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Abstract 
 

The present study combines field and satellite observations to investigate how hydrographical transformations 

influence phytoplankton size structure in the southern Bay of Bengal during the peak Southwest 

Monsoon/Summer Monsoon (July-August). The intrusion of the Summer Monsoon Current (SMC) into the Bay 

of Bengal and associated changes in sea surface chemistry, traceable eastward up to 90°E along 8°N, seems to 

influence biology of the region significantly. Both in-situ and satellite (MODIS) data revealed low surface 

chlorophyll except in the area influenced by the SMC. During the study period, two well-developed cyclonic 

eddies (north) and an anti-cyclonic eddy (south), closely linked to the main eastward flow of the SMC, were 

sampled. Considering the capping effect of the low-saline surface water that is  characteristic of the Bay of 

Bengal, the impact of the cyclonic eddy, estimated in terms of enhanced nutrients and chlorophyll, was mostly 

restricted to the subsurface waters (below 20m depth). Conversely, the anti-cyclonic eddy aided by the SMC was 

characterized by considerably higher nutrient concentration and chlorophyll in the upper water column (upper 60 

m), which was contrary to the general characteristic of such eddies. Albeit smaller phytoplankton predominated 

the southern Bay of Bengal (60 - 95 % of the total chlorophyll), the contribution of large phytoplankton was 

double in the regions influenced by the SMC and associated eddies. Multivariate analysis revealed the extent to 

which SMC-associated eddies spatially influence phytoplankton community structure.  The study presents the 

first direct quantification of the size structure of phytoplankton from the southern Bay of Bengal and demonstrates 

that the SMC-associated hydrographical ramifications significantly increase the phytoplankton biomass 

contributed by larger phytoplankton and thereby influence the vertical opal and organic carbon flux in the region.  
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1. Introduction 

The open ocean current that flows south of Sri Lanka during the Southwest Monsoon / Summer Monsoon 

(June – September) is known as the Summer Monsoon Current (SMC). It flows from the Arabian Sea to the 

southern Bay of Bengal with a strong linkage to the Indian summer monsoon wind stress (Schott et al., 1994; 

Vinayachandran et al., 1999, 2004, 2013). Studies based on numerical models and satellite observations evidence 

a noticeable enhancement in phytoplankton biomass (chlorophyll a - hereafter referred to as chlorophyll) 

associated with SMC intrusion into the southern Bay of Bengal (Vinayachandran et al., 1999, 2004). This 

enhancement in phytoplankton biomass associated with the SMC is believed to be the result of wind-driven 

upwelling along the southern Sri Lanka coast and the eastward advection of the upwelled waters towards the 

southern Bay of Bengal (Vinayachandran et al., 2004, 2005). However, due to the lack of suitable field data, a 

clear understanding of the impact of the SMC intrusion on the nutrient distribution and phytoplankton community 

structure in the southern Bay of Bengal is hitherto unavailable. 

Mesoscale eddies, between 10 - 500 km in diameter and persistent for days to months, are common in the 

Bay of Bengal. They usually form when an ocean current develops instability and begins to meander. 

Consequently, an eddy gets pinched off from the meander and consists of currents that flow in a roughly circular 

motion (http://en.wikipedia.org). In the northern hemisphere, the rotation of these circular currents can either be 

cyclonic (anti-clockwise) or anti-cyclonic (clockwise). Cyclonic/cold-core eddies are areas of divergence 

(upwelling) and, therefore, known to be an important mechanism that enhances phytoplankton production in the 

Bay of Bengal, making the otherwise oligotrophic region moderately productive (Prasannakumar et al., 2007, 

2010; Muraleedharan et al., 2007; Jyothibabu et al., 2008a). On the other hand, anti-cyclonic/warm-core eddies 

are areas of convergence (downwelling/sinking) and, therefore, considered as a mechanism that increases the 

severity of oligotrophy in the Bay of Bengal (Jyothibabu et al., 2008a).  However, the oceanographic research 

during the recent decades evidence that cyclonic eddies in the Bay of Bengal are not energetic enough to break the 

low-saline surface water stratification, restricting the eddy-mediated enhancement in phytoplankton biomass only 

to the subsurface waters (below 20m). This peculiar oceanographic feature in the Bay of Bengal has been 

considered as the reason cyclonic eddy-induced enhanced chlorophyll biomass is missed out in satellite imageries 

(Prasannakumar et al., 2007; Jyothibabu et al., 2008a, Vinayachandran, 2009). Although the general 

understanding suggests contrasting effects of cyclonic and anti-cyclonic eddies on phytoplankton production in 

the Bay of Bengal, there is virtually no information available as yet on the phytoplankton size structure in these 

eddies as well as the rest of the regions. 

It is fundamental to consider the availability of nutrients and solar radiation as the two major environmental 

factors that decide the size structure of phytoplankton community in the marine environment (Banse, 1982; Banse 
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and Mcclain., 1986; Banse et al., 1996; Alvarez-Góngora and Herrera - Silveira, 2006; Garisson et al., 1998). The 

phytoplankton community in the ocean consists of a heterogeneous group of microscopic plants with a large range 

in body size, varying from picoplankton (0.2 -2 µm) to relatively much large chain forming microplankton (20 – 

200 µm). A review of literature concludes that the size structure of phytoplankton community in aquatic 

environments has great relevance since it strongly influences the ecosystem functioning and the associated 

biogeochemical processes (Irwin et al., 2006; Naqvi and Unnikrishnan, 2009). Large phytoplankton cells are 

preferentially grazed by larger zooplankton, resulting in shorter, simpler food webs with more efficient matter and 

energy transfer to higher trophic levels (Irwin et al., 2006; Naqvi and Unnikrishnan, 2009). The larger -sized 

phytoplankton in oceanic waters facilitate increased amount of vertical organic carbon flux that in turn, cause high 

oxygen demand for decomposition in intermediate depths leading to Oxygen Minimum Zones (Naqvi and 

Unnikrishnan, 2009). On the other hand, the larger-sized phytoplankton community in coastal waters causes 

increased settling of biogenic carbon on the sea floor, which in turn, cause high sediment oxygen demand leading 

to hypoxia/anoxia (Naqvi and Unnikrishnan, 2009). 

Relative to the adjacent Arabian Sea, its eastern counterpart, the Bay of Bengal is less productive, where 

nitrogen limitation in the surface waters due to stratification causes low biological production (Prasannakumar et 

al., 2004a, 2007; Gauns et al., 2005; Jyothibabu et al., 2008a; Vinayachandran, 2009). Curiously, sediment trap 

measurements in the late 1980s had evidenced comparable magnitude of opal and organic carbon vertical flux in 

the Bay of Bengal with that in the productive Arabian Sea (Ittekot et al., 1991). This unusual feature observed in 

the vertical biogenic carbon flux in the Bay of Bengal has been explained as a consequence of faster settling of the 

biological particles as compared to the Arabian Sea (Ittekot et al., 1991). It was proposed that the high amount of 

mineral particles brought in by the rivers probably produce large aggregates with biological particles and 

facilitates their faster sinking. Nowadays, the same reason is considered for explaining a thinner OMZ in the Bay 

of Bengal, as compared to the Arabian Sea. However, a large difference in the magnitude of phytoplankton 

biomass and production in the Arabian Sea and the Bay of Bengal, irrespective of seasons, do not support their 

comparable magnitude of vertical biogenic flux, and, therefore, this subject continues to be an unresolved puzzle 

(Stoll et al., 2007; Jyothibabu et al., 2008a). 

The influence of the Southwest Monsoon rainfall on the hydrography is dissimilar in the northern and 

southern regions of the Bay of Bengal (Varkey et al., 1996; Prasannakumar et al., 2007; Vinayachandran, 2009). 

During the Southwest Monsoon, the hydrography of the northern Bay of Bengal is heavily influenced by the 

rainfall and river influx and as a result the surface salinity drops significantly and reaches the seasonal lowest 

(www.imd.gov.in/section/climate/jun-sep-rainfall.htm; Prasannakumar et al., 2002). On the other hand, the 

southern Bay of Bengal is weakly influenced by the rainfall and river influx during the Southwest Monsoon as the 

landmass adjacent to the southeast coast of India experiences arid climate during the period 
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(www.imd.gov.in/section/climate/jun-sep-rainfall.htm; Jagadeesan et al., 2013). In addition to this climatic factor, 

the SMC and pole-ward flowing East India Coastal Current bring high-saline Arabian Sea waters into the 

southern Bay of Bengal during the period, making the region significantly saltier than the northern part (Shetye et 

al., 1993, 1996; Varkey et al.,1996; Vinayachandran and Yamagata., 1998; Thadathil et al., 2009). This well-

established seasonal hydrographical setting available in the recent literature suggests that the intrusion of the SMC 

and associated hydrography probably play an important role in enhancing the phytoplankton production in the 

southern Bay of Bengal during the Southwest Monsoon. Therefore, the intrusion of the SMC and associated 

hydrography may be presumed as a causative factor for the increased biogenic carbon flux in the southern Bay of 

Bengal, an intriguing feature observed in the region during the Southwest Monsoon (Ittekot et al., 1991).  

Even though the general paradigm suggests an enhanced/impoverished phytoplankton biomass in 

cyclonic/anti-cyclonic eddies, the impacts and control mechanisms of the SMC and associated eddies on nutrient 

distribution and phytoplankton production in the upper euphotic column of the southern Bay of Bengal is poorly 

understood. This is particularly significant while considering the capping - effect of the low-saline surface water 

layer present in the Bay of Bengal, which is more intensive during the Southwest Monsoon (Prasannakumar et al., 

2002; Jyothibabu et al., 2004; Thadathil et al., 2009; Vinayachandran, et al., 2013). Seasonal oceanographic 

studies within the Indian Exclusive Economic Zone in the southern Bay of Bengal (north of 11ºN) show a higher 

concentration of nutrients, phytoplankton and zooplankton during the Northeast Monsoon as compared to the 

Southwest Monsoon (Madhu et al., 2006; Jyothibabu et al., 2008a). The primary reasons for this enhanced 

production in the southwestern Bay of Bengal during the Northeast monsoon are different in the continental shelf 

and offshore waters. The nutrient-rich river influx associated with high rainfall in the adjacent Indian landmass is 

the main reason for the high phytoplankton biomass in the narrow shelf waters whereas upwelling due to Ekman 

pumping associated with large cyclonic circulation is the causative factor in the offshore waters (Madhu et al., 

2006; Jyothibabu et al., 2008a; Vinayachandran, 2009).  

During the Southwest Monsoon, though low phytoplankton biomass is the general feature of the Bay of 

Bengal basin (Prasannakumar et al., 2002), its narrow Indian shelf show relatively high phytoplankton biomass 

due to nutrient enrichment caused by the river influx and weak costal upwelling (Vinayachandran, 2009; 

Prasannakumar et al., 2010). As evident in studies based on numerical modeling and satellite remote sensing data 

discussed in the introduction section of this paper, the other mechanism that can enhance the phytoplankton 

production in the open waters of the southern Bay of Bengal during the Southwest Monsoon is the SMC intrusion 

and associated hydrography (Vinayachandran, 2009). In situ observations that are crucial to demonstrate these 

features in this region have not yet been carried out. Considering all these aspects, the present study uses field as 

well as satellite data to understand the impact of the SMC intrusion and associated hydrography on the chemical 

and biological characteristics of the southern Bay of Bengal. The study provides special emphasis to reveal the 
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impact of the SMC and associated hydrography on the nutrient chemistry and phytoplankton size structure in the 

southern Bay of Bengal with its possible implications on the vertical opal and carbon flux in the region. 

2. Materials and Methods 

2.1 Study Area 

The southern Bay of Bengal has peculiar oceanographic features since it directly involves in the exchange of 

materials between the significantly high-saline Arabian Sea and low-saline northern Bay of Bengal. The SMC and 

the WMC (Winter Monsoon Current) located south of Sri Lanka/India connect with the currents along the east 

and west coasts of India and facilitate exchange of water masses between the eastern Arabian Sea and the western 

Bay of Bengal (Shankar et al., 2002; Chatterjee et al., 2012). During the Southwest Monsoon, the SMC carries 

high-saline Arabian Sea waters into the southern Bay of Bengal whereas the WMC brings low-saline Bay of 

Bengal waters into the Arabian Sea during the Northeast Monsoon. As a result, the southern Bay of Bengal is 

relatively high-saline/ low-saline during the Southwest Monsoon/Northeast Monsoon (Vinayachandran et al., 

2013). When compared with the Northeast monsoon, the Southwest Monsoon circulation south of Sri Lanka is 

complex due to the interaction of the eastward flowing SMC with a Rossby wave radiating from the eastern 

boundary (Schott et al., 1994; Vinayachandran and Yamagata, 1998). Numerical modeling efforts using OGCM 

and satellite observations show a large anti-cyclonic vortex and eddies associated with the SMC, located southeast 

of Sri Lanka (Sri Lanka Dome), which has an eastward flow on the northern edge of the vortex and a westward 

flow in the southern edge of the vortex (Vinayachandran and Yamagata, 1998). 

2.2. Sampling 

The field sampling exercise was carried out during a 35-day cruise onboard Sagar Nidhi from 15th July – 

19th August 2009 (Figure 1) as part of the Continental Tropical Convergent Zone (CTCZ) experiments in the Bay 

of Bengal and in this paper we present the field data collected from 20 sampling locations distributed along 4 

transects (T1 to T4) in the southern Bay of Bengal (Figure 1). Transects 1 (T1) and 2 (T2) were oriented 

meridionally along 89 °E and 85°E, respectively. The latter (T2) was closer to the Sri Lankan land mass and 

within the zone actively influenced by the SMC intrusion, whereas, the former (T1) was located eastward almost 

4° away from T1. Transects 3 (T3) and 4 (T4) were oriented zonally; the former was south of the main eastward 

flow (between 86 - 89°E) while the latter was relatively away (between 90 – 95 °E) from the zone directly 

influenced by the SMC intrusion (Figure 1). The vertical profiles of temperature and salinity were measured 

using SBE 9/11 Sea-cat conductivity temperature depth (CTD) profiler (Vinayachandran et al., 2013). The CTD 

was equipped with a calibrated Wet labs Eco flourometer for measuring the vertical distribution of chlorophyll in 

the water column. The environmental parameters (temperature, salinity, nutrients and chlorophyll) were collected 
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using CTD sensors from all 20 locations whereas size-fractionated phytoplankton biomass (chlorophyll) was 

measured from 16 locations during the cruise (Figure 1). 

2.3. Methods 

Standard protocols and online satellite databases were used for the measurements and acquisition of data 

presented in this paper. The CTD used for the cruise for capturing the hydrography was factory-calibrated just 

prior to the beginning of the cruise. The mixed layer depth (MLD) was calculated from the CTD data based on the 

density criterion as the depth at which the sigma – t value increases 0.2 kg m-3 than the surface value. Several 

relevant satellite remote sensing data representing the cruise period was retrieved from online databases. Surface 

currents for specific periods of sampling were retrieved from NOAA Ocean Surface Current Real time Analysis – 

(http://www.oscar.noaa.gov/datadisplay/oscar_latlon.php). Wind data was downloaded from NOAA Virtual 

Ocean Data Systems Live Access Server (http://ferret.pmel.noaa.gov/NVODS/getUI.do). The data of Mean Sea 

Level Anomaly (MSLA) was retrieved from AVISO - LAS (http://las.aviso.oceanobs.com/las/getUI.do).  

The satellite chlorophyll data for different time periods was downloaded from MODIS AQUA, NASA - 

Giovanni Ocean Colour Radiometry (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=ocean_ 

month). The euphotic zone depth data was retrieved from MODIS AQUA, NASA - Giovanni Ocean Colour 

Radiometry (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=ocean_8day). MODIS AQUA 

euphotic zone depth data generally agree very well with the in situ data and therefore considered as a reliable 

quantitative measure, especially in the offshore waters (Shang et al., 2011and references therein).  

The concentration of major phytoplankton macronutrients (nitrate, silicate and phosphate), as well as 

chlorophyll, was measured by the chemical analyses of the water samples collected from several discrete depths 

(0, 10, 20, 30, 40, 60, 80 and 100m) using Niskin samplers attached to a CTD rosette. The standard colorimetric 

procedures were followed for measuring the concentration of macronutrients present in the water samples 

(Grasshoff and Ehrhardt, 1983). The total chlorophyll concentration was measured by filtration of water samples 

(1L) on Whatman GF/F filters (0.7 µm) and subsequent extraction in 10 ml 90% acetone. The extracted 

chlorophyll was measured using a Turner flourometer (Trilogy, Turner designs, USA) following standard 

procedure (UNESCO, 1994). The chlorophyll concentration in samples measured using the turner flourometer 

was used to correct minor errors in the CTD flourometer data adopting a regression equation derived from the two 

data sets. This approach was taken because the Wet Labs CTD sensor is factory-calibrated based on chlorophyll 

derived from a monoculture of the algae Thalassiosira weissflogii (Wet Labs, 2011). Therefore, it is always 

advisable to correct the CTD sensor data for minor errors with analytical data generated using a Turner lab 

flourometer, as indicated in the Wet lab flourometer characterization sheet (Wet Labs, 2011). In the present study, 

we followed the procedure and found a strong positive correlation between the CTD and lab flourometer data (R2 
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= 0.86, n = 150, y = 1.05 x CTD data + 0.07, p <0.0001). The CTD chlorophyll data corrected for minor errors 

was used to prepare the high resolution vertical distribution maps as well as integrated chlorophyll biomass along 

various transects sampled. 

Taking into account the standard classification of plankton based on the body size (Sieberth et al., 1978), the 

phytoplankton community in the southern Bay of Bengal was quantified into different size fractions such as 

picoplankton (0.2 - 2 µm), nanoplankton (2 – 20 µm) and microplankton (20 – 200 µm). This measurement is a 

direct method, though laborious, to estimate the relative contribution of various size classes of phytoplankton to 

the total chlorophyll biomass in marine environments. The body size-based fractionation of chlorophyll was 

carried out following the standard serial filtration method (Iriarte and Purdie., 1994; Madhu et al., 2010; 

Jyothibabu et al., 2013). This procedure includes collection and filtration of 2 L of water samples from discrete 

depths (surface, 10, 20, 30, 40, 60, 80, and 100 m) and step wise filtration through different filters (Madhu et al., 

2010; Jyothibabu et al., 2013 for detailed methodology). The size-based phytoplankton fractions thus separated on 

suitable filters were estimated following the same analytical procedure used for measuring the total chlorophyll 

concentration described in the previous paragraph.  

Multivariate statistics is a useful method in environmental research to analyze and interpret interrelationships 

between several environmental parameters (Clarke and Warwick, 2001; Rakhesh et al., 2006; Jagadeesan et al., 

2013). In the present study, we used multivariate statistical methods such as (a) cluster analysis: to assign data 

from several locations into groups (clusters) so that the data of locations in the same cluster have higher similarity  

to each other compared to  data belonging to different clusters, (b)  Non-Metric Multidimensional Scaling 

(NMDS/SIMPROF): this was performed on normalized data sets of physicochemical variables (salinity, nitrate 

and silicate) from several sampling sites to make a spatial grouping of locations, and (c) Redundancy Analysis 

(RDA): to find out linear relationships among a set of physicochemical and biological variables. The advantage of 

RDA is that it allows deriving a specified number of synthetic variables from one set of (independent) variables 

that explain as much variance as possible in the other (dependent) set.  

The results of the RDA are normally presented in the form of Triplots. In a Triplot, samples are displayed by 

points, and quantitative environmental and biological variables are indicated by arrows. The direction of a 

parameter arrow indicates the direction of increase of that variable and the angle between two parameters 

represent how significantly the parameters are correlated (Leps and Smilauer, 2003). Based on the Triplot, the 

interrelationships between various environmental and biological parameters in terms of their statistical 

significance can be derived and presented in the form of a correlation matrix (Leps and Smilauer, 2003). Since the 

physicochemical variables below the surface mixed layer present large variations, the present statistical treatment 

is limited to the data representing the surface mixed layer. 
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3. Results 

3.1. Hydrography 

During the study period, strong southwesterly winds with a velocity of ~ 8 ms-1 was predominant in the 

southern Bay of Bengal (Figure 2a).The mixed layer variation in the study area was quite large, varying from 7 – 

61 m (av. 40m), and was low in locations where influence of low salinity in the surface waters was evident. The 

deepest MLD in the entire study area was found in locations 13 and 14 in Transect 2 along 85°E (Table 1). The 

synoptic picture of ocean color for the study period is presented in Figure 2a, which shows noticeably higher 

concentration of chlorophyll biomass associated with intrusion of the SMC into the southern Bay of Bengal. The 

chlorophyll concentration was higher closer to Sri Lanka, which gradually decreased and extended eastward as a 

narrow patch and then spread over a relatively large geographical area, between 85 and 88 °E. The euphotic zone 

depth varied significantly in the study area (45 – 91m) with an average depth of 70 m (Table 1). The euphotic 

depth was the lowest in locations 13 and 14 where the MLD was found to be the highest (Figure 2b; Table 1).  

The vertical hydrographical section of T1 (along 89°E) sampled during 15 – 19 July 2009 is presented in 

Figure 3a. The SMC intrusion into the southern Bay of Bengal was evident in the vertical sections as relatively 

high-saline and denser surface waters situated between 6 - 8°N. On the other hand, a thick layer (~30m) of low-

saline waters was evident in the surface layer north of 9°N. The Influence of the SMC intrusion was most 

prominent along 7°N as the highest salinity and density along this transect. A prominent feature present in the 

vertical structure is the presence of a cyclonic eddy located at 9°N, which was evident as doming of contours of 

temperature, salinity and density below 40m (Figure 3b - d). It was evident in the vertical section that  the 0.5 

µM of nitrate contour, which was around 60 m depth along 6°N, shoaled up to ~ 20 m depth along 9 °N (Figure 

3e). Even though doming trend was not discernible in the distribution phosphate (Figure 3f),  0.8 µM of silicate 

contour, which was around 60 m depth along 6 °N, shoaled up to ~ 40m depth along 9°N (Figure 3g). The 

vertical distribution of chlorophyll in T1 showed maximal concentration between 40-70 m depth, clear 

enhancement of chlorophyll biomass was found in the surface waters at 9°N, where cyclonic eddy signatures were 

recorded in physical parameters (Figure 3b). The surface signatures of the cyclonic eddy such as low MSLA and 

anticlockwise currents are evident in satellite data, which showed that the core of the eddy was at 9°N; 88.5°E 

during the sampling period; this was north of the main eastward flow of the SMC (Figure 4a). Similarly, a well-

developed anti-cyclonic eddy/ gyre was also evident in the satellite imagery, located south and closely associated 

with the main eastward flow of the SMC and centered along 85°E (Figure 4a) with its signatures evident up to 

9.5 N. The cyclonic eddy evident along 9°N caused relatively high concentrations of nitrate and silicate in the 

surface waters, which, in turn, favored an enhancement in chlorophyll biomass (Figure 3e - h). 
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The meridional transect T2 (along 85°E) sampled during 19 – 21 August 2009 is shown in Figure 4b and the 

distribution of locations in Figure 5a. This transect was located in the western part of the study area, closer to the 

Sri Lankan coast, and was oriented across the main eastward flow of the SMC. As a result of the meandering of 

the eastward flowing SMC, two well-developed eddies were clearly discernible in the vertical sections of 

hydrographical parameters along T2 (Figure 5b - h). These features consist of a prominent cyclonic eddy in the 

north and an anti-cyclonic eddy in the south, which was closely associated with the main eastward flow of the 

SMC and was evident in the satellite imageries of MSLA and geostrophic currents (Figure 4b). Further south of 

the SMC and the anti-cyclonic eddy, there was another weak cyclonic eddy located along 4°N, and its signatures 

were also noticeable in the vertical hydrographical structures (Figure 5b - d) as well as the imagery of MSLA and 

geostrophic currents (Figure 4b).  The intrusion effect of the SMC into the southern Bay of Bengal was evident in 

the vertical structure of T1 between 6 and 9°N as the presence of cooler, saltier and denser surface waters than 

that in the rest of the region (Figure 5b - d). Signatures of the cyclonic and anti-cyclonic eddies were evident in 

the vertical structure of temperature and density as up-slopping/doming and down-slopping/sinking of isolines, 

respectively. The cyclonic eddies were evident along 9°N and 4°N whereas, the anti-cyclonic eddy was noticeable 

between 6 - 8 °N.  

The vertical distribution of nutrients in T2 evidenced an enrichment of nutrients in the upper euphotic zone 

between 5 – 10 °N, where mesoscale eddies were prevalent (Figure 5e - g). The 0.6 µM of nitrate concentration, 

found below 20m depth between 4 - 5°N, was observed at the surface waters between 6-8°N, where the anti-

cyclonic eddy was located. Similarly, 0.8 µM silicate concentration, found below 30m between 4 - 5°N, was 

obtained at the surface waters between 6-8°N where the anti-cyclonic eddy was evident. However, such clear 

pattern was not evident in the vertical section of phosphate distribution as was found in the case of T1. The 

chlorophyll biomass showed noticeably higher concentrations in the surface waters (upper 60m water column) 

with the highest at 30m (0.8mg m-3) depth in the region of the anti-cyclonic eddy (Figure 5h). Though the 

cyclonic eddy-induced doming of contours was evident along 9°N, its impact in enriching the nutrient 

concentration and thereby enhancing the chlorophyll biomass was not discernible in the surface waters (upper 

20m depth). The upper 20m surface water  north of  9°N was warmer, low-saline and less dense with relatively 

less concentration of chlorophyll biomass as compared to the rest of the locations along T2 (Figure 5h). The 

signatures of another eddy located along 4°N were evident in the imagery of MSLA and geostrophic currents 

(Figure 4b) as well as vertical sections of temperature, salinity and density (Figure 5b - d). However, the 

chemical and biological impact of this cyclonic eddy was very weak and restricted only to much deeper depths 

(below 40m) compared to the other cyclonic eddies found north of the main eastward flow of the SMC (Figure 5e 

- h).  
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T3 was located zonally between 86 - 89°N almost parallel to the main eastward flow of the SMC (Figure 

6a). The vertical distribution of hydrographical parameters of T3 (along 6°N) sampled during 20 – 25 August 

2009 is presented (Figure 6b - h). The signatures of the SMC intrusion in terms of higher salinity and density was 

noticeable in the westernmost location along this transect (Figure 6c & d). In general, the concentration of 

nutrients in the surface waters along this transect was meager, and 0.6µM nitrate contour was located around 40m 

depth. However, relatively high concentrations of nutrients, though in trace levels, were present in the surface 

waters in the westernmost location (Figure 6e - g). The distribution of chlorophyll biomass showed very low 

concentration in the surface waters (< 0.2 mg m-3) with the maxima between 40 - 70 m depth. However, a slight 

doming of chlorophyll maxima layer was evident in the westernmost location (Figure 6h).  

T4 was located zonally, east of 90 °E, which was mostly beyond the zone directly impacted by the SMC 

intrusion in terms of nutrient enrichment and chlorophyll biomass (Figure 7a). The hydrographical structure of 

T4 (along 7°N) sampled during 10 – 15 August 2009 is presented (Figure 7b - h). Nonetheless, weak influence of 

the SMC was still evident in the vertical structure of hydrography in the westernmost location of T4 (location 18) 

as saltier and denser waters compared to the rest of the locations (Figure 7e - g). Though nitrate and silicate 

concentration presented a weak westward increase along T4, the concentration of these nutrients in the surface 

waters was low (Figure 7e & g). The 1 µM contour of nitrate and silicate was situated below 50m depth along the 

entire transect whereas any noticeable pattern in vertical distribution was not discernible in the case of phosphate.  

The chlorophyll biomass distribution showed subsurface maxima between 40 - 60m and its concentration in the 

surface waters throughout T4 was significantly low (Figure 7h). 

3.2. Time Series of Eddies Associated with the SMC 

As evident in the vertical structure of hydrographical parameters presented in the preceding section, two 

well-developed cyclonic eddies were sampled during the cruise, both located north of the main eastward flow of 

the SMC. The former eddy (Eddy I) sampled during 19-21 July 2009 along T1 was centered at 9.6°N; 88°E while 

the latter eddy (Eddy II) sampled during 16-18 August 2009 along T2 was centered at 9.5°N; 84.5°E (Figure 8). 

The signatures of these eddies were evident in the vertical structures were discussed in the previous section. To 

know further about the evolution and spatial dynamics of these cyclonic eddies, weekly time series data of MSLA 

and geostrophic currents spanning over the entire cruise period were analyzed and presented in Figure 8, which 

evidences interesting observations.  

The time series of MSLA and geostrophic current images presented clearly evidences the genesis and 

evolution of the cyclonic eddies sampled north of the SMC during different time scales within the cruise (Figure 

8a - h). The cyclonic eddy sampled in T1 (along 88°E) originated in the first week of July (Figure 8a), which 

subsequently shifted westward and evolved into a well-developed feature by mid-July.  It is clear in the images 
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that the Eddy II centered along 84.5 °E and sampled on 17 August 2009  (Figure 8g) was formed by the westward 

drift of the Eddy I that had centered along 88°E almost a month before (Figure 8c). This also evidences that the 

well-developed cyclonic eddy located along 88°E during mid-July shifted almost 4° westward within a month’s 

time and then migrated northward and degenerated subsequently. Another interesting feature, very prominent in 

the time series images of the MSLA and geostrophic currents, is the large anti-cyclonic eddy/gyre situated south 

and closely associated with the main eastward flow of the SMC. The anti-cyclonic circulation was found to be a 

significant feature during the first and second weeks of July, which subsequently separated into two independent 

structures, one centered along 85°E and the other 89°E in mid and late July; both of them weakened subsequently 

in August. However, during the later part of August, the anti-cyclonic feature located in the western side of the 

study area, closer to Sri Lanka, again developed into a prominent feature (Figure 8a - h). 

3.3. Chlorophyll Biomass and Phytoplankton Size Structure  

The chlorophyll biomass integrated for the upper 100m water column and the percentage contribution of 

various phytoplankton size classes have been presented in Figure 9. The integrated chlorophyll biomass and 

contribution of different phytoplankton size classes showed noticeable variations within and between transects. 

The integrated chlorophyll biomass was noticeably higher along T2 as compared to T1, T3 and T4. An overall 

increase in integrated chlorophyll biomass was noticeable in locations under the influence of the SMC-associated 

eddies (locations 3, 10, 12 and 13). The integrated chlorophyll biomass was the highest in anti-cyclonic eddy 

locations (av. 65 mg m-2) followed by the cyclonic eddy locations (av. 42 mg m-2) with noticeably lower values in 

most of the remaining locations (av. 34 mg m-2).  The highest integrated chlorophyll in the entire study area (av. 

70mg m-2) was found in the region significantly influenced by the SMC- associated anti-cyclonic eddy 

(location12 and 13). In general, the contribution of smaller phytoplankton size fractions (pico and nano plankton; 

<20 µm) to the total chlorophyll biomass was predominant in the entire study area (av. 83%). Their contribution 

to the total chlorophyll biomass in locations other than those influenced by the SMC-associated eddies was 

significantly high (av. 90%). Conversely, the percentage contribution of the larger phytoplankton fraction (>20 

µm) to the total chlorophyll biomass was generally lower while considering the entire study area (av.17%) 

However, its contribution was significantly higher in the SMC-associated cyclonic eddy (av. 29%) as well as anti-

cyclonic eddy (av. 32%). While considering the entire study area and smaller size fractions of phytoplankton, the 

relative contribution of nanoplankton (2-20 µm) was found to be higher (av. 47%) than the picoplankton (av. 

36%).  

The vertical distribution in percentage contribution of various phytoplankton size fractions in selected 

locations is presented in Figure 10. These locations were selected in a way that they would represent different 

environmental settings in the study region as evidenced in the vertical sections of hydrography and chlorophyll 
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biomass. Essentially, these locations were a mix of regions directly influenced by the SMC-associated eddy as 

well as representative locations that were not. Among representative locations presented in Figure 10, locations 

T1 (3), T2 (12) and T2 (15) were directly influenced by the SMC associated eddies whereas, T1 (1), T3 (7) and 

T4 (18) were not. It is evident in Figure 10 that all size fractions of phytoplankton are present at all the depths, 

though in varying intensities. Another remarkable feature evident is the dominance of smaller fractions of 

phytoplankton irrespective of depths and locations sampled. However, a noticeable increase in the contribution of 

larger size fractions was evident in the upper euphotic column of locations T1 (3), T2 (12) and T2 (15), which 

were significantly influenced by the SMC-associated eddies. It is also evident that even in locations influenced by 

the SMC-associated eddies; the contribution of smaller fractions was predominant below 60m depth. In the anti-

cyclonic eddy location, the contribution of larger phytoplankton to the chlorophyll biomass was as high as 44% in 

the upper euphotic column (upper 60 m depth). Similarly, the contribution of pico and nanoplankton was up to 

90% of the total chlorophyll biomass in several deeper depths in locations not directly influenced by the SMC-

associated eddies. 

3.4. Multivariate Ecological Analyses 

The Cluster and SIMPROF analyses were efficient in delineating the study locations into two separate 

clusters/groups based on their relatedness in major environmental parameters (salinity, nitrate and silicate) 

(Figures 11a & b). The first cluster (Cluster I) was formed of locations influenced by the SMC-associated eddies 

characterized by relatively high salinity, nitrate and silicate in the mixed layer (locations 3, 12, 13, 14, 15 and 16). 

The second cluster (Cluster II) was formed of locations, which were not influenced by the SMC and associated 

eddies characterized by relatively low salinity, nitrate and silicate in the mixed layer.  This segregation of 

locations based on differences in their major environmental parameters was evidently represented in the separate 

NMDS bubble plots of salinity, nitrate, and silicate overlaid on the spatially segregated locations based on 

differences in major environmental parameters in the surface waters (Figure 11c - e). 

The effects of physicochemical parameters on the distribution of chlorophyll biomass in the surface waters 

are clarified in Figure 11f, which primarily shows the differences/similarity between the spatially assembled 

locations. The most evident feature in Figure 11f is the noticeably higher concentrations of chlorophyll 

coinciding with the higher concentrations of nitrate and silicate in locations segregated in cluster I (Figures 11d 

& e). In order to visualize the differences in the contribution of various size classes of phytoplankton to the total 

chlorophyll biomass under various environmental conditions, their respective percentage contribution values were 

overlaid as bubbles on an NMDS plot based on the relatedness in major environmental parameters (salinity, 

nitrate and silicate). The noticeable difference in the contribution of different size classes of phytoplankton to the 

total chlorophyll biomass was evident in the two clusters of locations segregated (Figure 12a). The analyses 



 

13 

 

showed that the microplankton contribution was significantly higher in locations grouped in cluster I whereas 

smaller fraction consisting of the pico- and nanoplankton was noticeably higher in cluster II formed of locations 

with relatively low concentrations of nitrate and silicate in the mixed layer (Figure 12b - d). 

The spatial variations in physicochemical parameters showed a close coupling with the distribution of total 

chlorophyll as well as various phytoplankton size fractions (Figure 13). The complete RDA model, in which 

salinity, nitrate and silicate are considered as the major physicochemical variables, showed that the combined 

effect of all these parameters could explain 53% of the observed variance in the total chlorophyll biomass in the 

study area. The partial RDA model, in which nitrate and silicate are considered as the major physicochemical 

variables and salinity as a co-variable, showed that the major physicochemical variables considered (nitrate and 

silicate) could explain 48% of the variations in total chlorophyll biomass in the study area. These relationships  

found in the RDA model analyses were tested with the Monte Carlo permutation test, which confirmed that all 

ordination axes derived in the RDA analyses were statistically significant (F = 4.915, P = 0. 006). 

The interrelationships between various physicochemical and biological variables and their statistical 

significance are presented in the table associated with Figure 13. The complete RDA analyses showed that the 

major physicochemical variables (salinity, nitrate and silicate) were positively correlated each other. This was 

represented in the RDA Triplot as close orientation of these parameter arrows in the same direction. The 

orientation of salinity, nitrate and silicate with the assembled locations (3, 12, 13, 14 and 15) on the right hand 

side of the Triplot indicated the geographical region influenced by the SMC-associated eddies. The locations 

situated away from the influence of the SMC-associated eddies were assembled on the left hand side of the 

Triplot and these locations were characterized by relatively low salinity, nitrate and silicate. It was clear in the 

Triplot that the increasing gradient of the chlorophyll was closely linked with the direction of increasing salinity, 

nitrate, and silicate, which indicate the positive correlation among them.  Similar to the total chlorophyll 

concentration, the locations with higher percentage contribution from the larger phytoplankton was placed in the 

right hand side of the Triplot whereas locations with smaller phytoplankton fractions (pico- and nano) making the 

maximum chlorophyll contribution were placed on the left hand side of the plot. The assemblages of locations 

influenced by the SMC-associated eddies around the larger phytoplankton axis and their close relatedness with the 

total chlorophyll biomass clearly indicates that the nutrient enrichment in these locations have direct influence on 

the total phytoplankton biomass as well as the increased contribution of larger fractions. The increasing gradient 

of the nano- and picoplankton axes and the assemblage of locations other than those influenced by the SMC 

around it essentially represent the geographical area where the availability of nitrate and silicate was low. It is also 

evident that most of the locations are grouped in the left hand side of the Triplot where pico and nanoplankton 

parameter axes were oriented. 
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4. Discussion 

The conventional oceanographic view suggests that river influx contains huge amount of nitrogen sources, 

which can fertilize the seas to a large extent (Prasannakumar et al., 2002, 2004b). This view proposes the 

possibility of a very high phytoplankton production in the Bay of Bengal since all the major rivers of India, 

Bangladesh and Myanmar empty into this ocean basin. On the contrary, historical as well as recent in-situ 

observations carried out beyond the continental shelf waters reiterate that the Bay of Bengal is significantly less 

productive than the Arabian Sea (Prasannakumar et al., 2002; Madhu et al., 2006; Gauns et al., 2005; Jyothibabu 

et al., 2008a). One reason for this nonconformity to the earlier expectation is the inability of the river influx itself 

to considerably increase the nutrient levels beyond the narrow shelf waters of the Bay of the Bay of Bengal 

(Prasannakumar et al., 2002, 2010; Singh and Ramesh, 2011).The major part of the nitrogen sources carried by 

these rivers, especially those draining along the central and southeast coast of India, are assimilated by the 

phytoplankton community present either in the rivers/ estuaries or in the narrow shelf waters (Prasannakumar et 

al., 2002, 2010; Singh and Ramesh, 2011; Jyothibabu et al., 2013). An exception to this may be the large river 

systems such as Ganges – Brahmaputra and Irrawaddy in the northern Bay of Bengal, whose river plumes are 

evident in satellite imageries extending several kilometers offshore (Vinayachandran, 2009). On the other hand, 

the impact of freshwater in terms of surface layer density stratification is clearly discernible in the hydrography of 

the entire Bay of Bengal basin. The low-saline surface layer created by the river influx acts like a cap and restricts 

the impact of the atmospheric forcing to a thin surface layer. This unique hydrography in the Bay of Bengal has 

several oceanographic and climatic implications ranging from low phytoplankton production to the frequent 

genesis of storms and cyclones in the region (Jyothibabu et al., 2004, 2008a, Gauns et al., 2005; Prasannakumar et 

al., 2002; 2007; Vinayachandran, 2009; Neetu et al., 2012).  

The surface layer density stratification in the Bay of Bengal is at its seasonal highest during the Southwest 

Monsoon, which causes a strong stratification of the near-surface waters where even the strong monsoon winds 

are inefficient to break the stratification to bring nutrient rich subsurface waters up to the surface and increase the 

phytoplankton production (Prasannakumar et al., 2002; Vinayachandran, 2009). However, high phytoplankton 

production does occur closer to the eastern coastline of India during the Southwest Monsoon caused mainly by 

river influx and weak upwelling (Vinayachandran, 2009). Though there are conflicting views on the existence of 

coastal upwelling along the east coast of  India, it is generally accepted that there are upwelling, but with lower 

magnitude as compared to those along the west coast of India (Shetye et al., 1991; Prasannakumar et al., 2002; 

Madhu et al., 2006; Muraleedharan et al., 2007). As evident in satellite imageries, another mechanism that 

enhances the phytoplankton production in the open waters of the southern Bay of Bengal during the Southwest 

Monsoon is the intrusion of the SMC (Vinayachandran, 2009). 



 

15 

 

Our current understanding of the SMC and its implications on the upper ocean chemistry and biology in the 

southern Bay of Bengal are by and large based on numerical modeling efforts supported by satellite ocean color 

data (Vinayachandran et al., 1999; 2004; Vinayachandran, 2009). The field measurements carried out in the 

present study provides the first-time sea truth information on the impact of the SMC intrusion and the resultant 

hydrographical setting in the southern Bay of Bengal imprinted in the ocean color imagery as high chlorophyll.  

The flow of the SMC into the Bay of Bengal was found to be rather complex and consisted of an eastward flow. 

On both sides of this flow mesoscale features of cyclonic or anti-cyclonic circulations may be encountered. In the 

present study, it was found that the main eastward flow of the SMC was oriented north of a large anti-cyclonic 

eddy, which is found to be a permanent seasonal feature, though with varying intensities, during the Southwest 

Monsoon period (Vinayachandran and Yamagata, 1998; Vinayachandran et al., 1999, 2004, 2013). The intrusion 

of the SMC and associated hydrography, as evident in the results of the vertical structures of hydrographical 

parameters, carry high-saline and relatively nutrient rich waters in the euphotic column in its path. The direct 

impact of the SMC intrusion into the southern Bay of Bengal was more evident between 5 and 10°N in transect 2 

(along 85°E). This noticeable feature of the SMC evident in transect 2  (T2) was due to its more eastward 

orientation, closer to Sri Lanka, as compared to  the meridional transect 1 (T1), which was located almost 4° 

westward from the former transect (along 89°E).  

During the sampling of T4 (along 9°N), the biochemical impact of the SMC was very feeble in this transect 

east of 90°E since signatures of the SMC was not clearly discernible. Similarly, T3 (along 6°N) showed that the 

influence of the SMC was not significant in increasing the nutrient concentration and chlorophyll biomass along 

this transect. All these indicate that the impact of the SMC in the southern Bay of Bengal in terms of nutrient 

enrichment in the surface waters is restricted to the geographical area west of 90°E. However, this geographical 

extent of SMC observed now can change because its eastward flow is strongly linked to the velocity of the 

Southwest Monsoon winds and, therefore, any significant increase in the wind speed can increase the strength of 

the SMC intrusion into the Southern Bay of Bengal (Vinayachandran et al., 2013, 2014). Considering the 

biological impact of the SMC in the southern Bay of Bengal, it is important to consider the mesoscale processes 

associated with it, which has direct impact on the chemistry and biology of the upper euphotic column. A 

scientific discussion on these aspects based on the available information from the Bay of Bengal as well as from 

other ocean basins would be useful to draw meaningful conclusions from the features observed in the present 

study.   

In several ocean basins, eddies play an important role in plankton distribution since it can entrain the shelf 

waters, and advects the shelf waters to the offshore and vice versa (Mackas and Galbraith, 2002; McGillicuddy et 

al., 1998; Flierl and McGillicuddy, 2002; McGillicuddy et al., 2003; Batten and Crawford, 2005; Mackas and 

Coyle, 2005; Strzelecki et al., 2007; Feng et al., 2007). The general paradigm of eddies on biological production 
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suggests that cyclonic eddies upwell nutrient-rich subsurface waters into the upper euphotic zone, thereby 

enhancing phytoplankton production (Wormouth, 1985; Woodward and Rees, 2001), whereas anti-cyclonic 

eddies, on the other hand, cause down-welling with opposite effects on phytoplankton production. Thus, the 

cyclonic eddies are considered to be more productive and able to facilitate greater abundance of plankton relative 

to anti-cyclonic eddies (Biggs et al., 1997; Zimmerman and Biggs, 1999, Gasca, 2004). Interestingly, more 

concerted observations in the recent years evidence that the phytoplankton community response in anti-cyclonic 

eddies primarily depends on the characteristic of the source of the water mass that feeds the eddy (Olson, 1991; 

Strzelecki et al., 2007). However, the response of zooplankton in the cyclonic and anti-cyclonic eddy environment 

is found to be more complex and depends on several factors such as the generation time of the species, 

phytoplankton composition in the source waters, and eddy size and its age (Strzelecki et al., 2007).  

Several records of cyclonic eddies, spanning over the last five decades, are available from the Bay of Bengal 

(Prasannakumar et al., 2004a, 2007and references therein; Muraleedharan et al., 2007). However, a concerted 

interest to interpret the implications of cyclonic eddy on the nutrient chemistry and phytoplankton production in 

the Bay of Bengal began only very recently (Prasannakumar et al., 2004a; 2007; Muraleedharan et al., 2007; 

Jyothibabu et al., 2008a). The satellite imageries of MSLA and geostrophic currents now evidence that the 

cyclonic eddies are a perennial feature in the Bay of Bengal, which is thought to be the nature’s trigger to enhance 

the phytoplankton production in an otherwise oligotrophic region (Prasannakumar et al., 2004a; 2007; 

Vinayachandran, 2009). Even though cyclonic eddies in the Bay of Bengal generate their imprints on ocean 

surface features such as SSHA and anticlockwise geostrophic currents, they are generally not strong enough to 

impact the surface waters in terms of enriched nutrients and chlorophyll. This is primarily due to the low-saline 

surface waters, which inhibit the upward eddy pumping of nutrients. This restricts the eddy-enhanced biological 

production only to the subsurface waters. During the present study, the doming of isolines in the vertical structure 

of major hydrographical parameters, considered as the direct signature of cyclonic eddies, was evident along T1 

and T2, though both of them were sampled with a gap of almost a month. The doming of isolines of temperature, 

density, nitrate and silicate was evident along 9°N in both transects  and, as a result, the 0.8 µM nitrate and 

silicate isopleths, which were otherwise located at about 50m depth, shoaled up to a depth of 20m. It is evident in 

the present observation that the cyclonic eddies produced upwelling only in the subsurface waters and could not 

penetrate low-saline surface waters of Bay of Bengal so as to produce their imprints upon the surface waters. 

Along both transects sampled (T1 and T2) the subsurface waters of eddy locations showed more than a fold 

higher chlorophyll biomass than that in the locations not influenced by the SMC intrusion and associated eddies. 

As discussed earlier, the general paradigm of the biological response of eddies suggests that the cyclonic 

eddies are regions of divergence and are, therefore, biologically productive whereas the anti-cyclonic eddies are 

regions of convergence and hence, biologically less productive/oligotrophic (Biggs et al., 1997; Zimmerman and 
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Biggs, 1999, Gasca, 2004; Strzelecki et al., 2007). The result of the present study was a clear contradiction to the 

general paradigm of biological response of eddies presented above and showed that the anti-cyclonic eddies 

associated with SMC are more biologically productive than the cyclonic eddies. The   inability of the cyclonic 

eddies to significantly increase the phytoplankton production in the upper 20m water column due to the capping 

effect of low-saline waters has been discussed in the preceding paragraph. On the other hand, although down-

welling/sinking of the surface waters is the  net effect of the  anti-cyclonic eddy sampled south of the eastward 

flow of the SMC, its impact was just opposite to what was expected. The vertical section along transect 2 (T2) 

clearly evidenced enrichment of nutrients and several fold higher phytoplankton biomass in the region influenced 

by the anti-cyclonic eddy. This enhanced phytoplankton biomass was formed due to the high nutrient 

concentration present in the source water that feeds the anti-cyclonic eddy. The SMC carries waters rich in 

macronutrients from the upwelling regions of southern Sri Lankan coast (Vinayachandran, 2009), which forms 

the source water that feeds the anti-cyclonic eddy.  The sinking of this high nutrient water due to Ekman suction 

in the anti-cyclonic eddies facilitates the production of high chlorophyll biomass throughout the upper water 

column (60m). The importance of the source of water in deciding the phytoplankton production in anti-cyclonic 

eddies has been studied elsewhere, which strongly support our present observation, and evidenced that the 

phytoplankton community response in anti-cyclonic eddies primarily depends on the characteristic of the source 

of the water mass that feeds the eddy (Olson, 1991; Strzelecki et al., 2007).  Thus, anti-cyclonic eddy in an 

environment where surface waters are oligotrophic (say in the open ocean) increase the severity of oligotrophy 

and follows the well-recognized general paradigm. However, an anti-cyclonic eddy in environments where there 

is a continuous supply of nutrient-rich water at the surface (say in the coastal waters) significantly enhances the 

phytoplankton production in the entire euphotic column (Olson, 1991; Strzelecki et al., 2007). In the present 

study, appreciable level of chlorophyll (~0.3mg m-3) was found even a few meters below the euphotic column in 

the warm core eddy region, which can be attributed to the effect of downwelling and sinking of phytoplankton 

cells from the upper water column.   

The quantification of phytoplankton size structure and their relative significance in the northern Indian 

Ocean are very much limited while there are numerous studies available on the taxonomic details and distribution 

of larger size fractions in relation to the environmental parameters. A pioneer effort to quantify the entire size 

spectrum of phytoplankton was placed during the international JGOFS measurements in the central and western 

Arabian Sea (Garrison et al., 1998; 2000) and subsequently, but only very recently, some efforts have been placed 

to carry out similar measurements in the estuarine and coastal waters of India (Madhu et al., 2010; Jyothibabu et 

al., 2013).  The present study evidenced the predominant contribution of smaller phytoplankton (pico- and 

nanoplankton) in the chlorophyll biomass in the southern Bay of Bengal. It was also found that in locations where 

concentration of nitrate and silicate were less than 0.2 µM, the contribution of the smaller phytoplankton was as 
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high as 90% of the total chlorophyll biomass. On the contrary, the contribution of the larger phytoplankton size 

fraction (>20 µm) was higher (~ 30% of the total biomass) in the SMC-associated eddy locations, where nutrient 

concentrations were relatively higher in the surface waters.  The general feature evident in the present study is the 

predominance of smaller phytoplankton size fraction in the entire Southern Bay of Bengal whereas larger size 

fractions occur in higher percentage in regions where high nutrient concentrations are available in the surface 

waters. The pattern in the percentage contribution of different size fractions to the total chlorophyll biomass 

observed in the present study was similar to the observations made in the adjacent Gulf of Mannar and Palk Bay, 

southeast coast of India, where the contribution of the smaller fraction of the phytoplankton to the total 

phytoplankton biomass was found to be predominant in regions were nitrate and silicate concentrations were 

relatively low (<0.5 µM) (Jyothibabu et al., 2013; Anjusha et al., 2013). The significance of smaller fractions of 

phytoplankton in the Bay of Bengal, though based on limited observations, was reported recently using flow 

cytometer and HPLC pigment characterization (Naik et al., 2011; Mitbavkar  and Anil, 2011), which also strongly 

support the present observation. 

The smaller plankton in marine ecosystem received focused attention following the publication of a few 

seminal papers on the microbial food web (Pomeroy, 1974; Azam et al., 1983). It is now well understood that the 

nutrient affinity of the smaller phytoplankton increases as their size decreases, and this advantage makes them 

efficient in utilizing even the trace level of nutrients available in oligotrophic environments (Donald et al., 1997). 

The small size of pico- and nano-phytoplankton also makes them more efficient in absorbing the incident light as 

compared to the larger phytoplankton (Augusti et al., 1994). As a result, the pico-phytoplankton alone contribute 

the majority (≥ 50%) of phytoplankton biomass and production in oligotrophic (chl a < 0.3 mg m-3), nutrient poor 

(NO3 + NO2<1µM), and warm (>26˚C) waters, but they represent only <10% of the total autotrophic biomass and 

production in chlorophyll rich (>5 mg m-3) waters (Agawin et al., 2000).  The relative contribution of smaller 

phytoplankton to total biomass generally declines in nutrient enriched and productive waters due to increased 

biomass production by the larger phytoplankton. This is in turn due to their significantly higher intrinsic growth 

capacity over the pico-phytoplankton (Banse, 1982). Although the pico-phytoplankton production also increases 

in nutrient-enriched conditions together with the whole autotrophic community, their total biomass production is 

much lower as compared to the larger phytoplankton (Agawin et al., 2000). The micro-zooplankton grazing 

pressure also acts as a major controlling factor of smaller phytoplankton biomass in productive tropical waters 

(Landry et al., 1998; Jyothibabu et al., 2008b). 

The composition of the phytoplankton community belonging to the various size classes is relatively well-

known from the seas around India and Sri Lanka.  Earlier studies conducted in the Arabian Sea and the Bay of 

Bengal evidence that the larger phytoplankton fraction is mostly composed of larger diatoms and dinoflagellates 

whereas smaller diatoms, smaller dinoflagellates, silicoflagellates, Synechococcus and Prochlorococcus mostly 
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contribute the smaller fractions (Sawant and Madhupratap, 1996, Madhu et al., 2006; Jyothibabu et al., 2008a & 

b; Paul et al., 2008; Jyothibabu et al., 2013; Anjusha et al., 2013). The phytoplankton size structure and associated 

plankton food web has great significance in deciding the vertical biogenic carbon flux in marine environments. 

Continuous and stabilized supply of nutrients provide a favorable environment for large phytoplankton cells, 

which, in turn, support the larger zooplankton causing shorter and simpler food webs with more trophic transfer 

efficiency (Irwin et al., 2006; Naqvi and Unnikrishnan, 2009). On the other hand, such a shorter food web 

supported by larger phytoplankton and zooplankton significantly increases the vertical organic carbon flux into 

the deep ocean (Naqvi and Unnikrishnan, 2009). Keeping this fundamental understanding in mind, Jyothibabu et 

al. (2008a) proposed a scheme for the possible seasonal trend in the plankton food web structure in the western 

Bay of Bengal. It shows a relatively high contribution of larger phytoplankton size class during the Southwest 

Monsoon period, which, in turn, facilitates a shorter food web facilitating high vertical flux of biogenic carbon 

into the deep ocean. However, the above scheme was proposed based on the observations carried out north of 

11°N in the western Bay of Bengal while the present study evidences that even during the Southwest Monsoon, 

the phytoplankton biomass in the southern Bay of Bengal was largely contributed by the smaller fractions. 

However, the idea presented in Jyothibabu et al., (2008a) seems to be relevant in the present case also as a 

significant increase in the phytoplankton biomass as well as the percentage contribution of the larger fraction was 

observed where relatively higher concentration of nutrients were available in the upper euphotic column. The 

significant increase in the total phytoplankton biomass and percentage contribution of larger phytoplankton in the 

upper euphotic zone (upper 60m) in the anti-cyclonic eddy region would certainly increase the vertical biogenic 

flux in the region. More importantly, the satellite data analyses of MSLA and geostrophic currents show that the 

anti-cyclonic feature associated with the SMC is a consistent seasonal feature, though with varying intensities and 

spatial extent, which persist throughout the Southwest Monsoon period. 

One of the most acclaimed oceanographic observation in the seas around India in the recent decades is the 

results of the sediment trap measurements in late 1980’s with three moorings in the northern (17º 26´ N; 89º 35´ 

E), central (13º 09´ N; 84º 21´ E) and southern (4º 26´ N; 87º 19´E) Bay of Bengal (Ittekot el al., 1991).  These 

sediment trap moorings were installed wide apart (between 4-17 ºN) so as to get a true representation of the entire 

western Bay of Bengal. The results of this measurement were quite surprising as unusually high biogenic carbon 

flux was observed all through the three sediment moorings in the Bay of Bengal, which was of comparable 

magnitude to the adjacent highly productive Arabian Sea. It was also found that the vertical biogenic flux was the 

highest during the Southwest Monsoon period (June – September) as compared to the Northeast Monsoon 

(November – February) (Figure 14a). This seasonal trend was found true for total organic carbon as well as the 

opal flux of diatom origin -a conundrum which was quite challenging to understand and explain scientifically at 

that time, since the literature before 1990s strongly suggested an oligotrophic Bay of Bengal and a highly 
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productive Arabian Sea. Considering the Southwest monsoon-associated large freshwater influx and sediment 

carried by the major rivers of India (Krishna, Godavari, Mahanadi, Ganges and Brahmaputra), it was possible to 

deduce a plausible reason for the observed high biogenic flux in the Bay of Bengal. It was suggested that the 

aggregation of the sediment minerals with biological particles facilitate its faster sinking into the deep ocean 

causing less decomposition and availability of high biogenic carbon material in the Bay of Bengal sediment traps 

(Ittekot el al., 1991).  This explanation is generally accepted as a plausible reason for the high biogenic carbon 

flux in the central and northern Bay of Bengal. However, its validity for the southern Bay of Bengal stands to 

question.  The reasons for considering such an unorthodox approach has a strong binding to our current 

understanding on the climatic and oceanographic features of the northern and southern Bay of Bengal  

As evident in the climatology atlases and also discussed earlier in this paper, there is a seasonal exchange of 

water masses between the Arabian Sea and the Bay of Bengal, which is facilitated by the combined action of the 

monsoon currents and the coastal currents along the Indian coasts (Chatterjee et al., 2012).  As a result, a 

significant part of the eastern Arabian Sea is occupied by the low-saline Bay of Bengal waters during the 

Northeast Monsoon (November – February).  During the Southwest Monsoon (June – September), on the other 

hand, the high-saline Arabian Sea water mass intrudes into the Bay of Bengal and occupies a significant part of 

the southern Bay of Bengal, as evident in the climatology Atlases (Chatterjee et al., 2012). This seasonal 

hydrographic setting does not support the view that the large river influx and associated sediment flux from the 

northern Bay of Bengal Rivers are responsible for the enhanced biogenic carbon flux in the sediment trap located 

in the southern Bay of Bengal during the Southwest Monsoon period. The MODIS satellite imagery for 

chlorophyll for the Southwest Monsoon and Northeast Monsoon periods merged with geostrophic currents for 

July and January, respectively, have been presented in Figure 14a & b, in which the geographic location of the 

earlier sediment trap deployment in the southern Bay of Bengal is marked. The figure clearly evidences that the 

earlier sediment trap mooring was located right on top of the anti-cyclonic eddy associated with the SMC, which 

is significantly productive throughout the Southwest Monsoon period due to the continuous supply of nutrient-

rich waters from the southern coast of Sri Lanka. The seasonal trend in the opal and organic carbon flux in the 

southern Bay of Bengal sediment traps during the Southwest and Northeast monsoon periods are presented in 

Figure 14c & d, which depict a close coupling of the flux data with the seasonal trend in chlorophyll biomass 

presented  in the above panel. The present observation of significantly high chlorophyll biomass as well as 

increased percentage contribution of larger phytoplankton in the SMC-associated eddies supports the possibility 

for a high opal and biogenic flux in the region. The information available in the literature suggests that a high rate 

of vertical biogenic carbon flux occurs in regions where the phytoplankton community is increasingly contributed 

by larger size fractions (Nair et al., 1989; Garisson et al., 1998). 
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In brief, the present study evidenced the sea truth behind the satellite imagery denoting a high chlorophyll 

patch that accompanies the SMC intrusion into the southern Bay of Bengal during the Southwest Monsoon. The 

high chlorophyll biomass patch found in the surface waters of the southern Bay of Bengal is mainly contributed 

by the anti-cyclonic mesoscale features present south of the main eastward flow of the SMC, which increase the 

nutrient concentration in the upper euphotic zone and enhance the chlorophyll biomass increasingly contributed 

by larger size fractions.  This was contrary to the traditional belief that the anti-cyclonic eddy in the Bay of 

Bengal increases the severity of oligotrophy. The nutrient supply by the SMC from the upwelling regions of the 

southern Sri Lanka coast enable the anti-cyclonic eddy to maintain relatively high concentration of nitrate and 

silicate in the upper water column (upper 60m) leading to the sustenance of significantly higher chlorophyll 

biomass in the surface waters as compared to the rest of the region. Cyclonic eddies  were also evident in the 

southern Bay of Bengal associated with the SMC, but their  impact in enhancing the phytoplankton  production 

was mostly limited to the subsurface waters (below 20m) due to the capping effect of the low-saline surface 

waters. High abundance of larger phytoplankton associated with the SMC is suggested as the main reason behind 

the observed high vertical biogenic flux in the southern Bay of Bengal during the Southwest Monsoon. Advanced 

quantification of different size classes of biological particles in the SMC-influenced as well as the rest of the 

region would be useful to provide more insights into the current understanding of high biological flux in the 

southern Bay of Bengal. Therefore, it is our future research interest to quantify the different size classes of 

biological particles in the southern Bay of Bengal using modern techniques such as Flow cam and Flow 

cytometer, which would provide new insights into the plankton size distribution as well as their role in high 

biogenic carbon flux in the region.  

5. Conclusion 

By combining in situ and satellite data, we presented the phytoplankton size structure and associated 

hydrographical setting in the southern Bay of Bengal during the Southwest Monsoon period. The concentration of 

surface chlorophyll in the study area was low (<0.2 mg m-3) except in the regions influenced by the SMC (~0.4 

mg m-3). The SMC intrusion into the southern Bay of Bengal consisted of an eastward flow and cyclonic and anti-

cyclonic eddies associated with it. Out of three cyclonic eddies sampled during the cruise, two of them were 

located north of the main eastward flow of the SMC while the third one was much south of the main eastward 

flow. Similarly, an anti-cyclonic eddy  centered south but closely associated with the main eastward flow of the 

SMC was also sampled during the cruise and the signatures of all these eddies were clearly discernible in the 

vertical hydrography sections as well as  the merged images of satellite derived Mean Sea Level Anomaly 

(MSLA) and geostrophic currents. The study also evidenced, for the first time, the evolution and westward shift 

of cyclonic eddies located north of the main eastward flow of the SMC, which is hitherto unknown from the Bay 

of Bengal. However, the impacts of the cyclonic eddy in terms of enhanced nutrients and chlorophyll biomass was 
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found to be restricted to the subsurface waters (below 20m depth) due to the capping effect (stratification) of the 

low-saline surface waters, peculiar of the Bay of Bengal especially during the Southwest Monsoon.  On the other 

hand, chemical and biological impact of the anti-cyclonic eddy located south of the main eastward flow of the 

SMC was found to be much more significant as it sustained higher nutrient concentration as well as noticeable 

increase in chlorophyll biomass in the entire upper water column (upper 60 m). This unusual enhancement in 

phytoplankton biomass in the anti-cyclonic eddy was due to the continuous supply of nutrients by the SMC, 

which carries advected upwelled waters from the southern Sri Lanka coast. The fractionated chlorophyll 

measurements evidenced the predominance of smaller phytoplankton (<20 µm consisting of pico- and 

nanoplankton) in the southern Bay of Bengal (av. 80 % of the total chlorophyll biomass). However, it was clear 

that in regions influenced by the SMC and associated eddies, where relatively high concentration of nitrate and 

silicate were present in the surface waters, the total chlorophyll biomass as well as the percentage contributions of 

larger phytoplankton fractions were many folds higher compared to the rest of the region. Adopting suitable 

multivariate statistical tools, the current study evidences that the relatively higher concentration of nitrate and 

silicate in regions influenced by the SMC intrusion cause the larger phytoplankton size fractions to contribute 

more to the chlorophyll biomass.  The significant increase in total chlorophyll biomass as well as the contribution 

of larger phytoplankton size fractions (mostly diatoms) in the SMC-associated eddies are suggested as the main 

reasons for the high vertical opal, and biogenic carbon flux reported in the southern Bay of Bengal during the 

Southwest Monsoon.  
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Figure Captions 
Figure 1 – Study region in the southern Bay of Bengal and 20 locations distributed in 4 transects (T1 to 

T4). The T1 and T2 were meridional, whereas T3 and T4 were zonal. The background represents the 

ocean surface currents. The colour gradient and the arrows represent the velocity of currents (m s-1) 

during the cruise (July 15 - August 19, 2009). The red colour gradient with long arrows marks the 

intrusion of the Summer Monsoon Current into the southern Bay of Bengal. The hydrography was 

measured in all locations T1 –T4, whereas phytoplankton size fractions were quantified in 16 locations 

indicated as blue dot inside white circle. The period of sampling of T1, T2, T3 and T4 were 19 – 21 July 

2009, 16 -18 August 2009, 21-22 July 2009 and 10-11 August 2009, respectively. 

Figure 2- (a) Synoptic view of chlorophyll (MODIS) distribution in the southern Bay of Bengal during 

July – August 2009 overlaid with mean wind velocity (m s-1) for August 2009 and (b) Mean euphotic 

zone depth for the cruise period (July 20 - August 20, 2009). Sampling locations distributed in various 

transects are marked as red dots in panel (a) and black dots in panel (b). A noticeable increase in 

chlorophyll concentration along the path of the SMC intrusion into the southern Bay of Bengal is 

evident. Similarly, the euphotic zone depth was relatively low along the path of the SMC intrusion into 

the southern Bay of Bengal. Data source: MODIS AQUA for chlorophyll and euphotic zone depth and 

QuikSCAT for wind data. 

Figure 3 – The vertical sections of various hydrographical parameters along 89°E (T1). T1 is shown in 

panel (a), in which the colour gradients and vectors represent the surface currents (m/s) representing 

the sampling period. The subsequent panels (4b – 4h) represent the vertical sections of temperature 

(°C), salinity, density (kg m-3), nitrate (µM L-1), phosphate (µM L-1), silicate (µM L-1) and chlorophyll 

(mg m-3), respectively. The doming of contours of temperature, density, nitrate, silicate and 

chlorophyll along 9°N indicates cyclonic eddy. Relatively low saline surface water layer was also 

evident north of 9°N along T1.   

Figure 4 – The surface currents (cm s-1) merged with MSLA (JASON-1/-2, TOPEX, ERS-2, ENVISAT 

and GFO). The merged MSLA is colour coded, with blue and red representing the negative and positive 

values (cm), respectively. The negative MSLA with anti-clockwise circulation and positive MSLA with 

clockwise circulation indicating cyclonic and anti-cyclonic eddies/gyres are encircled with white and 

black dashed circles, respectively. The thick dashed black arrows represent the main eastward flow of 

the SMC during the sampling based on weakly mean data of surface currents (TOPEX/POSEIDON). 
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Panel (a) represents the sampling period of T1 (19 -21 July, 2009) and panel (b) represents the sampling 

period of T2 (16 -18 August, 2009). 

Figure 5 – The vertical sections of various hydrographical parameters along 85°E (T2). T2 is shown in 

panel (a), in which the colour gradient and vectors represent the surface currents (m/s) representing the 

sampling period (OSCAR). The subsequent panels (6b – 6h) represent the vertical sections of 

temperature (°C), salinity, density (kg m-3), nitrate (µM L-1), phosphate (µM L-1), silicate (µM L-1) and 

chlorophyll (mg m-3), respectively. The doming of contours of temperature and density along 4 and 

9°N indicates cyclonic eddies. Similarly, down-slopping of contours of temperature and density 

between 5 – 8 °N indicate the anticyclonic eddy. It is clear that these eddies increased the nutrient 

concentrations in the upper euphotic zone, which in turn supported enhanced chlorophyll biomass 

concentration. It is also evident that the impact of the cyclonic eddies on chlorophyll biomass was 

mostly restricted to the subsurface water (below 20m depth), whereas, the anticyclonic eddy caused 

significant enhancement in chlorophyll biomass in the entire upper euphotic column (upper 60m depth 

highlighted in white dotted line rectangle).  

Figure 6 – The vertical sections of various hydrographical parameters along 6°N (T3). T3 is shown in 

panel (a), in which the colour contours and vectors represent the surface currents (m/s) representing the 

sampling period (OSCAR). The subsequent panels (7b – 7h) represent the vertical sections of 

temperature (°C), salinity, density (kg m-3), nitrate (µM L-1), phosphate (µM L-1), silicate (µM L-1) and 

chlorophyll (mg m-3), respectively. The chlorophyll biomass maximum was found between 40 – 80 m 

depth with a weak doming trend in the westernmost location. 

Figure 7 – The vertical sections of various hydrographical parameters along 8°N (T4). T4 is shown in 

panel (a), in which the colour gradients and vectors represent the surface currents (m/s) representing 

the sampling period (OSCAR). The subsequent panels (8b – 8h) represent the vertical sections of 

temperature (°C), salinity, density (kg m-3), nitrate (µM L-1), phosphate (µM L-1), silicate (µM L-1) and 

chlorophyll (mg m-3), respectively. The chlorophyll maxima layer was situated between 40 – 70m 

throughout the locations 

Figure 8 – The genesis/evolution and westward shift of the mesoscale eddy located north of the main 

eastward flow of the SMC, sampled twice during the cruise; the former sampling was along 89 °E during 

July 19-21, 2009 (Figure 9b) and the latter along 85°E during August 16-18, 2009 (Figure 9g). The 

figures present the MSLA merged surface currents (cm s-1). The blue and red colours represent the 
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negative and positive MSLA (cm) respectively and the genesis and westward movement of the cyclonic 

eddy are marked with circles. The main eastward flow of the SMC is showed as thick dashed arrows on 

the weekly mean surface currents based on TOPEX/POSEIDON. The cyclonic eddy located along 89°E 

during July 19 - 21, 2009 shifted westward with time and was evident along 85 °E during August 15 – 20, 

2009. The formation and spatial shift of anti-cyclonic gyre/vortex situated south and closely associated 

with the main eastward flow of the SMC are also very prominent in these images. 

Figure 9 – Integrated chlorophyll biomass for the upper 100m water column and the mean percentage 

contribution of various size fractions of phytoplankton to the total chlorophyll are presented. The bar 

charts represent the contribution of phytoplankton size fractions, and the line graphs represent the 

integrated chlorophyll biomass. It is evident that the integrated chlorophyll biomass in the anti-cyclonic 

(red triangle symbol) and cyclonic eddies (green circle symbol) was significantly higher than the rest of 

the locations. The predominance of smaller phytoplankton fractions (pico and nano) was evident in the 

study area (~80%), except in locations significantly influenced by SMC associated eddies. 

Abbreviations: Micro - Microplankton, Nano - Nanoplankton, Pico - Picoplankton, Int. Chl. - Integrated 

Chlorophyll. 

Figure 10 – The vertical distribution of percentage contribution of different size fractions of 

phytoplankton in the upper 100m water column in representative locations along different transects. 

Transect 1 - 4 are indicated as T1 to T4 and number in parenthesis indicate the station locations. T1 (3), 

T2 (12) and T2 (15) represents SMC associated eddy locations, whereas T1 (1), T3 (7) and T4 (18) were 

normal locations without any direct influence from the SMC. There was a significant increase in the 

contribution of larger/smaller phytoplankton fractions in the eddy/normal locations.     

Figure 11 - Euclidian distance matrix based cluster and NMDS plots of physico-chemical parameters 

(30m mean of salinity, nitrate and silicate) were overlaid with bubble plots of salinity, silicate, nitrate 

and chlorophyll. In panels (a) and (b), the numbers represent the sampling locations. The bubble 

positions in panel (c) – (f) correspond to the stations positions in panel (b) and the bubbles size is 

proportional to the concentration of the respective parameters (nitrate and silicate are in µM L-1; 

chlorophyll in mg m-3). 

Figure 12 - Euclidian distance matrix based cluster and NMDS plots of physico-chemical parameters 

(30m mean of salinity, nitrate and silicate) overlaid with bubble plots of percentage contribution of 

different phytoplankton size fractions to the total chlorophyll biomass. In panels (a) and (b), numbers 
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represent the sampling locations. The bubble positions in panel (c) – (f) correspond to station positions 

in panel (b) and the bubble sizes are proportional to the percentage contribution 

Figure 13 – RDA Triplot presenting the spatial distribution and relationships between environmental 

and biological parameters. In Triplot, locations are displayed by points (filled red and green circles) and 

environmental variables by arrows. Arrows indicate the direction of increase of a particular parameter 

on spatially assembled sampling locations. The locations with high salinity, nutrients (nitrate, silicate), 

chlorophyll biomass increasingly contributed by larger size fractions under the influence of SMC are 

highlighted in brown circle. The table shows correlation co-efficient (r) values between parameters. 

Abbreviations: Pico - Picoplankton; Nano - Nanoplankton; Micro - Microplankton. In table bold values 

indicate significant correlations (P<0.05). 

Figure 14 – Panels (a) and (b) represent merged chlorophyll data (SeaWiFS and MODIS AQUA) 

combined with TOPEX/POSEIDON surface currents (cm/s) during the Southwest Monsoon (June - 

September 2009) and Northeast Monsoon (November 2009 - February 2010) respectively. The panels 

(c) and (d) show the distribution of opal and organic carbon flux   (g m-2) in shallow and deep water 

sediment traps deployed at  6.89°N and 84.80 °E (Ittekkot et al, 1991). The location of the sediment trap 

deployment is superimposed as red dots in panels (a) and (b). It is clear in panel (a) and (b) earlier 

sediment traps deployment were right at the centre of SMC that sustain high phytoplankton biomass in 

its course to the southern Bay of Bengal. 
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Stn. Latitude Longitude Total depth Euphotic depth MLD SSS SST  NO3 PO4 SiO4 

No. (°N) (°E) (m) (m) (m) (psu) (°C) (µM) (µM) (µM) 

      
1 11.00 88.95 1012 82.20 33 33.66 28.68 0.01 0.05 0.31 

2 10.00 88.95 1014 88.60 44 33.82 28.70 - - - 

3 9.10 88.98 1016 86.40 29 33.85 28.79 0.13 0.05 0.60 

4 8.60 88.98 1015 81.30 28 34.22 28.85 - - - 

5 7.00 89.00 1015 88.6 46 34.46 28.70 0.29 0.04 0.40 

6 6.00 88.85 1013 91.50 46 34.29 28.82 0.06 0.04 0.21 

7 5.98 88.00 1015 90.12 58 34.28 28.75 0.06 0.04 0.29 

8 6.00 87.00 1017 87.89 62 34.42 28.75 0.06 0.05 0.41 

9 6.00 86.00 1015 78.67 47 34.48 28.76 0.04 0.06 0.69 

10 4.00 85.00 1070 69.00 32 34.49 28.34 0.58 0.05 0.47 

11 4.98 85.00 1328 74.87 46 34.21 28.21 0.60 0.04 0.49 

12 6.03 85.02 1201 63.93 14 34.35 28.17 0.58 - 1.14 

13 6.98 85.00 1124 61.00 67 34.69 28.12 0.65 0.06 1.13 

14 8.00 85.00 756 57.00 63 34.67 28.10 0.81 - 1.16 

15 9.00 85.00 1347 66.60 14 34.45 29.06 0.96 0.07 1.09 

16 9.98 85.00 986 87.39 31 33.85 29.34 0.53 0.07 0.83 

17 11.00 85.00 1332 88.48 18 33.07 29.26 0.22 0.05 0.68 

18 7.98 89.98 1188 76.07 39 34.06 28.67 0.15 0.08 0.78 

19 7.98 90.98 1126 85.30 41 33.76 28.64 0.06 0.05 0.42 

20 8.00 92.00 1344 74.60 53 33.51 28.53 0.07 0.04 0.41 

 
Table 1 - Details of locations sampled and some of their oceanographic characters are presented. Abbreviations: Mixed 
Layer Depth (MLD), Sea Surface Salinity (SSS), Sea Surface Temperature (SST), Nitrate (NO3), Phosphate (PO4), Silicate 
(SiO4). The nutrients values represent the mean value of the upper 30m (mean surface mixed layer) depth. 
 

 


