{em 51y were merged to delineate the mesoscale features in the region. In all panels, the bloom
locations are indicated with blue ellipses. The mesoscale features m the region one week before
surface bloom incidences are presented m panel (b), which shows that all the three bloom incidences
were closely associated with long persistent warm-core features.
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Supplementary Material 2 - Trichodesmium bloom observed in the south-eastern Arabian Sea i
earty-June, 2009 (Padmalaumar et al., 2010) indicated in blue dashed circle. Time-series of Mean Sea
Level Anomaly (cm) and geostrophic curents (cm ™) were merged to delineate the mesoscale
features in the region The retrospective analyses of the mesoscale features in the region is presented
in panels (b). It 1s clear that this bloom mecidence was not directly inked to any warm core mesoscale
processes, even though a large warm core was present in the region until late - May (pre-southwest
monsoon period) as evident in panel (b).
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Supplementary Material 3 - Trichodesmium blooms observed in the south-eastern Arabian Sea in early-Tune 2009
(Padmakumar et al., 2010), indicated in blue dashed circles. Time-series of Mean Sea Level Anomaly (cm) and
geostrophic currents (cm 5°) were merged to delineate the mesoscale features in the region. The retrospective analyses
of the mesoscale features in the region is presented in panel (b). As in the case presented in Supplementary Material 2,
these bloom incidences were also not directly attributable to any warm core mesoscale processes, even though a large
‘warm core was present in the region until late - May (pre-southwest monscon period) as evident in panel (b).
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Supplementary Material 4 - Trichodesmium bloom recorded in the south-eastern Arabian Sea during April 2012
(Jabir et al., 2013). Time-series of Mean Sea Level Anomaly (cm) and geostrophic currents (cm s) were merged to
delineate the mesoscale features m the region. In both panels, the bloom location i1s indicated with a blue dashed
ellipse. The retrospective analyses of the mesoscale features i the region is presented in right side panel, which shows
a close association of the bloom with the warm core feature in the region.
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Supplementary Material 5 - Trichodesmium blooms recorded along the west ceast of India in April 2005 (Martin et
al, 2013). Time-series of Mean Sea Level Anomaly (cm) and geostrophic currents (em s7) were merged to delineate
the mesoscale features in the region. Marked in blue ellipse represents the sighting bloom biomass at swrface. The
retrospective analyses of the mesoscale features in the region is presented in right side panel As evident, the bloom
‘was situated associated with a persistent warm-core eddy.
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Supplementary Material 6 - Trichodesmium blooms recorded along the west coast of India during May, 2005
between 9°N to13°N (Krishnan et al.. 2007). Time-series of Mean Sea Level Anomaly (cm) and geostrophic currents
(cm =) were merged to delineate the mesoscale features in the region Region marked with blue band represent the
patches of blooms observed along the coast. The retrospective analyses of the mesoscale features in the region is
presented in panel (b). which shows that the bloom was situated on the boundary of a long persistent warm-core
feature.
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Supplementary Material 7 - The regions of the Tifchodesmium bloom biomass noticed in the eastern
Arabian Sea in March 2000 (Parab and Matondkar, 2012). Mean Sea Level Anomaly (em) and
geostrophic currents (cm 57) were merged to delineate the mesoscale features in the region. The blue
ellipses indicate the locations in the region where blooms were observed. The retrospective analyses
of the mesoscale features in the region is presented. As evident, all these bloems incidences coincided
with warm-core features.
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Supplementary Material 8 - The regions of the Tiichedesmium bloom biomass noticed in the eastern
Arabian Sea in March 2004 (Parab and Matondkar, 2012). The Mean Sea Level Anomaly (cm) and
geostrophic currents (cm 57) were merged to delineate the mesoscale features in the region. The blue
ellipses indicate the locations in the region where blooms were observed. The retrospective analyses
of the mesoscale features in the region are presented. As evident. these blooms were not directly
linked to mesoscale features even though a few have occurred very close to the boundary of long
persistent wanm-core features.
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Supplementary Material 9 - The regions of the Trichodesmium bloom biomass noticed in the eastern
Arabian Sea in November 2001 (Parab and Matondlar, 2012). Mean Sea Level Anomaly (cm) and
geostrophic cusrents (cm 57) were merged to delineate the mesoscale features in the region. The blue
circles indicate the locations in the region where blooms were observed. The retrospective analyses of
the mesoscale features in the region are presented. As evident, two out of four bloom incidences have
coincided with persistent warm-core features in the region.

Supplementary Material 10 - The regions of the Trichodssmium bloom biomass noticed in the
eastern Arabian Sea in March 2003 (Parab and Matondlkar, 2012). Time-series of Mean Sea Level
Anomaly (cm) and geostrophic currents (cm s7') were merged to delineate the mesoscale features in
the region. The blue ellipses indicate the locations in the region where blooms were observed. The
retrospective analyses of the mesoscale features in the region are presented. As evident. the bloom
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Supplementary Material 11 - Trichodesmium bloom biomass sighted floating in May, 1995 in the
Western AtabianSea(SubmmamameTal 1999). Mean Sea Level Anomaly (cm) and geostrophic
currents {cm s }mmgedhdehnﬂﬁe&benﬁmhﬁaﬁmﬁmthemgtmlﬂbﬂthpmls the
bloom location is indicated with a blue ellipse. The retrospective analyses of the mesoscale features in
the region is presented in right side panel, which shows that the bloom was situated on the boundary
of a long persistent warm-core feature.
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Supplementary Material 12 - Record of Trichodesmiumblooms at many locations in the Atlantic Ocean in period of
May-June, 1994 (Capone et al., 2005). Time-senies of Mean Sea Level Anomaly {cm) and geostrophic curents (cm s
!y were merged to delineate the mesoscale features in the region. In both panels. the bloom locations are indicated with
a blue ellipses. The retrospective analyses of the mesoscale features in the region is presented in - the bottom panel (b).
which indicate that these blooms have a close linkage to the mesoscale warm core features.
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Supplementary Marterial 13 - Record of Trichodesmium at different locations of Aflantic Ocean in Apnl 1996
(Capene et al | 2005). Time-series of Mean Sea Level Anomaly (cm) and geostrophic currents (cm s™) were merged to
delineate the mesoscale features in the region In both panels, the bloem locations are indicated with a biue ellipse.
The retrospective analyses of the mesoscale features in the region is presented in bottom panel (b). which indicate that
these blooms were associated with mesoscale warm core eddy features.
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Supplementary Material 14- Record of Trichodesmium (from the nitrogen fixation), during October. 1996
found in North Atlantic Ocean (Capone et al. 2003). Time-senes of Mean Sea Level Anomaly (cm) and
gmupl:.{ccm{cms") were merged to delineate the mesoscale features in the region In both panels. the
bloom locations are indicated with blue circles. The retrospective analyses of the mesoscale features in the
region is presented in right side panel. which indicate that two out of four bloom incidences were asseciated
with mesoscale warm core features.

Supplementary Material 15 - Record of Trichodasmium bloom at eastern Atlantic Ocean on October, 1998
marked presented (Subramaniam et al., 2002). Mean Sea Level Anomaly (cm) and geostrophic currents {cm s~
') were merged to delineate the mesoscale features in the region. In both panels. the bloom location is
indicated with blue circle. The retrospective analyses of the mesoscale features in the repion is presented in
right side panel which indicates that the formation of the bloom was associated with mesoscale warm core
feature.
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Record of Trichodesmium (from the mitrogen fixation) at different locations of Atlantic

tary Material 16

circles. The retrospective analyses of the mesoscale features in the region is presented in the bottom panel (b), which

indicate that these two blooms were associated with mesoscale warm core features.

Ocean, in February 2001 (Capone et al. 2003). Mean Sea Level Anomaly (cm) and geostrophic curents (cm 5™) were
merged to delineate the mesoscale features in the region. Both panels, the bloom locations are indicated with blue
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Supplementary Material 17 - Trichodesmium bloom incidence marked in blne ellipse, during June -August,
2001 (Capone et al.,ij].biemSealfvdﬂmnmly{cm}aﬂdgeoshnphicmmms{cms")wﬁemgedm
delineate the mesoscale features mm the regiom The bloom region is indicated by a bloe circle. The
retrospective analyses indicate that the bloom incidence was on the boundary of a mesoscale warm core eddy
feature.
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Supplementary Material 18 - Record of Trichedesmium (from the nitrogen fixation). dunng May, 2003
presented above (Capone et al., 20035). Iu!emSeaLﬂmlAnﬂmnl}r(cm]amigmﬂmphmcmmﬂB{cms’l]we
merged to delineate the mesoscale features in the region. In both panels, the bloom locations are indicated
with blue circles. The retrospective analyses of the mesoscale features in the region is presented in right side
panel. which indicates that the bloom incidences were on the boundary of a mesoscale warm core feature.

Supplementary Material 19 - Trichodesmium bloom observed in Nerth Atflantic Ocean during December,
2007 (Fernandez et al | 2010). The Mean Sea Level Anomaly (cm) and geostrophic currents (cm s™) were
merged to delineate the mesoscale features in the region  In both panels, the bloom location is indicated with a
blue circle. The retrospective analyses of the mesoscale features in the region is presented in right side panel,
which indicate that the bloom was associated with mesoscale warm core features.
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Supplementary Material 20 - Record of Trichodesmiim bloom in South Atlantic Ocean during Apnl 2008
(Fernandez et al., 2010). Time-series of Mean Sea Level Anomaly (cm) and geostrophic currents (cm 57) were
merged to delineate the mesoscale features in the region. In both panels, the bloom locations are indicated
with a blue circle. The retrospective analyses of the mesoscale features in the region is presented in the bottom
panel, which indicates that the bloom was formed on the boundary of a mesoscale warm core feature.
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Supplementary Material 21 - Record of Trichodesmium bloom in the north western Atlantic Ocean during Anpgnst,
2004 (Ramos et al., 2008). Time-series of Mean Sea Ievel Anomaly (cm) and geostrophic cusrents (cm ™) were merged
to delineate the mesoscale features in the region. In the both panels, the bloom locations are indicated with blue circles.
The retrospective analyses of the mesoscale features in the region is presented in the right side panel, which mdicate
that all these bloom incidences were associated with mesoscale warm core features.
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sL. FIG.SM (eographical Repon Penod Source
1 Bay of Benzal
1 FIG. 7a Andaman Sea Apnl 2002 Frothibabu et al, 2014
2 FIG. 7b Western Bay of Bengal Apnl 2001 Tyothibabu et al, 2003
3 FIG. 8a Western Bay of Bengal May, 2014 Tyothibabu et al., (Unpublizhed)
45 FIG. Bb Westarn Bay of Bengal Apnl, 2015 Tyothibabu et al, (Unpublished)
3 FIG. 9a Morthern Bay of Bengal Apnl, 2001 Frothibabu et al., 2003
-3
780  FIG 0b Southern Bay of Bengal fﬁ;ﬁf}ﬁ?a Hegde eral., 2008
I Arabian Sea
10,11,12 5M1 Central Arabian Sea May, 1995 Capone etal., 1998
13 SM2 South-eastern Arabian Sea Jupe, 2009 Padmakumar et al, 2010
Bl
14,15 SM 3 South-eastern Arabian Sea Jorse, D109 Padmakumar et al., 2010
Tune, 2009
18 SM 4 South-eastern Arabian Sea Apnl 2012 Jabir etal, 2013
17 SM 5 South-eastern Avabian Sea Apnl 2005 Martm et al., 2013
13 SM & South-eastern Arabian Sea May, 2003 Enshnan et al_, 2007
19202132 SM T Morth Eastern Arabian Sea March 2000 Parab & Matondkar, 2012
232425 5MS Morth Eastern Arabian 5ea March 2004 Parab & Matondkar, 2012
26272829 S5M9 Morth Eastern Arabian 5ea November 2001 Parab & Matondkar, 2012
3031 SM 10 North Eastern Arabian Sea Mareh 2003 Parab & Matondkar, 2012
32 SM 11 North western Arabian Sea  May, 1995 Subramariam &Carpenter, 1999
oI Dther Oceans
13-38 SM 12 HNorth Atlantic Ocean May-Tune, 1994 Capone et al., 2005
3942 M 13 North Atlantic Ocean Apnl 1996 Capone et al., 2003
4346 5M 14 Morth Atlantie Ocean October, 1996 Capone et al., 20035
47 SMIS E““h e e Oetober, 1998 Subramaniam et al 200
cean
4549  SMI8 MNorth Atlantic Ocean iﬁ]‘i"“ ~ Pl e s
50 SM 17 North Atlanfic Ocean Tuly - August, 2001 Capone et al., 2003
51-53 SM 18 North Atlantic Ocean Apnl - May, 2003 Capone et al., 2005
54 SM 19 North Atlantic Ocean ﬁ‘Tﬁ‘Hf“"“ -December,  pormandez et 2l 2010
55 SM 20 South Atlantie Ocean Apnl - May, 2008 Femnandez et al, 2010
56-39 SM 21 North West Atlantic Ocean  August, 2004 Rameos et al.,, 2008

Table 1 - The location and date of the Trichodesmium incidences analysed i the present study. The images representing the
analyses of the first six incidence 15 presented m the main text of the manuscript (Fizures 7 to 9) and a1l other cases are presented
as Supplementary Matenals (1-21). Senial Numbers 7, 8 & 9 (italicised) represent a few incidences n the Bay of Bengal where
abundance of Trichodssmium filaments 1o the swace waters were noticed during the late-southwest monsoon (Hegde et al., 2008).
The serial numbers of the bloom incidences in this Table are followed 1n all the Figures and Supplementary Materials detailing

bloom incidences i this paper. Abbreviations: FIG - Figure and SM - Supplementary Material.



