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Abstract 

To examine the influence of anticyclonic (ACE) and cyclonic (CE) eddies on variations in 

hydrographic properties and total inorganic carbon system (CT), a study was conducted in the 

western Bay of Bengal (BoB). The depth of seasonal thermocline, defined as depth of 20oC isotherm 

(D20), shoaled (~80 m) in the CE but deepened to ~180 m in the ACE relative to non-eddy (NE) 

conditions (~110 m) due to convergence and divergence associated with ACE and CE, respectively. 

Both surface and depth integrated (0-100 m) chlorophyll-a concentrations were higher in CE than in 

ACE and NE regions suggesting higher primary production in the CE region. Upward displacement 

of 2100 M of CT and 800 atm of pCO2 isosurfaces from a depth of 175 to 50 m was observed in 

the CE region resulting in an increase in mixed layer CT and pCO2 compared to that in NE region. 

Low CT (~1850 M) and high pH (~8.15) isolines deepened to 150-175 m in ACE region. Strong 

positive relations were observed for CT and pCO2 with salinity whereas weak inverse correlations 

were found for chlorophyll-a and dissolved oxygen saturation with salinity normalized CT. This 

suggests that both biological and physical processes control CT in the BoB. Both biological  and 

mixing effects contributed significantly to pCO2 variability in the CE region whereas mixing and 

thermal effects contributed in the ACE region. The sea-to-air fluxes of CO2 varied between -0.21 and 

0.31 molC m-2 month-1. The CE and south ACE (ACEs) regions were found to act as sink for the 

atmospheric CO2 whereas northern ACE (ACEn) and NE regions were source. The mean CO2 flux 

suggests that the study region was a moderate source (0.05±0.01 molC m-2 month-1) to the 

atmosphere. The mean sinking flux of CT to the deeper layer in ACEn and ACEs was ~0.07±0.02 

molC m-2 month-1 whereas it was ~0.02±0.006 C m-2 month-1 in CE and NE regions.  Assuming that 

the estimated flux at the eddies sampled here is applicable to all eddies in the Bay, the vertical DIC 

flux to the deep BoB by all eddies amounted to 3.29±0.9 TgC y-1 (1 TgC= 1012 gC). Nevertheless 

this study suggests that ACEs transports CT to deeper waters, besides being source to the 

atmospheric CO2. 
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Introduction 

The coastal ocean is considered to be a major sink of the atmospheric carbon dioxide (CO2) (IGBP, 

1993). The magnitude of atmospheric CO2 absorption is being altered due to anthropogenic 

interference (Bauer et al., 2013; Regnier et al., 2013). It has been estimated that ~1 PgC y-1 (1 

Pg=1015gC) of atmospheric CO2 is absorbed by the global coastal ocean (Tsunogai et al. (1999). The 

revised estimations suggest that the CO2 absorption by coastal ocean decreased to ~0.2 PgC y-1 

(Chen et al., 2013; Laruelle et al., 2014). These  estimates suffer from significant uncertainties due to 

lack of data from the coastal regions, especially from the southeast and south Asian region (Borges, 

2005). 

The Bay of Bengal (BoB), the northeastern part of the Indian Ocean, is unique by geographical 

settings (closed on three sides and open to the Indian Ocean in the south), huge freshwater discharge 

(Sarma et al., 2012) from Himalayan and peninsular rivers (such as the Ganges, Brahmaputra, 

Irrawady, Godavari, Krishna, Mahanadi; UNESCO, 1979), seasonally reversing coastal currents 

(Murty et al., 1993; Shetye et al., 1996) and occurrence of seasonal coastal upwelling (Gopalakrishna 

and Sastry, 1985). The coastal circulation in the western BoB is dominated by the seasonally 

reversing currents and multiple meso-scale cyclonic (CE) and anticyclonic eddies (ACE). The 

seasonal currents constitute a poleward flowing East India Coastal Current (EICC) – also known as 

the Western Boundary Current (WBC; Shetye et al., 1993; Sanilkumar et al., 1997; Babu et al., 2003; 

Gangopadhyay et al., 2015). The WBC forms in January and well develops during March-April, and 

decays by June (Shetye et al., 1993).  Kumar et al. (1996) measured for the first time total inorganic 

carbon (CT) components in the BoB and found that BoB is a strong sink for the atmospheric CO2 

during pre-southwest (April-May) and winter (January-February) monsoon. Sarma et al. (2012) 

suggested that whether BoB acting as a sink or source during southwest monsoon (June to 

September) depends on the source of freshwater wherein the northern BoB acts as a significant sink 

but southern BoB is a source. Recently Sarma et al. (2015) noticed rapid acidification of the BoB 

during winter and spring due to deposition of atmospheric pollutants and found that the BoB acted as 

a source for the atmospheric CO2 during 2014, while it was a sink during 1994. Occurrence of 

coastal upwelling, close to the coast, resulting in enhanced CO2 fluxes to the atmosphere was 

reported (Sarma et al., 2015) and it has been further noticed that coastal upwelling intensified during 

the period of positive Indian Ocean Dipole.  

Seasonal variations in CT and pCO2 in the northwestern Pacific Ocean are attributed to occurrence of 

eddies (Kimura, 1970; Rogachev et al., 1996; Kusakabe et al., 2002). Increase in CT and pCO2 levels 

associated with upward pumping in the CE was reported in several regions (Kusakabeet al., 2002; 
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Perez et al., 2001; Gonzalez-Davila et al., 2003; 2006). Enhanced anthropogenic carbon uptake 

associated with mesoscale eddies is reported for the global ocean (Gnanadesikan et al., 2015). 

Occurrence of strong mesoscale eddy activity is reported in the western BoB (Durand et al., 2009) 

due to both barotropic and baroclinic instability of the mean current (Cheng et al. 2013).  Babu et al. 

(2003) identified the WBC as a meandering northward flowing current in April 1987 and the 

occurrence of two CEs to the inshore of WBC. Gangopadhyay et al. (2015), using satellite altimetry 

based absolute dynamic height maps during 2000-2010 and model simulations and Ertel’s potential 

vorticity considerations, presented evidence that the WBC is a continuous northward-flowing current 

from about 12°N to 17°N that moves away from the coast at 18°N during spring. These authors also 

noticed inter-annual variability in the flow pattern of the meandering WBC from 8°N to 18°N in 

April from 2000 to 2010, with the dominance of ACE in some years and their absence in the other. 

Sarma et al. (2015) showed that the EICC, south of 17°N, is dominantly equatorward during 

November-December 2013, which is a poleward coastal current associated with an ACE north of 

17°N. Chen et al. (2012) reported that as many as ~10 eddies form in the northern BoB per 1o grid 

and that their frequency decreased towards south (south of 5o N) due to weakening of Coriolis force 

that is required to maintain their dynamic balance. Dandapath and Chakraborty (2016) found that 

ACE are generally larger in size than CE and that the number of ACE is higher than that of CE in the 

BoB. Significant work was carried out on the role of CEs on primary production and nutrient inputs 

in the BoB (Prasanna Kumar et al., 2004; Narvekar and Prasanna Kumar, 2007) and increase in 

sinking carbon fluxes to the deep BoB (Vidya and Prasanna Kumar, 2013). However, the role of CE 

and ACE on variations in CT components and fluxes of CO2 in the BoB is unknown. The objective of 

this study is to examine the impact of eddies on CT components and evaluate CO2 fluxes in the 

western BoB. 

2. Material and methods 

2.1. Sampling 

A cruise was undertaken in the BoB along the east coast of India, covering one CE, two ACEs and 

NE regions. Sampling was conducted at 22 stations from 23 March to 6 April 2018 (Fig. 1). Water 

column pressure, temperature and salinity (SBE 911 plus, USA), chlorophyll-a fluorescence (Wet 

Labs, USA) and dissolved oxygen (SBE 43, USA) were measured using sensors attached to Rosette 

(SBE 32, Sea-Bird, USA). The accuracies of these sensors are ±1.0 db, ±0.0010C, ±0.002, ±0.01 mg 

m-3 and ±2 µM respectively, based on measurements in the laboratory. The sampling was carried out 

in the upper 500 m of water column at standard depths using 10L Niskin bottles attached to the CTD 

rosette.  
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Bubble-free water samples were first collected for dissolved oxygen (DO), CT, and pH. The DO was 

measured using Winkler titration method with endpoint detection (Carpenter, 1966) using a 

potentiometer (Titrando Metrohm, Zofingen, Switzerland). A 2-L water sample was filtered through 

a GF/F filter (0.7 m pore size; Whatman) and chlorophyll a (Chl-a) retained on the filter was first 

extracted with N,N-dimethylformamide (DMF), kept at 4o C in the dark for 12 h and then 

spectrofluorometrically analyzed (Varian Eclipse fluorophotometer) following Suzuki and Ishimaru 

(1990). The analytical precision of Chl-a was ±0.04 mg m-3. The concentrations of nutrients were 

measured following standard spectrophotometric procedures using an autoanalyzer (Technicon; 

Taacs, Australia) (Grasshoff et al. 1983). The detection limits for nitrate, phosphate, and silicate 

were ±0.05, ±0.02, and ±0.03 M, respectively. The pH was measured using glass electrodes 

(Metrohm, Zofingen, Switzerland) following standard operating procedures suggested by the 

Department of Energy (DOE, 1998). CT was measured using a coulometer (model CM 5014; UIC 

Inc., Joliet, Il, USA) attached to an automated sample-extraction system (Sarma, 1998; 2012; 2015). 

The precisions for pH, and CT were ±0.002, and ±1.8 M, respectively. The accuracy of the pH and 

CT was estimated using Certified Reference Material supply by Dr. A.G. Dickson of Scripps Institute 

of Oceanography, USA as 0.015 and 4 M respectively. The pCO2 was computed using the 

measured salinity, temperature, nutrients (phosphate and silicate), pH and CT using the CO2 SYS 

programme (Lewis and Wallace, 1998) and applying the CO2 dissociation constants given by Millero 

et al. (2006) for the 0-40 salinity range. The uncertainty of the estimated pCO2 is ~7 atm. The air-

water flux of CO2 was estimated using formulations given by Wanninkhof (2014) based on surface 

pCO2 levels and daily mean wind speeds measured on board research vessel using an automated 

weather station at 10 m above sea level and atmospheric pCO2 values obtained from CDIAC 

(http://cdiac.esd.ornl.gov/ pns/current_ ghg.html). The depth of mixed layer was estimated as the 

depth at which the density of water increased by 0.125 from at the surface. 

2.2. Satellite Data 

Surface features of the study region were mapped using the satellite information, including weekly 

mean (24 to 30th March 2018) sea surface temperature (SST; 0.04x0.04o degree; MODIS AQUA L3), 

sea surface salinity (SSS; 0.5 x 0.5o degree; AQUARIUS), sea surface height anomaly (SSHA; 0.25 

x 0.25o degree), and geostrophic currents (0.25 x 0.25o degree; Merged product)  obtained from 

Copernicus Marine Environmental Monitoring Service (www.marine.copernicus.eu). Due to large 

data gaps, the monthly mean (1-31st March 2018) surface Chl-a data was presented from MODIS-

Aqua (0.04 x 0.04o degree; Figure 1). Monthly mean Advanced Scatterometer winds (ASCAT) data 

(las.incois.gov.in) were used to compute CO2 fluxes. 

http://cdiac.esd.ornl.gov/pns/current_%20ghg.html
http://www.marine.copernicus.eu/
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3. Results 

3.1. Surface remote sensing features 

Figure 1 shows weakly mean of surface properties of sea surface height anomaly (SSHA), sea 

surface temperature (SST), sea surface salinity (SSS) and sea surface Chl-a during the study period. 

An eddy is identified based on the circulation of water and SSHA. The ACE is identified where 

anticyclonic circulation occurs associated with positive and higher than 0.2m of SSHA and vice 

versa for CE. The BoB is occupied by several ACEs of width ranging from 400 - 600 km and 50 - 

150 km for CE during the study period (Fig. 1a). Satellite SST and SSS suggest occurrence of 

significantly low temperature and high salinity associated with CE (Fig. 1b,c). The surface salinity in 

the northern BoB (north of 15°N), was lower than that in the southern part of the bay (Fig. 1c). The 

low-salinity water in the north was colder compared to that in the south and east (Fig. 1b). Up to 

30% of the BoB was occupied with variable sizes and intensities of ACEs. The strength of CEs was 

relatively weaker than ACEs, except in the northern BoB (Fig. 1a). Our cruise transect passed 

through two ACEs and one CE in the western BoB. The CE occurred near 200-550 km along the 

track distance, and ACEs at 600-1100 km and 1550- 2500 km and these, hereafter, are termed as 

northern (ACEn) and southern ACE (ACEs) respectively (Fig. 2). Higher SSHA by up to 0.3 m was 

observed within the core of the ACEs (Fig. 1a). The CE was also marked by a patch of elevated Chl-

a at the surface (Fig. 1d). Relatively higher Chl-a was also observed in the non-eddy (NE) region 

between ACEn and ACEs (Fig. 1d)  

3.2. Influence of eddies on hydrographic properties of water column 

Water column between 40 and 100 m was warmer (by 2-8o C) and less salty (0.5-1.2) in the ACEn 

and ACEs than in CE and NE whereas low saline water was observed in the upper 40 m of water 

column in the CE and ACEn regions (Fig 2a and b). The depth of seasonal thermocline, defined as 

depth of 20o C isotherm (D20), represents the mixing of upper water column, was located at ~80 m 

in the CE and the same was deepened to ~180 m in the ACEn and ~150 m at ACEs (~150 m) (Fig. 

2a). Deepening of 34.5 isohaline was observed to 170 m in the ACEn from that of 50 m in the NE 

region, but it was at ~125 m in the ACEs (Fig. 2b). The depth of mixed layer varied between 6 and 

34 m and it was shallow in the CE (10±2 m) and NE (14±1 m) than in ACEn (23±2 m) and ACEs 

(28±3) (Fig. 3).  

Relatively higher Chl-a was observed in the upper 25 m of the water column in the CE region (0.12 

mg m-3) than in ACEn (0.05 mg m-3), ACEs (0.04 mg m-3) and NE regions (0.08 mg m-3) (Fig. 2c). A 

prominent subsurface Chl-a maximum (SCM) was observed in the entire study region at shallower 
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depth in the CE (~44m) than in the ACEn (64 m), ACEs (82 m) and NE  (58 m; Fig. 2c). Higher Chl-

a in the SCM was observed in the CE than in ACEs and NE regions. The depth integrated (up to 100 

m) Chl-a varied between 19.8 and 36.8 mg m-2 and it was higher in the CE (32.6 mg m-2) compared 

to that in NE (27.5 mg m-2), ACEn (23.6 mg m-2) and ACEs (22.5 mg m-2) regions (Fig. 3). The mean 

vertical profiles of temperature, salinity, Chl-a, salinity normalized CT, pH and pCO2 in the CE, NE, 

ACEn and ACEs were presented in Figure 4 a-f. Figure 4 suggests that upper 300 m of water column 

was cooler and saltier in the CE compared to that in ACE and NE regions (Fig. 4a,b). Higher Chl-a 

in the upper 50 m of water column and shallower SCM were observed in the CE than in ACE region 

(Fig. 4c). 

3.3. Spatial variations in CT and pCO2 in the coastal BoB 

The CT showed strong spatial variability associated with eddies (Fig. 5a). The concentration of CT in 

the upper 25m of water column in the north was lower by ~120 M than in south associated with low 

salinity in the north (Fig. 5a). The depth of 2100 M of CT contour (50-160 m) occurred  within the 

seasonal thermocline, hence its variation represents mixing caused by eddies. Upslopping of CT 

isoline of 2100 M observed at ~50 m in the CE region was found at 100 m in the ACEn and ACEs 

regions (Fig. 5a). pH of the upper 25 m of water column was higher in the north associated with low 

salinity compared to that south (Fig. 5b). Upslopping of 7.8 pH isoline to 50 m was observed in the 

CE but the same was located at ~125 m in the rest of the study area (Fig. 5b).  pCO2 in the upper 25 

m of water column in the northern BoB was lower than atmospheric value (405 atm) and it 

increased to ~480 atm in the south (Fig. 5c). Upslopping of 800 atm of pCO2 isolines from 175 m 

to 50 m was observed in the CE region (Fig. 5c). 

Higher CT, and pCO2 and lower pH values were observed in the CE and NE regions in the upper 200 

m of water column compared to that in ACEn and ACEs (Fig. 5a-c). Lower CT, and higher pH waters 

penetrated to 150-175 m under both ACEs and the depth of penetration seems to be deeper in the 

ACEn than in ACEs. The doming of the isolines was observed up to 40 m depth (Fig. 5a). pCO2 in 

the upper 40 m in the CE region was undersaturated with respect to the atmospheric pCO2  (405±3 

atm; our unpublished data) whereas supersaturation was observed in ACEn, ACEs and NE regions 

(Fig. 5c). The CT showed a significant inverse relation with temperature (r2=0.52; p<0.001), salinity 

(r2=0.65; p<0.001), Chl-a (r2=0.32; p<0.01) and DO saturation (r2=0.38; p<0.01; Fig. 6a-d) in the 

mixed layer. Similarly mixed layer pCO2 displayed linear relation with salinity (r2=0.29; p<0.01) and 

inverse relation with Chl-a (r2=0.33; p<0.01) (Figure is not shown).  
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The monthly mean wind speeds varied between 2.85 and 8.18 m s-1 in the study region (Fig. 7a). The 

surface pCO2 ranged from 294 to 555 atm and relatively lower than atmospheric value (405±3 

atm) was observed in the CE and partly ACEs region and above atmospheric values were noticed in 

other regions (Fig. 7b). The sea-to-air fluxes of CO2 were estimated using computed pCO2 and 

monthly mean winds. The sea-to-air fluxes of CO2 (Fig. 7c) ranged between -0.21 and 0.31 molC m-2 

month-1 and the mean CO2 flux from the entire study region amounted to 0.05 molC m-2 month-1 to 

the atmosphere.  

4. Discussion 

The satellite altimetry data suggests that the entire BoB is covered by several ACEs of variable sizes 

(400 to 600 km) and few CEs (50 to 150 km) during the study period (Fig. 1a). Dandapath and 

Chakraborty (2016) reported that number of CEs is less than ACEs during all seasons except in 

summer when the former dominates the latter. The ACE, in general, move westward, but the CEs 

move southwestward in the BoB (Chen et al., 2012). The ACEs are larger but the CEs have longer 

lifetime and are more energetic (Dandapath and Chakraborty, 2016). In order to examine the place of 

origin and track of advection of the present eddies, daily altimetry data have been analysed by Sarma 

et al. (2018). It was found that the presently sampled CE formed in the same region about 2 months 

before this study whereas the ACEn seems to have formed in the northern BoB about 9 months prior 

to our sampling. On the other hand, the ACEs formed near to the Andaman Sea about 4 month prior 

to our sampling and advected towards west (Sarma et al., 2018). Since the origin of the sampled 

eddies are different, the water column characteristics are expected to vary (Sarma et al., 2018). The 

temperature and salinity in the upper 50 m of water column increased from north to south of the 

transect (Fig 2a,b). Variations in the depth of D20 suggests the occurrence of divergence in CE and 

convergence in ACEs in the study region. Several investigators studied eddies in the BoB and 

suggested that these eddies are part of the large scale poleward flow of Western boundary currents 

(Shetye et al., 1993). Based on the wind stress curl, it was observed that divergence occurs in the CE 

and convergence in the ACE regions (Shetye et al., 1993; Babu et al., 2003; Gangopadhyay et al., 

2013). Low saline water was observed in the upper 50 m of water column in the CE and ACEn 

regions due to advection of freshwater from Ganges (Varkey et al., 1996). The depth of mixed layer 

was shallow (10±2 m) in the CE and NE (14±1 m) regions than in ACEs (23-28 m) (Fig. 3). The size 

of the ACEn is larger (~500 km) than ACEs (~350 km).  Though SSHA shows occurrence of CE and 

ACE in the study region, it did not reflect in neither SST nor SSS (Fig. 1b,c). Gopalan et al. (2000) 

found that eddies do not extend to the surface due to strong salinity stratification which is  why 

SSHA is suggested as a better proxy to identify eddies in the BoB than SST or SSS. Relatively 
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enhanced surface Chl-a was observed in the CE and NE regions suggesting supply of nutrients from 

subsurface layers through divergence that increased phytoplankton biomass (Fig. 2d). The enhanced 

Chl-a may not have advected from the western coastal BoB as the eddies were advecting from 

eastern BoB (Sarma et al., 2018). Both in situ observations and satellite imageries, indicate increase 

in Chl-a only in CE and NE regions, but not in ACE regions, is due to in situ production (Fig 1d, and 

2c). Nevertheless, the hydrographic features suggest that possible occurrence of divergence in the CE 

whereas possible convergence in the ACE regions (Fig. 2a,b).  

Relatively higher Chl-a, was observed in the upper 25 m of water column in the CE region than 

ACEn, ACEs and NE regions suggesting that increased primary productivity associated with input of 

nutrients to the upper ocean in the CE region (Fig. 2c) (Prasanna Kumar et al., 2004). Prominent 

subsurface Chl-a maxima (SCM) were observed in the entire study region but were found higher and 

at shallower depth in the CE than ACEn, ACEs and NE regions due to upwelling of subsurface waters 

in the CE region (Figs. 2c, and 3c). The enhanced depth integrated (up to 100 m) Chl-a in the CE 

compared to NE, ACEn and ACEs (Fig. 4b) indicate that CE is more productive than ACE due to 

injection of nutrients. Enhanced primary productivity by 2 to 3 times was reported in the CE than NE 

region in the BoB (Prasanna Kumar et al., 2004; Singh et al., 2015) further confirming that CEs are 

more productive.  

4.2. Variations in CT in the CE and ACE 

Concentrations of CT showed significant spatial variability in response to physical processes such as 

salinity, convergence/divergence in the CE and ACE (Fig. 5a). Relatively low CT was observed in 

the upper 50 m of water column in the CE and ACEn associated with low salinity in the northern Bay 

(Fig. 2 and 5). Perennial rivers, Ganges and Brahmaputra, discharges resulted in advection of low 

saline water from the coast to the study region. River water contains ~2-3 times lower concentrations 

of inorganic carbon than in seawater resulting in low CT in the northern Bay (Sarma et al., 2012a,b). 

Kumar et al. (1996) observed lower CT concentrations in the upper 50 m of water column associated 

with low salinity during winter and pre-southwest monsoon period in the BoB and lower CT was also 

observed during southwest monsoon period (Sarma et al., 2012b). The linear relationship between 

salinity and CT (Fig. 6b) suggests freshwater discharge controlled CT variability in the upper ocean in 

the BoB. A rapid increase in CT was observed below 50 m in the entire study region associated with 

increase in salinity (Fig. 2b and 5a). The variations in the 2100 M isoline of CT (Fig. 5a) followed 

the D20 isotherm (Fig. 2a). The deepening of low CT isolines suggests that convergence of low CT 

waters in the ACE regions whereas enhanced CT concentrations were observed in the CE region due 

to divergence of waters (Fig. 5a).  
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The pH distribution pattern was opposite to those of CT with relatively higher pH in the northern Bay 

that decreased towards south (Fig 5b). The pH in the Ganges estuary is higher (8.130±0.24) 

compared to the peninsular river estuaries (7.020 to 7.470; Mukhopadhyay et al., 2002; Sarma et al., 

2012a). Since the northern Bay is influenced by discharge from the Ganges river, higher pH is 

expected. pH showed a significant inverse relation with salinity (r2=0.48; p<0.001) suggesting that 

higher pH was caused by Ganges discharge. The depth of 7.9 pH isoline followed the thermocline 

suggesting the influence of mixing on the distribution of pH (Fig. 5b). The pCO2 varied between 294 

and 555 atm in the surface waters with lower levels in the northern Bay associated with low salinity 

(Fig. 5c). Relatively lower pCO2 was observed in the upper 75 m depth in both ACEn and ACEs and 

enhanced pCO2 levels were observed (up to 558 atm) below 25 m in the CE and NE regions (Fig. 

5c). The pCO2 levels also displayed a linear relationship with salinity suggesting that pCO2 is 

undersaturated with reference to atmospheric CO2 (405 atm) in the northern Bay due to advection 

of low saline water from the Ganges while supersaturated in the ACES and NE regions. The pCO2 

levels in the Ganges river were about 502±100 atm, which is an order of magnitude less than that of 

peninsular river estuaries (4981-17205 atm; Sarma et al., 2012a). Perennial occurrence of low pCO2 

levels, below atmospheric value, was reported in the northern Bay (Kumar et al., 1996; Sarma et al., 

2012b) due to freshwater input from the Ganges river.  

In order to differentiate the dominance of physical versus biological processes, CT was normalized to 

constant salinity following Friis et al. (2003) and found inverse correlation with Chl-a (r2=0.35; 

p<0.01; Fig. 6c) and dissolved oxygen saturation (r2=0.30; p< 0.01; Fig. 6d), which neglect the 

extent of biological productivity. These relationships suggest that both biological and physical 

processes are important in controlling CT concentrations in the BoB. Significant correlation of CT 

with Chl-a cannot be expected as CT is also modified by  heterotrophic activity and also Chl-a is a 

not a measure of primary production as several other factors such as light, mixing, and grazing also 

determines primary production. On the other hand a strong negative relationship of salinity 

normalised CT with DO saturation (Fig. 6d) also suggests that dominant heterotrophy controls 

variations in CT in the study region. The pCO2 also displayed negative weak relation with Chl-a 

(r2=0.33; p<0.01) suggesting significant carbon removal through biological processes.  

4.3. Controls of pCO2 in the coastal BoB 

In order to quantify the role of physical and biological processes on variations in pCO2 in the BoB, 

the contribution of different effects on pCO2 was estimated following the model of Louanchi et al. 

(1996). The changes in pCO2 caused by biological processes such as primary production and 



10 
 

respiration and changes due to dissolution and precipitation of calcium carbonate (biological effect), 

mixing with high pCO2 subsurface waters (mixing effect), changes in pCO2 due to variations in 

solubility caused by temperature and salinity changes (thermal effect) and variations in pCO2 due to 

changes in CO2 fluxes at sea-to–air interface (flux effect) were evaluated using following equations 

(Louanchi et al., 1996) and presented in Fig. 8.  

CT/t = (CT/t)B + (CT/t)M + (CT/t)T+ CT/t)F 

TA/t = (TA/t)B + (TA/t)M 

where subscripts B, M, T and F represents biological, mixing, thermal and flux respectively. 

(CT/t)B represents biological effect and it is computed as  

(CT/t)B = (IN/t)B * RCN – Sb 

(TA/t)B = -2 * Sb 

(IN/t)B = -(u – r * q) * Chl * N:Chl 

where growth rate (u) was computed based on Michaelis Menten formulation (Louanchi et al., 1996). 

Removing factor (r) was considered as 0.5. The term Sb represents the variations in time of the 

global calcite concentration which is expressed as 20% of the total exported production (Broecker 

and Peng, 1982).  

The mixing effect is computed as 

CT/t)M = (CTb – CTs) * Z/Zm 

where CTb and CTs represents concentration of CT in the below mixed layer and surface, Z and Zm 

denotes magnitudes of change in depth of mixed layer and depth of mixed layer respectively.   

The thermodynamic effect is computed following Goyet et al. (1993) using change in temperature 

and salinity within and outside the eddy. And effect of flux was computed using following equation: 

(CT/t)F = F/Zm 

where F is flux at air-sea CO2 flux and Zm is depth of mixed layer. 

The biological effect is computed based on variations in Chl-a, dissolved inorganic nitrate within 

each eddy from that of outside. In this model, it is assumed that about 90% of the primary production 

is respired within the mixed layer and the remaining is exported to sink to the deeper depths. This 

assumption is reasonable based the recent sediment trap studies by Anand et al. (2017) who found 
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that about 85-95% of primary production is utilized within the upper ocean and ~10% of production 

reached the twilight zone.  

This analysis suggested that biological effect and mixing effect were the dominant controlling factors 

followed by thermal and flux effects. Biological effect (mixing effect) decreased (increased) pCO2 

by 5 to 49 (5-18) μatm in the CE region whereas biological effect was significantly low in the ACE 

region by almost half (Fig. 7). The effect of mixing and thermal effect are significant in the ACE 

region where minimal biological effect was observed (<5 atm) and it is consistent with the Chl-a 

distribution (Fig. 2c). On the other hand, the contribution of flux effect to variations in pCO2 was 

relatively low due to weak winds, but it changed pCO2 by 0.4 to 2.6 μatm in the study region. The 

effect of mixing dominated over biological effect in the CE region and these two effects were at near 

balance in the ACEs (Fig. 7).  

4.4. Fluxes of CO2 to the atmosphere 

The wind speeds varied between 2.85 and 8.18 m s-1 and stronger winds were observed near the ACE 

regions than in the CE region (Fig. 7a). The flux of the CO2 depends on the pCO2 difference between 

surface waters and atmosphere and wind speed. The pCO2 in the surface waters ranged between 294 

and 555 atm and lower than atmospheric values were observed in the CE and partly ACEs region 

whereas above atmospheric values were observed in ACEn and NE regions (Fig. 7b). The sea-to-air 

fluxes of CO2 (Fig. 7c) varied between -0.21 and 0.31 molC m-2 month-1. The CE was acting as a sink 

for the atmospheric CO2 (-0.03 molC m-2month-1) whereas ACEn (0.15 molC m-2 month-1), ACEs 

(0.03 molC m-2 month-1) and NE (0.07 molC m-2month-1) regions were a source to the atmospheric 

CO2 (Fig. 7c) The mean CO2 flux from the entire study region suggests mild source (0.05 molC m-

2month-1) to the atmosphere.  

4.5. Vertical flux of CT  

The surface watermass sinks in the ACE region due to anticyclonic circulation. This results in 

injection of surface CT to the subsurface waters. In order to quantify this, vertical flux of CT was 

computed. It has been proposed that vertical turbulent diffusion (Kz) depends inversely on the 

vertical stability (N2=g(∂ρ/∂z)/ρ) at away from the sources and sinks of turbulence, and for negligible 

shear (Welander, 1968; Sarmiento et al., 1976). Since silica dissolution occurs at greater depth 

(Broecker and Peng, 1982), due to high pressure, no marked decrease in the amount of opal was 

found as a function of depth in the sediment traps in the North Pacific (Broecker and Peng, 1982; 

Wong et al., 1999; Honda et al., 2002). Hence the analytical expression for the dependence between 
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Kz and the vertical stability can be obtained. In the 100-500 m the relation between ∂SiO4/∂z and N-2 

is linear, thus  

Kz=a.N-2 

Based on the relation between N2 and ∂SiO4/∂z, the constant ‘a’ was computed to be 3.4±0.4 x 109 

m2 s-3. The mean N2 in the 100-500 m depth is 9.1±1.0x10-5 s-2 and thus the average Kz was 3.7±1.2 

x 10-5 m2 s-1. The computed Kz is about two times higher than the coefficient of the vertical diffusion 

estimated by Matear and Wong (1997) (Kz~1.5 x 10-5 m2 s-1) in the North Pacific.  

The diapycnal flux of the dissolved element (say CT) can be computed as  

F= a.(∂C/∂z).N-2 

Based on this, the flux of CT was computed in the ACEn, ACEs and CE regions. The mean vertical 

flux of CT in the ACEn and ACEs was 0.07±0.02 molC m-2 month-1 whereas it was ~0.02±0.006 

molC m-2 month-1 in the CE and NE regions. This study suggests that significant amount of CT is 

exported to the subsurface zone by ACEs. The computed vertical flux of CT at the upper boundary of 

the intermediate layer of ACE was almost ~85% of the sea-air flux of CO2 to the atmosphere 

(0.08±0.03 mol C m-2 month-1 in the both the ACEs). However, it acted as a sink region due to 

freshwater lens resulted from river discharge. The behaviour of CEs in the southern BoB may be 

different due to less impact of freshwater. This study suggests that western BoB is a source for the 

atmospheric CO2, however, the ACE are pumping significant amount of CO2 to the subsurface 

waters. Chen et al. (2012) identified 4,701 and 4,713 ACEs and CEs in 532 and 525 tracks, 

respectively, between 1992 and 2009. Dandapath and Chakraborty (2016) reported that number of 

CEs is less than the ACEs during all seasons except summer in the BoB. To account the strength of 

BoB as a source or sink, the influence of meso-scale features must be considered. In order to 

estimate the contribution of CT flux to the subsurface waters, the same is estimated considering all 

eddies, formed in one year in the BoB, assuming that the CT flux rates estimated in the sampled 

eddies are same for other eddies as well. The number of eddies formed in the BoB is estimated using 

monthly mean SSHA and area of eddy was computed based on the area covered by 0.2 m of SSHA 

contour for ACE and -0.2 m for CE (Supplimentary Figure S1). The total areas covered by ACE and 

CE in a year were estimated to be 3.9 and 0.2 x 1012 m2, respectively. Using the mean CT flux of 

0.07±0.02 and 0.02±0.006 molC m-2 month-1 at ACE and CE regions, the annual flux of CT to deep 

water estimated to be 0.27 x 1012 and 0.004 x 1012 mole C y-1, respectively in the ACE and CE 

regions. The total CT flux to deep BoB by ACE and CE amounted to 3.29±0.9 TgC y-1 (1 Tg=1012 

gC). However, these estimates must be considered as conservative as CT flux depends on the eddy 
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origin and concentrations of CT concentrations in the eddy and Kz. Therefore a combination of  

continuous monitoring for the carbonate parameters in the eddies and numerical modelling will help 

to quantify CT flux to the subsurface layers by the eddies and CO2 fluxes at the sea-to-air interface. 

5. Summary and Conclusion 

Variations in hydrography and total inorganic carbon (CT) components were measured in the western 

Bay of Bengal (BoB) covering two anticyclonic (ACEn and ACEs), cyclonic (CE) and no eddy (NE) 

regions to examine the influence of eddies on CT components. The depth of 20o C isotherm (D20) 

was located at ~80 m in the CE and the same deepened to ~180 m in the ACEn and ACEs. The ACEn 

and CE were formed in the northern Bay about 9 months prior to our sampling whereas the ACEs 

was formed 4 months prior to our sampling in the eastern BoB and advected to the study region. 

Both surface and depth integrated Chl-a to 100 m was higher in the CE region than in ACEs and NE 

regions. Upslopping of high CT, and pCO2  isolines from the depth of 175 m was observed in the 

northern Bay associated with CE resulting in the increase in CT and pCO2, respectively, in the CE 

compared to NE region. Relatively lower CT, and higher pH waters penetrated to 150-175 m under 

the ACEn and ACEs influence. Moderate inverse correlation with Chl-a and dissolved oxygen 

saturation with salinity normalized CT suggests both biological and physical processes are important 

in controlling CT in the BoB. Both biological effect and mixing effect contributed significantly to 

pCO2 levels in the CE region whereas mixing and thermal effect contributed in the ACE region. The 

sea-to-air fluxes of CO2 varied between -0.3 and 0.4 molC m-2 month-1 and CE and ACEs regions 

were acting as a sink for the atmospheric CO2 whereas ACEn and NE regions are source to the 

atmospheric CO2. The mean CO2 flux suggests that the  study region is a moderate  source of CO2 

(0.05±0.01 mol C m-2 month-1) to the atmosphere. The mean vertical flux of CT to the deeper layer in 

the ACEn and ACEs was 0.07±0.02 mol C m-2 month-1 whereas it was ~0.02±0.006 molC m-2 month-1 

in the CE and NE regions. This study suggests that eddies transport CT to deeper waters and efflux 

CO2 to the atmosphere in the BoB. The role of meso-scale eddies must be considered in order to 

evaluate the net flux of CO2 from the BoB. 
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Legend to figures 

 

Figure 1: The map showing weakly mean (24 to 30th March 2018) a) Sea surface height anomaly (m; 

color code) overlaid by geotrophic currents,  b) Sea surface temperature, c) Sea surface 

salinity and d) monthly mean (1-31st March 2018) sea surface chlorophyll-a in the Bay of 

Bengal. The station locations and their numbers are also shown. The sampled eddies were 

also marked for identification. The data were obtained from http:// 

marine.copernicus.eu/services-portfolio/access-to-products/. 

 

Figure 2: Spatial variations in a) Temperature (oC), b) salinity, c) Chlorophyll-a (mg m-3) and d) 

dissolved oxygen (M)  along the transect in the Bay of Bengal. The station numbers are 

given on the upper x-axis and distance (km) from station 1 to 22 are given in the bottom x-

axis. The regions of CE, ACEn, NE and ACEs were identified on the upper axis. 

 

Figure 3: Spatial variations in depth of mixed layer and depth integrated (0 to 100m) Chlorophyll-a 

along the transect. 

 

Figure 4: Mean vertical variations in a) temperature (oC), b) salinity, c) chlorophyll-a (mg m-3), d) 

DIC (M), e) pH and f) pCO2 (atm) in the ACE (Stn. 9-11 and 18-21; red), CE (Stn. 2-4; 

green) and NE (Stn. 14-15; black) regions. 

 

Figure 5:  Spatial variations in a) CT (M), b) pH and c) pCO2 (atm) along the cruise track in the 

Bay of Bengal. The station numbers are given on the upper x-axis and distance (km) from 

station 1 to 22 are given in the bottom x-axis. The regions of CE, ACEn, NE and ACEs 

were identified on the upper axis. 

 

Figure 6: Relationship of CT with a) Temperature, b) Salinity, c) Chlorophyll-a and d) DO saturation 

in the mixed layer. 

 

Figure 7: Spatial variations in a) monthly mean wind speed, b) surface pCO2 and c) CO2 fluxes at the 

sea-to-air interface along the cruise track. 

 

Figure 8: Spatial variations in the controlling factors – biological effect (green), mixing effect (blue), 

thermal effect (red) and flux effect (black) – of pCO2 along the Bay of Bengal. 
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Figure: 3 
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Figure 5: 
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Figure 6: 
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Figure 7: 
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Figure 8: 
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