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Abstract 

The tropical Indian Ocean is a net sink for the carbon dioxide (CO2) in the atmosphere and 

phytoplankton production plays a crucial role in CO2 fixation and determines the direction of CO2 flux 

at the sea-to-air interface. In order to assess the influence of phytoplankton composition and primary 

production on pCO2 levels in the Indian Ocean, sampling was conducted at 25 stations during the 

spring intermonsoon period under the auspices of the Indian GEOTRACES program. The pCO2 was 

significantly correlated with salinity due to the discharge of low pCO2 water by major rivers to the Bay 

of Bengal (BoB). The stronger negative correlation observed between pCO2 and major phytoplankton 

marker pigments, net primary production and oxygen saturation levels suggesting significant influence 

of biological processes on pCO2 levels in the Indian Ocean. This study indicates that pCO2 levels are 

strongly modulated by biological processes than hitherto hypothesized as solubility pump in the Indian 

Ocean.  
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1. Introduction 

The Indian Ocean distinguishes itself from the other two major basins, Atlantic and Pacific, with 

regards to its geographical setting, physical processes and meteorological conditions. The Indian 

Ocean is bounded to the north by Asian land masses, influenced by seasonal monsoonal forcing, weak 

equatorial upwelling, and significant input of freshwater from major rivers (Schott and McCreary, 

2001). The Indian Ocean is one of the important regions in the global ocean in modulating transport 

of heat, salt, carbon, oxygen and nitrogen elements. Despite the Indian Ocean being the smallest 

oceanic basin, it hosts about 15-20% of the global marine primary production (Chavez and Barber, 

1987; Behrenfield and Falkowski, 1997; Regaudie-de-Gioux et al., 2014). The primary production is 

higher in the northwestern Indian Ocean (Arabian Sea; AS) followed by northeastern Indian Ocean 

(Bay of Bengal; BoB) and the southern Indian Ocean (SIO) due to active mixing of nutrients from 

subsurface layers in the former (Behrenfield and Falkowski 1997; Sarma and Dalabehera, 2019; 

Dalabehera and Sarma, 2020). Similarly, high pCO2 levels, above the atmospheric value, were reported 

in the AS whereas the BoB and SIO are net sink (Sarma et al., 1998; 2012; 2013; Sabine et al., 2000). 

Bopp et al. (2013) found lower net primary production (NPP) in the SIO compared to AS and BoB due 

to weak nutrients input from the subsurface in the former region. Racape et al. (2010) studies isotopic 

composition of dissolved inorganic carbon in the surface waters and suggested that significant impact 

of biological processes on their isotopic composition in the SIO. In contrast, Metzl (2009) reported 

that decadal variations in the pCO2 levels in the SIO are contributed by variations in both temperature 

and Southern Annual Mode (SAM). The global models (Sarma et al., 2013) and  pCO2 climatology 

(Takahashi et al., 2009) suggests that the tropical Indian Ocean is a sink for the atmospheric CO2, 

except in the AS, and that the solubility pump rather than the biological pump governs the seasonal 

variations in the pCO2. In contrast, Louanchi et al. (1996) concluded, based on numerical model, that 

both mixing and the biological pump control pCO2 levels in the Indian Ocean.   

Significant amounts of seasonal data on dissolved inorganic carbon were collected in the AS under the 

auspices of the Joint Global Ocean Flux Studies (JGOFS) whereas the BoB was studied under the Bay 

of Bengal Process Studies (BoBPS). The entire Indian Ocean was surveyed during the World Ocean 

Circulation Experiment (WOCE) but with limited measurements of biological properties. WOCE data 

brought significant insights on spatial distribution of dissolved inorganic carbon parameters (Sabine et 

al., 1999; 2002), and air-sea CO2 gas exchange (Sarma et al., 1998; Sabine et al., 2000).   However, 

the role of biological processes on pCO2 were not studied due to lack of data. 

The total phytoplankton biomass (Chorophyll-a (Chl-a)) is reported to display weak inverse relation 

with pCO2 in the Indian Ocean (Sabine et al., 2000; Sarma, 2003). A significant inverse relationship 
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between surface pCO2 and diatoms biomass is reported and such a relationship was absent with 

phytoflagellates in the Southern Ocean (Moreau et al., 2012; 2013; Takao et al., 2020). A stronger 

pCO2 sink is found to be associate with a high diatom biomass and vice versa with phytoflagellate 

biomass in the western shelf of the Antarctic Peninsula (WAP) (Brown et al., 2019). As a result, the 

relationship between Chl-a and pCO2 is weaker as some groups of phytoplankton do not contribute to 

this relationship (Moreau et al., 2012). In contrast, a significant inverse relationship was observed 

between pCO2 and both diatom and phytoflagellate carbon biomass in the Weddell Sea. Understanding 

this relationship is important as efficiency of the biological pump and CO2 sequestration is dependent 

on the composition of phytoplankton. For instance, primary production by diatoms accounts to ~40% 

of annual global ocean primary production (Nelson et al., 1995; Regaudie-de-Gioux et al., 2014), and 

they increase the efficiency of the biological carbon pump through enhancing sinking particulate 

carbon rates  (Treguer and Pondaven, 2000; Lutz et al., 2002; Ramaswamy and Gaye, 2006). In 

contrast, the proliferation of coccolithophores increases CO2 concentration due to release of CO2 

during precipitation of calcium carbonate (CaCO3) (Frankignoulle et al, 1994), however, the rate of 

organic matter sinking to deeper depths is correlated with their abundance (Buitenhuis et al., 2001; 

Armstrong et al., 2002; Lutz et al., 2002). Picoplankton dominates in the oligotrophic regions where 

most of the fixed carbon is respired within the photic zone itself due to small in size and low sinking 

rates (Liu et al., 1998; Sherin et al., 2019) Since the Indian Ocean harbours eutrophic conditions in the 

AS and mesotrophic conditions in the BoB and oligotrophic conditions in the SIO, the contribution of 

phytoplankton groups is expected to be different. Dominant contribution of diatoms are reported in the 

AS (Liu et al., 1998) and picoplankton in the BoB (Sarma et al., 2016; Sherin et al., 2019), however, 

the phytoplankton composition is unknown in case of SIO. The main objective of this study is to 1) 

examine the variability in pCO2 levels in the Indian Ocean and identify major controlling factors, and 

2) evaluate the role of phytoplankton composition on pCO2 levels in the Indian Ocean using the data 

collected under Indian GEOTRACES program. 

2. Material and methods 

2.1. Importance of GEOTEACES program 

The major aim of the GEOTRACES programs is to identify and quantify major biogeochemical 

processes and evaluate the controlling processes through concentration of trace elements and their 

isotopes (GEOTRACES Science Plan, 2006). As a part of this programs, the processes responsible for 

variability in dissolve inorganic carbon system and role of biological processes on them in the Indian 

Ocean is evaluated by collecting sampling in the multidisciplinary cruise.  Earlier global programs, 

such as Joint Global Ocean Flux Study (JGOFS), which is a multidisciplinary program but 
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concentrated only in the AS within the Indian Ocean, and World Ocean Circulation Experiment 

(WOCE), which is covered the entire Indian Ocean but major focus on physical and hydrographic 

properties of the water column. Bay of Bengal Process Study (BoBPS) is a regional program to study 

biogeochemical cycling of carbon and nitrogen in the BoB. GEOTRACES program is a bridge between 

JGOFS, BoBPS and WOCE to conduct multidisciplinary measurements in the entire Indian Ocean. 

2.2. Sampling 

Seawater samples were collected in the tropical Indian Ocean as a part of the Indian GEOTRACES 

program on board the ORV Sagar Kanya (Cruise No. SK 311 and 312). These cruises started from 

Chennai, India, on 1 April 2014 and headed towards the northern BoB (19.98o N) and then transected 

toward Port Louis, Mauritius from where they headed towards AS along 65o E and reached Goa, India 

on 30 May 2014 (Figure 1). The samples were collected in the wide range of settings from the poorly 

productive SIO (5-25° S) to the highly productive AS (north of 5o N along 65° E), the Equatorial Indian 

Ocean (EIO; 5o N to 5o S) and the BoB (north of 5o N along 87o E).  Water column profiles were 

collected at standard depths at 25 stations along the cruise track including 5 stations in the AS, 7 

stations in the BoB, 6 stations in the EIO and 7 stations in the SIO (Fig. 1). 

Vertical profiles of salinity and temperature (SBE, USA) were measured in situ using sensors attached 

to clean ultra-trace metal free CTD-Rosette system (Sea Bird Electronics, USA). The detection limits 

for temperature, salinity, and depth are 0.001oC, 0.001, and 0.1 m respectively. Seawater samples for 

dissolved oxygen (DO),  pH, dissolved inorganic carbon (DIC), total alkalinity (TA), nutrients, 

phytoplankton pigments, and primary productivity were taken directly from 10 L Niskin bottles fitted 

to the Rosette System (Sea Bird Electronic Inc. USA).  

Bubble-free water samples were first collected for DO, DIC, pH and TA in 60 ml glass bottles. Nutrient 

samples were collected in 100 ml plastic bottles. The subsamples for pigments were collected in 10L 

black plastic cans and stored in the dark until filtration. About 10 L of water passed through a 0.7 m 

GF/F filter and the pigments retained on the filter were stored in the liquid nitrogen until analysis in 

the shore-based laboratory.  

2.3. Dissolved oxygen and nutrients analysis 

The DO was measured using the Winkler titration method with automated endpoint detection (Carritt 

and Carpenter, 1966) using a potentiometer (Titrando Metrohm, Zofingen, Switzerland) with the 

accuracy of 2 M. Nutrient concentrations were measured on board following the colorimetric 

technique described in Grasshoff et al. (1992). The detection limits for nitrate+nitrite, soluble reactive 

phosphate (SRP) and silicate were 0.02, 0.02, and 0.02 M respectively.  
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2.4. Pigment analysis 

The material retained on the filter was extracted into 5ml of HPLC grade 90% acetone (Merck 

Chemicals, Germany) at -20o C for 12 hours. Filter was crushed using a homogenizer (Ultra Turrax, 

Germany) to extract pigments from the cells, followed by centrifugation at -10o C (Eppendorf, 

Germany). A 9:1 mixture of 28 mM aqueous tetra-butyl ammonium acetate (AR Grade, Fluka) at pH 

6.5 and methanol (GC Assay 99.7% pure, Merck, Germany) was prepared. About 2 ml of the buffer 

solution was added to 3 mL of the pigment extract and injected to the HPLC (Agilent Technology; 

Series 1200) to quantify phytoplankton pigments (Heukelem and Thomas, 2001). Retention time of 

each pigment was identified using pigment standards (Sigma-Aldrich (USA) and DHI (Denmark)).  A 

C8 HPLC column was used for separation of the pigments and a diode array detector was used for 

identification. The detailed methodology of pigment analysis is given in Bandyopadhyay et al. (2017). 

In the study region, the following pigments were detected: chlorophyll a (Chl-a), divinyl chlorophyll 

a (Divinyl Chl-a), chlorophyll-b (Chl-ab), fucoxanthin, 19′- hexanoyloxyfucoxanthin (19’HF), 19′-

butynoyloxyfucoxanthin (19’BF), peridinin and zeaxanthin. We discuss in this study those pigments 

whose concentrations are significantly contributed to the total phytoplankton biomass.   

2.5. Dissolved Inorganic carbon component analysis 

The pH and total alkalinity (TA) was measured using glass electrodes (Metrohm, Zofingen, 

Switzerland) and HCl back titration method following standard operating procedures suggested by the 

Department of Energy (DOE, 1998). The pH was measured on NBS scale and they were first converted 

to in situ pH and then to the total scale. The glass electrodes were calibrated using NIST certified 

reference standards and the certified reference material (Batch No. 111; supplied by Dr. A.G. Dickson, 

Scripps Institution of Oceanography, USA) and internal standards (1500-2500 mol kg-1 sodium 

carbonate) were used for calibration of TA. The calibration was performed for every 10th sample. The 

seawater was titrated with HCl until the sample to reach a pH of about 3 and TA was computed based 

on volume of the acid added and e.m.f. following modified Gran titration method.  DIC was measured 

using a coulometer (model CM 5014; UIC Inc., Joliet, Il, USA) attached to an automated sample-

extraction system (Sarma, 1998). The precisions for pH, DIC and TA were ±0.002, ±1.8 and ±2.4 M, 

respectively. The certified reference material supplied by Dr. A.G. Dickson of Scripps Institute of 

Oceanography was used to estimate the accuracy of the pH, TA and DIC as 0.015, 4 and 4.8 M 

respectively.  
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2.6. In vitro primary production measurements 

The primary production in surface seawater was measured using the enriched sodium bicarbonate 

(NaH13CO3; 99%; Sigma Aldrich, USA) following procedures given by Hama et al. (1983). Briefly, 1 

L of seawater was taken from the surface (1-2 m) in to transparent Nalgene bottles and 0.2 mL of 2 

mM 13C enriched sodium bicarbonate spike was added and incubated in triplicate in light and dark 

bottles in the deck incubator. Using continuous running surface water, the temperature of the sample 

was maintained at sea surface temperature. Soon after collection, one set of samples was filtered 

through GF/F filter (combusted at 300 oC for 6 h) and stored at -20 oC until the elemental analysis of 

the particulate organic carbon (POC). After 24-hour incubation in light and dark bottles, samples were 

filtered through GF/F filters (combusted at 300 oC for 6 h) and stored at -20 oC. Filters were dried 

overnight at 50 oC, acid-fumigated for 12 h to remove inorganic carbon, and dried again. An aliquot 

of the filter was introduced to an elemental analyzer coupled to an Isotope Ratio Mass Spectrometer 

(IRMS; Delta V Plus, Thermo Electron, Germany) to determine the organic carbon content and its 

isotopic composition.  

Primary production was computed from the POC concentration and 13C/12C following Hama et al. 

(1983). The precision of the primary production measurements was estimated at 5% based on 

measurement errors. 

2.7. Computations and graphical representation 

The mixed layer depth (MLD) was estimated following Shankar et al. (2015) by estimating density at 

in situ temperature, salinity and pressure and subtracting 0.5 oC from temperature profile and 

estimating again density. The depth of MLD is taken where the difference in density of in situ 

temperature and in situ temperature minus 0.5oC become zero. In this method, the changes in both 

temperature and salinity is considered. DO saturation was estimated following Garcia and Gordon 

(1992). pCO2 was computed using the measured salinity, temperature, nutrient (phosphate and 

silicate), pH and DIC using the CO2 SYS program (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 was ~7 atm. Three and two dimensional plots were prepared using Ocean Data View 

and Grapher respectively and statistical analysis was carried out using Statistica software. 

3. Results 

3.1. Hydrographic properties in the Indian Ocean 
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In view of different geographical and meteorological conditions, physical processes and land-ocean-

atmospheric interactions, the study region is divided into four regions: 1) Arabian Sea (AS), 2) Bay of 

Bengal (BoB), 3) Equatorial Indian Ocean (EIO) and 4) Southern Indian Ocean (SIO). The AS is 

highly dynamic with occurrence of upwelling during summer monsoon (June-September) and 

convective mixing in winter monsoon (November-February). The BoB is strongly influenced by major 

river discharges that lead to strong stratification and weak vertical mixing. The strong equatorial 

upwelling does not occur in the Indian Ocean due to weaker winds unlike that in the Atlantic and 

Pacific Oceans. The SIO is relatively oligotrophic due to thermal stratification resulting in  weak 

vertical mixing. 

The upper 50 m of the water column was warmer in the AS and EIO than in the BoB and SIO (Fig. 

2a). Upsloped cool waters (<28o C) of high salinity were observed (Fig. 2a,b) in the EIO region (stn 

8-11 and 17-19) suggest pumping of cold waters from subsurface layers. Salinity was lower in the BoB 

by 1.5 to 3 in the upper 50 m compared to that in other regions in the tropical Indian Ocean (Fig. 2b). 

Relatively low saline waters were found in the eastern parts compared to that in the western Indian 

Ocean. In contrast, the highest salinity in the tropical Indian Ocean occurred in the AS. The mixed 

layer depth varied between 5 and 64 m with shallow in the EIO (14±8 m), deepened in the AS (18±4 

m), BoB (21±4) and SIO (58±6). Dissolved oxygen (DO) concentrations in the upper 50 m of water 

column varied between 175 and 208 M with higher concentrations in the eastern than western Indian 

Ocean (Fig. 2c).  

Concentration of dissolved nitrate in the upper 40 m was lower (<0.1 M) in the SIO compared to AS 

and BoB (~0.2 M) (Fig. 2d). The mean concentrations of nitrate and phosphate in the mixed layer 

were higher in the AS (0.3±0.2 and 0.2±0.03 M, respectively) and BoB (0.3±0.2 and 0.04±0.03 M, 

respectively) than in EIO (0.1±0.05 and 0.1±0.06 M) and SIO (0.1±0.1 and±0.07 M). 

Similarly, phosphate concentrations were low in the upper 40 m that increased with depth with higher 

concentrations in the western than eastern basin (Fig. 2e). The concentrations of silicate ranged 

between 0.5 and 1.6 M in the upper 25 to 50 m with its lower concentration (<1 M) occurring in the 

AS (Fig. 2f). The mean concentration of silicate in the mixed layer was higher in the BoB, EIO and 

SIO (1.2±1 M) than in AS (0.7±0.5 M). 

3.2. Spatial variability in pigments concentrations 

Chl-a in the upper 25 m was mostly <0.05 mg m-3 in the entire study region but higher Chl-a (~0.8 mg 

m-3) was observed at ~50 m in the BoB and the AS (Fig. 3a). Prominent deep Chl-a maxima (DCM; 

0.05 to 0.1 mg m-3) were found at depths below 45 m in the study regions, except to the south of 20o 
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S (stn. 13, 14). Higher concentrations of Chl-a were observed in the DCM in the eastern than in the 

western Indian Ocean (Fig. 3a).  

Concentration of fucoxanthin (marker pigment for diatoms) was higher in subsurface waters (> 40m) 

than at surface except in the SIO (Fig. 3b). Surfacing of fucoxanthin was observed in the EIO in 

association with vertical mixing (Fig. 3b). Enhanced zeaxanthin (marker pigment for cyanobacteria) 

concentration was observed in the EIO and SIO compared to that in other regions but increase in their 

concentration was noticed at a depth below 45m and towards the coast in the AS (Fig. 3c). The Divinyl 

Chl-a (marker pigment for Prochlorococcus sp.) was observed significantly in subsurface waters with 

its particular upsloping in the EIO (Fig. 3d). The concentration of 19’HF (marker pigment for 

prymnesiophytes) was more in the subsurface waters (>40 m) in the entire study region except to the 

south of SIO. Upsloping of high 19’HF water from subsurface to the surface was noticed in the eastern 

EIO (stn. 8-10), which was not significant in the western EIO (stn. 18-20; Fig. 3e). Notable levels of 

peridnin (marker pigment for dinoflagellates) were observed in the BoB in the water column but were 

limited to subsurface in the western Indian Ocean (Fig. 3f).  

The contribution of microplankton was relatively low in the entire Indian Ocean compared to nano- 

and picophytoplankton. Higher fraction of microplankton was noticed in the BoB (up to 30%) whereas 

it was <10% in the other regions (Fig. 4a). The fraction of nanoplankton was low in the upper 50 m 

(<20%) but increased up to 50% in the deep (Fig. 4b). The picoplankton contributed maximum (70%) 

in the entire study region with higher contribution in the SIO and the least in the eastern EIO (Fig. 4c).  

The primary productivity in surface waters varied between 6 and 24.5 mgC m-3 d-1 with lower values 

in the BoB and higher in the AS (Fig. 5). The surface primary production was lower in the eastern than 

in the western Indian Ocean. The distribution of surface primary production agreed with nutrients 

levels in the Indian Ocean (Fig. 2d-f). 

3.3. Spatial variations in dissolved inorganic carbon properties in the Indian Ocean 

The concentration of DIC displayed significant spatial variability in the Indian Ocean with lower 

concentrations in the BoB (1780-1800 M) and higher concentrations in the AS (1950-2000 M) in 

the upper 50 m (Fig. 6a). In general, DIC was lower in the eastern than in the western Indian Ocean. 

The variability in concentration of DIC followed salinity distribution with significant positive linear 

correlation (r2=0.64; p<0.001; Fig. 7a) but inverse relation was found with Chl-a (r2=0.25; p<0.05; Fig. 

7b) in the Indian Ocean. The concentration of TA varied between 2000 and 2260 M in the upper 50 

m with lower concentrations in the BoB and higher in the AS (Fig. 6b). Significant linear relationship 

was found between TA and salinity (r2=0.66; p<0.001; Fig. 7c). pH was higher in the BoB (8.14-8.28) 
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and decreased towards to AS (Fig. 6c). pH displayed inverse relation with salinity in the Indian Ocean 

(r2=0.32; p<0.001; Fig. 7d). The pCO2 levels varied between 198 and 555 atm in the upper 50 m in 

the Indian Ocean with lower levels in the BoB and higher levels in the AS (Fig. 6d). Significant linear 

relationship was noticed between salinity and pCO2 (r
2=0.43; p<0.001; Fig. 7e) whereas it was weak 

with Chl-a (r2=0.23; p<0.05; Fig. 7f) and poor with temperature (Figure is not shown). The 

concentration of peridnin (r2=0.30; p<0.05; Fig. 8a), 19HF (r2=0.30; p<0.01; Fig. 8b), fucoxanthin 

(r2=0.36; p<0.1; Fig. 8c), Divnyl Chl-a (r2=0.35; p<0.001; Fig. 8d), zeaxanthin (r2=0.42; p<0.001; Fig. 

8e), and Chl-b (r2=0.35; p<0.05; Fig. 8f) displayed inverse relation with pCO2. Microplankton 

(r2=0.31; p<0.05), nanoplankton (r2=0.29; p<0.02) and picoplankton (r2=0.36; p<0.001) displayed 

inverse relations with pCO2 (Fig. 9). The surface PP (Fig. 10 a) and DO saturation (Fig. 10 b; r2=0.46; 

p<0.05) showed inverse relationship with surface pCO2 in the Indian Ocean . The slope of the 

relationship between surface PP and pCO2 was double in the AS (-12.2) than remaining part of the 

study region (-6.3) (r2=0.68; p<0.001 and r2=0.88; p<0.001 respectively; Fig. 10b).  

4. Discussion 

4.1. Influence of hydrographic properties on pCO2 levels in the Indian Ocean 

Surface pCO2 was above the atmospheric levels in the AS whereas it was below in the other regions 

of the tropical Indian Ocean. Significant under-saturation of pCO2 was reported earlier in the BoB and 

attributed to the discharge of low DIC and high pH water by rivers (Kumar et al., 1996; Sarma et al., 

2012a). Availability of pCO2 data is very limited in the Indian Ocean as most of the region is covered 

either once or twice only. Based on such data, Takahashi et al. (2002) prepared climatology of pCO2 

through inter/extrapolation and reported that the variability in pCO2 in the tropical Indian Ocean is 

mostly controlled by solubility than the biological pump. In contrast, based on numerical modelling 

Louanchi et al. (1996) concluded that mixing and biological effects than thermal effect account for 

variations in the pCO2 levels in the Indian Ocean. The present results yielded a poor relationship 

between sea surface temperature and pCO2 (r
2=0.002) but a stronger one with salinity in the mixed 

layer (r2=0.43; p<0.001; Fig. 7e) suggesting that weak impact of mixing on pCO2 in the tropical Indian 

Ocean during the study period. Similarly, both DIC (r2=0.65; p<0.001) and TA (r2=0.66; p<0.001) 

displayed linear relationship with salinity in the Indian Ocean (Fig. 7a,c) with lower concentrations in 

the BoB and higher in the AS. The lower levels of DIC and TA in the BoB are caused by freshwater 

discharge from the major rivers such as Ganges and Brahmaputra. Sarma et al. (2012b) found that 

lower DIC, TA and higher pH in the Ganges waters compared to that of the surface BoB. The isotopic 

composition of DIC (13CDIC) is lower in the freshwater than seawater (Atekwana et al., 2003; Sackett 

et al., 1997; Surge and Lohmann, 2002). Lower 13CDIC is reported in the Ganges (Hooghly) estuary 
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(-16 to -3.6%o; Ghosh et al., 2013; Samanta, 2017) and its discharge dilutes 13CDIC in the BoB. Sherin 

et al. (2019) observed low 13CDIC (-2%o) in the BoB and it is lower than western Indian Ocean (~0 to 

1.0%o; Sherin, 2019) suggesting that significant fraction of riverine DIC is contributed to the DIC pool 

in the BoB. The influence of discharge into the BoB can be found in the entire eastern Indian Ocean 

(Fig. 2B) as evidenced from low salinity resulting in low concentration of DIC and 13CDIC (Sherin, 

2019) than in the western Indian Ocean.  

Kumar et al. (1996) showed linear relationship between pCO2 and salinity in the BoB during non-

monsoon period and reported the bay to be a sink for the atmospheric CO2. They further hypothesized 

that the rate of sinking of atmospheric CO2 increases during monsoon when river discharge peaks. In 

contrast, Sarma et al. (2012a) found that glacial rivers, such as Ganges and Brahmaputra, discharge 

decreases pCO2 as it bring high pH and low pCO2 waters to the BoB whereas peninsular rivers bring 

acidic and high pCO2 waters. The former river waters are formed through melting of Himalayan ice 

whereas the monsoonal rainfall feeds the latter rivers (Sarma et al., 2012b). Therefore, whether BoB 

acts as a source or sink depends on the magnitude of discharge and source of freshwater (Sarma et al., 

2012a). Bates et al. (2006) reported four-times higher amplitude in seasonal variability in the pCO2 in 

the BoB presumably associated with seasonal variations in river discharge from Himalayas than other 

regions in the tropical Indian Ocean. Trott et al. (2019) noticed decrease in salinity in the BoB at the 

rate of 0.04 y-1 between 2012 and 2017 that may have significant impact on pCO2 levels. Dandapat et 

al. (2020) studied impact of river runoff on the upper ocean characteristics and found that strong 

inhibition of vertical mixing in the BoB due to high river discharge. On the other hand, enhanced DIC, 

TA and pCO2 were observed in the EIO region in association with decrease in temperature suggesting 

the pumping of inorganic carbon rich waters from subsurface to the surface (Fig. 6). Though 

temperature did not show significant relation with pCO2, its influence on water column stratification 

and biological production are inherent and reflect in pCO2 levels.  

4.2. Influence of phytoplankton (pigment) composition on pCO2 levels 

The contribution of fucoxanthin biomass to that of phytoplankton (Chl-a as a major proxy) was low 

(1-8%) due to prevailing oligotrophic conditions in the  mixed layer in the Indian Ocean caused by 

thermal and/or salinity stratification. Cyanobacteria (in terms of zeaxanthin) contributed significantly 

(48-95%) compared to other phytoplankton groups in the Indian Ocean due to low nutrients 

concentrations (Fig. 2d, e). The contribution of zeaxanthin to total biomass was high in the BoB 

(9010%), EIO (8920%) and AS (8034%) whereas it was less in the SIO (6013%). On the other 

hand, divinyl Chl-a (marker pigment for Prochlorococcus sp) was higher in the SIO (7616%) than 
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other regions (40-47%) suggesting that Prochlorococcus sp was the dominant contributor to 

cyanobacteria group in the SIO. Dominance of Synechococcus was reported in the northern Indian 

Ocean (Liu et al., 1998). Significant contribution of dinoflagellates (peridinin) to the total biomass was 

found in the BoB (3014%) in association with low phosphate and nitrate than in other regions (4-

8%). Higher abundance of dinoflagellate cells have been found to occur throughout the year in the 

BoB (Jyotibabu et al., 2006; Paul et al., 2007; Hedge et al., 2008; Shetye et al., 2013). The contribution 

of premnesiophyceae (19’ HF) showed less spatial variability with relatively higher abundance in the 

SIO (3012%), than in other regions (2110%). The size fractionated phytoplankton biomass 

suggested higher contribution of picoplankton (>70%) followed by nano (20-40%) and microplankton 

(<10%) in the tropical Indian Ocean with weak variability among the basins (Fig. 4). Therefore, our 

study suggests that cyanobacteria dominated in the entire tropical Indian Ocean during the study period 

with higher contribution from Prochlorococcus in the SIO and Synechococcus in the northern Indian 

Ocean. 

Chl-a concentration displayed significant correlations with biomass of diatoms (r2=0.59; p<0.001), 

cyanobacteria (r2=0.31; p<0.001), prochlorococcus (r2=0.73; p<0.001) and  premnesiophytes (r2=0.62; 

p<0.001) in the tropical Indian Ocean. The results are in contrast to that in the southwestern Atlantic 

(Schloss et al., 2007), Western Antarctic Peninsula (WAP) (Moreau et al., 2012), Indian sector of 

Southern Ocean (Takao et al., 2020) where Chl-a displayed significant correlation only with diatom 

biomass but not with phytoflagellates. However, significant relations between phytoplankton biomass 

and non-diatoms found here are consistent with similar findings in the Weddell Sea (Moreau et al., 

2013).  

The observed inverse relationship between pCO2 and Chl-a (r2=0.24; p<0.05; 7f) in the mixed layer 

suggests the obvious impact of biological pump on pCO2 levels in the tropical Indian Ocean. 

Occurrence of such relationship is noted for the Arabian Sea (Sarma, 2003), tropical Indian Ocean 

(Sabine et al., 2000; Bates et al., 2006), North Pacific (Sarma et al., 2006) and Southern Ocean (eg: 

Takao et al., 2020). In addition to Chl-a, the mixed layer pCO2 displayed significant inverse 

relationships with marker pigments; peridnin, 19’HF, fucoxanthin, Divinyl Chl-a, zeaxanthin and 

Chlorophyll-b in the Indian Ocean (Fig. 8a-f). Strong inverse relationship between surface pCO2 and 

diatoms biomass in the Southern Ocean and its poor relationship with other phytoflagellates are known 

(Moreau et al., 2012; Takao et al., 2020). Noticeable enhancement in the strength of WAP as a pCO2 

sink occurred with increase in diatom biomass and vice versa with phytoflagellates (Brown et al., 

2019). In contrast, Moreau et al. (2013) noticed inverse relationship of pCO2 with diatoms and 

phytoplagellates in the Weddell Sea suggesting that phytoplankton composition plays a crucial role on 
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pCO2 dynamics. The fraction of micro-, nano- and picoplankton contribution to the total phytoplankton 

biomass displayed inverse relationship with pCO2 levels in the Indian Ocean suggesting that increase 

in all size-classes of phytoplankton biomass resulted in lowered pCO2 levels (Fig. 9). The 

phytoplankton composition in the Indian Ocean is dominated by non-diatom groups that seem to 

contribute significantly to low pCO2 levels in the Indian Ocean.  

4.3. Role of primary production and respiration on pCO2  

Net primary production (NPP) in the surface water varied between 5.2 and 30 mgC m-3 d-1 with higher 

rates in the AS and EIO followed by BoB and SIO (Fig. 5). Low NPP in the BoB is attributed to low 

nutrients inputs due to prevailing strong vertical stratification (Sarma et al., 2020; Dalabehera and 

Sarma, 2020). Sarma and Dalabehera (2019) observed lower primary production in the SIO compared 

to AS during post-monsoon period coinciding with low nutrients in the former than in the latter region. 

NPP displayed inverse relationship with surface pCO2 in the Indian Ocean with higher slope in the AS 

(12.2) than in other regions (6.3; Fig. 10a). Active vertical mixing in the AS leads to supply of nutrients 

(Fig. 2d-f) and pCO2 from the subsurface (Sarma et al., 1998; Morrison et al., 1998). Consequently, 

primary production in the AS was the highest in the Indian Ocean (Morrison et al., 1998; Bhattathiri 

et al., 1996; Barber et al., 2001). Mixing is shown to have dominant control on pCO2 in the AS 

followed by biological production due to intense mixing in the upper ocean during monsoons (winter 

and summer) whereas bacterial respiration dominates during non-monsoon periods (Sarma et al., 

2000). High primary production and pCO2 levels were observed in the AS with the resultant higher 

slope than in other regions in the Indian Ocean (Fig. 6d). Inverse relationship between pCO2 and NPP 

in surface layer is found in the Southern Ocean (Takao et al., 2020) and SW Atlantic Ocean (Schloss 

et al., 2007).  The present relationship between NPP and pCO2 suggests that the enhanced production 

lowers pCO2 in the Indian Ocean indicating stronger biological control on pCO2 levels.   

The pCO2 displayed inverse relationship with dissolved oxygen saturation in the Indian Ocean (Fig. 

10b) that indicates the dominant role of biological respiration in surface pCO2. Occurrence of such 

relationship is reported for the diatom dominated regions in the world ocean that noted to be poor in  

low productive regions dominated by phytoflagellates such as the southwestern Atlantic and western 

Antarctica peninsular (Schloss et al., 2007; Moreau et al., 2012). Diatoms generally dominate the 

phytoplankton community in the nutrient-rich environments (eg: Sarthou et al., 2005). Occurrence of 

herbivorous food web is noticed in diatoms dominant regions (Legendre and Rassoulzadegan, 1995). 

Since most of the organic matter produced is exported to twilight zone in diatoms dominated regions 

such regions become local sinks for the atmospheric CO2 (Bauer and Druffel, 1998). In contrast, non-

diatoms or phytoflagellates dominate in the low nutrients regions where the produced organic matter 
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gets oxidized since its sinking is slow and limited due to low density and small particle size. Low f-

ratios were reported in the cyanobacteria dominated regions than diatoms dominated regions due to 

faster sinking of organic matter in the latter regions (McCarthy et al., 1999; Sarma et al., 2019). The 

inverse relationship observed in the tropical Indian Ocean between O2 saturation and pCO2 (Fig. 10b) 

indicates prominent modification of organic matter in the mixed layer due to dominance of 

picophytoplankton. This resulted in most of the primary production is respired within the mixed layer 

itself. Recently Anand et al. (2017; 2018) noticed lower sinking carbon fluxes (below 100 m) in the 

BoB than in AS dominated by picoplankton and microplankton, respectively, and suggested that higher 

bacterial respiration of NPP at surface in the former than in the latter region. Dominant control of 

heterotrophic respiration on pCO2 is reported in the AS during intermonsoon season (Sarma et al., 

2000) and BoB (Sarma et al., 2019). Relations of pCO2 with NPP and O2 saturation suggest that 

biological pump has significant impact on pCO2 levels in the Indian Ocean than hitherto hypothesized.    

4.4. Controls of pCO2 in the Indian Ocean 

In order to quantify the impact of solubility, physical (mixing) and biological processes on surface 

water pCO2 in the Indian Ocean, the contribution of these processes on pCO2 is computed using 

Louanchi et al. (1996) model. This model computes impact of biological processes, such as primary 

production, respiration, carbonate precipitation and dissolution, using Chl-a, nitrate, growth rate of 

phytoplankton and sinking fluxes. Mixing effect is computed based on the difference concentration 

gradient of inorganic carbon between below mixed layer and surface and variability in mixed layer 

depth. The solubility (temperature) effect is computed from Goyet et al. (1993). The detailed model 

equations are given in Louanchi et al. (1996).  

The model results suggest that dominant influence of biology followed by mixing and solubility effect 

on pCO2 variability in the BoB and AS whereas biology and mixing effects were equally contributed 

followed by solubility in the SIO (Fig. 11). The impact of biology was higher in the AS followed by 

BoB, EIO and SIO and it is consistent with the concentration of Chl-a (Fig. 3a). The contribution of 

biology, solubility and mixing effects on pCO2 are equally important in the SIO. These model results 

further confirm that biological influence on pCO2 is highly significant in the Indian Ocean.    

Summary and Conclusion 

In order to examine the influence of phytoplankton composition and primary production on pCO2 

levels in the Indian Ocean, sampling was conducted at 25 stations during spring intermonsoon period 

under the aegis of the Indian GEOTRACES program. Strong salinity stratification was noticed in the 

Bay of Bengal (BoB) whereas thermal stratification in the other parts of tropical Indian Ocean. This 
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resulted in weak supply of nutrients to the mixed layer from deep. Phytoplankton biomass ranged from 

0.01 to 0.1 mg m-3 in the mixed layer. The concentration of zeaxanthin contributed significantly (60-

90%) to the total phytoplankton biomass (Chl-a) followed by 19’ HF (20-30%). The picoplankton 

contributed up to 70% to the total phytoplankton biomass followed by nano (20-40%) and 

microplankton (<10%). Lower levels of DIC, TA, pCO2 but higher pH are found in the eastern Indian 

Ocean in association with freshwater discharge from Ganges and Brahmaputra rivers than in the 

western Indian Ocean where vertical mixing is dominant. The mixed layer pCO2 displayed significant 

linear relationship with salinity and inverse relationship with marker pigments for diatoms, 

dinoflagellates, premnesiophyceae and cyanobacteria in the Indian Ocean. In addition to this, surface 

pCO2 levels displayed inverse relation with primary productivity and dissolved oxygen saturation 

suggesting that biological pump is significantly controlled pCO2 levels in the Indian Ocean. The model 

results further confirm that that biological effect is equally significant compared to mixing and 

solubility on pCO2 levels in the Indian Ocean than hitherto attributed to solubility pump alone.  

The present study provides simultaneous data sets on pCO2, dissolved oxygen saturation, 

phytoplankton production and phytoplankton composition for the first time in the tropical Indian 

Ocean. In a climate change scenario increases in atmospheric CO2, SST and thermal stratification and 

a decrease in nutrient supply to surface waters is expected (IPCC, 2013). Rapid warming (Roxy et al., 

2015a) and decrease in salinity in the northwestern BoB (Trott et al., 2019) are predicted to lead to 

decreases in phytoplankton biomass, primary production and export flux (Roxy et al., 2015b). Such 

changes may lead to a shift in phytoplankton taxa, from diatoms to relatively smaller phytoplankton 

cells (Legendre and Rivkin, 2002). Even under such conditions, primary production is expected to 

lower the pCO2 levels though most of the primary production may be utilized within the mixed layer 

through microbial loop. The latter would lower the efficiency of biological pump in the tropical Indian 

Ocean. In this study, we did not consider the effect of grazers on pCO2. In order to evaluate the role of 

biology on CO2 dynamics at the rapidly warming Indian Ocean surface it is important to consider the 

composition of plankton assemblages in toto and its impact.  
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Legend to Figures 

Figure 1: Study area depicting station locations in the Indian Ocean. The stations covered under 

Arabian Sea (AS), Bay of Bengal (BoB), Equatorial Indian Ocean (EIO) and South Indian Ocean 

(SIO). 

 

Figure 2: Depth-distance sections of a) temperature (oC), b) salinity, c) dissolved oxygen (M), d) 

nitrate (M), e) phosphate (M) and f) silicate (M) in the upper 50 m along the cruise track. The 

sampling depths are shown as black dots. The station numbers are given in the upper axis. Distance in 

the x-axis was computed from station 1 to 25. 

 

Figure 3: Depth-distance sections of a) Chlorophyll-a (mg m-3), b) fucoxanthin (mg m-3), c) zeaxanthin 

(mg m-3), d) divinyl Chl-a (mg m-3), e) 19 HF (mg m-3), and f) peridinin (mg m-3) in the upper 50 m 

along the cruise track.  

 

Figure 4: Depth-distance sections of a) fraction of microplankton, b) fraction of nanoplankton, and c) 

fraction of picoplankton along the cruise track. 

 

Figure 5: The surface primary productivity (mgC m-3 d-1) along the cruise track. 

 

Figure 6: Depth-distance sections of a) dissolved inorganic carbon (DIC; M), b) total alkalinity (TA; 

M), c) pH, and d) pCO2 (atm) in the upper 50 m along the cruise track. 

 

Figure 7: The relationship of DIC (M) with a) salinity, b) Chl-a (mg m-3), c) relationship between TA 

(M) and salinity, relationship of salinity with d) pH, e) pCO2 (atm)and f) relation between Chl-a 

(mg m-3) and pCO2 (atm).   

 

Figure 8: Relationship of pCO2 (atm) with a) peridnin (mg m-3), b) 19HF (mg m-3), c) fucoxanthin 

(mg m-3), d) Div Chl-a (mg m-3), e) zeaxanthin (mg m-3) and f) Chl-b (mg m-3) in the Indian Ocean. 

 

Figure 9: The relationship of pCO2 with contribution of a) microplankton (%), b) nanoplankton (%) 

and c) picoplankton (%) in the Indian Ocean 

 

Figure 10: a) relationship between surface primary production (mgC m-3 d-1) and pCO2 (atm) in the 

Arabian Sea (red circles), and other region of tropical Indian Ocean (blue circles) and b) relationship 

between DO saturation (%) and pCO2 (atm) in the Indian Ocean. 

 

Figure 11: Contribution of biological (green), solubility (red), mixing (blue) and flux (black) effects 

on surface pCO2 in the Indian Ocean along the cruise tracks.  

 

 

Research highlights 

 

1. Surface pCO2 levels are undersaturated in the Indian Ocean compared to atmosphere, except 

Arabian Sea  

2. Oligotrophic conditions prevailed in the entire tropical Indian Ocean. 

3. Picophytoplankton (cyanobacteria) is dominant phytoplankton in the Indian Ocean 

4. Significant relation between phytoplankton groups and pCO2 indicates strong biological 

control on surface pCO2 
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Figure 1: 
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Figure 3: 
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Figure 4: 
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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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Figure 9: 
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Figure 10: 
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Figure 11: 
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