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Abstract 

This paper introduces the cumulative impact of cyclonic (cold-core) and anticyclonic (warm-core) 
eddies on the distribution of phytoplankton biomass in the Bay of Bengal (BoB).Estimations of the 
ocean surface eddy features in the BoBusing satellite-derived monthly,seasonal, andmulti-year 
(2012-2016) datasets showed significant dominanceof warm-core featuresover the cold-core ones. 
Multi-year monthly dataof the BoBevidenced strikingly higher geographical area (%) for warm cores 
(av. 16.5 ± 5.5) compared to the cold-core features (av. 2 ± 1.2). The highest warm-core extent (%) 
was in May (av. 25.8 ± 1.4), followed by April (av. 22.6 ± 1.4), February (av. 19.5 ± 0.3) and March 
(av. 18.3 ± 0.9).Contrastingly, a relatively higher extent(%) of coldcoresoccurred in November (av. 
3.9 ± 2.2), October (av. 3.78 ± 2.0), and December (av. 3.5 ± 2.1). The analysis also showedthat the 
extreme oligotrophy of the study domain during the Pre-Monsoon (March-May) was caused by a 
robust, warm gyre.Upwelling and winter convection, whichenhances phytoplankton biomass in the 
Arabian Sea,areeither very weak or absent in the BoB. Similarly, nutrient inputs through river 
influxinto the BoBare insufficientto enhance phytoplankton stock beyond the shelfwaters. In this 
scenario,we showed herethat the significantly larger spread of warm-core over the cold-core eddies is 
a simpleecological indication of thebasin-scale low phytoplankton stockin the BoB. 
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1. Introduction 

Bay of Bengal (BoB) is a large oceanic basin in the north-eastern section of the Indian Ocean and 

has low phytoplankton biomass and production compared to the adjacent Arabian Sea 

(Prasannakumar et al., 2002; Gauns et al., 2005). Eddiesare very common in the BoB, anoutcome 

ofpeculiar coastal geometry, circulation, and remote forcing (Cheng et al., 2018). They can play an 

essential role in plankton distribution as they modify the vertical distribution of physicochemical 

parameters (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).Both cyclonic and 

anticyclonic eddies exist in the BoB, in which the formerincreases the phytoplankton biomass 

through divergenceand associated nitrate restoration in the surface waters. In contrast, anticyclonic 

eddies decrease the phytoplankton biomassthrough surface water convergence and nutrient 

impoverishment (Prasannakumar et al., 2004, 2007; Jyothibabu et al., 2008; 2015).  

The topic of eddies in the BoB,concerning the phytoplankton biomass distribution,has caught the 

attention of researchers fairly recently,emergingas a prominent area of interestwithin the last two 

decades (Prasannakumar et al., 2004, 2007; Vinayachandran and Simi Mathew, 2008; Vidyaand 

Prasannakumar, 2013; Jyothibabu et al., 2015). However, standard in-situstudies on the distribution 

of phytoplankton biomass were in place sincethe 1960s (Bhattathiri et al., 1980; Gomes et al., 2000; 

Prasannakumar et al., 2002; Gauns et al., 2005;Madhu et al., 2006).The standard message in thesein-

situ studies is that the BoBbasin has low phytoplankton production except in the regions adjacent to 

its western and northern boundaries. There are some studies oncyclonic (cold-core) eddies from the 

BoB showing that such eddies cause enhancedphytoplankton stockin the BoB, and proposed further 

that such eddies are the naturalmechanism to enhance biological production (Prasannakumar et al., 

2004, 2007; Vidya and Prasannakumar., 2013). Remarkably, no previous studies have accounted for 

the contribution of the numerous anticyclonic (warm-core) eddies existing in the BoBthroughout the 

year.Further, the collective effect of cold-core and warm-coreeddies on the phytoplankton biomass 

production and distribution in the regionis still lacking. 

Studies in the past showed thatthe seasonal ocean processesthat make the Arabian Sea productive 

(coastal upwelling during the Southwest Monsoon and winter convection during the Northeast 

Monsoon) are either absent or very weak in theBoB (Table 1; Gomes et al., 2000; Jyothibabu et al., 

2002 & 2008; Gauns et al., 2005). Also,river inputs are not sufficient toenrich nutrient levels beyond 

the narrow shelf waters in the BoB(Sarin et al., 1989; Prasannakumar et al., 2002; Jyothibabu et al., 

2008., Krishna et al., 2015; Sarma et al., 2016).The ocean surface layers in the BoBhave low-nutrient 

throughout the year. Insuch situations,eddies could govern the distribution of 
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nutrientsand,thereby,the overall plankton production.Therefore, we propose the idea that the 

cumulative effect of the two kinds of eddies governs the basin-scale distribution of phytoplankton 

biomass in the BoB.  To investigatethis idea, we assessed the relative geographical extentof cyclonic 

and anticycloniceddies in the BoBover differenttime scales (monthly,inter-seasonal, and inter-

annual).It also proposed the cumulative impact of thesetwo kinds of eddies on the phytoplankton 

biomass distributionin the BoB imprinted in the past in-situ studies.  

2. Methods 

The sampling domain in the BoB wasselected 1° far from the coastline to avoid any possible 

interaction from coastal inputs over the eddy-infested regions (Figure 1). Relevant satellite datasets 

from online sources presented the oceanographic setting in the sampling domain (7.99°N - 20.96°N; 

80.8°E - 92°E). Weekly datasets of Mean Sea Level Anomaly (MSLA.) and geostrophic currents 

were retrieved for five years(2012 - 2016) from Archiving Validation and Interpretation of Satellite 

Oceanographic (AVISO) live access server (aviso.altimetry.fr). The spatial plots of MSLA were 

overlaid with geostrophic currents to identify eddies/gyres following the criteria of ±10cm of MSLA 

along with the circular pattern of geostrophic currents and closed contour lines (Chaigneau et al., 

2008; Vinayachandran, 2009). The identified eddy features were additionally verified through 

manual validationto ensure theaccuracy of the information generated. The area of eddy/gyre 

infestation was calculated from the number of pixels covering the selected sampling domain. The 

weekly datasets were processed to obtain monthly, seasonal, and annual scale variation of the 

respective parameters. Phytoplankton biomass (chlorophyll a) data were retrieved from MODIS-

AQUA through NASA’s Giovanni web server (giovanni.gsfc.nasa.gov). Open-source applications 

such as Pyferret (ferret.pmel.noaa.gov), R (rstudio.com), QGIS (qgis.org), and ODView (odv.awi.de) 

were used in this study for data extraction, analysis and presentation purposes. Statistical analyses 

such as normality tests and Wilcoxon pairwise comparison of the data differences was conducted in 

R-Studio (version 1.2.5001) 

3. Results and Discussion 

An estimate based on satellite data showsthat numerous eddiesexistin the western and central BoB 

(Figures 2& 3).  Eddy formation along the Indian coastline in the BoBis the result of baroclinic 

instability of the East India Coastal Current (Kurien et al., 2010; Cheng et al., 2013, 2018; Chen et 

al., 2018). Conversely, remote forcing by equatorial winds through the generation of Kelvin wave is 

the primarycause behind the eddy generation in the central BoB(Cheng et al., 2013; Chatterjee et al., 

2017).From March to September [Pre-Monsoon (March-May) and Southwest Monsoon (June - 
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September)], a sizeable warm gyre occupiesa significant part of the western BoB. In contrast, a cold 

gyre of relatively less geographical extent fills the South-western BoB during November-December 

(Northeast Monsoon) (Figure 2&3).It appears that the large warm gyre in the study domain is the 

main reason for the extreme oligotrophy of the western BoB during the Pre-Monsoon(Gomes et al., 

2000; Madhu et al., 2006) and noticeably low productivity during the Southwest Monsoon 

(Prasannakumar et al., 2002; Madhu et al., 2006).  

Althoughcyclonic (cold-core) eddies typically increase the phytoplankton biomass production in 

the surface waters through upwelling of nutrientsfrom the subsurface, the same is not always right 

for BoB, especially in regions where strong low-saline surface water stratification prevails. In such 

areas,cold-core eddies were unable to break the low salinity stratification of the top 20m surface 

layer, thereby curtailing their effects only to the subsurface waters (Prasannakumar et al., 2007; 

Jyothibabu et al., 2008). This peculiar oceanographic feature in the BoBis the reason for the cyclonic 

eddy-induced enhanced chlorophyll biomass misses out in satellite imageries (Jyothibabu et al., 

2015). The cold-core eddies in the BoBcan certainly increase phytoplankton biomass, but 

prominently in the subsurface waters. However, this enhancement in phytoplankton biomass, which 

is relative to the severe oligotrophic conditions in the adjacent regions, is rather moderate in 

quantitative terms when compared to the coastal upwelling or winter convection regions of the 

Arabian Sea (Jyothibabu et al., 2015).Importantly, this situation may change in the southern 

BoBduring the Northeast/ Winter Monsoon, where surface salinity stratification is the 

weakandmoderate enhancement in phytoplanktonbiomass occursin the surface waters under the 

influenceof agiant cold gyre (Vinayachandranand Simi Mathew, 

2008).However,thisenhancedphytoplankton biomass concentration,even in the south-western 

BoBduring the Northeast monsoon associated with the cold gyre,is moderate. Itis much lower than 

the winter bloom situation in the northern Arabian Sea (north of 16°N) due to winter convectionor 

upwelling situation along the Southwest coast of India during the Southwest Monsoon (Figure 4).In 

essence, cold-core eddies arethe mechanism enhancing phytoplanktonbiomass production in the 

BoB,making the otherwise oligotrophic regionmoderately productive (Jyothibabu et al., 2008; 

Prasannakumar et al., 2004, 2007). Due to the presence of several warm-core and core-eddies in the 

Bay of Bengal, the vertical distribution of nutrients shows some general spatial variations i.e., a 

deepening of isolines of nutrients in warm-core and a shallowing in the cold-cores (Jyothibabu et al., 

2017). A recent study by Sarma et al., (2018)presented the vertical distribution pattern of 

macronutrients (nitrate, phosphate and silicate) in the western Bay of Bengal infested by warm-core 

and cold-core eddies. The warm-core eddies very clearly decreased the concentration of all 
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macronutrients in the upper euphotic column compared to the non-eddy regions. For eg, the isoline 

of 0.5M of nitrate, which was situated at 30m depth in the non-eddy region was found at much 

deeper depths (50 to 60m) in warm-core eddy regions. This essentially shows the surface water 

convergence in the warm-core eddy regions, which cause extremely nutrient-depleted surface waters 

occupying the upper euphotic column leading to low phytoplankton biomass production.  

The spatial distribution of cold and warm-core features in the BoB evidenced the occurrence of 

avery prominent warm gyre, which is attributable to the extreme oligotrophy of the western BoB 

during the Pre-Monsoon (Gomes et al., 2000; Madhu et al., 2006) and noticeably low production 

during the Southwest Monsoon (Prasannakumar et al., 2002; Madhu et al., 2006). Considering the 

numerous cold-core and warm-core eddiesin the BoBand their role in altering thespatial distribution 

of phytoplankton biomass, their cumulative impact could berather useful to explain the overall 

biological production. The month-wise analysis of the relative dominance of warm cores and cold 

cores in the study domain showed a more significant percentage of the geographical extent for warm-

cores (av. 16.5 ± 5.5) compared to the cold-cores(av. 2 ± 1.2). The highest percentage of the warm-

core areawas in May (av. 25.8 ± 1.4), followed by April (av. 22.6 ± 1.4), February (av. 19.5 ± 0.3) 

and March (av. 18.3 ± 0.9). On the other hand, though the cold-core geographical extent was 

significantly lower, their relatively high percentage extent was found during November (av. 3.9 ± 

2.2),October (av. 3.78 ± 2.0), and December (av. 3.5 ± 2.1). The pairwise comparison (Wilcoxon 

test) showed that the area of the warm-core eddy was significantly higher than the area of cold-core 

eddy (p<0.001) throughout the sampling period. 

Season-wise analysis of the percentage contribution of warm-core and cold-core features in the 

study domain showed significant dominationof the former. The percentage contribution of warm-

core was the highest during the Premonsoon (av. 22.2 ±1.3), followed by the Southwest Monsoon 

(av. 6.9± 1.2). On the other hand, the percentage of cold-core was relatively high during the 

Southwest Monsoon (av. 6.9 ±1.2), followed by the Northeast Monsoon (av. 2.2 ± 2.1).The 

percentage contribution of cold-core and warm-core features in the study domain showed some inter-

annual variability when considered the 5 years (2012-2016). But thewarm coressignificantly 

dominatedover cold-core features in all the five years considered here. The percentage contribution 

of the warm-core region was the highest in 2016 (23.4) compared to the rest of the years (Figure 

5).The dominance of warm-cores in the context of a changing ocean warmingpauses the possibility 

of nutrient impoverishment in the ocean surface waters in the future. Given such a future scenario, 

the dominant warm-core features in the BoB may have negativeimplications such as a significant 
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decrease in the basin-scale phytoplankton biomass and thereby, an increase in the severity of 

oligotrophy.  

 

Eddies persistent for days to months are common in the BoB, and they are mostly mobile 

featuresdrifting several 10s to 100s of kilometres during their life span between formation and 

dissipation (Jyothibabu et al., 2015; Jagadeesan et al., 2019). There are many eddies in the BoB that 

remain rather stablein an area and persist for several months;clearly, these eddies are genuinely 

influential in altering the plankton production in such regions. The age of eddies is 

anotheressentialaspect to be looked at in a biological context as a time lag always exists between the 

ocean physical processes and its manifestations on the biological production in different trophic 

levels (Jagadeesan et al., 2019). Prolonged(mature) eddies that are consistent for several months can 

undoubtedly alter the biological and biogeochemical features in isolated regions ofthe BoB (Vidya 

and Prasannakumar, 2013;Jyothibabu et al., 2015; Jagadeesan et al., 2019). The persistent cold-core 

eddy situated for several months in the central-western BoBis the main reason for the higher than 

expectedlevel of vertical biogenic fluxobserved there in the sediment traps (Vidya and 

Prasannakumar, 2013). Similarly, the prolonged cold gyre in the South-western BoB during the 

Northeast Monsoon period could enhance phytoplankton biomass production (Vinayachandran and 

Simi Mathew, 2008). Likewise, protracted warm-cores in the BoB have an inducing impact on the 

formation of Trichodesmium blooms,and such blooms channel large amounts of molecular nitrogen 

into the ocean (Jyothibabu et al., 2017) 

It is assessed here whether the past insitu studies hasgenuinely represented the basin-scale 

scenario of phytoplankton biomass distribution in the BoB.These studies necessarily presentBoB 

with relatively low phytoplankton biomass production (Figure 6). The only criticaldifference 

between these studies is in finding out the crucial causative factor responsible for observing the low 

plankton production in the BoB. Before Gomes et al. (2000), the general belief was that the low 

underwater solar radiation due to the massive sediment influx and heavy cloud cover is the most 

important causative factor for the low phytoplankton production in the BoB. Gomes et al., (2000) 

and later studies have shown that it is the nitrate limitation in the surface waters due to the stable 

low-salinity stratification as the main causative factors for the observed low phytoplankton biomass 

production in the BoB. It was observed in this study that nitracline (1m concentration of nitrate) 

was situated very deep (~60m) in the water column during the Pre-Monsoon period, which is 

characterised by extensive warm gyre in the entire western Bay of Bengal. 



7 
 

Nonetheless, the general message in all these studies is the low phytoplankton biomass production 

in BoB (Table 2), and here, the most valid question is that how such a consistent signature reflects in 

all those past studies and how realistic they are?A close observation of the sampling points in the 

historical studies would suffice to answer the above query (Figure 6). Even though the ocean 

mesoscale processes and their implications were unknownduring those periods, the 

widespread,somewhatrandom distribution of sampling points in the historical studies would have 

allowed them to account the impact of both the warm-core and cold-core features existing during that 

period. In essence, it seems thatthe earlierin-situstudies have reasonably accounted forthe biological 

impacts of randomly distributed cyclonic and anticyclonic features. Hence,the general idea of the 

phytoplankton biomass production in the BoBpresented in them seems to be realistic and consistent 

from an oceanographic standpoint. 

4. Conclusion 

This study corroborates the view that the basin-scale nitrogen limitation in the surface waters 

arising from the strong low-saline stratification, lack of upwelling, and absence of winter convection 

are the primary causes behind the low phytoplankton biomass production in the BoB.  The 

proposition in a few more recent studiesthat ocean surface eddiesare themechanism that 

enhancesphytoplankton production in the BoB looks to be incomplete and unrealistic. Mostly, this 

proposition ismisleading, asboth cyclonic (cold core) and anticyclonic (warm core) features are 

numerous and co-occur in the region. Considering only the cold-core features and highlighting them 

to draw generalconclusions on plankton production pattern in the BoBhave an inherent scientific 

flaw. Therefore, estimations were carried out hereaboutthe extent of ocean surface eddy features in 

the BoBon a monthlyscale over a multi-year (2012-2016) period, using satellite datasets. Thisstudy 

evidenced strikingly higher geographical area (%) for warm cores (av. 16.5 ± 5.5) compared to the 

cold cores (av. 2 ± 1.2). And concludesthat cold-core eddies could certainly enhance the 

phytoplankton biomass production in some secluded regions in the BoB. But, the cumulative impact 

of warm-core and cold-core eddies in the BoBis negative on the basin-scale phytoplankton biomass 

production due to the significant dominance of the former regardless of the seasons. Therefore, we 

propose that the predominance of warm-cores can be considered as an environmental indication of 

the basin-scale oligotrophy of the BoB.  
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Figure 1 - The study domain in the Bay of Bengal is described in a dotted line shape. Regions <1° close to 
the coastline are not considered as the coastal inputs may alter the typical biological characteristics of eddies 

considered in this study. 
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Figure 2 - Eddies in the Bay of Bengal resolved every month for 2015. Red shade with clockwise surface 
currents represents warm-core features, whereas, blue shade with anticlockwise currents represent cold-core 
features. Regions <1° close to the coastline are blanked to show that this region is not considered in the 
present study to avoid any possible land/river inputs.  
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Figure 3- Eddies in the Bay of Bengal resolved every month for 2016. Red shade with clockwise surface 
currents represents warm-core features, whereas, blue shade with anticlockwise currents represent cold-core 
features. Regions <1° close to the coastline are blanked to show that this region is not considered in the 
present study to avoid any possible land/river inputs.  
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Figure 4 - Spatial distribution of phytoplankton biomass (chlorophyll a) in the Arabian Sea and the Bay 
of Bengal during different seasons. 
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Figure 5 - Percentage dominance of warm-core and cold-core surface features in the Bay of Bengal. 
Mean and standard deviations are represented as blocks. 
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Figure 6 - A composite image of locations sampled in various past studies in the Bay of Bengal. The 
extensive spatial coverage of the sampling is evident in most of the earlier studies. The study domain 

considered in this study is represented in the blue line. 
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Arabian Sea (AS) Bay of Bengal (BoB) 
Southwest/Summer Monsoon (June to September): 
High phytoplankton production due to coastal 
upwelling and lateral advection & enhanced wind 
mixing. The water column is characterized by colder 
SST, strong winds, deep oceanic MLD and nutrient-
rich upper layers. Biological variables show several 
folds higher values in AS than in BoB. (Surface chla 
4-5 times, Integrated chla 3-5 times and Integrated 
PP 8 times greater than the BoB) 

Low biological production is driven by strong 
stratification arising from warm and low saline 
waters. Weaker winds are unable to break the 
stratification, which inhibits wind mixing and 
introduction of nutrients from the subsurface. 
Nutrients in River influx are not strong enough to 
enhance phytoplankton production beyond the shelf 
waters. Coastal upwelling found to be very weak due 
to the ‘cap’  effect of freshwater influx from rivers 
 

Spring Intermonsoon/PreMonsoon (March to 
May): Very low chlorophyll (10-15mg m-2)and 
primary production (< 300 mg C m-2 d-1). 
Characterized by warm SST, weak winds, shallow 
MLD and nutrient-depleted upper layer. But still, 
noticeably higher phytoplankton biomass is evident 
in the northwestern Arabian Sea as an aftermath of 
the protracted winter convention effect. 
Trichodesmium blooms are quite common during this 
period as an indication of prolonged nitrogen 
depletion in the surface waters 

Very low phytoplankton production throughout the 
BoB, except for regions very close to the coastline. 
This is effected bystrong stratification arising from 
increased solar radiation and weak winds. Highly 
transparent water column. Trichodesmium blooms are 
widespread during this period. Very deep chlorophyll 
maxima layers, even more, profound than in the AS 
during the same period, a clear indication of nutrient 
impoverished ocean surface layers 

Northeast/Winter Monsoon (November to January):  
Coldest and saltiest waters, weak winds, deep MLD, 
decreased solar radiation increased evaporationand 
plenty of nutrients. Winter cooling and convection 
injects nutrients to surface layers. Winter 
phytoplankton blooms are driven by cooling and 
convective mixing 

Cloudy sky, low solar radiation and increased 
evaporation prevail in the BoB. Cold but low saline 
waters in the surface layers of the northern BoB. 
Winter cooling but no convection and injection of  
nutrients to surface layers caused by the low saline 
surface waters 
 

Annual scale: High biological production during the 
summer and winter monsoons in the AS happens 
through wind mixing, upwelling and lateral 
advection, winter convection etc. These cause 
extensive phytoplankton blooms during the 
Southwest and Northeast Monsoon periods 

Annual scale: Low saline water remains in the upper 
ocean creating strong stratification. The seasonal 
environmental forcing mechanisms in the BoB are 
incapable of breaking the strong stratification and 
bring nutrients to the upper euphotic column. As a 
result, the BoB remains low productive throughout 
the year as compared to the AS 

 

Table 1 - Summary of environmental characteristics/mechanisms in the Arabian Sea and Bay of Bengal, 
making these basins with different plankton production levels.  
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Literature 
Year 
(season) 

Chlorophyll a Primary production 

Bhattathiri et al., 1980 1978 (SWM) 0.15 mg m-³ 2-143.1 mg C m-³ d-1 

Gomes et al., 2000 
 

1991 (PM) 18.8 ± 9 mg m-² 160 ± 80 mg C m-² d-1 

1989 (SWM) 97 ± 48 mg m-² 300 ± 200 mg C m-² d-1 

1991 (NEM) 27.6 ± 7 mg m-² 300 ± 100 mg C m-² d-1 

Madhupratap et al., 2003 2001 (SWM) 0.1 - 0.3 mg m-³ 90 - 220 mg C m-² d-1 

Gauns et al., 2005 

2002 (FIM) 14 - 23 mg m-² 184 - 512 mg C m-² d-1 

2001 (NEM) 8.4 - 17.4 mg m-² 99 - 423 mg C m-² d-1 

2001 (SWM) 10.2 - 11.5 mg m-² 89 - 221 mg C m-² d-1 

Madhu et al., 2006 

2002 (SWM) 0.2 ± 0.1 mg m-³ 7.5 ± 7.1 mg C m-³ d-1 

2000 (NEM) 0.1 ±0.1 mg m-³ 4 ± 2.6 mg C m-³ d-1 

2000 (SIM) <0.3 mg m-³ <6 mg C m-³ d-1 

 

Table 2 - Earlier in-situ studies describe the BoB with low phytoplankton production. The nitrate, 
chlorophyll-a and primary production values from the present study domain have been collated. Average 
depth at which 1M of nitrate (nitracline) was found in in the above data have been represented. Chlorophyll-
a presented in ‘mg m-³’ represent surface values, and in ‘mg m-²’ are integrated euphotic column values. 
Similarly, primary production values in mg ‘C m-3’ are surface values, and in mg ‘C m-2’ are integrated 
euphotic column values.  
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