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Abstract 

The role of oceans in regulating the global climate is significantly affected by the spatial and seasonal 

variations in the CO2 gas exchange process at the marine-atmosphere interface. The concentrations 

of CO2 gas in the atmosphere and ocean surface are the chief factor determining the flux direction 

and are regulated by the physical, chemical, and biological processes in the marine environment. 

These processes and their impacts vary regionally and seasonally, impacting the spatial and seasonal 

trends in the CO2 fluxes. The Indian Ocean, with its contrasting flux trends in the western and eastern 

counterparts, plays a unique role in the CO2 transfer process. While the Arabian Sea acts as a net 

annual CO2 source, the Bay of Bengal serves as a net sink. Being an underexplored oceanic region, 

the exact reasons behind this contrasting behavior are yet to be understood.  

The present study has tried to compare and analyze the spatial and seasonal variations in 

these fluxes in relation to varying trends in the sea surface temperature and primary production 

caused by the differential availability of nutrients in both sub-basins. The northern Indian Ocean 

flux values were observed to reach a maximum range of 5 – 93 mmol m-2 day-1 in the northern 

Arabian Sea and drop to a minimum of -47 – 1.5 mmol m-2 day-1 in the southern waters of BoB 

during monsoon season. The ocean productivity exhibited the maximum values in monsoon, 

reaching up to 2500 mgC m-2 day-1 in the northern Arabian Sea, and minimum values during the pre-

monsoon season, falling to 120 mgC m-2 day-1 in the northern BoB waters. However, the minimum 

range was observed in the southern Arabian sea with values of 150–200 mgC m-2 day-1. BoB 

productivity was observed to exhibit less spatial fluctuation. An attempt has been made to develop 

regional algorithms for estimating the sea water CO2 partial pressures for both sub-basins using the 

in-situ observations. The Arabian sea pCO2 algorithm produced a model accuracy of 10.7 µatm with 

a coefficient of determination of 0.77. The BoB algorithm provided an accuracy of 6 µatm and an 

R2 value of 0.78 with multiple polynomial regression functions. In contrast, the prediction accuracy 

has improved with the random forest method, which provided an RMSE value of 0.05 µatm for the 

Arabian Sea and 0.06 µatm BoB, with an R2 value of 0.98 for both basins.  

Analysis of the nutrient dynamics over these basins showed higher concentrations of nitrate 

(44 µM), phosphate (3 µM), and silicate (65 µM) over BoB, whereas low values of nitrate (17 µM) 

and phosphate (1.7 µM) and silicate (30.5 µM) were observed in the Arabian Sea. The study also 

investigated the impacts of climatological phenomena, such as warm and cold events, on the flux 

distribution.  The warm anomalies were attributed to reduced sea surface pCO2 in the coastal and 

central Arabian sea, while cold events enhanced the coastal upwelling leading to increased surface 

pCO2. A positive wind anomaly has caused a turbulent action leading to an increase in the pCO2 in 

the southern Arabian Sea. Warm anomaly has resulted in an increase in surface pCO2 in coastal, and 

both warm and cool events and positive wind anomaly enhanced the pCO2 over the southern BoB 

waters.    
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1 

 

INTRODUCTION 

 

1.1 Overview 

Ocean-atmospheric circulations primarily govern Earth’s climate. Oceans possess excellent heat 

capacity, almost 1000 times higher than the atmosphere, which gets stored in the ocean's upper 

layers. Ocean currents play vital roles in regional climate by transporting the stored heat and water 

masses, while large-scale thermohaline circulations significantly influence the global climate 

(Solomon et al., 2007). These ocean circulations, both at the surface and deep layers are regulated 

considerably by the variations in the atmospheric circulation; atmospheric effects mainly drive 

surface circulations while deep water movements are defined by sea water density. Triggered by the 

frictional force from surface wind dragging, the surface circulations are especially high-velocity 

horizontal flows. Trade winds and westerlies are responsible for such surface water movements, 

forming large anticyclonic cells, i.e., gyres. Wind action on the ocean surface results in the formation 

of the mixed layer; below this uniform temperature layer lies a narrow zone termed thermocline, 

characterized by rapid temperature change. Circulation patterns below the thermocline are attributed 

to variations in sea water temperature and salinity, hence named thermohaline circulations. Wind 

action also induces vertical movements, i.e., upwelling and downwelling processes; the former 

process is responsible for bringing the nutrients and gases trapped in the subsurface layers to the 

surface, enhancing marine primary production (Brian & Stephen, 1995; Chester, 2000).  

The marine system acts as a sink or source for the various atmospheric gases through the 

gaseous exchange process at the marine-atmosphere interface. This gaseous interchange 

significantly regulates these atmospheric gases' biogeochemical cycles, thus playing crucial roles in 

the global environment. Carbon dioxide (CO2) is such an important gas, being exchanged through 

the air-sea interface, and these CO2 fluxes at the marine surface carry high relevance in the global 

carbon cycle (Chester, 2000). CO2, even though it constitutes only a minor fraction (0.04%) of the 

volume of air, is the highest contributing greenhouse gas to global warming, thus acting as one of 
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the significant factors in the radiative climate forcing. CO2 gas emissions contribute about 77% of 

the anthropogenic greenhouse gas emissions and 63% of the direct radiative forcing (Lutgens and 

Tarbuck, 2004; Velasco & Roth, 2010). About 50% of this added CO2 concentration in the 

atmosphere is absorbed by the oceans, serving as the global CO2 storage. CO2 flux can be divided 

into two constituents; the exchange of natural CO2 and the uptake of anthropogenic CO2 emissions. 

CO2 is released to the atmosphere from natural sources like biological respiration, organic 

decomposition, volcanic activities, and chemical weathering, as well as manmade sources like land-

use change, cement production, and fossil fuel burning associated with manufacturing and industry, 

households and public buildings and transport (Fletcher et al., 2007; Velasco & Roth, 2010). The 

Intergovernmental Panel on Climate Change (IPCC) has reported an increase of the global average 

CO2 concentrations by 40 % from 278 ppm since the industrial era (Ciais et al., 2013), which has 

reached around 417 ppm in 2022 as per the trends (https://gml.noaa.gov/ccgg/trends/) published by 

the National Oceanic and Atmospheric Administration (NOAA) Global Monitoring Laboratory 

based on the observations from the Mauna Loa Observatory, Hawaii. The atmospheric CO2 

concentrations are regulated by the marine carbon cycle through the continuous gaseous exchange 

at the sea surface. 

1.1.1 Marine Carbon Cycle 

Cycling of CO2 gas between the atmosphere and marine systems occurs via various physico-

chemical and biological processes. The CO2 flow across the marine surface is a function of 

windspeed through the surface mixing action and also depends on the CO2 concentration difference 

between the sea water and the air above. Atmospheric CO2 enters the marine system by simple 

diffusion, which then gets converted into organic form by primary producers like algae and 

photosynthetic bacteria. Zooplankton, the secondary producers, consume the photosynthetically 

converted carbon, thus moving it through the food chain until it gets released back to water by 

oxidative reduction, respiration, and remineralization processes (Botkin and Keller, 2000; Chester, 

2000). The marine calcifier organisms convert sea water carbon into calcium carbonate (CaCO3), 

utilizing it as the shells and skeleton building materials. Such converted carbon eventually sinks and 

becomes a part of deep marine sediments, locked for millions of years (Botkin and Keller, 2000; 

Horst & Matthias, 2006). 
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1.1.2 CO2 uptake and storage in the marine system 

The dynamics of CO2 (uptake and release) cause alterations in marine biogeochemistry, thus 

ultimately affecting the climate system (Falkowski et al., 2000; Solomon et al., 2007). The capacity 

of the oceans to capture and store CO2 is controlled by  

i.) The chemical characteristics of CO2 in the sea water, i.e., the solubility pump, and the 

carbonate system reactions associated with it, 

ii.) Transportation of CO2 to deep oceanic layers from the surface, i.e., the biological 

pump, and 

iii.) Circulation rate and patterns of the ocean water, i.e., the physical pump.  

Solubility pump is a function of sea water gas solubility, the transfer process through which 

oceans uptake atmospheric CO2. This involves CO2 transfer into the mixed layer across the marine-

atmospheric interface. The high-latitude cold waters possess increased CO2 solubility, thus 

transporting the gas into deeper layers, whereas a decreasing effect on solubility is observed over 

the low-latitude warm waters. CO2 in the mixed layer moves to the deeper ocean through the physical 

and biological pumps (Figure.1.1). Physical pump involves the downward mixing and downwelling 

processes associated with the formation of deep-water masses and the onset of thermohaline 

circulation; it is coupled with the solubility pump.  

 

Figure 1.1: Physical and biological CO2 pump regulating pCO2 at the marine–atmosphere interface 

The biological pump comprises the biogenic production of carbonate minerals and organic 

matter at the surface, and their transport into the deep ocean. This carbon transport in the euphotic 
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zone involves vertical gravitational settling of biogenic debris, manifesting a dissolved inorganic 

carbon gradient characterized by low surface values, gradually increasing towards the deeper layers. 

This process causes the lowering of surface CO2, thus enhancing ocean CO2 uptake. Pathways of the 

biological pump can be expressed in the following steps. 

i.) The sinking of CO2, which is further utilized in photosynthetic carbon fixation, can be 

expressed as equation 1. 

𝐶6CO2 +  12H2O͢͢͢͢ →  C6H12O6 +  6O2 +  6H2O     (1.1) 

ii.) Transport of particulate inorganic carbon to the deeper ocean from the surface can be 

expressed as equation 2. 

Ca2 +  + 2HCO3− →  CaCO3 +  CO2 +  H2O     (1.2) 

iii.) The sinking of fecal pellets 

iv.) Downward advection and diffusion processes of inorganic and organic carbon 

materials (Botkin and Keller, 2000; Chester, 2000; Zondervan et al., 2001). 

The CO2 uptake is regulated by the ocean circulations and ocean carbonate chemistry (Balino 

et al., 2000; Feely et al., 2001; Bernstein et al., 2007; Davila et al., 2007). An increase in the sea 

water concentration of CO2 acidifies the water, thus altering the chemical equilibrium, resulting in a 

reduced buffering capacity of the marine carbonate system (Prentice et al., 2001; Bindoff et al., 2007; 

Zeebe, 2012). CO2 dissolved in the ocean occurs mainly as three inorganic forms, namely free 

aqueous carbon dioxide (CO2aq), bicarbonate ion (HCO3
-), and carbonate ion (CO3

2-) where, HCO3
-

represents majority of the ocean inorganic carbon. The chemistry of this process, as given by DOE 

(1994)6 and Zeebe (2012), is shown in equations 3 to 6. A minor percentage of the diffused CO2 

exists as carbonic acid, about 0.3% of the aqueous CO2. 

𝐶𝑂2(𝑔) → 𝐶𝑂2(𝑎𝑞)         (1.3) 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 (𝑙) ↔ 𝐻2𝐶𝑂3(𝑎𝑞)       (1.4) 

𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3
−        (1.5) 

𝐻𝐶𝑂3
−  ↔ H+ + 𝐶𝑂3

2−
        (1.6) 
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Figure 1.2: CO2 gas exchange process within the earth systems 

The sea water CO2 partial pressure (pCO2) is proportional to the concentration of the free 

CO2 (aq) and the direction of the CO2 fluxes is defined by the partial pressure differences of CO2 

between the sea surface and the atmosphere. Compared to the atmosphere, more significant pCO2 

fluctuations are visible on the sea surface. Hence the CO2 flux direction is primarily controlled by 

the sea surface temperature (SST) and salinity (SSS) variations along with biological processes like 

respiration and photosynthesis. Besides having a similar effect on the pCO2 distribution, these 

parameters over certain oceanic regions were found to have a compensating effect, establishing a 

balance between the ocean uptake and release of CO2 (Feely et al., 2001). The maximum impact of 

ocean primary productivity on CO2 gas transfer can be visible during bloom conditions where the 

enhanced photosynthetic activity leads to increased CO2 uptake.  The role of oceans in regulating 

the global climate is significantly affected by the spatial and seasonal variations in the CO2 gas 

exchange process at the marine-atmosphere interface (Figure1.2). Analysis of the regional controls 

on the direction of these fluxes is important in understanding the capacity of various oceanic regions 

in balancing the global CO2 concentrations (Feely et al., 2001; Zeebe, 2012). 

1.2 Motivation 

Studies have been carried out globally to understand the factors and mechanisms that govern the air-

sea exchange of CO2. The concentrations of CO2 gas in the atmosphere and ocean surface are the 
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chief factor governing the flux direction (Feely et al., 2001; Zeebe, 2012). These concentrations are 

regulated by the physical, chemical, and biological processes in the marine environment. These 

processes and their impacts vary regionally and seasonally, impacting the spatial and seasonal trends 

in the CO2 fluxes. Even though the global ocean acts as a net CO2 sink, the regional fluctuations in 

the CO2 exchange have potential repercussions on the global trends of CO2 fluxes (Feely et al., 

2001). The ocean-atmosphere interactions and their vital role in regulating global biogeochemical 

cycles significantly contribute to the global climate system. Such natural processes are continuously 

being interrupted by anthropogenic activities such as the emission of greenhouse gases like CO2 and 

other lethal trace gases. Analysis of the transport, transformation, and recycling of the stored carbon 

in the ocean is essential in understanding the carbon cycling in the marine-atmospheric system and, 

thereby, its significance in the global climate (Buesseler et al., 2013). 

The ongoing reduction of ocean pH following the uptake of atmospheric CO2 is referred to 

as ocean acidification. The increase in oceanic CO2 leads to a decrease in the carbonate ion and an 

increase in bicarbonate ion concentrations. Such reduction in the carbonate concentration results in 

the decrease of CaCO3 stability, leading to the deficiency of CaCO3 for marine calcifying organisms 

(Caldera & Wickett, 2003; Zeebe, 2012). Oceans serve as the primary reservoir for anthropogenic 

CO2, holding about 93% of the carbon compared to the other reservoirs. Effective greenhouse gas 

emissions regulations require accurate global carbon cycle modeling to understand the ocean’s role 

as the global CO2 sink (Zeebe, 2012). 

The CO2 flux is primarily defined by the CO2 gas transfer velocity, seawater solubility of the 

CO2, and the difference in the CO2 partial pressures at the sea surface and the air above termed as 

δpCO2. Among these, pCO2 is the thermochemical steering factor for the net air-sea CO2 flux, 

determining the flux direction at the ocean-atmospheric interface. Compared to atmospheric pCO2, 

spatial and seasonal fluctuations are more prominent in the seawater pCO2, making it the principal 

factor in flux determination (Chester, 2000; Takahashi et al., 2002). Accuracy of the CO2 flux 

estimation thus depends on the Spatio-temporal resolution of the measured pCO2. Efforts have been 

made worldwide to obtain pCO2 with better resolution using buoys and shipboard measurements. 

However, the spatial resolution of the present measurement network is far coarser (<250km grid), 

which emphasizes the requirement for improved extrapolation techniques (Ono et al., 2004). 

Subsequently, Landschutzer et al. (2016) generated observational-based global monthly gridded sea 
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surface pCO2 from 1982 to 2015. Figure.1.3 represents the global seasonal pCO2 map (Landschutzer 

et al., 2016). The maximum value observed in the equatorial Pacific Ocean in all the seasons ranges 

between 450 to 475 µatm, whereas the Arctic Ocean exhibits minimum values ranging from 250 to 

275 µatm in summer. In addition, low pCO2 values (275-300 µatm) were observed in the Southern 

Ocean in the spring and winter. 

 

Figure 1.3: Seasonal variability of global pCO2 

Observations on the pCO2 climatology of the global oceans indicate that the tropical oceanic 

region (14˚N-14˚S) acts as a CO2 source, while 20˚-50˚ latitudes in both hemispheres act as a belt of 

CO2 sink. CO2 super saturation in the high latitude of the Southern Ocean and under saturation in 

the high latitude North Atlantic was also observed (Takahashi et al., 2009; Landschutzer, 2016). 

However, there is limited observational evidence on the variability of CO2 exchange over the North 

Indian Ocean with adequate spatial and temporal coverage. The western and eastern regions show 

contrasting trends in terms of CO2 fluxes. The Arabian Sea acts as a perennial CO2 source, while the 

Bay of Bengal exhibits seasonal flux variability, acting as a net annual CO2 sink. Most of the data 
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available are for the western part (Arabian Sea), whereas very few observations are made for the 

eastern Indian Ocean, i.e., the Bay of Bengal (BoB). BoB experiences strong thermohaline 

stratification compared to the Arabian Sea due to the heavy river runoff and the annual precipitation 

exceeding evaporation. This hinders the vertical mixing and affects the surface partial pressures of 

CO2 (Kumar et al., 1996; Sarma et al., 1998). While the Arabian Sea is considered among the most 

productive oceanic regions, BoB has poor biological productivity. Monsoonal upwelling and winter 

convective mixing bring the subsurface waters rich in nutrients to the Arabian Sea, enhancing 

productivity. On the other hand, the large amounts of nutrients received by the BoB from riverine 

flux are lost into the deep ocean. The nutrient-limited coastal waters, the shallow euphotic zone 

caused by the heavy cloud cover, and the sediment-induced turbidity during the otherwise productive 

summer monsoon season contribute to the comparatively low productivity in BoB (Madhupratap et 

al., 1996; Sarma et al., 2012). Such contrasting phenomena in these basins should be addressed in 

detail to understand the contrasting trends of CO2 in the western and eastern parts of the North Indian 

Ocean.  

1.3 Study Area 

The Indian Ocean, with its unique physiography as compared to other major oceanic basins, is 

enclosed by the Indian sub-continent in the north and by the African and Arabian Peninsula in the 

west, linked to the tropical Pacific Ocean in the east by the Indonesian Throughflow (ITF) and 

connected to the Southern Ocean in the south. The Northern Indian Ocean (Figure.1.4), divided into 

western (Arabian Sea) and eastern (Bay of Bengal) sub-basins, is considered in the present study (0-

30˚ N and 30-100˚ E).  It is dominated by a tropical monsoon climate, with semi-annually reversing 

winds. Contrasting to the dominant trade wind system in the other tropical basins, westerlies 

predominate along the equator in the Indian Ocean. This leads to an east-west flat equatorial 

thermocline, with the propagation of the annual SST cycle in the west-to-east direction, resulting in 

the absence of upwelling over the eastern tropical Indian Ocean (Sarma et al., 2013).  
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Figure 1.4: Study Area: Northern Indian Ocean 

The Arabian Sea has an average depth of 2734 m and a surface area of 3,862,000 sq.km; four 

important branches are the Gulf of Oman to the northwest, the Gulf of Aden in the southwest, the 

Gulf of Kutch, and Cambay on the Indian coast. The major rivers flowing into this basin include 

Narmada, Netravathi, Sharavathi, Mahi, and Tapti and the important islands are Lakshadweep, 

Socotra, Amindivi, and Minicoy (Goetz, 1987). It is one of the highly productive oceanic basins, 

attributed to the wind-driven summer upwelling along the coasts of Arabia and Somalia and the 

southwest coast of India, as well as the winter cooling and convective mixing in the northern part of 

the basin. Salinity values ranging from an equatorial minimum value of 35 psu to a maximum of 

36.6 psu in December to the north of 15° N were observed over the Arabian Sea. Temperature 

distribution over this sub-basin ranged from the lowest recorded value of  20°C in December to the 

peak value of 30°C during May (Tang et al., 2002; Prasannakumar & Narvekar, 2005). 

Bay of Bengal (BoB) has a total surface area of 2,173,000 sq. km and an average depth of 

about 2600m (Goetz, 1987). It is characterized by heavy river discharge, coastal circulation, and 

cold-core eddies; the primary production and marine carbonate system of BoB are significantly 
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influenced by these physical forcings (Shanthi et al., 2016). The high influx of freshwater through 

precipitation, as well as river discharge, leads to the formation of a surface barrier layer, manifesting 

a thermohaline stratification that hinders the upward movement of nutrients to the euphotic zone, 

thus affecting the primary productivity, which renders the BoB waters low productive region 

irrespective of the heavy nutrient input in the monsoon season. Depleted surface pCO2 levels 

characterize the resulting stratified low salinity zones due to the negative impact of SSS reduction 

on the CO2 solubility since CO2 solubility is a function of SSS and SST. These zones can be 

identified as atmospheric CO2 sinks, and the fall in seawater pCO2 goes far below the atmospheric 

pCO2 levels, exceeding a pCO2 gradient of 100 μatm during the northeast monsoon (Kumar et al., 

1996). However, the southern BoB exhibits seasonal and inter-annual variability in annual CO2 

fluxes. The southwest coastal waters shifting from CO2 sink to source was observed during the NE 

monsoon season (Shanthi et al., 2016). 
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2 

 

 

LITERATURE REVIEW 

 

2.1 Introduction 

This chapter deals with the literature background on ocean carbonate chemistry, the significance of 

marine biogeochemistry on the CO2 gas transfer at the air-sea interface, and the importance of ocean 

meteorology such as SST and windspeed on the CO2 fluxes; that leads to identifying the research 

gaps and framing the objectives of this particular study. 

2.2 Spatial and seasonal variability of air-sea CO2 fluxes 

Assessment of the spatial and temporal distribution of CO2 fluxes is important in understanding the 

ocean’s efficiency in controlling the excess quantities of CO2 gas released into the atmosphere and 

balancing the atmospheric CO2 concentrations. The capacity of the oceans to act as the 

anthropogenic CO2 sink will be reduced eventually, upsetting the seawater carbonate speciation and 

the marine carbon cycle. The quantification and analysis of the CO2 fluxes between the ocean and 

atmosphere will give a picture of the oceans' past and current trends in CO2 gas regulation (Takahashi 

et al., 1993; Davila et al., 2007).  

2.2.1 The Indian Ocean 

The study on CO2 emissions over the Arabian Sea conducted by Kortzinger et al (1997) showed a 

supersaturation of pCO2 during the southwest (SW) monsoon leading to strong outflux to the 

atmosphere. Extreme supersaturation levels reaching up to 750 µatm were found along the Omani 

coast, and high pCO2 values of around 525 µatm along with cold upwelled waters were observed 

about 300 NM (nautical miles) off the coast due to Ekman pumping. Variations in the flux densities 

were evident from the coastal region towards the open ocean, with values ranging from 43435 mmol 

m-2 y-1 on the coast to 730 mmol m-2 y-1 in the open ocean waters. The SW monsoon has a significant 

role in the annual CO2 emissions to the atmosphere, with total emissions ranging from 0.672 to 
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1.73×1015 mmol C. The wind forcing, in combination with intense coastal upwelling during this 

season, makes the Arabian Sea a primary CO2 source. 

Analysis of the temporal variations in CO2 partial pressures and CO2 fluxes over the Arabian 

Sea was done by Goet et al (1998) using continuous pCO2 measurements of seawater and atmosphere 

for the year 1995. Strong physical forcing due to the seasonal monsoons significantly regulates the 

Arabian Sea’s partial pressures. Variations in pCO2 were found to be very small in the offshore 

regions with values less than 40µatm were that of coastal areas crossed around 260 µatm. The 

monthly and annual fluxes were calculated using SST, wind speed, and the pCO2 data. The mean 

monthly values ranged from 99.6 to 528 mmol m-2 y-1 for most of the year, while they showed 

significantly higher values during the SW monsoon, reaching up to 3753.6 mmol m-2 y-1 along the 

coast of Oman resulting from the strong upwelling. Arabian Sea was found to act as an annual CO2 

source to the atmosphere with annual emissions of 0.159×1015 mmol C yr-1.  

Sarma et al (1998) analyzed the seasonal and inter-annual variations in the central and eastern 

Arabian Sea's pCO2 and total CO2 (TCO2). Coulometric methods determined that the total CO2 and 

pCO2 were computed from TCO2 and pH.  Seasonal changes in the TCO2 were observed with 

variations in ocean circulation and primary production. TCO2 values were high during the winter 

and low in the SW monsoon season. This was supposed to be attributed to the winter convective 

mixing bringing subsurface CO2 to the upper ocean and accelerated primary production during the 

SW monsoon resulting from nutrient enrichment. Seawater pCO2 was higher in all seasons compared 

to the atmosphere in the Arabian Sea except during the SW monsoon on the Indian coast.  The 

analysis revealed that the Arabian Sea is a perennial CO2 source in almost all seasons, with annual 

emissions of 1.02×1015 mmol C yr-1 to the atmosphere. 

Data collected during the Indian and US JGOFS program and Indian Land-Ocean 

Interactions in the Coastal Zone process study programs were used to investigate the sea surface 

pCO2 and air-sea CO2 fluxes by Sarma (2003). Using multiple linear regression, the dissolved 

inorganic carbon content was derived from SST, salinity, and chlorophyll. Total alkalinity from 

salinity and surface pCO2 from carbonate dissociation constants were computed. High variability 

was observed in the Arabian Sea's seasonal and spatial partial pressure distributions and CO2 fluxes.  

A rise in the partial pressures can be observed on the west coast during the SW monsoon induced by 

the intense upwelling. The highest surface partial pressure values were observed during the SW 
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monsoon, with about 700 µatm in the upwelling region of the western coast and >480 µatm along 

the SW coast of India. In the open ocean, high partial pressures were found in the northern Arabian 

Sea with values >420 µatm. An increase in the sea surface temperatures by 2-3 ˚C was visible in the 

fall monsoon compared to the SW monsoon. This decreased surface pCO2 levels to 360-380 µatm 

in the western coastal regions, particularly the Arabian coast, due to stratification and biological 

processes triggered by high nutrient availability and high chlorophyll content. A lowered partial 

pressure range of 370-380 µatm was noticed in the central Arabian Sea owing to increased SST and 

bacterial respiration. Lower pCO2 values occurred along the southwest coast of India during the 

northeast (NE) monsoon resulting from the inflow of low saline waters from the Bay of Bengal. The 

decrease in the partial pressures caused a lowering of the coastal pCO2 values to <360 µatm, while 

the central Arabian Sea showed a partial pressure range of 380-420 µatm.  The spring inter-monsoon 

was characterized by increased coastal partial pressures from <360 µatm to about 370-380 µatm, 

resulting from the reversed surface circulation breaking off the influence of low saline water mass. 

Analysis of the CO2 flux distribution showed more substantial emissions from the western coast, 

and the annual emissions from the Arabian Sea were about 2.04×1015 mmol C yr-1, thereby acting 

as a CO2 source. 

The CO2 emission study carried out in 27 estuaries along the Indian coast by Sarma et al 

(2012a) reported that the CO2 emissions were 4-5 times higher in the monsoon season than dry 

period.  The pCO2 values ranged from 300 to 18492 µatm. The monsoonal fluxes were about 

0.0363×1015 mmol C while the annual CO2 emissions from the estuaries were 0.0436×1015 mmol C 

yr-1. The high fluxes during the wet period are attributed to the high organic matter content in the 

estuaries due to the monsoonal river discharge and subsequently increased rates of microbial aerobic 

respiration. The occurrence of phytoplankton blooms drawing down the CO2 levels and the increase 

in light penetration with the decreased suspended sediment concentration in summer account for the 

reduced summer fluxes. 

Observations on the western continental shelf of the Bay of Bengal by Sarma et al (2012b) 

show that the sources and sinks of CO2 in the shelf region depend on the river discharges and the 

distribution of the discharged water by the East India Coastal Current (EICC). The peninsular river 

discharge regulates the CO2 partial pressures in the southwest (SW) coast and the northwest (NW) 

region by the Ganges river discharge.  The partial pressures were lower than atmospheric levels in 

the NW region, whereas the SW coast exhibited supersaturation. The comparatively low salinity 
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caused the lower values in the NW region due to freshwater discharge and higher productivity than 

the SW coast. The CO2 fluxes for the SW region were 2847 mmol m-2 y-1, thus acting as a CO2 

source, and for the NW region were -3978.5 mmol m-2 y-1, thereby acting as a sink. The mean fluxes 

for the entire western coast were about 73 mmol m-2 y-1 which suggests that the coast acts as a net 

annual source.  

A study on the atmospheric CO2 sinks in the southern Indian Ocean by Valsala et al (2012a) 

examined the seasonal, inter-annual and inter-decadal variability of the CO2 fluxes. They reported 

that the south of the tropical-to-subtropical Indian Ocean region is a broad zone of subduction where 

the subducting water mass traps and carries the atmospheric trace gases from the atmosphere. The 

highest concentrations of anthropogenic CO2 were found to be primarily concentrated at 150m depth 

between15˚ S to 50˚ S. The study area was divided into two distinct zones, namely north and south 

zones located at 15˚ S to 35˚ and 35˚ S to 50˚ S, respectively. In the north zone, the CO2 flux was 

controlled by the solubility pump. In contrast, the CO2 uptake was dominated by solubility and a 

biological pump in the south zone due to the high phytoplankton concentrations in the south.  

Analysis of the wind stress over this region indicated a coincidence of the locations of the largest 

concentrations of anthropogenic CO2 with the subtropical zone of positive wind stress curl. Since a 

positive curl indicates the Ekman downwelling process in the southern hemisphere, the subsurface 

CO2 trapping in the south of the Indian Ocean was reported to be induced by the atmospheric forcing 

due to positive wind stress. The study concludes that the deepening of subduction and consequent 

invasion of the CO2 gas into the northern part of the Indian Ocean has resulted in the sinking of 

anthropogenic CO2 in this region. 

The CO2 fluxes over the Indian Ocean from 1990 to 2009 were estimated by Sarma et al 

(2013) as part of the Regional Carbon Cycle Assessment and Process (RECCAP). The solubility 

pump regulated the fluxes in the northern Indian Ocean (18˚S to 30˚N), while both the biological 

and solubility pumps equally dominated the southern region (44˚S to 18˚S). The results suggested 

that the south of the Indian Ocean acts as a net annual CO2 sink with flux values -9.77×1015 mmol 

C yr-1 and the northern counterpart serves as a net source with annual mean values 2.95×1015 mmol 

C yr-1. The Indian Ocean is a net sink for atmospheric CO2 with annual flux values -8.41×1015 mmol 

C yr-1. The monsoonal wind action and upwelling processes in the northern Indian Ocean contribute 

to the CO2 release, whereas the low saline waters in the southern region enhance the CO2 uptake.  
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Seasonal and inter-annual variability study of the CO2 flux by Valsala and Maksyutov (2013) 

simulated the CO2 flux over the northern Indian Ocean by coupling the biogeochemical model with 

an ocean tracer transport model, which is based on 30-year reanalysis ocean data such as ocean 

currents, temperature, and salinity. Maximum variability was observed in the coastal Arabian Sea 

(AS) and Southern Peninsular India SP). The modeled CO2 flux values showed an annual emission 

scenario of (2.72±0.909) ×1015 mmol C yr-1. The CO2 flux anomalies in AS and SP were then 

correlated with two significant climate anomalies, i.e., ENSO (El Niño-Southern Oscillation) and 

Indian Ocean Dipole/ Zonal Mode (IODZM). It was observed that a strong correlation of CO2 flux 

in AS and SP with IODZM is accompanied by a weak correlation of the flux with ENSO and vice 

versa. The surface water pCO2 was calculated from dissolved inorganic carbon (DIC), temperature, 

alkalinity, and salinity. Analysis of the effects of these components on the flux showed an increase 

in the temperature effect with a positive correlation between the flux and IODZM and vice versa in 

AS. In contrast, changes in DIC mainly control the CO2 emission in SP. The DIC effect in SP was 

found to weaken during a negative correlation between CO2 emission and ENSO. 

Time-series estimation of chemical processes in the upper 100m water column was carried 

out in the Visakhapatnam region on the western coast of the Bay of Bengal by PreethiLatha et al 

(2015). Measurements were made for temperature, salinity, DIC, TA, and nutrients to derive the 

seawater pCO2 and the atmospheric pCO2 was measured directly using the pCO2 sensor. The 

seawater pCO2 values showed an increasing trend with a depth ranging from 450 µatm at the surface 

to 1300 µatm at 100m depth. The CO2 fluxes were estimated empirically from the CO2 solubility, 

gas transfer velocity, and partial pressure difference between air and seawater. The calculated fluxes 

suggest that the region acts as a net CO2 source to the atmosphere with average values of 0.186 mmol 

C m-2 y-1. The strong wind mixing of the sea surface water was a significant contributing factor to 

the fluxes in this region.  

Valsala and Murtugudde (2015) have attempted to analyze the intra-seasonal and mesoscale 

variations occurring in the CO2 gas transfer during boreal summer (June-September) over the 

western Arabian Sea. The oceanic circulation triggered by the fluctuations in the atmospheric 

circulation in this season induces intense upwelling, eddy formation, increased salinity levels, and 

consequently elevated levels of nutrients and carbon content in the surface waters of the Somali 

coast. The study used a biogeochemical model called the Ocean Tracer Transport Model (OTTM) 

based on a reanalysis of ocean data and surface fluxes. The sea surface pCO2 was observed to 
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undergo consistent intra-seasonal variability in this region driven by the changes in sea surface 

temperature and dissolved inorganic carbon content. The analysis showed a correlation of 0.86 

between pCO2 variability and temperature, which decreased with the increased upwelling and 

Ekman pumping. This pCO2 variability during the boreal summer accounts for 40% of this season's 

mean monthly CO2 flux variability. The seasonal co-variability of the outflux of CO2 gas with 

decreased SST can be explained by the increase in DIC resulting from the intense upwelling. The 

study also establishes the significance of ocean dynamics in the pCO2 and CO2 flux intra-seasonal 

variability by analyzing the response of SST, DIC, alkalinity, pCO2, and biological pumps towards 

the dynamic processes in the ocean system.  

The CO2 flux pattern study between seawater and air over the southern Bay of Bengal by 

Shanthi et al (2016) reported high seasonal variations in the physicochemical and biological 

parameters. The summer season was characterized by intense light penetration due to low cloud 

cover, reduced nutrient concentration due to the absence of river discharge and vertical mixing, 

consequent decrease in biological production, lowering surface pCO2 and negative CO2 fluxes. The 

summer trends in the physical, chemical and biological factors reversed during the monsoon season. 

Strong wind action and enhanced upwelling contributed to the high pCO2 values and sea-to-air 

fluxes. The annual CO2 flux variability ranges from -1752 mmol C m-2 y-1 to 4088 mmol C m-2 y-1 

with an annual mean of 73 mmol C m-2 y-1.  

CO2 partial pressure and flux measurements were made in the Hooghly estuary by Padhy et 

al (2016) using in-situ measurements and satellite data. SST and Chl-a were used to derive the 

seawater partial pressure, revealing supersaturation levels. The high riverine fluxes account for the 

high DIC levels in this region, contributing to enhanced pCO2 levels.  The winter pCO2 levels range 

from 340-375 µatm, and summer values were found to be about 450 µatm. The comparatively lower 

values in winter are attributed to the lowering of salinity by the river discharge and weak wind action. 

The average annual CO2 fluxes were about 4.5×104 mmol C m-2 year-1, proving the region as a CO2 

source. 

2.2.2 The Pacific Ocean 

Midorikawa et al (2002) analyzed the CO2 partial pressure distribution and dissolved inorganic 

carbon and nutrients concentrations in the western subarctic North Pacific region. The fluxes derived 

during winter to summer were about 5840 mmol m-2 y-1, and during summer to autumn were -1460 
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mmol m-2 y-1. The high fluxes during winter and summer are due to the high DIC in the mixed layer 

and the deep vertical mixing. The decreased CO2 partial pressures due to the increased biological 

consumption and the comparatively low wind speed during the summer season have resulted in the 

reversal of fluxes from summer to autumn.  

Carbon dioxide fugacity measurements of surface water were carried out by Feely et al 

(2004) in the equatorial Pacific Ocean, which showed a CO2 supersaturation of seawater with 

average values of 473 µatm. The higher partial pressure values were attributed to the enhanced 

upwelling in the region, which resulted in about 20-40 µatm higher than normal values, with the 

highest values obtained in the southern equatorial Pacific, where the upwelling was intense. The 

drawdown of CO2 by the ocean's primary productivity was counterbalanced by the upwelling and 

surface warming, thus maintaining the sea-to-air fluxes. A relationship between the CO2 gas transfer 

and wind speed was developed along with estimates of air-sea partial pressure differences to derive 

CO2 fluxes. The average CO2 fluxes were 3.7×103 mmol m-2 yr-1. The variability in fluxes was 

contributed mainly by the partial pressure changes in this region, where the influence of wind field 

and gas transfer variability was less. 

Inter-annual and decadal flux variability over the equatorial Pacific Ocean was studied by 

Feely et al (2006) using ship measurements of SST and CO2 fugacity collected during the period 

November 1981 to June 2004, which included five El Nino and four La Nina events. An increase in 

the sea surface CO2 was observed at a similar rate to that of atmospheric CO2, indicating an active 

exchange of air-sea CO2 in the equatorial waters. A significant inter-annual ENSO variability was 

observed for the entire region from analyzing seawater fugacity in combination with SST and wind 

data. At the same time, the seasonal changes were noted as weaker in the eastern Pacific. A 

noticeable increase in the fCO2sw (CO2 fugacity of seawater) was observed over the entire study 

period and a slight intensification of the CO2 out flux after the 1997-1998 warm-to-cold regime shift 

resulting from the Pacific Decadal Oscillation (PDO).  

Ship measurements of SST, salinity, sea surface and atmospheric CO2 from the northwest 

and northeast Pacific were analyzed by Takamura et al (2010) to investigate the inter-annual and 

seasonal variability in the CO2 fluxes from 1999-2006. In the western and eastern North Pacific, the 

fluxes showed the minimum values during late summer (August/September) and reached the 

maximum during late winter (January/February). The summer flux values over the western region 

TH-3079_166104102



18 
 

ranged from -73 to 219 mmol m-2 y-1, whereas the flux maximum during the winter exhibited a value 

range of 2993 to 4161 mmol m-2 y-1. The eastern region has the minimum flux range within -1058.5 

to -657 mmol m-2 y-1 during summer and a maximum range of 1898 to 2482 mmol m-2 y-1 in the 

winter season. The fluxes from air to seawater were found to increase over the study period, where 

the western North Pacific showed a comparatively higher rate of 69±18.25 mmol m-2  y-1, indicating 

a much stronger CO2 sink than the eastern region with a flux rate of 32.85±10.95 mmol m-2  y-1. 

Climatic impacts on the CO2 flux variability in the northern Pacific Ocean were investigated 

by Valsala et al (2012b) for the period 1980 to 2004. CO2 flux data was analyzed for Spatio-temporal 

variability over the study area, followed by a comparative analysis of interannual variability with 

the seasonal changes. Spatial flux variability induced by Pacific Decadal Oscillation, generated by 

the SST anomalies in the North Pacific, was analyzed using correlation analysis between monthly 

CO2 fluxes and PDO index anomalies. The study revealed minimal spatial variability of fluxes about 

PDO, which was attributed to the weak inter-annual flux anomalies in the North Pacific. Flux 

anomalies were noticed in the Subtropical Gyre where PDO accompanied SST cooling has resulted 

in CO2 absorption and eventual generation of the sink, thus establishing an active flux response to 

climate variability. It was observed that thermocline shifts associated with PDO were reflected in 

subsurface DIC levels. 

Valsala et al (2014) studied the seawater pCO2 and CO2 fluxes over the equatorial Pacific for 

the seasonal, inter-annual, and multi-decadal variability from 1961–2005. They used the 

biogeochemical model based on the reanalysis of ocean products to study the seasonal cycle and 

spatio-temporal characteristics of the pCO2 and CO2 fluxes during the ENSO period, both individual 

and combined effects of the wind and ocean dynamics on the variability of pCO2 and CO2 fluxes, 

the impact of the canonical and modoki ENSOs on the fluxed and also the carbon dynamics 

variability and its association with Pacific Decadal Oscillations. The analysis revealed a dominance 

of ENSO on the interannual flux variability. A reduction in CO2 emission was observed in the central 

to eastern equatorial Pacific during the El Niño period. The effect of canonical El Niño was found 

mainly between 160˚ W and 110˚ W. At the same time, the El Niño-Modoki dominated over the 

western (160˚ E - 160˚ W) and far eastern (110˚ W - 90˚ W) equatorial Pacific. A correlation of the 

pCO2 was observed with the canonical El Niño to the east of 140˚ W, and with the El Niño-Modoki 

to the west of 140˚ W. A nonlinear relationship between the pCO2 and CO2 fluxes was introduced 

in some parts of the equatorial Pacific by the individual as well as combined influence of the ENSO 
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induced wind and ocean dynamics. Abrupt shifts were observed in the equatorial Pacific CO2 sinks 

during the 45-year study period. The multi-decadal variability brought about an increased uptake of 

the atmospheric CO2 from 1961 to 1982, followed by a reduction until 2000 and again a 

strengthening of the sinking process. The study concluded that the PDO and El Niño-Modoki are 

the major controlling factors of the pCO2 and CO2 flux multi-decadal variability, while the canonical 

El Niño events dominate the inter-annual variability. 

Time series data of high-resolution CO2 flux were calculated by Sutton et al (2017) over the 

Pacific Ocean from moored observations of sea surface pCO2 and wind speed measures. These 

moorings are located in four specific locations of north and south subtropical oligotrophic region, 

subtropical and subarctic North Pacific regions. Atmospheric and seawater pCO2, SST, and salinity 

were measured from four locations using moored autonomous pCO2 system setup in open ocean 

buoys located at subtropical North and South Pacific and subarctic North Pacific regions. Total 

alkalinity was calculated using SST and salinity, which was further used along with the seawater 

pCO2 to calculate dissolved inorganic carbon. The CO2 flux was calculated using gas transfer 

velocity, CO2 solubility, and pCO2 difference between seawater and atmosphere. The analysis 

showed an eventual shift of this oceanic region from an annual sink to a source of CO2, which was 

attributed to elevated levels of sea surface pCO2 resulting from the thermal anomalies in the North 

Pacific region. The subtropical North Pacific location proved the strongest sink with -647.7 mmol C 

m-2 yr-1 and the southern subtropical oligotrophic region was the only source with 106.8 mmol Cm-

2 yr-1. 

2.2.3 The Atlantic Ocean 

Inter-annual CO2 flux variability over the northern North Atlantic Sea for the period 1981-2001 

during the winter season were analyzed by Olsen et al (2003). The data analysis was carried out from 

October to March to calculate the fluxes using seawater CO2 fugacity, CO2 mole fraction, gridded 

datasets of SST, sea level pressure, and wind speed. A net annual air-to-sea CO2 flux of 1.818×1015 

mmol was obtained for the winter season for the study period with an inter-annual variability of 

±0.7%. This variability was attributed mainly to the variations in wind speed and atmospheric CO2 

fugacity. The air-sea CO2 flux was also sensitive to the variations in North Atlantic Oscillation 

(NAO), and an increased CO2 influx to the ocean with a high NAO index was observed. 
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A study on the inter-annual variability in the CO2 sinks in North Atlantic subtropical gyre 

over a two-decadal period was carried out by Bates (2007). Oceanic CO2 was monitored 

continuously from 1983-2005, which showed an increasing annual trend in the DIC and pCO2 with 

an increase in atmospheric CO2 concentrations, followed by a subsequent decrease in seawater pH, 

carbonate concentration, and CaCO3 saturation states. An imbalance in the seasonal CO2 sink and 

source rates was also observed, attributed to the comparatively higher CO2 uptake in winter than the 

summer outflux, proving this region is a CO2 sink. The net air-sea CO2 flux was estimated to be 

between -815 to -1295 mmol C m-2 yr-1. The occurrence of Hurricane events enhanced the fluxes 

during the summer season. The fluxes also correlated with the North Atlantic Oscillation (NAO) 

variability in the summer and fall seasons. However, poor correlations were found in the case of the 

winter fluxes with NAO or Arctic Oscillation (AO), whereas they showed higher values during El-

Niño years. The study period also observed an increase of 5-17% in the net annual CO2 flux rate. 

Oliveiraa et al (2019) studied the CO2 fluxes over the southern Atlantic Ocean coastal and 

open ocean waters during the austral winter period of 2015. They analyzed the eddy covariance 

measured in-situ CO2 fluxes for the 13th and 14th of July of 2015 in three sub-regions of the study 

area, namely the Brazilian southeast coastal region (BCR), the region influenced by the Brazil 

Current (BC) and the open ocean (OPO). The analysis showed a contrasting flux trend over the three 

selected study regions. The BC and BCR regions were found to act as carbon sinks, as demonstrated 

by the measured negative flux values. It was noticed that an intensified mixing process at the ocean-

atmosphere interface in the BC region induced by the intense winds in this oceanic part favoured the 

CO2 absorption by the ocean waters, which again strengthened by the temperature difference 

between the sea surface and atmosphere at the marine atmospheric boundary layer. The presence of 

coastal upwelling was the consequence of the CO2 sinking in the BCR region. Here the low values 

of SST and SSS were observed to increase the CO2 solubility of surface waters, resulting in enhanced 

primary productivity. In contrast to BC and BCR, the OPO region lacks the CO2 sink due to the 

decreased sea level pressure and weakened wind speeds triggering vertical movements in the MABL 

over this area leading to a decrease in atmospheric CO2. As a result, the OPO region acts as a CO2 

source in the atmosphere. The study region exhibited a mean sinking behaviour in the flux trends 

during the sampling period caused by the combined impact of large-scale atmospheric processes, 

and the local atmospheric modulations developed from the SST variations. The authors conclude 
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with a statement suggesting the inclusion of further in-situ data with a better spatial and temporal 

resolution for an enhanced understanding of the carbon budget over the southwest Atlantic region.  

Orselli et al (2019) tried to understand the significance of the Agulhas eddies in the air-sea 

CO2 fluxes over the south Atlantic Ocean using in-situ measurements from six eddies and their 

surrounding waters carried out as a part of FORSA (Following Ocean Rings in the South Atlantic) 

cruise during the period 27th June to 15th July 2015. The study area was divided into eastern and 

western basins, with the Mid-Atlantic Ridge as the boundary. The sea surface and atmospheric CO2 

partial pressures were calculated from the measured parameters like temperature, salinity, and CO2 

mole fraction for seawater and overlying air. The surface temperature, salinity, and seawater CO2 

partial pressure values were comparatively less in the eastern basin, while low values of atmospheric 

partial pressures were obtained in the western basin. Eastern basin fluxes were regulated by physical 

forcing mechanisms driven by the Agulhas eddies, whereas biological dominance can be considered 

in the case of flux trends in the western basin. The difference in the ocean and atmospheric partial 

pressure calculated was -39.1 µatm, proving the oceanic region a sink for atmospheric CO2 with a 

mean flux value of -1372.4 mmol m-2 y-1. Temperature domination in the CO2 absorption was 

observed during the study period, and the contribution of Agulhas eddy in this CO2 uptake was found 

to be -262×105 mmol C y-1.  

2.2.4. Other Oceanic Regions 

The study on seasonal variations in CO2 and nutrients in the high latitude oceanic regions by 

Takahashi et al (1993) analyzed the CO2 and nutrient concentration and pCO2 data to define their 

seasonal relationship and compare the inter-ocean variations of these parameters. The springtime 

phytoplankton blooms in the North Atlantic Ocean were found to reduce the surface pCO2, nutrient, 

and CO2 concentrations, which lasted only until the exhaustion of the available nutrients. Such 

processes were limited only to the high latitude waters north of 40˚N. In the North Pacific, the 

seasonal CO2 and nutrient concentrations variations were occurring gradually. In contrast, nutrient 

consumption was partially observed in the subarctic North Pacific and the Southern Ocean regions. 

The concentrations of CO2 and nutrients and the surface pCO2 showed higher values during winter 

in the subpolar, and polar waters of the South Atlantic, North Pacific, and North and South Atlantic 

Oceans compared to the summer season. The high latitude areas of the North Atlantic, North Pacific, 

and the Weddell Sea acted as sources of CO2 to the atmosphere in winter and sinks in summer. This 
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seasonality in the fluxes was attributed to the intense winter upwelling and increased summertime 

photosynthesis. However, in the case of tropical waters, the CO2 uptake from the atmosphere was 

found to occur during winter, while out fluxes were observed in summer. Here, the temperature was 

the critical element regulating the seasonal pCO2 fluctuations due to the weakening of biological 

factors. The combined effect of subtropical cooling and strong photosynthetic consumption of CO2 

in subpolar waters resulted in the generation of an intense sink in the subtropical convergence region. 

Estimation of global CO2 fluxes by Takahashi et al (1997) involved the measurement of 

partial pressure differences between air and ocean surface for around 250,000 global observations. 

The global monthly pCO2 differences distribution was constructed from the lateral advection-

diffusion transport equation, and the net CO2 flux was calculated from the partial pressure and CO2 

gas transfer coefficients. An annual net uptake of 13.6-30.45×1015 mmol C yr-1 by the oceans was 

estimated, and the analysis revealed the temperate and polar regions as CO2 sinks while equatorial 

regions as sources. The Atlantic Ocean was the most intense sink, accounting for about 60% of the 

global CO2 uptake. The Pacific equatorial belt was a strong CO2 source balanced by the temperate 

sinks. Thus, the Pacific Ocean was observed to act neutral in terms of fluxes. The contribution from 

the Indian and Southern Oceans combined for the CO2 uptake was 20%. 

Climatological monthly pCO2 data, seasonal effects of biological factors, and temperature 

were used by Takahashi et al (2002) to calculate the global air-sea CO2 fluxes, where the monthly 

and annual fluxes were estimated using mean monthly wind speed data. The net annual uptake 

estimates were obtained as 50×1015 mmol C yr-1 and the regions between 40˚ and 60˚ latitudes were 

found to be the significant CO2 sinks in both hemispheres consequent to the mixing of nutrient-rich 

sub-polar cold waters with the poleward flowing warm waters along with the biological CO2 uptake, 

subsequently resulting in decreased pCO2 in subpolar waters. The high wind speed over the low 

surface pCO2 waters also enhanced the oceanic CO2 uptake. Thermal and biological effects were 

observed to control the pCO2 seasonality for specific areas, whereas the pCO2 seasonal maximum 

was regulated by thermal and physical forcing such as upwelling. The biological component 

dominated the eastern equatorial Pacific, equatorial and subpolar waters, the north-western Arabian 

Sea, the Antarctic, and the sub-Arctic North Pacific coastal waters, while the temperature component 

was found to influence the subtropical gyre areas. 
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Air-sea CO2 fluxes over the northern South China Sea were derived by Zhai et al (2005) 

during spring, summer, and autumn seasons. Data collection for temperature, pCO2, and salinity was 

done during the ship measurements conducted for the summer of 2000, spring in 2001, and fall 

season of 2002. The surface water partial pressures in the offshore region of about >100 km from 

the coast were in the range of 360-450 µatm and were higher than that of the atmosphere in all three 

seasons. The sea-to-air difference in the partial pressures was observed to be about 0-50 µatm in the 

spring, 0-90 µatm in the autumn, and 50-100 µatm in the summer. The average flux values from the 

ocean to the atmosphere were 2555 mmol m-2 y-1 for summer and 365-1095 mmol m-2 y-1 during 

spring and fall seasons. The observations convey that the seasonal variations in the sea surface partial 

pressures are influenced primarily by temperature changes, and the region was found to act as a net 

CO2 source. 

The study by McNeil et al (2007) in the Southern Ocean empirically derived the seawater 

CO2 partial pressures from SST, sea surface salinity, DIC, and total alkalinity (TA) and computed 

the CO2 fluxes for winter and summer seasons. The CO2 partial pressures were higher up to 40 µatm 

in winter than in summer in the Antarctic Zone due to the winter upwelling. In the Sub Antarctic 

Zone, the winter cooling decreases the pCO2 values by up to 70 µatm. The changes in winter to 

summer DIC showed significant variations in the pCO2. The high DIC values in the winter due to 

the upwelling enhanced the pCO2 by up to 150 µatm in the Antarctic Zone, while in the Sub-Arctic 

Zone, temperature-induced seasonal partial pressure changes dominated the DIC variations. The 

estimation of CO2 fluxes showed that the Southern Ocean acts as a weak to moderate global sink 

with average flux values -9.09×1015 mmol C y-1. 

The Southern Ocean is reported to act as a significant atmospheric CO2 sink based on 

observational and modeled data sets. However, the study conducted by Gray et al (2018) based on 

flux measurements using biogeochemical profiling floats as a part of the Southern Ocean Carbon 

and Climate Observations and Modeling (SOCCOM) project during 2014-2017 reported a strong 

CO2 source region around Antarctica resulted from upwelling of deep carbon-rich waters. The lack 

of ship-based observations in this high-latitude region can be the principal reason behind the delay 

in identifying this CO2 source region. Data sets of various parameters like temperature, salinity, pH, 

NO3, and dissolved oxygen from 35 profiling floats were analyzed. The study area was divided into 

five zones based on SST, salinity, and nutrient content, namely Subtropical Zone (STZ), Sub 

Antarctic Zone (SAZ), Polar Frontal Zone (PFZ), Antarctic Southern Zone (ASZ) and Seasonal Ice 
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Zone (SIZ) from north to south. The seasonal average of CO2 fluxes was calculated for each zone. 

The results were found to agree with the temperature, and DIC drove regulations in the summer CO2 

uptake by biological processes and winter release. The analysis showed that, despite the outgassing 

in the STZ and SAZ, these regions acted as sinks with flux values -7.95×1015 and -2.27×1015 mmol 

C y-1 respectively. While PFZ and SIZ were found to act as weak sources with negligible outgassing 

(0.227×1015 mmol C y-1), the ASZ represents a substantial CO2 source, outgassing 8.18×1015 mmol 

C y-1. 

Mongwe et al (2018) examined the significance of temperature and dissolved inorganic 

carbon in driving the seasonal cycle of CO2 flux in the Southern Ocean. As per recent studies, the 

seasonality in the CO2 fluxes over this oceanic region is not well simulated by the Coupled Model 

Inter-comparison Project version 5 (CMIP5), as evident from a comparison with observational data. 

This study explains the CMIP5 model's bias related to seasonal variations in SST and DIC. SST-

related biases were grouped as group-SST, the most commonly observed bias exhibiting an 

exaggerated rate of seasonal temperature variations during warming and cooling peaks in the spring 

and autumn seasons. Group-DIC bias shows the exaggerated primary production scenarios, 

indicating a DIC-dominated flux variation. The study selected 10 CMIP5 models for the analysis, 

based on the availability of required parameters like pCO2, CO2 fluxes, SST, vertical temperature 

fields, surface DIC, annual DIC, Mixed Layer Depth (MLD), surface oxygen, chlorophyll and net 

primary production (NPP). The analysis showed a low model sensitivity for the inter-basin CO2 flux 

differences. The study reports that this is most likely due to the less sensitivity of the carbon cycle 

in these models compared to the observational data towards the inter-basin difference in the driver 

parameters of the fluxes. This results in a zonal uniformity in the seasonal flux biases. Moreover, 

since the flux direction is dependent on the air-sea partial pressure difference and the sea surface 

partial pressures are regulated by the SST and DIC concentrations, the model’s ability to simulate 

the flux seasonality is dependent on the sensitivity of the model toward the regulation of fluxes by 

variations in SST and DIC. As the CMIP5 models lack a proper representation of inter-basin 

contrasts in the CO2 fluxes and phytoplankton biomass compared to observational and remote 

sensing data, the study concludes with remarks explaining the necessity of further investigations 

with the following generation models such as CMIP6, giving a proper representation of carbon 

process parameterization and dynamics of the water column physics. 
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2.3 Interrelationship Between the Spatio-Temporal Distribution of Ocean Primary 

Productivity and CO2 Fluxes 

The air-sea CO2 fluxes are regulated primarily by the fluctuations in the sea water CO2 partial 

pressures. The major controlling factors of sea water partial pressure are variations in sea water 

temperature and biological consumption of CO2. An increase in the SST decreases the CO2 gas 

solubility, thus enhancing the gas release, while a decrease in SST increases the CO2 dissolution in 

water. However, warming the waters will induce surface stratification and reduce vertical mixing. 

The marine biological productivity consumes the surface CO2, thus reducing the partial pressures. 

The biologically trapped CO2 in the subsurface layers will be released back in to surface during 

upwelling triggered by a reduction in the SST. Therefore, a combination of the SST and productivity 

will decide the flux direction between the water and air (Metzl et al, 2006; Sharada et al, 2008) 

Analysis of seasonal variations of CO2 fluxes was carried out in the high-latitude oceans by 

Takahashi et al (1993). The high-latitude regions of the North Pacific, North Atlantic, and Weddel 

Sea are characterized by surface stratification and high phytoplankton blooms in summer. The 

stratification prevents surface mixing, and the increased productivity draws down the surface CO2, 

which makes these regions sink of CO2. During winter, the intense upwelling in these waters’ 

releases CO2 gas into the atmosphere, acting as a source. The subtropical waters have low levels of 

nutrients and productivity. Thus, the flux regulation is primarily controlled by temperature 

variations. These waters act as a CO2 source in summer due to the enhanced gas emission rates with 

an increase in temperature and become sinks in winter. 

The variations in the summer and winter CO2 fluxes over the Sothern Ocean were studied by 

Metzl et al (2006). The partial pressures during summer were very low compared to the atmosphere. 

The summer fluxes range from -2 to -4 mmol m-2 day-1 in the seasonal ice zone. The CO2 exchange 

in winter is limited in this region by the surface ice cover. In the permanent open ocean zone, the 

summer fluxes ranged from -1.1 to -1.7 mmol m-2 day-1. The partial pressures increased from 

summer towards winter by up to 10-30 µatm. The winter partial pressures were higher than the 

atmospheric values and the fluxes ranged from 2.5 to 11.6 mmol m-2 day-1. The high photosynthetic 

consumption of DIC during summer lowers the water CO2 levels, resulting in the absorption of 

atmospheric CO2. During winter, the Chlorophyll concentrations are low, and the light limitation 
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reduces the photosynthetic activity. The deep mixing elevates the surface DIC levels and partial 

pressures.  

The role of the primary productivity in seasonal variation of sea-air CO2 fluxes in the Arabian 

Sea and Bay of Bengal was analysed by Sharada et al (2008). The northwestern Arabian Sea's intense 

upwelling triggers high monsoon productivity, which consumes the DIC through carbon fixation 

and lowers the surface CO2 levels. The biological impact on the CO2 fluxes is comparatively less in 

the Bay of Bengal since upwelling and surface mixing are weak in this region. The domination of 

the regeneration process over carbon fixation in the Bay of Bengal increases CO2 levels.  

The seasonal pCO2 cycle and its impacts on biological production for the northeastern 

Atlantic Ocean by Kortzinger et al (2008). The study revealed that the surface waters were 

undersaturated by up to 40 µatm concerning the atmospheric values, making the region a perennial 

CO2 sink with flux values -3.2 mol m-2 year-1.  The pCO2 cycle experiences a summer minimum and 

winter maximum, where the biological forcing dominates in summer. Summer stratification, along 

with biological CO2 consumption, causes a reduction in pCO2 values. The winter ventilation by deep 

mixing brings the CO2 from subsurface respiration, attaining the winter pCO2 maximum. A rapid 

change of deep winter mixing to summer stratification is exhibited by the oceanic region, 

significantly affecting biological production and resulting in the accumulated biomass in the deep 

ocean.  

Wang and Moore (2012) studied the variability of CO2 fluxes and primary productivity in 

the Southern Ocean. The study reported a decreasing trend in sinking particulate organic carbon and 

primary productivity and a consequent decrease in atmospheric carbon uptake by the ocean. The 

productivity was controlled by the light limitation in the mixed layer. The sea ice cover also restricted 

the photosynthetically available radiation and the sea-air CO2 exchange, affecting productivity and 

fluxes. The annual primary production decreased by 0.4 PgC year-1. The CO2 fluxes from the 

atmosphere to the ocean exhibited a weakening trend by about 0.05 PgC year-1.  

2.4 Development of a Regional Model for Basin-Scale pCO2sw 

The seawater partial pressures are primarily regulated by thermal variations and biologically induced 

CO2 concentration changes in the water, while other important factors acting in combination with 

these are salinity, nutrient concentrations, and mixed layer depth. These parameters’ significance in 
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controlling the partial pressures depends on the biogeochemistry of the oceanic regions (Takahashi 

et al., 2002; Padhy et al., 2016). 

2.4.1 Remote Sensing Approach in partial pressure estimation 

The key parameters governing the upper ocean biophysical processes are sea surface temperature 

and marine chlorophyll (Chl-a) concentration. Their precise measurements can be done on global 

and regional scales for world oceans using satellite remote sensors. Therefore, attempts have been 

made worldwide to derive various biophysical parameters potentially affecting the CO2 partial 

pressures from Sea Surface Temperature (SST) and Chl-a. For example, seawater pCO2 was 

estimated by equation 2.1 (Dickson and Goet, 1994) using total alkalinity and dissolved inorganic 

carbon.  

𝑝𝐶𝑂2𝑤 = 𝑔 × (2 × 𝐷𝐼𝐶 − 𝑇𝐴) + ℎ         (2.1) 

Total alkalinity (TA) was estimated by equation 2.2 as a function of SST by Millero et al (1998). 

𝑇𝐴 = 𝑒 × 𝑆𝑆𝑇 + 𝑓          (2.2) 

 Nutrient concentration was calculated as given in equation 2.3 from SST and Chl-a, by Goes et al 

(2000).  

𝑁 = 𝛼 × 𝑆𝑆𝑇 + 𝛽 × 𝑆𝑆𝑇2 + 𝛾 × 𝐶ℎ𝑙­𝑎 + 𝛿 × 𝐶ℎ𝑙­𝑎2 + 𝜀      (2.3) 

Lee et al (2000) derived dissolved inorganic carbon using SST and nutrient concentration given as 

equation 2.4.  

𝐷𝐼𝐶 = 𝑎 × 𝑆𝑆𝑇 + 𝑏 × 𝑆𝑆𝑇2 + 𝑐 × 𝑁 + 𝑑       (2.4) 

Where a, b, c d, e, f, g, α, β, γ, δ and ε are estimated constant parameters from the least square 

method. 

These equations were combined to develop semi-empirical quadratic relation given in 

equation 2.5 by Ono et al (2004) for deriving sea surface pCO2 as a function of sea surface 

temperature and chlorophyll concentration. 

𝑝𝐶𝑂2𝑠𝑤 = 𝐴 × 𝑆𝑆𝑇 + 𝐵 × 𝑆𝑆𝑇2 + 𝐶 × 𝐶ℎ𝑙 − 𝑎 + 𝐷 × 𝐶ℎ𝑙 − 𝑎2 + 𝐸   (2.5)  

A, B, C, D, and E are the least square constants. Monthly averaged satellite data for SST and 

Chl-a from OCTS (Ocean Colour and Temperature Sensor) onboard the ADEOS (Advanced Earth 
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Observation Satellite) platform to develop monthly pCO2 maps for subarctic and subtropical oceanic 

regions. 

Other studies that incorporated satellite data for the pCO2 determination include application 

of statistical regression techniques on SST data from NOAA AVHRR (Advanced Very-High-

Resolution Radiometer) and Chl-a from SeaWiFS (Sea-Viewing Wide Field-of-View Sensor)  by 

Sarma et al (2006) for the North Pacific Ocean, deriving partial pressure for northern South China 

Sea by Zhu et al (2009) using SST and Chl-a retrieved from AVHRR and SeaWiFS respectively, 

mapping pCO2 over Huanghai and Bohai Sea by Zui et al (2012) from Aqua MODIS (Moderate 

Resolution Imaging Spectroradiometer) SST and SeaWiFS Chl-a, using SST from AMSR-E 

(Advanced Microwave Scanning Radiometer- Earth Observing System) on board Aqua and Chl-a 

from SeaWiFS and MODIS on board Terra and Aqua by Liu & Xie (2014) for calculation of partial 

pressure for global oceans, use of SST and Chl-a from MODIS for Hooghly estuary by Padhy et al 

(2016) and the study by Jang et al (2017) where Chl-a, colored dissolved organic matter (CDOM) 

and band reflectance from Geostationary Ocean Color Imager (GOCI) on board COMS 

(Communication, Ocean and Meteorological Satellite) satellite were used over East Sea. 

2.4.2 pCO2 Estimation Techniques 

Stephens et al (1995) developed sea surface pCO2 maps for the North Pacific by deriving statistical 

relationships between the ship-measured pCO2 and SST and applying them to the entire region using 

satellite-derived SST with a root mean square error of ±17µatm. The derived relation was given as 

equation 2.6. 

ln[𝑝𝐶𝑂2(10˚𝐶)] = 𝐴 + 𝐵 × 𝑆𝑆𝑇 + 𝐶 × 𝑆𝑆𝑇2 + 𝐷 × 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒    (2.6) 

 Seasonal and inter-annual relationships between the CO2 fugacity and SST from ship 

measurements were developed by Cosca et al (2003) for the central and eastern equatorial Pacific 

Ocean for El-Niño cool and warm event and non-El-Niño cool and warm event periods.  The RMS 

values were ±20.3 µatm and ±16.6 µatm for El-Niño warm and cool seasons, respectively; ±28.8 

µatm and ±30.2 µatm for non-El-Niño warm and cool seasons, respectively. The linear statistical 

algorithm obtained can be represented as equation 2.7. 

𝑓𝐶𝑂2 = 𝐴 + 𝐵 × 𝑆𝑆𝑇          (2.7) 
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The seawater CO2 partial pressures in the North Pacific Ocean were derived from ship 

measurements of Chl-a and SST by Ono et al (2004), and pCO2 maps for the region were developed 

using satellite-derived Chl-a and SST. The RMS value for the satellite-derived pCO2 was ±21 µatm. 

Incorporating Chl-a along with SST in the pCO2 derivation reduced the RMS error compared to the 

previous study by Stephens et al (1995) that developed the pCO2 maps from the SST data in this 

region. The algorithm designed for sea surface pCO2 is given in equation 2.5. 

The distribution of sea surface pCO2 in the North Pacific Ocean was mapped by Sarma et al 

(2006) from satellite-derived Chl-a, SST, and sea surface salinity by applying multiple regression 

equations developed from in-situ data. The RMS error obtained for the satellite-derived pCO2 was 

17-23 µatm. The algorithms were developed for spring and summer periods, and the general form 

of the algorithm is given in equation 2.8. 

𝑝𝐶𝑂2 = 𝐴 − 𝐵 × 𝑆𝑆𝑇 + 𝐶 × 𝑆𝑆𝑆 − 𝐷 × 𝐶ℎ𝑙 − 𝑎       (2.8) 

Zhu et al (2009) estimated the sea surface CO2 partial pressure and CO2 fluxes in the northern 

South China Sea using statistical relationships derived from in-situ measurements of SST and Chl-

a, and pCO2 maps were developed from the satellite-derived SST and chlorophyll. Two algorithms 

were developed using regression analysis for deriving sea surface pCO2, the first one with in situ 

SST data and the other with in situ SST and chlorophyll measurements. The satellite-derived pCO2 

was compared with the in-situ values, which showed a root-mean-square error of 4.6 µatm for the 

two-parameter algorithm, while it was found to be 25.1 µatm for the SST-based relation. The 

relationship of pCO2 and SST can be given as equation 2.9. 

𝑝𝐶𝑂2 = 𝐴 × 𝑆𝑆𝑇2 − 𝐵 × 𝑆𝑆𝑇 + 𝐶         (2.9) 

Equation 2.10 shows the pCO2 relationship with SST and Chl-a 

𝑝𝐶𝑂2 = 𝐴 × 𝑆𝑆𝑇2 + 𝐵 × 𝐶ℎ𝑙 − 𝑎2 − 𝐶 × 𝑆𝑆𝑇 − 𝐷 × 𝐶ℎ𝑙 − 𝑎 + 𝐸   (2.10) 

Shipboard measurements of pCO2sw, SST, and salinity were used to develop the partial 

pressure algorithm for seawater from SST, salinity, and time component by Takamura et al (2010) 

over the eastern and western North Pacific Ocean. The time parameter was introduced to address the 

temporal variations. The equation describing the relation can be expressed as equation 2.11. 

𝑝𝐶𝑂2𝑠𝑤 = 𝑎0 + 𝑎1 × 𝑆𝑆𝑇 + 𝑎2 × 𝑆𝑆𝑆 + 𝑎3 × 𝑡      (2.11) 
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where t is the elapsed time in months, the sea surface salinity exhibited the maximum significance 

among the parameters on the variability of partial pressure. The root-mean-square error obtained for 

the eastern North Pacific Ocean was ±11.3 µatm. For the western region, different temperature 

conditions were considered for the statistical analysis, where the error received was ±13.4 µatm for 

<17.5˚C and ±12.1 µatm for ≥17.5˚C.  

Zui et al (2012) investigated the seasonal variability of seawater pCO2 in the Huanghai and 

Bohai Sea about SST and Chl-a using ship measurements. The study proposed an empirical relation 

between the pCO2, SST, and Chl-a to develop pCO2 maps using the satellite data. The satellite-

derived pCO2 value showed an RMS error of 13.45 µatm.  The algorithm was developed for three 

different SST ranges given as SST<12˚C, 12˚C≤SST≥23˚C, and SST> 23˚C. The basic form of the 

algorithm can be written as equation 2.12 

𝑝𝐶𝑂2 = 𝐴 × 𝑆𝑆𝑇 + 𝐵 × 𝑆𝑆𝑇2 − 𝐶 × 𝐶ℎ𝑙 − 𝑎 + 𝐷 × 𝐶ℎ𝑙 − 𝑎2 + 𝐸(𝑇)   (2.12) 

 Carbon dioxide fugacity in the East Sea was derived from in-situ measurements of dissolved 

organic matter, SST, salinity, mixed layer depth (MLD), Chl-a, and band reflectance by Jang et al 

(2017). The fCO2 was derived using multivariate non-linear regression (MNR), where SST showed 

maximum correlation with pCO2 distribution, and the major contributing factors for fCO2 variations 

were SST, salinity, and MLD. The MNR algorithm can be given as equation 2.13. 

fCO2 =  ∑ 𝑘𝑖𝑥𝑖 + ∑ ∑ 𝑘𝑙𝑚𝑥𝑙𝑥𝑚 +  ∑ 𝑘𝑗𝑥𝑗
2𝑛

𝑗=1
𝑛
𝑚=𝑙+1

𝑛−1
𝑙=1

𝑛
𝑖=1       (2.13) 

where ‘n’ is the number of input parameters, xi is each input parameter, and k is the coefficient 

associated with each term. The RMSE obtained for validation of the algorithm was 10.59 µatm.  

Seawater pCO2, SST, and SSS time series data for the Bay of Bengal open ocean waters were 

used to derive multiple linear regression models by Dixit et al (2018). The empirical relation 

obtained was applied on satellite SST and SSS to develop the pCO2 map for the case 1 waters of the 

Bay of Bengal (BoB) (Equation 2.14). 

𝑝𝐶𝑂2 = 11.81SST + 11.71SSS– 337.1        (2.14) 

where SST is the sea surface temperature, SSS is the sea surface salinity, and the RMSE for 

validating the derived pCO2 was 9.22µatm. 
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2.5 Impacts of Nutrient Distribution, Surface Temperature, and Wind Anomalies on CO2 

Fluxes 

2.5.1 Nutrient Dynamics  

The variations in nutrient availability are regulated by the fresh water and sediment fluxes by river 

discharge. The nutrient distribution of the Bay of Bengal exhibits significant seasonal fluctuations 

due to the heavy monsoonal discharge of fresh water by the Ganga-Brahmaputra river system. The 

sediment fluxes contributed by the river influx dominate the nutrient availability and primary 

productivity in BoB. The composition of the particle fluxes plays a significant role in the carbonate 

chemistry of surface waters. The elemental composition of the suspended particles in the water can 

help understand the marine biogeochemical cycles and their interlinkages. The ratio of the organic 

to carbonate particles affects the surface CO2 levels. A high ratio indicates increased biological 

activity on the surface, thus increased absorption of atmospheric CO2 into the water (Ittekot et al, 

1991; Martiny et al, 2014).   

The study on the fresh water discharge induced particle fluxes in the Bay of Bengal by 

Ittekkot et al (1991) reported the maximum discharge during the southwest monsoon. The monsoon 

discharge exhibited two peaks; the first peak was in early June due to melt water influx, and the 

riverine sediment flux caused the second. The southwest monsoon fluxes represent about 40-50% of 

the total annual fluxes, while fluxes were considerably low during the northeast and inter-monsoon 

periods. North to south increase in the carbonate fluxes and decrease in organic carbon and 

particulate matter observed. The flux patterns were regulated by seasonal changes in river input 

which ultimately influences the marine biogenic production and consequent variations in the CO2 

fluxes.   

Global distribution of the nutrients nitrate, phosphate, and silicate by Levitus et al. (1993) 

with depth has reported high nutrient concentrations in the high latitude surface waters along with 

the presence of upwelling phenomena, whereas the nutrients get depleted towards the mid-latitudes 

due to the development of subtropical anticyclonic gyres. Nutrient content in the water column was 

observed to be increasing with depth. Nitrate is the most limiting nutrient in the surface waters since 

it is depleted by most phytoplankton in the photic zone. The eastern tropical pacific and high-latitude 

oceanic regions were the exceptions. Surface concentration patterns showed maximum nitrate south 

of the Sub-Antarctic Convergence zone. Phosphate, unlike nitrate, is present in most global surface 
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waters owing to its faster regeneration rate; the highest concentrations are in the Antarctic (> 2 

µmolL-1). Its abundance can also be detected in the sub-polar gyres of the Pacific and Peru’s 

upwelling regions. The depleted phosphate levels were found in the mid-latitude regions of the 

North, South Pacific, and North Atlantic. The regeneration processes of silicate nutrients are 

different from that of nitrate and phosphate, and its depletion is prominent where blooms of siliceous 

plankton are present. This nutrient is found limiting over the southern region of 45° N Pacific and 

the northern region of 45° S Atlantic and Indian Ocean surface waters. Silicate can be detected in 

abundance in the Weddell Sea. Considering the deeper layers, the distribution of the nutrient 

concentrations is defined by the biochemical processes; reaching depths more than 1000m, high 

concentrations were found in the Northern Indian and North Pacific Oceans, while the Atlantic 

Ocean showed relatively low nutrients.  

Ramaswami and Nair (1994) studied the particle fluxes in the Arabian Sea and Bay of Bengal 

to analyze the monsoon impacts on the marine biogeochemical cycles. The maximum fluxes were 

observed during both oceanic regions' southwest and northeast monsoon seasons, but the particle 

transport mechanism was different. The primary mechanisms involved in particle transport in the 

Arabian Sea are wind-induced coastal upwelling and aeolian dust transport during the monsoon 

season. The upwelled coastal fluxes are transported offshore by intense wind action. The aeolian 

carrier is the primary source of iron and other nutrients in the photic zone. In the Bay of Bengal, the 

prime source of particle flux is the river discharge by the Ganga-Brahmaputra river system.  Organic 

carbon and inorganic nutrient concentrations were increased during the monsoon river discharge, 

contributing to the Bay of Bengal's marine productivity.  

A lithogenic flux study in the Bay of Bengal by Ramaswami et al (1997) reported substantial 

seasonal variations in the trends. About 43-49% of the fluxes occur during the southwest monsoon 

when the fresh water influx is maximum. The East India Coastal Current and the rainfall variability 

controls the seasonal variations. The transport of the slow-settling lithogenic particles into the sea 

floor was enhanced by the aggregation with the heavy biogenic particles in BoB, resulting in 

increased lithogenic deep fluxes. The lithogenic particle removal to the deep ocean is active around 

the year with significant seasonal variations. The maximum scavenging occurred during the 

southwest monsoon due to the simultaneously increased productivity and suspended sediment load.  
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The effects of fresh water discharge and physical forcing on the seasonal variations of 

biomass and primary productivity of Bay of Bengal was studied by Gomes et al (2000). Bay of 

Bengal is characterised by the heavy fresh water influx by river discharge in monsoon, resulting in 

the salinity stratification and consequent hindering of vertical nutrient transport. The stratification 

was eroded by the physical processes like coastal currents and wind action, enhancing the 

phytoplankton concentrations. But the productivity was found to be comparatively less during the 

south west monsoon due to the light limitation induced by the heavy cloud cover in this region. The 

north east monsoon season was found to have an enhanced productivity due to the reduction in the 

cloud cover and the increased biomass and high nutrient availability from the south west monsoon 

season.  

Martiny et al (2014) investigated the global oceanic distribution of concentrations and ratios 

of particulate organic phosphorus (POP), nitrogen (PON) and carbon (POC). The analysis used the 

time series cruise data for 40 years including about 6940 measurements of POP, 46728 

measurements of PON and 46937 measurements of POC. The obtained ratios included 5573 C:P, 

5948 N:P and 45476 C:N. The global ratios of C:N:P observed were 163:22:6.6.  

2.5.2 Effects of SST and Wind Speed Anomalies on CO2 Fluxes 

El Niño is a basin-wide warming phenomenon caused by the displacement of the warm pool in the 

western Pacific Ocean towards east due to prolonged westerly winds. This leads to the breakdown 

of the normal west to east SST gradient from warm to cold which imbalances the quasi equilibrium 

of the ocean-atmosphere system and results in abnormal global temperature variations. Unusual 

variations in the SST trends have considerable impacts on the sea-air CO2 fluxes (Feely et al, 1999; 

Sheu et al, 2010). 

The role of El Niño in the CO2 outgassing of the equatorial Pacific Ocean was studied by 

Feely et al (1999) during the 1991-1994 El Niño period. The study involved seasonal and inter-

annual analysis of the sea-air CO2 fluxes and compared the results with the non-El Nino fluxes of 

1996. The comparison results showed that the El Niño fluxes were about 30-80 % of that in the non-

El Niño period. The inter-annual effects of El Niño were higher during the spring season due to the 

prevalence of the warm El-Niño phase, which showed an increase in the flux values from 1.2 mol 

m-2 year-1 in the 1992 El Niño period to 3.1 mol m-2 year-1 in the 1996 non-El Niño period. Such 

trends in fluxes were caused by the weakening effect of warm phase on the upwelling of the CO2 
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rich subsurface waters. The autumn fluxes in 1994 and 1996 showed high values, which were the 

result of intense upwelling triggered by strong winds in these periods. The net CO2 fluxes from sea 

to air during the 1991-1994 period were considerably lower as compared to the fluxes in the 1996 

non-El Niño period.  

The study on the impact of wind speed and SST anomalies on the CO2 fluxes over the 

equatorial Pacific Ocean by Feely et al (2004) reported a significant effect of ENSO on the CO2 

partial pressures. A reversal and weakening of the easterly trade winds during the 1997-1998 El-

Niño event triggered a movement of the warm waters of the western Pacific towards the east causing 

unusual warming of the sea surface in the eastern Pacific. This resulted in the suppression of the 

upwelling in the eastern Pacific leading to a decrease in the CO2 fluxes. The La Nina event followed 

this in late 1998 resulting in strong trade winds and upwelling with enhanced sea-to-air CO2 fluxes. 

The difference in the CO2 fluxes was about a factor of 6 between the El Niño and La Nina events in 

this region.  

Sea surface pCO2 variations in the equatorial Pacific Ocean during five El Niño and four La-

Nina events from 1981-2004 were studied by Feely et al (2006). The pCO2 values in the western 

Pacific were lower during the El Niño periods as compared to the non-El Niño periods due to the 

lateral transport of warm low CO2 waters due to the strengthening of westerly winds. In contrast, 

there was an increase in the partial pressures in the eastern and central Pacific during the El-Niño 

period. During the El Niño periods, an increase in the influx of cold CO2 rich waters was observed 

in the central Pacific by increased upwelling of deep waters and lateral transport of subtropical 

waters due to the increased wind speed, contributing to the increased pCO2 levels.  

Bates (2007) analysed the air-to-sea CO2 flux variability in the North Atlantic Ocean during 

the El-Niño and La Nina events for two decades. The wind speed variability strongly influenced the 

interannual CO2 distribution during the summer and fall seasons, which strongly correlated with the 

North Atlantic Oscillation. The winter fluxes were elevated by about 11-40% during the El Niño 

period compared to La Nina. The supersaturation levels in the stratified waters cause an efflux of 

CO2 during summer. In contrast, the deep vertical mixing causes the dissolution of atmospheric CO2 

into the waters during the fall and winter seasons.  

The influence of El Niño on the CO2 fluxes over the northern South China Sea was studied 

by Sheu et al (2010), and reported a negative impact on the CO2 release from the ocean to the 
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atmosphere in this region. The analysis showed that the fluxes were considerably reduced (85%) 

during the El Niño events compared to La Nina events. The reduced or no vertical mixing, along 

with the lateral transport of warm waters, has resulted in weakened fluxes.  This reduction in fluxes 

during the El Niño events in the South China Sea contributes to an annual net reduction of about 

0.032 Gt of carbon from sea to air. 

2.6 Aim and Objectives of the Thesis: 

Based on the research gaps observed from the studies carried out on the carbonate chemistry of 

northern Indian Ocean sub-basins and its impact on the CO2 gas exchange process with the overlying 

atmosphere, the aim of the study has been outlined as “studying the significance of ocean 

biogeochemistry and climatology on spatial and seasonal variability of air-sea CO2 fluxes in North 

Indian Ocean”. To achieve this, the following research objectives have been identified: 

1) To study the spatial and seasonal variability of air-sea CO2 fluxes over the Indian Ocean,  

2) To study the inter-relation between the spatio-temporal distribution of ocean primary 

productivity and CO2 fluxes, 

3) To develop a regional model for basin-scale pCO2sw estimation from in situ measurements, 

4) To study the impacts of nutrient distribution, surface temperature, and wind anomalies on 

CO2 fluxes. 
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3 

 

Spatial and seasonal variability in sea water 

pCO2 and CO2 Fluxes 
 

3.1 Introduction 

Oceans’ primary role in balancing the anthropogenic CO2 emissions to the atmosphere is better 

understood through spatial and seasonal analyses of the CO2 flux distribution. The capacity of ocean 

in regulating these excess atmospheric concentrations will reduce eventually, due to disturbances in 

the marine carbon cycle and sea water carbonate speciation. Quantifying the past trends and 

analyzing the patterns to predict the future scenarios would help in better assessment of the key role 

played by the global oceans in maintaining the atmospheric CO2 concentrations (Takahashi et al., 

1993; Takahashi et al., 2002; Davila et al., 2007). 

3.1.1 Carbon dioxide partial pressures as indicators of CO2 fluxes 

 

The CO2 flux is primarily defined by the CO2 gas transfer velocity, sea water solubility of the CO2, 

and the difference in the CO2 partial pressures at the sea surface and the air above termed as δpCO2. 

Among these, pCO2 is the thermochemical steering factor for the net air-sea CO2 flux, determining 

the flux direction at the ocean-atmospheric interface. Compared to atmospheric pCO2, spatial and 

seasonal fluctuations are more prominent in the sea water pCO2, making it the principal factor in 

flux determination (Chester, 2000; Takahashi et.al. 2002). The accuracy of the CO2 flux estimation 

thus depends on the spatio-temporal resolution of the measured pCO2. Efforts have been made 

worldwide to obtain pCO2 with better resolution using buoys and shipboard measurements. 

However, the spatial resolution of the present measurement network is far coarser (<250km grid), 

which emphasizes the requirement for improved extrapolation techniques (Ono et.al. 2004). 

3.2 Methodology 

 

Data sets and steps followed to calculate the CO2 flux between the sea surface, and the air above is 

summarised in Table.3.1 and the methodology flow diagram (Figure. 3.1), respectively. 
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Table. 3.1 Data sources for CO2 flux estimation 

PARAMETER SOURCE SPATIAL RESOLUTION 

SST MODIS-AQUA 4km 

Chl-a MODIS-AQUA 4km 

CO2 mole fraction AQUA-AIRS 2.5°×2° 

Wind speed AMSRE 0.25°×0.25° 

Sea level pressure MERRA 2/3°×1/2° 

Salinity 
World Ocean Atlas & Aquarius 

SMAP 

1°×1° 

0.25°×0.25° 

 

The carbon dioxide flux is calculated using the formula from Santhi et al. (2016). 

F= Kwa *Ko*(pCO2SW – pCO2Air)         (3.1) 

F is the net ocean-atmosphere carbon dioxide flux in mmol/m2/day 

 Kwa is the CO2 gas transfer velocity in m/s; it is derived from sea surface temperature and wind 

speed (Wanninkhof, 1992) 

Kwa = 0.31 U2(
660

𝑆𝑐
)1/2       (3.2) 

Kwa normalised to a Schmidt number of 660 for sea water at 20°C. U is the wind speed in m/s at 10m 

above the surface. Sc is the Schmidt number derived from sea surface temperature where t is the 

temperature in degrees Celsius. 

Sc= A–Bt+Ct2–Dt3        (3.3) 

 

Ko is CO2 solubility in mol/l/atm in sea water derived as a function of sea surface temperature and 

salinity (Weiss, 1974), where T is the temperature in Kelvin and S is salinity in practical salinity 

units (psu). 

ln Ko= A1+A2(
100

𝑇
)+ A3 ln(

𝑇

100
)+ S[B1+B2(

𝑇

100
)+B3(

𝑇

100
)2]   (3.4) 

 

The partial pressure of sea water (pCO2sw) is derived as a function of satellite-obtained SST and Chl-

a (Zhu et al., 2009) for the Arabian Sea as given in equation 3.5, and derived from SST and SSS 

(Dixit et al., 2019) for BoB, as given by equation 3.6. 

A1= -58.0931 A2= 90.5069 A3= 22.2940 

B1= 0.027766 B2= -0.025888 B3= 0.0050578 

A= 2073.1    B= 125.62    C= 3.6276    D= 0.043219 
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pCO2sw= 6.31T2+61.9Chl-a2-365.85T-94.41Chl-a+5715.94   (3.5) 

pCO2sw =19.8 SST+2.172 SSS-283.1      (3.6) 

where  Chl-a  is sea water chlorophyll concentration in mg/m3, T is sea surface temperature in 

degrees Celsius, and pCO2Air is the partial pressure of CO2 in the air derived from equation 3.7. The 

Aquarius (1°×1°) and SMAP (0.25°×0.25°) salinity data sets were resampled to match the spatial resolution 

of MODIS SST and Chl-a data (4km), using the Nearest Neighbour method due to its computational 

simplicity as well as the preservation capability of the original pixel values (Jensen, 1996). 

 

Figure. 3.1 Methodology flow diagram for CO2 flux calculation 

 

The partial pressure of air (pCO2Air) is derived as given by equation 3.7. 

pCO2Air = xCO2Air(PT-PH2O) (Dickson and Goet, 1994, Dickson et al., 2007)   (3.7) 
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where  xCO2  is CO2 mole fraction in ppm, PT is sea level pressure in the atmosphere, and PH2O is 

the saturation vapor pressure of sea water in the atmosphere as calculated by equation 3.8 (Weiss 

and Price, 1980) 

PH2O = exp (24.4543-67.4509(
100

𝑇
)-4.8489×ln (

𝑇

100
)-0.000544×S)    (3.8) 

where T is sea surface temperature in Kelvin and S is salinity in psu. 

 

3.3 Results 

3.3.1 Spatiotemporal analysis of sea surface pCO2 

3.3.1.1 Estimation of carbon dioxide partial pressures of sea water 

 

The sea water partial pressures are primarily regulated by thermal variations and biologically 

induced CO2 concentration changes in the water. Other important factors combined with these are 

sea surface salinity, nutrient concentrations, and mixed layer depth. These parameters’ significance 

in controlling the partial pressures depends on the biogeochemistry of the oceanic regions 

(Takahashi et.al., 2002; Padhy et.al., 2016). 

3.3.1.2 Remote Sensing approach in partial pressure estimation 

 

The key parameters governing the upper ocean biophysical processes are sea surface temperature 

and marine chlorophyll concentration. Their precise measurements can be done on a global and 

regional scale for world oceans using satellite remote sensors. An attempt has been made to derive 

the CO2 partial pressures over the northern Indian Ocean using satellite-derived monthly SST, SSS, 

and Chl-a data sets. Statistical relationship derived from in-situ measurements of SST, Chl-a, and 

sea water pCO2 by Zhu et al. (2009) is used to calculate pCO2 over the Arabian Sea using monthly 

SST and Chl-a data from MODIS-Aqua. The MLR algorithm, developed by Dixit et al. (2019) from 

the in situ observations of SST and SSS obtained from the shipboard measurements over BoB waters 

and MAPCO2 mooring located at 90˚E;15˚N in BoB is used to calculate pCO2 over the BoB from 

monthly SST (MODIS-Aqua) and SSS (Aquarius and soil moisture active passive (SMAP)) data 

sets.  
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Figure. 3.2 Validation of satellite-derived sea water pCO2 for Arabian Sea (a) and BoB (b) 

Both the algorithms were validated using in situ data obtained from the Surface Ocean CO2 Atlas 

(SOCAT) 2022 version and given in Fig.(a) and (b). the fCO2 values in the SOCAT data were 

converted to pCO2 using the equation (3.9) given by Takahashi et al. (2019).  

pCO2 (µatm) = fCO2 (µatm) × [1.00436 – 4.669 x 10-5 x SST (°C)]   (3.9) 

A total of well distributed (both in space and time) 2700 data points over the Arabian Sea and 1600 

data points over BoB basin were plotted against the corresponding model output. The SST-Chl-a 

algorithm applied over the Arabian Sea has provided a coefficient of determination value of 0.81, 

and a root mean square error (RMSE) value of 4 μatm. In contrast, the SST-SSS algorithm used for 

BoB was found to give slightly better results with a coefficient of determination value of 0.82 and 

RMSE value of 2 μatm. 

The seasonal pCO2 calculated for both basins were analysed for the spatial and seasonal variations 

from the coastal towards the open ocean waters as described in the section 3.3.1.3.The significance 

of the physico-chemical and biological influence on the spatio-temporal pCO2 distribution in both 

basins was also analyzed, as given in the sections 3.3.1.4 to 3.3.1.6. The basins are divided in to 

1°×1° grids and the values for pCO2, SST, SSS and Chl-a were extracted for each grid, which were 

then averaged for each latitude from the equator towards the bay area. The latitudinal pCO2 

variations over both basins for all the seasons (Figure 3.3 and 3.4), along with the influence of the 

regional forcings on the pCO2 distribution (Figure 3.5(i) to 3.10(ii)) were analyzed. 

3.3.1.3 Latitudinal pCO2 distribution over the Indian Ocean 
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Latitudinal variation in seasonal pCO2 distribution of sea water over the Arabian Sea (Figure.3.3) 

showed maximum pCO2 values towards the higher latitudes in winter and monsoon seasons. In 

contrast, the low latitudes exhibited comparatively higher values pre- and post-monsoon. Pre-

monsoon pCO2 values reached up to a maximum of 425 μatm over the low latitudes while gradually 

decreasing towards the central Arabian Sea, dropping till 401 μatm; equator to poleward change in 

the surface circulation pattern could be attributed to this reversal where the movement of low pCO2 

water mass is resulting in the reduced values towards the central latitudes, while the elevated SST 

levels enhance the surface pCO2 levels in the southern waters. A further increase up to 410 μatm can 

be observed towards the extreme north, which may be due to the bacterial regeneration of organic 

matter (Sarma, 2003). 

 

Figure.3.3 Latitudinal variation of sea water pCO2 over the Arabian Sea 

During monsoon season, the central to northern latitudes are observed to have high pCO2 

values reaching a maximum of 410-418 μatm over the upper-central latitudes, owing to the coastal 

upwelling and Findlater Jet induced open ocean upwelling (Madhupratap et al, 1996; Sarma, 2000; 

Sarma, 2003). The values reduced towards the southern latitudes, ranging from 404-409 μatm due 

to the absence of upwelling. A sudden drop around the upper-southern latitudes might result from 

the influence of low saline water mass (Sarma, 1998).  

Post-monsoon season showed a comparatively low pCO2 range, with a minimum value of 

392 μatm in the upper-central latitude, reaching up to a maximum of 411 μatm towards the low 

latitudes. This might be caused by the biological consumption of available surface CO2 in the 
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western Arabian Sea, following the enhanced primary productivity resulting from the monsoonal 

upwelling (Sarma, 2003). A slight increase in pCO2 over the lower-central latitudes could have been 

due to an increase in solar radiation enhancing the SST, leading to reduced CO2 solubility. Also, the 

elevated rates of bacterial decomposition of organic matter produced during monsoon could 

contribute to this increase (Ramaiah et al., 1996; Sarma et al., 2000; Sarma, 2003).  

In winter, average latitudinal pCO2 values reached 440.6 μatm towards the extreme north, 

while the minimum values dropped to about 408 μatm in the southern Arabian Sea. The elevated 

value range over the upper-central to northern latitudes can be caused by the winter convective 

mixing in the northern and western coastal regions, the absence of which could have dropped the 

values towards the southern waters (Sarma, 2000). A gradual drop in values over the lower-central 

to southern Arabian Sea can be visible, which might be attributed to the influence of low saline water 

influx from BoB with less dissolved inorganic carbon (DIC) content (Shetye and Shenoi, 1988; 

Kumar et al., 1996; Sarma, 2003). 

 

Figure.3.4 Latitudinal variation of sea water pCO2 over BoB 

Spatial variation of the averaged latitudinal sea surface pCO2 over the BoB basin (Figure.3.4) 

showed a gradually increasing trend toward the low latitudes in pre-monsoon, post-monsoon, and 

winter seasons. In contrast, the trend was disturbed in monsoon over the upper-central latitudes, 

following a significant increase in the northern BoB waters. pCO2 values reached the maximum 

during pre-monsoon season over the central and southern BoB ranging from 380-398 μatm, whereas 

towards the north from 17° N, the values gradually decreased to 346 μatm. This can be primarily 
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attributed to the sharp salinity gradient observed over the northern BoB from 17° N resulting from 

the seasonal coastal circulation reversing following a northward transport of high salinity waters by 

the western boundary current (Shetye et al., 1993; Kumar et al., 1996).  

During monsoon, latitudinal averaged pCO2 values peak over the southern latitudes, reaching 

a maximum of 389 μatm, gradually reducing to 357 μatm over the upper-central latitudes; further, 

they increase towards the northern waters, increasing up to 383 μatm. The north-south gradient of 

pCO2 values can be attributed to the fresh water influx from river input and precipitation, lowering 

the salinity values in the north, while the southwest monsoon currents bring saltier water mass with 

high pCO2 levels to the southern latitudes from the Arabian Sea (Murty et al., 1992; Vinayachandran 

et al., 1999; Vinayachandran et al., 2002). Also, sudden change in the pCO2 values in the upper-

central latitudes with an increase towards the northern region might be due to the upwelling by local 

wind action (Shetye et al., 1991; Murty et al., 1992; Gopalakrishna et al., 2002). Post-monsoon pCO2 

values showed a north-south gradient, with maximum values (398 μatm) observed over the 

southernmost latitudes, dropping to about 323.5 μatm in the extreme north, owing to the influence 

of the monsoonal fresh water influx induced stratification towards the high latitudes (Kumar et al., 

1996). 

Winter values also followed the north-south pCO2 gradient, with only a slightly increased over the 

central waters. During winter, the circulation is reversed, with no movement of the high saline waters 

towards the north; this season is characterized by only the southern transport of low saline waters, 

spreading over the entire north and central bay, manifesting a visible onshore-offshore gradient 

(Shetye et al., 1993; Kumar et al., 1996). The values over the southern latitudes reached up to 380 

μatm, while the lowest winter values were found in the northernmost latitude, reducing to an all-

season minimum value of 300 μatm. The Ekman transport of the freshwater mass, leading to open 

ocean upwelling, could be the reason behind the sudden change in the gradient over the central 

latitudes, accompanied by an increase in pCO2 values (Vinayachandran and Mathew, 2003; 

Vinayachandran et al., 2005).  

3.3.1.4 Significance of chlorophyll variability over sea water pCO2 distribution 

Chlorophyll and sea water pCO2 over the Arabian Sea showed a negative correlation during pre 

(Figure.3.5(i). a) and post-monsoon (Figure.3.5(ii). c) seasons and a positive correlation during 

monsoon (Figure.3.5(i). b) and winter (Figure.3.5(ii). d); the correlation of pCO2 with the seasonal 
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chlorophyll distribution is observed to be not much significant except during winter (R= 0.78) 

(Figure.3.5(ii). d). Latitudinal average of Chl-a values showed high concentrations towards the high 

latitudes (19 ° N to 23° N) ranging from 0.3 mg.m-3 (Figure.3.5(i). a) during pre-monsoon to about 

1 mg.m-3 (Figure.3.5(ii). d) during winter, whereas, the open ocean values were about 0.1 mg.m-3, 

exhibiting lowest seasonal variation. The onshore and offshore chlorophyll blooms in winter and the 

monsoonal upwelling of nutrient-rich waters on the Oman coast are attributed to the presence of 

high Chl-a in the northern latitudes (Barber et al., 2001; Chauhan et al., 2001; Dey and Singh, 2003). 

While the high Chl-a concentration can lead to enhanced absorption of surface CO2, the monsoonal 

upwelling and winter convective mixing can also be responsible for the increased CO2 outflux from 

the subsurface, thus attributing to the high surface pCO2 levels (Takahashi et al., 1997; Sarma et al, 

2000; Sarma et al., 1998; Takahashi et al., 2002; Takahashi et al., 2009).  

 

Figure.3.5(i) Significance of chlorophyll variations in pCO2sw distribution over the Arabian Sea 

for pre-monsoon (a), monsoon (b) season  
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In BoB, Chl-a was found to have a negative correlation with the surface water partial 

pressures in all seasons except in monsoon (R= 0.40) (Figure. 3.6 (i). b). Higher Chl-a values up to 

0.8 mg.m-3 are obtained during winter (Figure. 3.6 (ii). d) towards the northern latitudes due to 

Ekman Pumping driven upwelling (Vinayachandran and Mathew, 2003; Vinayachandran et al., 

2005), while a reduction in the values is found in the post-monsoon (Figure.3.6(ii). c), with 

maximum values up to 0.2 mg.m-3 due to the influence of monsoonal river influx (Madhupratap et 

al, 2003; Sarangi, 2011). 

 
Figure.3.5(ii) Significance of chlorophyll variations in pCO2sw distribution over the Arabian Sea 

for post-monsoon (c) and winter (d) season  
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Figure.3.6(i) Significance of chlorophyll variations in pCO2sw distribution over BoB for pre-

monsoon (a) and monsoon (b) season 

The high sediment input, along with the river discharge in the coastal waters, attenuates the light 

penetration, resulting in a shallow euphotic zone, thus limiting the primary productivity 

(Madhupratap et al, 1996; Kumar et al., 2002). Pre (Figure.3.6 (i). a) and post-monsoon 

(Figure.3.6(ii). c) showed a significant negative correlation with correlation coefficient values of -

0.71 and -0.88, respectively. This is attributed to the high values of pCO2 towards the low latitudes 

with reduced Chl-a concentration (Sardessai et al., 2010). Over the high latitudes, the pre and post-

monsoon pCO2 values exhibited a lowering trend with a significant reduction up to 20 μatm due to 

photosynthetic drawdown of surface CO2, owing to the relatively high Chl-a concentration (Kumar 

et al., 2002; Roy et al., 2017). Monsoon and winter showed a moderate positive (R= 0.40) 

(Figure.3.6(i). b) and negative (R= -0.57) (Figure.3.6(ii). d) correlation, respectively. During 

monsoon season, the high nutrient influx from rivers can trigger the development of chlorophyll 

blooms, while an increasing trend in the pCO2 values also found towards the north, which can be 
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due to coastal upwelling (Shetye et al., 1996; Vinayachandran et al., 2002, Dey and Singh, 2003; 

Thushara et al., 2016; Amol et al., 2020). 

 

Figure.3.6(ii) Significance of chlorophyll variations in pCO2sw distribution over BoB for post-

monsoon (c) and winter (d) season  

3.3.1.5 Significance of SST variability over sea water pCO2 distribution 

Medium to low correlation between the latitudinal distribution of SST and pCO2 over the Arabian 

Sea was obtained during pre (R= 0.60) (Figure.3.7(i). a), post (R= 0.37) (Figure.3.7(ii). c) and 

monsoon (R= -0.43) (Figure.3.7(i). b) seasons, while a significant negative correlation was found 

during the winter (R= -0.87) (Figure.3.7(ii). d) season. An increasing trend was observed in SST 

distribution over the low latitudes.  
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Figure. 3.7 (i) Significance of SST variations in pCO2sw distribution over the Arabian Sea for pre-

monsoon (a) and monsoon (b) season 

In the monsoon (Figure.3.7 (i). b) and post-monsoon (Figure.3.7 (ii). c) seasons, the SST 

showed a dip over the mid-latitudes around 8 ° N to 17° N, followed by a rise towards the northern 

high latitudes, whereas, pre-monsoon (Figure.3.7(i). a) and winter (Figure.3.7(ii). d) SST exhibited 

a gradual decrease from the south towards north. SST values ranged from a minimum of 26 ˚C over 

the northern latitudes reaching up to 29 ˚C over the low latitudes during winter (Figure.3.7(ii). d), to 

a maximum of 28 ˚C in the north to 40 ˚C over the southern low latitude waters during pre-monsoon 

(Figure.3.7(i). a) season (Rao and Goswami, 1988). pCO2 followed a similar trend as SST in the pre-

monsoon season over the low and mid-latitudes, i.e., 1° N to 15° N (Figure.3.7(i). a), where an 

increase in surface temperature resulted in a reduced CO2 solubility, contributing to the positive 

correlation between SST and pCO2 during this season (Marra and Barber, 2005).  
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Figure.3.7(ii) Significance of SST variations in pCO2sw distribution over the Arabian Sea for post-

monsoon (c) and winter (d) season 

During the monsoon season, the upwelling along the Somali coast brings cold subsurface 

water rich in CO2, which spreads over the western Arabian Sea, lowering SST and increasing sea 

water pCO2 over the mid-latitudes (Shukla, 1975). Similarly, winter convective mixing also causes 

the surfacing of cold waters, which reduces the SST while enhancing the surface CO2 concentration 

((Madhupratap et al., 1996; Sarma et al., 2000; Sarma, 2003).  

The distribution of sea surface pCO2 in BoB is observed to be significantly correlated with 

the spatial variations in SST during all the seasons, with R-value ranges from 0.98 for monsoon 

(Figure.3.8(i). b) and post-monsoon (Figure.3.8(ii). c) season to 0.99 for pre-monsoon (Figure.3.8(i). 

a) and winter(Figure.3.8(ii). d).  
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Figure.3.8(i) Significance of SST variations in pCO2sw distribution over BoB for pre-monsoon (a) 

and monsoon (b) season  

Winter SST (Figure.3.8(ii). d) showed the lowest values ranging from 25.8 ˚C along the 

coast, reaching up to 29.7 ˚C towards the open ocean. The maximum values are obtained for pre-

monsoon season, in the range of 28.4 ˚C in the coastal, to about 30.8 ˚C in the open ocean waters 

(Figure.3.8(i). a); very small seasonal variation can be observed in the SST distribution. A gradual 

reduction in the SST values is evident towards the high latitude waters, except during monsoon 

(Figure.3.8(i). b), with pCO2 showing a similar trend due to the influence of river discharge (Kumar 

et al. 1996). Monsoonal SST and pCO2 values tend to increase from 16° N to 21° N, attributed to 

the development of a warm coastal front, leading to a northward thermal gradient and the cyclonic 

winds enhancing surface pCO2 (Samanta et al., 2018). 

TH-3079_166104102



51 
 

 

Figure.3.8(ii) Significance of SST variations in pCO2sw distribution over BoB for post-monsoon ( 

c) and winter (d) season 

3.3.1.6 Significance of SSS variability over sea water pCO2 distribution 

Similar to the Chl-a- pCO2 distribution, the SSS-pCO2 correlation was also found to be negative 

during the pre (Figure.3.9 (i). a) and post-monsoon (Figure.3.9 (ii). c) in the Arabian Sea, while they 

were positively correlated during monsoon (Figure.3.9 (i). b) and winter (Figure.3.9 (ii).d). The 

latitudinal SSS distribution was also observed to be strongly correlated with that of pCO2 (R= 0.80) 

in winter (Figure.3.9 (ii). d). At the same time, a moderate correlation can be seen during the other 

three seasons, with the coefficient of determination values ranging from 0.49 in monsoon 

(Figure.3.9(i). b) to -0.67 in pre-monsoon (Figure.3.9 (i). a).  
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Figure.3.9(i) Significance of SSS variations in pCO2sw distribution over the Arabian Sea for pre-

monsoon (a) and monsoon (b) season 

Low latitudes (1° N to 10° N) showed noticeable seasonal SSS variation, ranging from 35 

psu during pre-monsoon (Figure.3.9 (i). a), increasing up to a maximum of 36 psu in the winter 

(Figure.3.9(ii). d). However, in the high latitude waters (13° N to 23° N), SSS distribution variability 

is not evident; the salinity values are around the 36-36.7 psu range. The high SSS values found in 

the north can be attributed to the influx of high salinity water masses from the Red Sea and the 

Persian Gulf and the existence of Arabian Sea High Salinity Water (ASHSW) mass. During winter, 

the ASHSW mass is restricted to north of 13° N, and the high saline waters from the Red Sea 

propagate southward along the Somali coast; the high saline water mass in the northern Arabian Sea 

spreads towards the south during the monsoon season, increasing the SSS values over the mid-

latitudes, while the Red Sea water mass moves in the east direction during summer, lowering the 

SSS values over the southern latitudes during pre-monsoon season. The influence of the North 

Equatorial Current (NEC) and the BoB low-salinity water intrusion can be the reason behind the 

comparatively low SSS values in the lower latitude waters (Kumar and Prasad, 1999; Prasad and 
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Ikeda, 2002; Behera et al., 2019).  While the high saline water mass enhances the winter SSS values, 

the convective mixing attributes to the increased surface pCO2 this season, resulting in the high 

correlation. 

 

Figure.3.9 (ii) Significance of SSS variations in pCO2sw distribution over the Arabian Sea for 

post-monsoon (c) and winter (d) season 
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Figure.3.10 (i) Significance of SSS variations in pCO2sw distribution over BoB for pre-monsoon 

(a) and monsoon (b) season 

Latitudinal salinity variation also showed the same trend as SST over the pCO2 distribution 

in BoB except in the monsoon season (Figure.3.10(i) &(ii)). The freshwater influx reduced salinity 

values towards the high latitudes (Gopalakrishna et al., 2002; Vinayachandran et al., 2002; 

Madhupratap et al., 2003), with a significant decrease of up to 27 psu during post-monsoon. Further, 

with the weakening of the south-westerlies, the advection of the river influx towards the southern 

BoB along the east coast would bring the freshwater towards the equator, which reduces the pCO2 

values over the basin (Han & McCreary Jr, 2001; Shankar et al., 2002; Babu et al., 2003; Sarma et 

al., 2012). Analysis showed a moderate correlation (R = 0.77) between SSS and sea water pCO2 

during pre-monsoon (Figure.3.10(i). a). In contrast, a better correlation was obtained for the post-

monsoon (R = 0.94) (Figure.3.10 (ii). c) and winter (R = 0.99) (Figure.3.10 (ii). d) season. This may 

result from the thermal stratification zones where surface turbulence due to wind action is absent, 

leading to reduced surface partial pressures (Sardessai et al., 2010). Salinity is a significant factor in 

determining the mixed layer depth, thus reducing salinity and resulting in surface stratification 
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(Vinayachandran et al., 2002). Stratified waters tend to have low partial pressures since the release 

of subsurface CO2 to the surface is disturbed. Monsoon pCO2 values peaked towards the coast from 

16 ° N to 21° N (Figure.3.10 (ii). b) due to the cyclonic activity enhancing the surface pCO2 (Samanta 

et al., 2018). 

 
Figure.3.10 (ii) Significance of SSS variations in pCO2sw distribution over BoB post-monsoon (c) 

and winter (d) season 

3.3.2 Spatial and Seasonal distribution of CO2 fluxes Over Indian Ocean 

CO2 fluxes were calculated and analysed to understand the seasonal and spatial distribution over the 

Arabian Sea and the Bay of Bengal. Seasonally, the fluxes were analysed for pre-monsoon, 

monsoon, post-monsoon, and winter. Spatial variation was studied for northern and southern regions 

of each sub-basins, where most coastal zones dominate the northern part, and open ocean waters 

occupy the south. 
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Figure.3.11 Spatio-temporal variation of CO2 Fluxes over the Arabian Sea 

Both sub-basins showed the highest flux values in the monsoon season. In the Arabian Sea, 

monsoon emissions were observed over a wide range of 5–93 mmol m-2 day-1 in the north and 3 – 

25 mmol m-2 day-1 in the south (Figure.3.11-b), while BoB fluxes ranged from -20–70 mmol m-2 

day-1 in the north to -47–1.5 mmol m-2 day-1 in the southern waters (Figure.3.12-b). Winter fluxes 

over the Arabian Sea were high on the north-western coast, with an average value range of 15–85 

mmol m-2 day-1 (Figure.3.11-d), whereas the values over the south-east region showed the lowest 

emission range of 3–9 mmol m-2 day-1. 
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Figure.3.12 Spatio-temporal variation of CO2 Fluxes over BoB 

The increased emission of CO2 in the monsoon season can be due to the upwelling of 

subsurface waters rich in CO2, resulting in CO2 oversaturation in the sea surface. The Findlater jet 

is one of the factors for upwelling in the monsoon enhancing the surface pCO2 values (Madhupratap 

et al, 1996; Takahashi et al., 1997; Sarma et al., 1998; Sarma et al., 2000). In the winter season, the 

convective mixing brings subsurface waters enriched with CO2, thus increasing the fluxes 

(Madhupratap et al., 1996; Sarma, 2003). 

The lowest flux values were observed during the pre-monsoon season in the Arabian Sea, 

while winter fluxes showed the minimum seasonal values in BoB. Central and western Arabian Sea 

waters were found to have an average pre-monsoon flux value of 2–8 mmol m-2 day-1, while towards 

the northeast and southwest coast, the values increased up to 13 mmol m-2 day-1 (Figure.3.11-a). The 
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absence of the low-salinity waters has increased the eastern flux values while, the equator to 

poleward change in surface circulation pattern, transporting low pCO2 waters towards north has 

attributed to the lowering of fluxes over the northern central Arabian Sea and the adjoining western 

region (Sarma, 2003). In the pre-monsoon season, the central and east BoB waters exhibited a flux 

range of 0.5–5 mmol m-2 day-1 (Figure.3.12-a); flux values were found to decrease towards the north 

and north-west coastal regions (-0.1 to -7.5 mmol m-2 day-1), while the pre-monsoon peak emissions 

were obtained over the southern open ocean waters, with a maximum flux value of 8 mmol m-2 day-

1.  A reduction in the freshwater influx during pre-monsoon might have resulted in the central values 

while bacterial respiration could cause the increased outflux towards the southern waters (Sarma et 

al., 2000; Sarma, 2003) 

Winter and post-monsoon fluxes in BoB showed the basin acts as a seasonal CO2 sink, with 

the flux values ranging from 2 mmol m-2 day-1 to -4 mmol m-2 day-1 in the north, dropping to -11 

mmol m-2 day-1 over the open ocean waters of central BoB during post-monsoon (Figure.3.12-c). 

Winter values over the northern BoB were found to be in the air-to-sea direction, where the influx 

ranged from -6 to -30 mmol m-2 day-1; the maximum winter values were concentrated towards the 

southeast BoB, reaching up to a maximum of 3 mmol m-2 day-1 (Figure.3.12-d).  

Post-monsoon fluxes also showed a decreasing trend in the Arabian Sea, especially in the 

northeast and northwest regions (Figure.3.11-c). The average value range showed 1–3.5 mmol m-2 

day-1 which is less compared to that of the pre-monsoon values; the change in the direction of winds 

from south-westerly to north easterly post the south-west monsoon (Beal et al., 2013) brings the high 

CO2 waters southward which establishes the south-north gradient whereas the relatively high pre-

monsoon values are attributed to the increased levels of bacterial respiration enhancing the surface 

CO2 in this season (Sarma et al., 1998; Sarma et al, 2000; Sarma, 2003). The east and north-west 

coastal regions showed the lowest fluxes ranging from 2 – 12 mmol m-2 day-1, while relatively high 

values, reaching up to 15 mmol m-2 day-1 obtained in the southern open waters of the Arabian Sea.  
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Table 3.2. Spatial & Seasonal Distribution of CO2 Fluxes 

Seasons 
CO2Fluxes (mmol m-2 day-1) 

AS-N AS-S BoB-N BoB-S 

Pre-monsoon 2 – 13 3 – 8 -13 – 2 0.7 – 8 

Monsoon 5 – 93 3 – 25 -20 – 70 -47 – 1.5 

Post-monsoon 2 – 12 2 – 15 -20 – 6 -10 – -7.5 

Winter 15 – 85 3 – 9 -30 – -6 -11 – 6.5 

 

The reduced emissions during pre and post-monsoon seasons in the Arabian Sea can be due 

to the absence of upwelling and convective mixing because surface layers’ stratification hinders 

vertical transport. Also, CO2 fixation during photosynthesis can reduce surface CO2 (Madhupratap 

et al., 1996; Sarma et al., 2000; Takahashi et al., 2002). The spatial and seasonal distribution of 

fluxes is summarised in Table 3.2. 

3.4 Summary and conclusions 

The distribution of CO2 fluxes in the Arabian Sea and BoB was estimated using satellite-derived and 

climatological parameters and analysed for spatial and seasonal variation. The sea surface partial 

pressures are an essential indicator of the CO2 flux direction between the sea surface and the above 

atmosphere. The sea water pCO2 over the Arabian Sea was calculated using the empirical algorithm 

derived from the SST and Chl-a, since the significant factors influencing the pCO2 in this basin are 

the variations in sea water temperature and biological processes. In BoB the sea surface pCO2 is 

primarily governed by the thermohaline stratification induced by the river fluxes and monsoonal 

freshwater input. Hence the SST-SSS relation was used in the sea water pCO2 calculation.  

The latitudinal distribution of the modelled sea surface partial pressures was analysed in 

relation to SST, SSS, and Chl-a variations to understand the physico-chemical and biological 

influence. The analysis revealed a reduction in the surface CO2 levels by the photosynthetic activities 

during the inter-monsoon period, while the monsoonal upwelling and winter convective mixing 

increased the surface pCO2 values in the Arabian Sea. In BoB, strong biological influence can be 

visible except in the monsoon season, where the pCO2 distribution and biological activities are 

influenced by factors such as river and precipitation influx, sediment input, eddy formation, open 

ocean upwelling due to Ekman transport, and cyclonic activities. 

Arabian Sea showed a maximum correlation between SST and pCO2 distribution during pre-

monsoon and winter seasons since the increase in the temperature in pre-monsoon would reduce the 
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CO2 solubility, thus increasing the surface pCO2 while the lowering of winter temperatures will 

cause the surface convective mixing, bringing subsurface CO2 to the surface. In BoB, a high 

correlation was observed during all the seasons; pCO2 and SST followed a similar spatial distribution 

trend. Increased temperatures in the pre and post-monsoon season over the open ocean waters of 

BoB increase the surface pCO2. In contrast, the open ocean upwelling enhances the surface pCO2 

during monsoons and winter. 

The occurrence of high salinity water mass in the north and central Arabian Sea is attributed 

to the north-south surface salinity gradient. While southern waters showed a reduction in salinity 

due to the influence of the BoB low saline waters, the increased temperatures elevate the surface 

pCO2. Thus, no substantial effect of salinity on the surface pCO2 distribution is observed in the 

Arabian Sea. The onset of the Arabian Sea High Salinity Water Mass and the winter convective 

mixing towards the north latitudes explains the strong correlation between SSS and pCO2 during 

winter. A moderate to high correlation was observed between SSS and pCO2 over BoB; similar to 

the SST-pCO2 distribution, SSS and pCO2 followed similar spatial trends. Monsoonal eddies and 

cyclonic activities could be the reason behind the disturbing correlation in monsoon season. The 

freshwater influx during the monsoon season reduces the salinities in the north, establishing a surface 

stratification, which eventually affects the post-monsoon and winter pCO2 distribution, while the 

absence of such stratification and the increased temperatures result in a positive correlation between 

the SSS and pCO2 in pre-monsoon. 

The spatial and seasonal variation of CO2 flux showed high sea-to-air fluxes over the Arabian 

Sea during monsoon followed by the winter season; BoB emissions were also increased during the 

monsoon while the basin acts as an intense sink in winter. The monsoonal upwelling and winter 

convective mixing enhance the surface CO2 levels, leading to an oversaturation. The highest flux 

values were obtained in the northwestern region where the upwelling along the Somali coast and the 

influence of the Findlater Jet escalated the outflux. The low pre- and post-monsoon fluxes could 

result from thermal stratification and photosynthetic consumption. On the other hand, the 

comparatively high fluxes in the pre-monsoon over the open ocean waters of BoB could be due to 

the bacterial respiration and organic matter decomposition of the winter productivity. In winter and 

post-monsoon, the surface pCO2 in BoB fall below the atmospheric pCO2 owing to the surface 

stratification, leading to negative fluxes, especially over the northern latitudes. 
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4 

 

 

Significance of ocean primary productivity and 

sea surface temperature distribution on spatial 

and seasonal variability of air-sea CO2 fluxes 
 

4.1 Introduction 

The air-sea CO2 fluxes are regulated primarily by the fluctuations in the sea water CO2 partial 

pressures. The major controlling factors of sea water partial pressure are variations in sea water 

temperature and biological consumption of CO2. An increase in the SST decreases the CO2 gas 

solubility, thus enhancing the gas release, while a decrease in SST increases the CO2 dissolution in 

water. However, the warming of the waters will induce surface stratification and reduce vertical 

mixing. The marine biological productivity consumes the surface CO2, thus reducing the partial 

pressures. The biologically trapped CO2 in the subsurface layers will be released back in to surface 

during upwelling triggered by a reduction in the SST. Therefore, a combination of the SST and 

productivity will decide the flux direction between the water and air (Metzl et al, 2006; Sharada et 

al, 2008) 

4.2 Data and Methods 

The spatial and seasonal distribution of ocean primary productivity was analyzed using the satellite-

derived (MODIS-Aqua) Net Primary Productivity data calculated using the chlorophyll-based 

Vertically Generalised Production Model (VGPM). The VGPM model is used to derive the net 

primary productivity from the satellite-derived Chl-a, SST, and sea surface daily photosynthetically 

active radiation(PAR) and can be expressed as equation 4.1 (Behrenfeld and Falkowski, 1997). 

PPeu= 0.66125*PB
opt 

𝐸0

𝐸0+4.1
*CSAT *Zeu*DIRR  (4.1) 

PPeu is the daily carbon fixation in mgCm-2d-1 integrated to euphotic depth Zeu in meter; euphotic 

depth is derived as a function of chlorophyll as given in equation 4.2-4.3.  

Zeu = 568.2(CTOT)-0.746, if CTOT <102 (4.2) 

200.0(CTOT)-0.293, if CTOT >102 
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CTOT =    38.0(CSAT) 0.425, if CSAT <1.0 (4.3) 

 40.2(CSAT) 0.507, if CSAT ≥1.0 

CSAT is satellite-derived surface chlorophyll concentration (mg chl m-3) 

PB
opt is the optimal daily carbon fixation rate within a water column [mgC(mg Chl)-1h-1] derived as 

a function of sea surface temperature; it is either considered as the following criteria,  

PB
opt =   1.13 if T < -1.0 

4.00 if T >28.5 

or if -1.0> T >28.5, it is derived as equation 4.4. 

PB
opt =1.2956 +2.749*10-1*T + 6.17*10-2*T2 – 2.05*10-2*T3 + 2.462*10-3*T4–1.348*10-4*T5 + 

3.4132*10-6*T6 – 3.27*10-8*T7            (4.4) 

T is sea surface temperature in degree Celsius, E0 is sea surface daily PAR (mol quanta m-2 d-1), 

DIRR is the daily photoperiod calculated in decimal hours for the middle of the month.   

The overall flow diagram of the VGPM model is summarised in Figure.4.1. 

 

 

Figure. 4.1 Methodology flow diagram for ocean primary productivity calculation 

The latitudinal (south to north) and longitudinal (west to east) gradient of the CO2 fluxes 

distribution in relation to primary productivity and SST was carried out to understand the seasonal 

and spatial influence of the CO2 uptake by biological activities and the temperature variations of sea 

water. Latitudinal and longitudinal averages of the satellite-derived primary productivity, SST, and 

flux values from both basins were extracted and plotted for pre-monsoon, monsoon, post-monsoon 

and winter seasons.  
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4.3 Results 

4.3.1 Spatial and seasonal variability in Primary Productivity 

 

Figure.4.2 Spatio-temporal variation of ocean primary productivity over the Arabian Sea 

Winter and monsoon seasons showed high productivity in the northern Arabian Sea. Winter 

productivity exhibited a wide range with average minimum values of 275 mgC m-2 day-1 in the 

eastern coast to a maximum of 2000 mgC m-2 day-1 in a the northern coast (Figure.4.2-d). Monsoon 

values ranged from 200 mgC m-2 day-1 on the east coast to 2500 mgC m-2 day-1 on the north-western 

coast (Figure.4.2-b). Pre (Figure.4.2-a) and post-monsoon (Figure.4.2-c) average values ranged from 

150 – 600 mgC m-2 day-1. High productivity can be the result of the monsoonal upwelling and winter 

convective mixing that bring nutrients from the subsurface hence triggering the ocean primary 

productivity, the absence of which caused a reduction in the productivity in pre-monsoon 

(Figure.4.2-a) and post-monsoon (Figure.4.2-c) seasons (Sarma et al., 2000; Barber et al., 2001; 

Marra and Barber, 2005).  
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High productivity is observed during winter in the north-eastern Arabian Sea, as observed 

by Madhupratap et al (1996). The winter cooling experienced by the northern Arabian Sea is 

characterised by sea surface temperature reduction and densification, leading to the formation of 

high salinity waters. This is followed by sinking and convective mixing, which brings nutrients to 

the surface waters from the thermocline, thus enhancing productivity (Chauhan et al., 2001). During 

winter, onshore and offshore chlorophyll blooms characterize the northern Arabian Sea, which also 

can result in high winter productivity (Dey and Singh, 2003). The highest productivity during 

monsoon was observed in the western region caused by the upwelling on the Oman coast (Barber et 

al., 2001).  

Comparatively, less productivity was observed in the southern Arabian Sea, with maximum 

values in winter (250- 500 mgC m-2 day-1) and minimum (150-200 mgC m-2 day-1) in pre-monsoon 

season (Figure.4.2-a). The low productivity trend can be due to  an increase in SST while going to 

the offshore regions and the resulting stratification in the surface layers and reduction in the upward 

transport of nutrients (Sarma, 2003). An increase in temperature also causes an increase in 

respiration rates and heterotrophic activities in the surface waters. The increased rates of microbial 

respiration and the time lag between production and respiration might have caused the reduced 

productivity (Sarma, 2003). Also, the nutrient concentration in the surface waters decreases offshore, 

and the mixed layer depth increases, which can result in reduced productivity (Sarma et al., 2000; 

takahashi et al., 2002; Marra and Barber, 2005). The western and northern regions were the highest 

productive regions in the Arabian Sea (Tang et al., 2002; Prasannakumar et al., 2009).  
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Figure.4.3 Spatio-temporal variation of ocean primary productivity over the Bay of Bengal 

Primary productivity in BoB (Figure.4.3) was comparable to that of the southern Arabian 

Sea. Less values were observed in all seasons with an average range of 150-500 mgC m-2 day-1 with 

minimal fluctuation in spatial distribution. Intense precipitation and river runoff cause strong 

stratification in the BoB, as Unger et.al. (2003) reported. Stratification suppresses the vertical mixing 

process resulting in less nutrient content in surface waters lowering marine productivity (Rao et.al., 

1994; George et.al., 1994; Kumar et.al., 1996). The hindrance of light by turbidity and cloud cover 

also affects productivity in BoB, as reported by Madhupratap et.al. (2003). The maximum values 

reaching up to the range 750-2000 mgC m-2 day-1 can be observed along the north east coast of BoB 

and the Sri Lanka coast; the nutrient availability from the river influx results in enhanced 

productivity in the former case, while the Ekman pumping triggered upwelling and monsoon 

chlorophyll blooms enhance the latter one (Murtugudde and Busalacchi, 1999; Vinayachandran et 
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al., 2004). The spatial and seasonal distribution of the average primary productivity values over the 

northern and southern Arabian Sea and BoB is summarised in Table 4.1. 

 

Table 4.1. Spatial & Seasonal Distribution of Primary Productivity 

Seasons 
Primary Productivity (mgC m-2 day-1) 

AS-N AS-S BoB-N BoB-S 

Pre-monsoon 150-600 150-200 120-500 200-300 

Monsoon 200-2500 160-400 230-800 230-630 

Post-monsoon 200-750 150-275 180-600 200-300 

Winter 275-2000 250-500 200-600 160-600 

 

4.3.2 CO2 fluxes distribution in relation to ocean primary productivity 

Seasonal variations in the south-north (S-N) and west-east (W-E) gradient of CO2 fluxes were 

analysed in relation to the primary productivity to understand the significance of biological controls 

on the gas exchange at the sea surface in both the Arabian Sea and BoB. The S-N (Figure.4.4-a) 

distribution in the pre-monsoon season over the Arabian Sea showed a drop in the flux values over 

the mid-latitudes, with the lowest flux value observed to be 3 mmol m-2 day-1, rising towards north 

and south, reaching up to a maximum of 7 mmol m-2 day-1 in the northern waters; a gradual northward 

increase in the productivity was observed. In the W-E gradient (Figure.4.4-b), the western and 

eastern coastal flux values recorded maximum (8 mmol m-2 day-1) and the lowest (3 mmol m-2 day-

1) fluxes were observed over the western-central region. The productivity also exhibited western and 

eastern peaks, reaching a maximum of 350 mgC m-2 day-1 in the east, while the maximum values 

(373 mgC m-2 day-1) were recorded over the western-central longitudes, accompanied by a fall in the 

flux values.   
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Figure.4.4 Spatial variations in pre-monsoon fluxes and primary productivity in the South-North 

and West-East directions over the Arabian Sea 

In the monsoon season (Figure.4.5-a), both flux and productivity values peak over the upper 

central latitudes with a maximum flux value of 61 mmol m-2 day-1 and productivity of 2687 mgC m-

2 day-1, while the lowest values obtained over the southern waters with the CO2 flux value falling to 

14 mmol m-2 day-1 and productivity 365 mgC m-2 day-1. Considering the W-E distribution 

(Figure.4.5-b), the productivity peaked over the western central region (2250 mgC m-2 day-1), and 

high outflux (61 mmol m-2 day-1) was identified towards the western coast. 

 

Figure.4.5 Spatial variations in monsoon fluxes and primary productivity in the South-North and 

West-East directions over the Arabian Sea 
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Post-monsoon productivity showed an increasing trend towards the upper latitudes, which 

also can be visible in the W-E distribution. In contrast, the fluxes decreased towards the north 

(Figure.4.6-a) while reaching maximum value (Figure.4.6-b) over the western coast of Arabian Sea. 

The northern productivity values reached up to 495 mgC m-2 day-1, and the fluxes showed the lowest 

value of 2.6 mmol m-2 day-1; the western coast observed the peak flux values around 8.2 mmol m-2 

day-1, while the highest productivity value of 402 mgC m-2 day-1 given by the central longitudinal 

averages. 

 

Figure.4.6 Spatial variations in post monsoon fluxes and primary productivity in the South-North 

and West-East directions over the Arabian Sea  

Winter fluxes enhanced (Figure.4.7-a) over the mid-latitudes (30 mmol m-2 day-1) and 

decreased over the southern waters (10 mmol m-2 day-1); the productivity increased northward, 

reaching up to 1500 mgC m-2 day-1, while lowest productivity value of 453 mgC m-2 day-1 was 

identified in the low latitudes. The W-E distribution of fluxes (Figure.4.7-b) peaked over the western 

and western-central Arabian Sea, with a maximum outflux around 37.4 mmol m-2 day-1, dropping to 

8.8 along the south west coast of India. Productivity was maximum (800 mgC m-2 day-1) over the 

western longitudes, and lowest (359 mgC m-2 day-1) towards the east. 
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Figure.4.7 Spatial variations in winter fluxes and primary productivity in the South-North and 

West-East directions over the Arabian Sea  

 

The maximum flux and productivity values observed over the northern and western Arabian 

Sea during winter and monsoon seasons can be attributed to the convective mixing and on-shore as 

well as off-shore upwelling. High productivity is associated with high respiration rates, elevating the 

surface CO2. During monsoon, the maximum flux values were over the western coast owing to the 

Somali coast upwelling, which was transported towards the central and north-eastern waters by the 

Findlater Jet (Madhupratap et al, 1996; Sarma, 2003). This enhances the central and north-eastern 

fluxes. A reduction in monsoon fluxes towards the north is attributed to the high-nutrient, low-saline 

fresh water influx by river runoff in the Oman and Pakistan, lowering the fluxes due to reduced 

alkalinity while enhancing productivity (Sarma et al., 1998). The pre-monsoon distribution of fluxes 

and productivity did not show much trend since the absence of upwelling resulted in a lowering of 

both (Sarma et al., 2000; Marra and Barber, 2005). The increase in the flux values over the north 

might be due to the bacterial respiration enhancing the surface CO2. In contrast, the absence of low 

salinity waters from the BoB increased the flux values over the western coast of India, increasing 

the southern fluxes (Sarma et al., 1998; Sarma et al., 2000; Sarma, 2003). Over the central and 

western Arabian Sea, the movement of low pCO2 waters towards the north by the poleward surface 

circulation has lowered the fluxes (Sarma, 2003). The eastern and western productivity maximum 

was associated with a drop in the flux values, which can be due to the photosynthetic drawdown of 

surface CO2 (Madhupratap et al, 1996). The transport of high flux waters towards the south by the 
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reversing wind system during the post-monsoon could be behind the high values towards the south, 

also the CO2 consumption by the high productivity over the western Arabian Sea might have resulted 

in the low flux values over this region (Beal et al., 2013). The winter fluxes were maximum over the 

western coast of the Arabian Sea, reducing over the south-west coast of India. The low saline waters 

from BoB entering the south-west coast might have led to the W-E gradient in flux values (Sarma, 

2003). 

In BoB, pre-monsoon fluxes (Figure.4.8-a) showed an air-sea transfer over the northern 

latitudes, while the trend reduced to the mid-latitudes, reversing towards the southern open ocean 

waters. The influx showed a maximum value up to -9.4 mmol m-2 day-1, while the low latitude 

outfluxes reached 4 mmol m-2 day-1. Productivity exhibited a spatial variation with lowest values 

over the southern and central latitudes, falling to 225 mgC m-2 day-1 while peaked towards the north 

(978 mgC m-2 day-1). The W-E distribution of fluxes (Figure.4.8-b) has given the peak values (16 

mmol m-2 day-1) over the eastern BoB coast, while low value range (0.97-1.7 mmol m-2 day-1) was 

observed over the central longitudes. Productivity was maximum over the western and eastern coasts 

with highest values obtained over the west (433 mgC m-2 day-1); productivity dropped over the 

central open ocean waters to around 220 mgC m-2 day-1.  

 

Figure.4.8 Spatial variations in pre-monsoon fluxes and primary productivity in the South-North 

and West-East directions over the Bay of Bengal  

The monsoon trend reversed as compared to the pre-monsoon season, where the influx trend 

was observed towards the south (Figure.4.9-a) while the northern latitudes showed an average 
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outflux trend (1-17 mmol m-2 day-1). Low outflux values (0.5-1.5 mmol m-2 day-1) were observed 

towards the southern waters, while the north-east fluxes exhibited a positive values range. Towards 

the central BoB, a substantial influx trend can be observed, reaching a maximum value of -9.3 mmol 

m-2 day-1. Productivity showed a similar trend in the S-N distribution (Figure.4.9-a) as that of the 

pre-monsoon, with the lowest values (270 mgC m-2 day-1) observed over the southern latitudes, 

peaking over the northern waters (1541 mgC m-2 day-1). The W-E distribution (Figure.4.9-b) showed 

an influx (-5 to -1.5 mmol m-2 day-1) trend towards the western region, while the eastern waters 

exhibited a mixed scenario (-3 to 6.8 mmol m-2 day-1). Primary productivity showed a peaking and 

falling trend along the W-E direction, with values ranging from 270 mgC m-2 day-1 over the extreme 

west, to 477 mgC m-2 day-1 over the eastern region.  

 

Figure.4.9 Spatial variations in monsoon fluxes and primary productivity in the South-North and 

West-East directions over the Bay of Bengal  

Post-monsoon productivity also followed the S-N (Figure.4.10-a) increasing trend similar to 

pre-monsoon and monsoon values; while fluxes showed a mixed influx and outflux trend along the 

S-N direction, the western waters were observed to have an outflux trend, reversing towards east. 

The maximum productivity value obtained in the north was around 850 mgC m-2 day-1, reducing to 

218.5 mgC m-2 day-1 over the low latitudes. The highest influx values (-2.7 to -3.7 mmol m-2 day-1) 

were observed over the upper-southern latitudes, while northern waters also showed the influx (-2.9 

mmol m-2 day-1) trend; 1.2-1.6 mmol m-2 day-1 outflux value range was obtained over the low 

latitudes, while the maximum fluxes values (3 mmol m-2 day-1) found towards the north. The W-E 

distribution (Figure.4.10-b) gave maximum outflux values (5.9 mmol m-2 day-1) over the western 
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region, reversing the trend towards the north, where the influx values peaked around -2.2 mmol m-2 

day-1. Increased productivity was observed in the east (501 mgC m-2 day-1), whereas it dropped 

towards the west (213 mgC m-2 day-1).  

 

Figure.4.10 Spatial variations in post monsoon fluxes and primary productivity in the South-North 

and West-East directions over the Bay of Bengal  

 

Figure.4.11 Spatial variations in winter fluxes and primary productivity in the South-North and 

West-East directions over the Bay of Bengal  

Winter fluxes showed intense influx (-1 to -18.7 mmol m-2 day-1) over the northern BoB, 

shifting to low outflux (0.9-1.4 mmol m-2 day-1) trend over the low latitudes (Figure.4.11-a). 

Productivity repeated the previous S-N increasing trend with a value range of 293.7-993 mgC m-2 

day-1. The W-E distribution (Figure.4.11-b) exhibited a strong influx trend over the eastern (-1.97 to 
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-13 mmol m-2 day-1) and central (-6 to -9 mmol m-2 day-1) waters, with a slight outflux trend in the 

extreme west. The productivity peaked towards the western (521 mgC m-2 day-1) and eastern (672 

mgC m-2 day-1) waters, lowering over the central (301 mgC m-2 day-1) BoB. 

In BoB, the maximum influx observed was in winter and the maximum outflux was in 

monsoon season, both in the north. The winter productivity was found to be maximum during 

monsoon and winter, with the highest values obtained for the monsoon season. During monsoon, the 

riverine influx brings a variety of organic and inorganic matter into the BoB, increasing bacterial 

respiration levels and increasing sea water CO2 (Shanti et al., 2016). Due to the intense fresh water 

input from rivers and precipitation in monsoon, surface stratification establishes over the northern 

and central BoB, which usually hinders the upwelling of such subsurface CO2 concentration 

(Madhupratap et al., 2003). Local eddies and the Ekman transport of the freshwater plume might 

disturb this stratification, which can enhance the surface pCO2 levels compared to the atmosphere, 

leading to an outflux (Vinayachandran et al., 1996; Sarma et al., 2020). The strong influx over the 

central BoB in monsoon and the entire northern and central BoB might be attributed to the 

freshwater-induced surface stratification. During pre-monsoon season, the influence of the fresh 

water input is reduced, increasing the central and southern outflux. In post-monsoon, the reduction 

in the stratification and the transport of the northern low pCO2 waters towards the central BoB result 

in an increase in outflux over the north-western BoB. The high productivity over the BoB basin is 

observed over the north eastern coast and along the Sri Lanka coast, which might be attributed to 

the coastal and Ekman transport induced- open ocean upwelling (Vinayachandran et al., 1996; 

McCreary et al., 2009).  

4.3.3 CO2 fluxes distribution in relation to sea surface temperature variability 

The significance of S-N and W-E sea water thermal variations on the sea surface CO2 fluxes 

distribution was analysed seasonally. Over the Arabian Sea, a strong S-N gradient (Figure.4.12-a) 

in pre-monsoon SST was visible, whereas the western and eastern SST values showed the lowest 

value of 27.7 °C increasing up to 31°C (Figure.4.12-b). However, a distinct W-E gradient was 

absent; a weak coast-open ocean gradient can be seen. Although a gradient did not exist, the lowest 

value (29.4 °C) was observed towards the western coastal waters, and the maximum SST (30.6 °C) 

was obtained in the east. While both fluxes and SST showed an increasing trend towards the low 

latitudes, the trend reversed in SST in the north, while fluxes lowered over the mid-latitudes. The 
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W-E distribution showed fluxes and SST peaks towards the west and east while dipping over the 

central Arabian Sea. 

 

Figure.4.12 Spatial variations in pre-monsoon fluxes and SST in the South-North and West-East 

directions over the Arabian Sea  

The monsoon SST values peaked towards the north and south, with maximum values 

reaching around 28.8 °C over the low latitudes (Figure.4.13-a); SST dropped over the mid-latitudes 

to 27.3 °C. The SST values showed a W-E gradient (Figure.4.13-b), from 26.3 °C in the west, 

reaching up to 29.6 °C in the eastern Arabian Sea. Monsoon season exhibited an inter-relation in the 

flux and SST distribution, both in the S-N and W-E direction. 

 

Figure.4.13 Spatial variations in monsoon fluxes and SST in the South-North and West-East 

directions over the Arabian Sea  
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Post-monsoon SST also followed the S-N and W-E monsoon trend, peaking towards the 

south and north (Figure.4.14-a), falling over the mid-latitudes, while a strong west-to-east gradient 

(Figure.4.14-b), with maximum values over the east, was evident. The highest SST values were 

observed towards the south around 29.4 °C, dropping to 28.4 °C over the central Arabian Sea; in the 

east, SST reached around 29.5 °C, dropping to 27°C towards the west. Flux and SST distribution 

showed a correlation in the S-N direction, whereas no particular trend was observed between their 

distribution in the W-E.  

 

Figure.4.14 Spatial variations in post monsoon fluxes and SST in the South-North and West-East 

directions over the Arabian Sea 

Winter values showed an S-N (Figure.4.15-a) gradient with maximum values obtained 

southward; northern SST lowered to 26 °C, increasing to 28.8 °C in the low latitudes. The W-E 

distribution (Figure.4.15-b) also exhibited increased SST values from west to east, with the value 

range 27.4-29.2 °C. In winter, the fluxes peaked over the west, lowering towards the east, thus, an 

inverse relation is visible in the W-E direction, whereas S-N direction did not show any specific 

trend between flux and SST distribution.  
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Figure.4.15 Spatial variations in winter fluxes and SST in the South-North and West-East 

directions over the Arabian Sea  

Rao and Goswami (1988) reported that the primary and secondary peaks in SST values over 

the Arabian Sea were observed to be during the pre-monsoon and post-monsoon respectively. During 

both seasons, the maximum values were obtained over the low latitudes. The increased temperatures 

over the open ocean waters result in reduced CO2 solubility, leading to enhanced fluxes; towards the 

north, the SST reduces while the bacterial respiration elevates the surface pCO2, maintaining the 

outfluxes (Sarma et al., 1998; Sarma et al, 2000; Sarma, 2003). During monsoon, the open ocean 

upwelling brings the cold subsurface waters rich in CO2 to the surface, thus enhancing the outfluxes; 

this could have resulted in the high fluxes in the mid-latitudes associated with low SSTs 

(Madhupratap et al., 1996; Sarma et al., 2000; Sarma, 2003). During post-monsoon season, western 

coastal areas show increased fluxes while a lowering in SST values could be due to localised 

upwelling processes. Towards the north, the increased SSTs establish a thermal stratification at the 

surface, reducing the fluxes (Sarma et al., 2000; Takahashi, 2002). Low SSTs over the western and 

northern Arabian Sea cause a convective mixing of the surface waters, leading to enhanced fluxes 

over these regions (Madhupratap et al., 1996; Sarma et al., 2000; Sarma, 2003).  

BoB SST values during pre-monsoon season exhibited a strong S-N gradient (Figure.4.16-

a); the values peaked (30.8 °C) over the southern latitudes, reducing towards the north (28.4 °C). 

The W-E distribution (Figure.4.16-b) showed maximum values reaching towards the western (30.5 
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°C) and eastern (30.7 °C) longitudes, dipping over the central BoB (29.7 °C). BoB fluxes followed 

the same spatial trend as SST, both in the S-N and W-E directions.  

 

Figure.4.16 Spatial variations in pre-monsoon fluxes and SST in the South-North and West-East 

directions over the Bay of Bengal 

Monsoon SST values tend to peak towards south and north (Figure.4.17-a) and west and east, 

while dropping over the central BoB (Figure.4.17-b). Southern and northern maximum reached 

around 30 °C, with the lowest value of 28.7 °C obtained over the mid-latitudes. The western and 

eastern SST values peaked around 29.7 °C and 30 °C, respectively, while the central SST values 

ranged from 29.2 to 29.6 °C. The S-N distribution showed an increased SST trend over the south, 

with high influx values, whereas a drop in SSTs over the mid-latitudes with enhanced outfluxes. In 

the W-E distribution, the high western influxes are accompanied by elevated SSTs, while eastern 

fluxes or SST values exhibit no specific trend. 
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Figure.4.17 Spatial variations in monsoon fluxes and SST in the South-North and West-East 

directions over the Bay of Bengal 

Post-monsoon values were high over the southern (29.85 °C), central (29.8 °C), and northern 

(29.9 °C) BoB, while lowest values (29 °C) obtained over the southern central latitudes (Figure.4.18-

a). In the W-E direction (Figure.4.18-b), SST values reached a maximum of 30 °C towards the west 

and east, decreasing over the central (29.3 °C) BoB waters. Post-monsoon SSTs were observed to 

have a low spatial variation, both in the S-N and W-E directions. Both SST and flux values followed 

a similar spatial trend.  

 

Figure.4.18 Spatial variations in post monsoon fluxes and SST in the South-North and West-East 

directions over the Bay of Bengal 

TH-3079_166104102



79 
 

 

Figure.4.19 Spatial variations in winter fluxes and SST in the South-North and West-East 

directions over the Bay of Bengal 

During the winter season, southern SSTs (29.6 °C) showed little to no variation while 

decreasing over the central to northern (25.8 °C) latitudes (Figure.4.19-a). The W-E distribution 

(Figure.4.19-b) showed the flux and SST values following a similar trend, with SSTs dropping (28.4 

°C) over the central BoB, slightly increasing towards the west (29.3 °C) and east (29.2 °C).  

The high insolation received during the pre-monsoon increases the SST values of the 

southern BoB, reducing the CO2 flux solubility, thus enhancing the surface pCO2, while the river 

influx in the north reduces the surface SSTs, while the salinity gradient establishes a surface 

stratification, thus lowering the northern fluxes (Behara and Vinayachandran, 2016; Shanthi et al., 

2016). The enhanced monsoon fresh water input through river influx and precipitation extends the 

surface stratification towards the central BoB, lowering the SST values and fluxes, while north-west 

and north-east coastal wind action disturb the stratification, releasing the subsurface CO2 towards 

the surface. Post-monsoon increases in SSTs over the south, central and northern BoB, along with 

the lowered intensity of the freshwater influx and the southward transport of low pCO2 waters, 

enhances the temperatures and fluxes towards the north-west and southern waters. Winter monsoon-

induced fresh water influx re-establishes the surface stratification in the north, accompanied by 

reduced winter SSTs, making this region act as a CO2 sink while southern waters act as a weak 

source, mainly due to the lessening of the stratification southward, as well as the Ekman transport 

induced upwelling along the Sri Lanka coast (Vinayachandran et al., 1996; McCreary et al., 2009).  

TH-3079_166104102



80 
 

4.4 Summary and conclusion 

High levels of primary production and sea-to-air CO2 fluxes were observed during winter and 

monsoon seasons over the coastal waters of the Arabian Sea and BoB. With a decrease in production 

towards the open ocean region in the south, the CO2 outgassing is also observed to be dropping. 

Even though marine production involves the utilization of dissolved CO2, which contributes to the 

CO2 partial pressure of sea water, monsoonal upwelling and winter convective mixing bring the CO2 

enriched subsurface waters and nutrients, thus enhancing the fluxes and productivity simultaneously. 

High production leads to high respiration rates and enhanced CO2 levels in the surface waters. 

The decreasing trend in productivity during the pre and post-monsoon seasons due to the 

absence of upwelling was also reflected in the fluxes. Warming of the waters will induce surface 

stratification and reduce the vertical mixing in the Arabian Sea, while the salinity gradient by the 

fresh water influx established surface stratification in BoB. Southern waters in BoB showed low 

productivity levels in post-monsoon while the fluxes have dropped considerably over the northern 

BoB during winter.  

The increased summer insolation has elevated the SSTs over the open ocean waters in both 

the Arabian Sea and BoB, eventually lowering the CO2 solubility, thus enhancing the fluxes. While 

winter and monsoon convective mixing and upwelling increase the outfluxes over the Arabian Sea, 

high fresh water input during summer and winter monsoons escalate the air-sea CO2 influxes over 

the central to southern BoB and north-to-central BoB waters, respectively. With the introduction of 

a thermal or saline stratification, a layering of the water column occurs where the increased stability 

of the upper water layer hinders the gaseous as well as nutrient exchange from the subsurface layers 

to the surface. This process lowers the CO2 outflux and productivity during pre-monsoon season in 

the Arabian Sea and monsoon season over the Bay of Bengal, towards the coastal waters. With a 

change in this stability of the upper water layer, due to change in temperature or salinity, or due to 

surface disturbances induced by wind driven ocean circulation, re-establishing of the water column 

mixing will result, leading to enhanced CO2 outflux, along with the upwelling of nutrients, and 

increased productivity. 
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5 

 

 

A regional model for basin-scale sea water pCO2 

estimation from in situ measurements 
 

5.1 Introduction 

 

The gradient of the partial pressures of CO2 in the air and water interface is the primary factor in 

determining the CO2 flux direction. The spatial and seasonal fluctuations are very large in the sea 

water CO2 partial pressure as compared to the atmospheric pCO2. The global range of sea water 

pCO2 is around 150- 550 µatm which is around 60% below and above the atmospheric pCO2. The 

CO2 partial pressures in sea water are primarily regulated by the temperature changes and variations 

in the CO2 concentrations in water due to biological activities. Other factors that control the sea 

water partial pressure include sea surface salinity, nutrient concentrations and mixed layer depth 

(Takahashi et al, 2002; Padhy et al, 2016).  

Empirical models for pCO2 using in situ observations of sea surface parameters such as SST, 

Chl-a, and salinity were derived for the northern Pacific Ocean (Stephens et al., 1995; Ono et al., 

2004; Sarma et al., 2006), where the algorithm using single parameter i.e., SST showed a 

comparatively high RMSE of 26 µatm while a three-variable algorithm including SST, SSS and Chl-

a provided a better RMSE value in the range 17-23 µatm. Cosca et al (2003) included nutrients along 

with SST, SSS, and Chl-a resulting in an enhanced accuracy of pCO2 model results (12 µatm) in the 

Pacific Ocean. The single parameter algorithm developed for Greenland by Hood and Merlivat 

(1999) using SST yielded an RMSE value range of 7-10 µatm and the two-variable model from SST 

and Chl-a by Zhu et al (2009) over the northern South China Sea, Zui et al (2012) over the Huanghai 

and Bohai Sea and Padhy et al (2016) in the Hooghly Estuary provided 4.6 µatm, 13.45 µatm, and 

18 µatm accuracy respectively. Jang et al (2017) used a wide range of parameters such as DIC, SST, 

salinity, mixed layer depth, and Chl-a over the East Sea, Japan to provide an accuracy of 4.6 µatm. 

pCO2 model for the global oceans was developed by Liu and Xie (2014) using SST, Salinity, Chl-a 

with an accuracy of 16 µatm. All these studies suggest that for different oceanic regions, the defining 
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or controlling factors of the sea surface pCO2 can vary, depending on the geographical and 

climatological setup of these regions. 

5.2 Data and methods 

5.2.1 Multiple Regression 

Ship measurements of SST, SSS and pCO2 for Arabian Sea and BoB were extracted from Global 

Ocean Surface Water Partial Pressure of CO2 Database prepared using the measurements taken 

during 1957-2018 period (Takahashi et al., 2019) and provided by the National Centers for 

Environmental Information, NOAA. Multiple regression method was applied to derive the 

relationship between the predictor variables SST and SSS and the criterion variable sea water pCO2. 

As the initial step, linear regression method was used, i.e., each of the predictor variables were 

regressed with the pCO2 to determine the individual significance of each on the pCO2 variability. 

The model assumes a linear relationship between the dependent and independent variable.  The 

model was again improved by applying the polynomial regression with each parameter. Further, 

multiple linear regression (MLR) was used to understand the combined effect of the predictor 

variables on the criterion variable which assumes linear relation of SST and SSS on pCO2. The 

model can be expressed as equation 5.1 (Pedhazur, 1982; Adamowski et al, 2012). 

Y= a+β1*i  +…………+  βk*k (5.1) 

where, a is the intercept, β is the slope, and k is the number of observations. 

This is followed by the implementation of multiple polynomial regression (MPR) due to the complex 

non-linear trends of oceanographic variables; multiple polynomial regression is normally used for 

quick and accurate prediction of randomly occurring events (Ivakhnenko, 1970).  The model can be 

expressed as equation 5.2.  

Y= a+β1*i+ β2*j+β3*i2 +β4*j2 +.………..+βk*i*j (5.2) 

where, a is the intercept, β is the slope, and k is the number of observations. 

The models for each basin were trained and validated using the same data series; a total of well-

distributed 60,000 samples were used as training points and  3000 samples as testing points for the 

Arabian Sea whereas, 3000 training points and 600 testing points were used for BoB and a second 

order polynomial function was applied. 
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5.2.2 Random Forest 

The Random Forest Regressor (RFR) is a prediction model that uses a collection of randomized base 

regression trees to make aggregated regression estimates. The random forest (RF) method assesses 

the relative importance of the independent variables on the variations of the criterion variable and 

can detect the non-linear relationships between them. The model calculates estimations by 

aggregating the individual predictions of each tree, with EΘ[.] representing the expectation with 

respect to the random parameter, given X i.e., input features matrix. The RFR combines these 

random trees to form the aggregated regression estimate, as given in equation 5.3 by Bikia et al. 

(2021).  

𝑟̅𝑛(𝑋) = 𝐸𝛩[𝑟𝑛(𝑋, 𝛩)]  (5.3) 

where Θ = [Θ1, . . ., ΘN] are independent and identically distributed (i.i.d.) random variables outputs 

of each tree. To grow the trees, bootstrapping is applied to the training data to create a regression 

tree for each bootstrap sample, with estimators randomly sampled and the best split chosen at each 

node. This formal structure allows for accurate and reliable predictions in various applications. This 

method is capable of handling large predictor datasets and is insensitive to the outliers in such data 

sets. It is also flexible in order to fitting multi-period datasets (Bikia et al., 2021; Bolotin et al., 2022). 

It is a machine learning-based technique that utilizes bootstrapped sample of the data to build 

regression trees which are further combined to produce model-averaged fit. Correlation between the 

trees is less in this technique since the number of available random predictors at each node is kept 

small, thus reducing the error rate (Leach et al., 2018). The RF model structure can be represented 

as Figure.5.1. 
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Figure.5.1 Random Forest Model Structure 

The dataset for each basin was divided into 70% training and 30% testing samples, and the random 

forest regressor function is applied to each basin training dataset. A total of 500 trees were 

constructed for each training sample with pCO2 as the predictand variable, and SST and SSS as 

predictors; the number of the trees was selected through repeated trial-and-error.  The fitted model 

was validated using the testing samples for both basins. The details of the parameters used in the RF 

model are given in Table 5.1. 

Table 5.1. Model Parameter Details for the Random Forest Regression 

RF Model Parameters 

Number of Estimators 500 

Loss Function Mean Squared Error 

Tree Depth 30 

Maximum Features Square Root 

Bootstrap True 
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5.3 Results 

5.3.1 Multiple Regression 

The individual linear regression of SST and SSS with pCO2 gave a coefficient of determination value 

of 0.26 for SST and 0.12 for SSS over the Arabian Sea, whereas, BoB obtained slightly better R2 

values of 0.49 for SST and 0.3 for SSS. Applying the polynomial function of order 2 provided 

slightly better values for Arabian Sea SST i.e., 0.3 while the coefficient of determination value for 

SSS remained the same (R2=0.12). However, the BoB model produced significantly improved 

results with an R2 value of 0.6 for SST and 0.38 for SSS. This must be due to the better representation 

of sea surface pCO2 distribution of BoB in relation to SST and SSS as compared to the Arabian Sea. 

The application of multiple linear regression techniques on these datasets yielded an R2 value of 0.4 

for the Arabian Sea and 0.7 for BoB. These models were further improved through the 

implementation of a multiple polynomial regression model of order 2. The results of the final model 

fitting showed a coefficient of determination value of 0.70 for the Arabian Sea and 0.76 for BoB. 

Validation of the fitted model using the testing samples obtained R2= 78 and RMSE= 10.7 µatm for 

Arabian Sea (Figure.5.2) and R2= 0.79 and RMSE= 6 µatm for BoB (Figure.5.3). The model for 

Arabian Sea and BoB sea water pCO2 can be expressed as equation 5.4 and 5.5 respectively. 

pCO2(AS) = 22490-713.2 SST-678.1SSS+3.759SST2+3.959SSS2+14.07 (5.4) 

 
Figure.5.2 pCO2 model (MPR) validation-Arabian Sea 

pCO2(BoB) = -291.229+17.4199 SST+6.4648SSS-1.2899SST2-0.8243SSS2+2.0 (5.5) 
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Figure.5.3 pCO2 model (MPR) validation- Bay of Bengal 

5.3.2 Random Forest 

The pCO2 model fitting using the multiple regression techniques was further improved using the 

machine learning-based random forest. Results suggested a far better representation of the predictor-

predictand relationship by the RF method. Model validation provided a coefficient of determination 

value of 0.98 for both the basins, while RMSE values of 0.05 µatm and 0.06 µatm for the Arabian 

Sea (Figure.5.4) and BoB (Figure.5.5) respectively.  

 

Figure.5.4 pCO2 model (RF) validation-Arabian Sea 
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Figure.5.5 pCO2 model (RF) validation- Bay of Bengal 

The controls of thermal and saline characteristics of the sea water on the sea surface pCO2 

distribution were observed to be better represented by the RF function. This function can be 

effectively used to predict the sea water pCO2 using satellite or climatological datasets of SST and 

SSS over the western and eastern basins of the Indian Ocean. 

 

5.4 Summary and Conclusions 

Sea water pCO2 is one of the most significant factors governing the exchange of CO2 gas at the 

marine-atmosphere interface. Observations on sea water pCO2 over global oceanic regions were 

made through field surveys and sampling, however, the spatial and temporal resolution of the data 

collected is very low, considering the vastness of the global ocean. The key factors governing the 

pCO2 variations change with geographic location and climatic conditions. The two sub-basins of the 

Indian Ocean exhibit varying nature of surface CO2 dynamics since the Arabian Sea is a perennial 

source while BoB acts as a CO2 sink. This contrast leads to the development of separate algorithms 

to derive the sea water pCO2 for the Arabian Sea and BoB. Ship observations of SST, SSS, and pCO2 

were used to derive the relationship of thermal and saline variations on the partial pressure 

distribution. The multiple polynomial regression method provided a model fit result with moderate 

accuracy for both basins, which was further improved using the random forest regression method. 

The relationship of the predictor variables SST and SSS with the sea surface pCO2 is better 

represented by the random forest function, providing better accuracy for both basins, probably due 

to the non-linear nature of the pCO2 variation with seasonal as well as spatial trends in SST and SSS. 
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6 

 

Impacts of nutrient dynamics, sea surface 

temperature, and wind speed anomalies on the 

air-sea exchange of CO2 over the Indian Ocean 
 

 

6.1 Introduction 

River discharge is one of the primary sources of dissolved inorganic nutrients (DIN), such as nitrate, 

phosphate, and silicate, in the marine environment. Coastal oceans also receive nutrients through 

aerosol deposition, coastal upwelling, and eddies. These nutrient supplies enrich marine primary 

production to a great extent. Other than these natural sources, anthropogenic activities, such as 

extensive use of fertilizers in agricultural fields, plantation of leguminous plants, and domestic and 

industrial sewage contribute to the nutrient supply in coastal systems. In the case of the coastal Indian 

Ocean, the Bay of Bengal receives significantly higher nutrient input annually, as compared to the 

Arabian Sea. This is attributed to the fact that the catchment regions of BoB obtain about 78% of the 

fertilizer application (Krishna et al, 2016). The major nutrient input in the Arabian Sea is the eolian 

dust storms from the western land masses (Ramaswamy and Nair, 1994). 

Particle fluxes to the BoB are controlled by the seasonal variability of river discharge and 

marine biogenic production; the maximum particle and freshwater flux occur during the southwest 

monsoon as reported by Ittekkot et al (1991). Particle fluxes in the Arabian Sea are caused by wind 

mixing processes and in BoB by river discharge.  High fresh water and nutrient input were observed 

in BoB in SW monsoon. Annual fluxes are higher in BoB compared to the Arabian Sea (Ramaswami 

& Nair, 1994). High biogenic and lithogenic particle fluxes were observed during the NE and SW 

monsoon season in the Bay of Bengal (Ramaswami et al., 1997). Wind-driven coastal upwelling and 

river discharge during SW monsoon increase phytoplankton biomass while productivity is reduced 

by light limitation in the Bay of Bengal (Gomes et al., 2000). Analysis of the nutrient dynamics in 

the Arabian Sea and BoB was carried out to understand the role of the nutrient influx and their 

distribution in the spatial and seasonal variations in basin primary productivity and fluxes.  
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The influence of the SST and windspeed anomalies on the sea water pCO2 distribution was 

also analyzed to understand the impact of such events on the air-sea exchange of CO2 gas. With an 

increase in SST, there will be a thermal stratification of the surface water layer which will hinder 

the outflux of CO2, whereas, a lowering of the SST can lead to densification of the surface waters, 

leading to convective mixing and enhanced CO2 outflux. The increased SST can also result in 

decreased CO2 solubility, thus a reduction in the air-sea influx. These scenarios can be affected by 

the sea surface windspeed variation. An increased wind action can cause the turbulence of the surface 

water layer, thus enabling the upwelling process, hence manifesting an increased CO2 outflux 

(Madhupratap et al., 1996; Takahashi et al., 2002; Sarma, 2003).  

6.2 Data and methods 

Data for nitrate, phosphate, and silicate were procured from the National Centers for Environmental 

Information (NOAA) World Ocean Atlas 2018 database (WOA18). Monthly data of spatial 

resolution 1° for each of the nutrient parameters has been downloaded and averaged to get the 

seasonal datasets. The WOA18 objectively analyzed climatology data consists of the variable mean 

fields at standard depth levels; since the nutrient availability at the top depth levels is almost zero, 

the data from the depth of 600m, i.e., the layer of maximum nutrient content (Rozanov and Bykova, 

1967), was extracted for analyzing the basin-wide nutrient distribution. Each of the nutrient 

parameters was analyzed for its spatial and seasonal variation, with respect to the ocean’s primary 

productivity and flux distribution. 

The European Center for Medium-Range Weather Forecast Reanalysis (ECMRWF) ERA-5 

windspeed and SST data sets of spatial resolution 25 km were procured for 30 years (1980-2012) 

and anomaly maps were derived from a consecutive overlapping 3-month period. The peak warm 

and cold events were identified from the anomaly maps using the Oceanic Nino Index concept i.e., 

SST values higher than 0.5 °C denote a warm event and lower than -0.5 °C denote a cold event. The 

anomaly data were plotted against the CO2 partial pressure data (1980-2012) from the Coupled 

Model Intercomparison Project (CMIP) 5 historical database to analyze the significant changes in 

partial pressure with respect to these events. This specific time period of 1980-2012 has been chosen 

in order to match with that of the historical data period of the CMIP5 data. 

6.3 Results 

6.3.1 Analysis of the nutrient dynamics with respect to primary productivity and CO2 fluxes 
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6.3.1.1 Nitrate 

Maximum nutrient concentrations (30.5-32 µM) can be observed over the western and open ocean 

waters of the Arabian Sea in all the seasons (Figure.6.1). This must be due to the input from the 

aeolian deposition from the Oman region (Srinivas and Sarin, 2013). The pre-monsoon 

concentrations are comparatively low (24-29 µM) over the north-eastern coast, followed by the post-

monsoon (25-29 µM). While the nutrient is getting replenished during the south-west and north-east 

monsoons through river influx in the north and eastern parts, the inter-monsoon seasons face a 

depletion due to the high productivity during the monsoon period due to upwelling and winter 

convective mixing. Also, the presence of denitrifying cyanobacteria is another major factor in the 

lowering of subsurface dissolved nitrate levels (Bange et al., 2005). Southern concentrations were 

observed to be almost unfluctuating due to the low productivity and absence of the upwelling 

process. 

 

Figure.6.1 Spatio-temporal distribution of Nitrate 
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BoB showed high nitrate concentrations (32-40 µM) in the south during all seasons and in 

the north except in monsoon season (Figure.6.1). The relatively high productivity along with the 

monsoon currents which bring the northern influx of nutrients towards the southern part could be 

the reason behind this reduction, while low productivity along with high nutrient input causes the 

comparatively high nutrient content in the south (Murtugudde and Busalacchi, 1999; 

Vinayachandran et al., 2004). 

The analysis of the nitrate distribution in relation to productivity and CO2 fluxes is given in 

Figure.6.2 and Figure.6.3 respectively. The northern values of nitrate concentration show high 

variability in both basins as compared to the south, due to high primary productivity in the Arabian 

Sea and high nutrient influx in BoB. Monsoon nitrate values were observed to be low in the northern 

Arabian Sea than in the south, whereas the primary productivity showed the opposite trend. Intense 

upwelling during monsoon reduces the subsurface nitrates while increasing the surface CO2 fluxes. 

Also, the input of the nutrient is mainly from the northern and eastern river influx and western 

aeolian deposition which is consumed by the high productivity rates during monsoon. This, along 

with the upwelling and bacterial denitrification causes the subsurface nitrate concentrations to 

reduce. Further, these processes lead to the depletion of the post-monsoon concentrations. Low 

southern fluxes and high nutrient concentrations could be associated with the absence of the 

upwelling process and reduced productivity. In BoB, the monsoon influx of nutrients in the north 

gets transported towards the south during the post-monsoon, with the weakening of the south-

westerlies (Shetye et al., 1996), thus increasing the southern nitrate concentrations during the post-

monsoon. Fluxes show a negative trend due to the river influx thus the BoB basin is characterized 

by high CO2 uptake along with high nutrient concentrations. Only the northern monsoon fluxes 

showed high outflux values, which could be attributed to the open ocean upwelling, while the 

northern monsoon nitrate range also showed low values which could be due to the upwelling process 

lowering the subsurface concentrations. The winter nitrate values were comparable to that of the 

post-monsoon; although the winter productivity is high, the nutrient influx during winter monsoon 

can maintain the subsurface concentrations. CO2 influx over the entire north during winter is also 

associated with the freshwater input, thus lowering the values. Reduced productivity in the pre-

monsoon might have caused the high subsurface nitrates due to less consumption of the winter 

monsoon input.  
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6.3.1.2 Phosphate 

 High concentrations of phosphate (2.5-3 µM) were observed over the northern Arabian Sea in all 

the seasons (Figure.6.4). Monsoon and winter showed low levels of phosphate (1.7-2.4 µM) towards 

the south-west while high concentrations can be observed in the post-monsoon (2.5-2.7 µM) season. 

River influx might be the reason behind high concentrations in the northern and eastern parts, while 

dry depositions enhance the nutrient concentrations over the western and central Arabian Sea 

(Srinivas and Sarin, 2013). Also, the high productivity along the western and eastern coast of the 

Arabian Sea during winter could have depleted the subsurface nutrient levels, thus lowering the 

values in the pre-monsoon season (Sarma, 2003).  

 

Figure.6.4 Spatio-temporal distribution of Phosphate 

BoB showed high northern values (2.6-2.9 µM) during post-monsoon and winter followed 

by pre-monsoon, while monsoon values were reduced to 2.3-2.5 µM range over most of the northern 

part (Figure.6.4). The surface values are high during summer as compared to winter months in the 

northern Indian Ocean due to upwelling processes which can be due to the depletion of the monsoon 

phosphate levels (Conkright et al., 2000). The high river influx bringing nutrients during the 

monsoon season would result in the sinking and settling of the same to the subsurface, thus 

increasing the post-monsoon values.  
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Analysis of the phosphate distribution with respect to the productivity and CO2 fluxes is 

given in Figure.6.5 and Figure.6.6 respectively. The replenishment of phosphate in the Indian Ocean 

is reported to be high during the summer months, which is clearly visible from the seasonal 

distribution in the north while, the southern concentrations vary with the ocean circulation 

(Conkright et al., 2000). The northern Arabian Sea observed similar trends in productivity and 

phosphate concentrations, as the monsoonal input and surface upwelling increased the phosphate 

availability for primary production while the dry deposition and river influx enhanced the nutrient 

concentrations. The decreasing trend in the nutrient in the inter-monsoon periods was also followed 

by the productivity in the northern basin. Maximum nutrient variation in the values can be visible 

for the monsoon and winter values in the northern Arabian Sea; this could be attributed to the high 

input as well as high consumption of the nutrient in the northern waters. The high flux values due to 

the upwelling and convective mixing can also be associated with the corresponding high nutrient 

consumption. BoB showed maximum nutrient concentration in the pre-monsoon and monsoon 

seasons with maximum productivity in the monsoon. This increased utilization of the monsoon 

nutrient concentration might have resulted in the lowering of the post-monsoon levels. The northern 

high fluxes in connection with the open ocean upwelling can also be associated with the high 

monsoon productivity and surface phosphate concentrations over the BoB. Since there is 

comparatively less nutrient input in the winter months, the winter productivity further reduced the 

phosphate concentrations.  
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6.3.1.3 Silicate 

In all seasons, BoB showed comparatively high silicate concentrations (50-65 µM) than the Arabian 

Sea, (Figure.6.7) due to the high influx of land-derived nutrients. Also, the utilization of the silicate 

by the diatoms leading to nutrient limitation in the Arabian Sea (Young and Kindle, 1994). In the 

Arabian Sea, the maximum concentrations (50-55 µM) can be observed towards the central part, 

while depletion over the coastal waters; this might be due to the coastal upwelling and associated 

high productivity. In BoB, northern concentrations were identified to be high (50-65 µM) while 

reducing towards the south. The silicate-utilizing phytoplankton species are mainly concentrated 

over the intense upwelling regions, hence their presence in the northern BoB, characterized mainly 

by the surface stratification would be low (Young and Kindle, 1994; Schiebel et al., 2004). 

 

Figure.6.7 Spatio-temporal distribution of Silicate 
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Analysis of the silicate distribution in relation to productivity and CO2 fluxes are given in 

Figure.6.8 and Figure.6.9 respectively. The northern Arabian Sea showed comparatively low silicate 

concentrations in all the seasons while BoB was observed to have high silicate levels. Monsoon 

concentrations were found to have a high-value range in the northern Arabian Sea due to the high 

consumption rate of the nutrient by the silicate-utilizing plankton species i.e., diatoms in the 

upwelling regions of this basin (Young and Kindle, 1994; Schiebel et al., 2004). The high monsoon 

CO2 fluxes in the upwelling northern waters can also be associated with the high nutrient uptake and 

the resulting enhanced productivity. BoB waters showed comparatively less silicate consumption 

while high land influx was observed through river input, which contributes to the relatively high 

nutrient concentration.  While the value range varied for the northern Arabian Sea silicate 

concentrations, the BoB showed almost comparable concentrations in both northern and southern 

waters.  

6.3.2 Influence of sea surface temperature and wind speed anomalies on the sea surface pCO2 

distribution 

6.3.2.1 Arabian Sea 

The SST anomaly maps (Figure.6.10) showed significant warm peak events for the March-April-

May and April-May-June periods and cool peak events for August-September-October and 

September-October-November periods for the Arabian Sea. Anomaly maps for SST, wind speed, 

and sea surface pCO2 were analyzed to understand the impact of warm and cool peak events on the 

air-sea exchange of CO2. 

The warm SST anomaly (Figure.6.11) was found to have a significant influence on the pCO2 

distribution over the Arabian Sea, where increased temperatures, along with low weak winds were 

associated with reduced pCO2 values in the east coast and central basin due to thermal stratification 

of the surface. An increased wind anomaly might have caused a turbulent action leading to 

disturbance in the surface stratification and hence an increase in the pCO2 in southern waters. Along 

the west coast, the surface pCO2 was observed to be high even though the wind action is very weak; 

this can be due to the high productivity over this region resulting in high levels of respiration, thus 

increasing the surface pCO2 (Sarma et al, 2000; Sarma, 2003). 
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Figure. 6.10 SST anomaly map for Arabian Sea 

TH-3079_166104102



103 
 

 

Figure. 6.11 Impact of warm SST and wind anomaly on pCO2sw in the Arabian Sea 

The cool SST anomaly (Figure.6.12) event was observed to enhance the coastal pCO2 in the 

north and west; lowering of the surface temperature could trigger the convective mixing (Takahashi 

et al., 2002; Sarma, 2003). The strong wind action over the north could have also contributed to the 

increased surface pCO2 in this region. Also, the positive wind anomaly associated with the monsoon 

season in the eastern Arabian Sea could have resulted in the upwelling, thus enhancing the surface 

pCO2 along the west and south-west coast of India (Sarma, 2000; Sarma, 2003). 

 

Figure. 6.12 Impact of cool SST and wind anomaly on pCO2sw in Arabian Sea 
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6.3.2.2 Bay of Bengal 

 

Figure. 6.13 SST anomaly map for Bay of Bengal 
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In the BoB, warm peak events were identified for March-April-May, April-May-June and 

May-June-July periods (Figure.6.13) from the SST anomaly plots. Warm anomaly event over the 

BoB basin is found to have a positive effect on the coastal as well as southern waters (Figure. 6.14). 

This might be attributed to the escaping of gaseous CO2 as a result of the evaporation of surface 

waters. The wind is found to be strong along the north and west coastal area, which can induce a 

turbulent action, thus enhancing surface pCO2. However, the weak winds over the eastern coast of 

BoB were found to have not much impact on the surface pCO2 distribution. Also, the wind speeds 

over the southern BoB can be observed to gradually increase from the March-April-May period 

towards May-June-July, however, the fluxes were found to be strong over the south irrespective of 

the wind speeds. Here the evaporative process is found to have a better impact on the surface pCO2.  

 

Figure. 6.14 Impact of warm SST and wind anomaly on pCO2sw in Bay of Bengal 
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Cool SST anomaly event (Figure.6.15) along with strong winds over the open ocean is 

observed to enhance the pCO2sw over the southern waters, however, the high pCO2 values over the 

northern coast and central BoB waters must be associated with the monsoon-induced coastal and 

open ocean upwelling. The increase in temperatures over the central BoB also indicates the possible 

upwelling region where the subsurface warm waters are brought to the surface (Vinayachandran et 

al., 1996; Sarma et al., 2020).  

 

Figure. 6.15 Impact of cool SST and wind anomaly on pCO2sw in the Bay of Bengal 

6.4 Summary and Conclusion 

The nutrient dynamics over the northern Indian Ocean were studied in order to understand their role 

in the spatial and seasonal distribution of ocean primary productivity and CO2 fluxes. All three 

nutrients analyzed, i.e., nitrate, phosphate, and silicate, showed high concentrations over the BoB 

while maximum productivity was observed in the Arabian Sea. The intense influx of nutrients by 

the river discharge reasons this nutrient maximum in BoB while the surface stratification caused by 

fresh water input hinders proper upwelling over the northern waters rich in nutrients. This leads to 

low productivity in the BoB, whereas, the northern and eastern river influx during monsoon and the 

western aeolian deposit supply nutrients to the Arabian Sea which are utilized by the high 

photosynthetic activity over this basin. The maximum nutrient uptake can be observed over the 

upwelling regions where high productivity along with intense CO2 fluxes was identified. BoB waters 

are characterized by negative fluxes, indicating an air-sea CO2 uptake, owing to surface 

stratification. The influence of SST and windspeed anomalies on the air-sea CO2 exchange showed 
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warm events over the Arabian Sea, along with weak winds have caused a reduction in surface pCO2 

which could be due to thermal stratification; however, strong winds led to increased surface pCO2, 

caused by the turbulence action. Cooler SSTs with strong winds over the Arabian Sea increased 

surface pCO2 resulting from convective mixing and upwelling. In BoB, enhanced surface pCO2 was 

observed from the evaporative effect of warm anomalies with turbulent action of strong winds. Also, 

the cool events associated with strong winds were found to increase the pCO2 which might be 

resulted from convective mixing. 
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7 

 

 

Summary and Conclusions 

 

7.1 Conclusions 

➢ The spatial and seasonal distribution of sea surface pCO2 and air-sea CO2 fluxes over the 

western and eastern sub-basins of the Indian Ocean were analyzed to understand the 

contrasting CO2 gas exchange trends between the two basins. Latitudinal distribution of sea 

surface partial pressures in relation to SST, SSS, and Chl-a distribution showed the 

dominance of biological forcings during the inter-monsoon seasons while physico-chemical 

factors influence the pCO2 distribution during monsoon and winter seasons in the Arabian 

Sea; in BoB, biological controls were observed to be strong during pre-monsoon, post-

monsoon and winter, while monsoonal pCO2 is affected by physical forcings. High-

temperature dependence was observed during pre-monsoon and winter seasons in the 

Arabian Sea, whereas, BoB showed a high correlation with temperature trends in all seasons. 

Salinity was not found to have much impact on the latitudinal pCO2 distribution in the 

Arabian Sea, while, a moderate to high correlation was observed over BoB. Monsoon and 

winter seasons resulted in enhanced outfluxes in the Arabian Sea, whereas, the freshwater 

influx due to intense precipitation manifests surface stratification in BoB, thus reducing the 

surface pCO2 and enhancing the influx of CO2 from air to water. The Arabian Sea was 

observed to act as a perennial CO2 source with a maximum average outflux of 93 mmol m-2 

day-1 in monsoon, and BoB acted as an intense sink in winter while the maximum influx 

value of -47 mmol m-2 day-1 observed during monsoon season in southern BoB. 

➢ The significance of ocean primary productivity and SST variability over the CO2 flux 

distribution was analyzed; both productivity and fluxes were observed to be maximum during 

monsoon and winter seasons due to upwelling and convective mixing processes, while 

thermal stratification reduce the surface flux and nutrient availability in pre- and post-

monsoon seasons. High productivity resulted in monsoon and winter seasons enhancing the 
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photosynthetic drawdown of surface CO2 in the inter-monsoon period, causing a reduction 

in CO2, while the increase in primary production is also associated with increased respiration 

rates, which enhances the CO2 in the sea waters. Increased summer insolation reduces the 

CO2 water solubility, leading to increased outflux, while winter reduction in SSTs induces 

surface convective mixing, releasing the subsurface CO2. Increased surface temperatures can 

also result in reduced fluxes due to thermal stratification.  

➢ The regional sea surface pCO2 algorithm derived from ship measurements of pCO2, SST, 

and SSS using multiple polynomial regression and random forest function showed better 

prediction accuracy by the latter technique. The linear and polynomial relationship between 

the SST and SSS with the sea water pCO2 trends were comparatively higher in the BoB due 

to the high dependency of pCO2 distribution on the thermal and salinity variations, while 

biological activities play a key role in the Arabian Sea. The non-linear relationship of the 

SST and SSS trends on surface pCO2 variations was properly modelled by the random forest 

method, where both basins show very high validation accuracy, with a coefficient of 

determination value of 0.98 and RMSE value of 0.05-0.06 µatm. 

➢ Nutrient dynamics over the Indian Ocean revealed maximum concentrations of nitrate, 

phosphate, and silicate over the BoB whereas, high productivity was observed over the 

Arabian Sea. The heavy river input of nutrients results in the high nutrient content of BoB, 

however, the freshwater-induced stratification and surface water turbidity due to sediment 

transport results in reduced light penetration in BoB water rich in nutrients, thus reducing the 

primary productivity.  

➢ Analyzing the impact of SST and wind anomalies over the surface CO2 distribution showed 

positive temperature and negative wind anomalies together reduce the surface pCO2 over the 

Arabian Sea, due to surface stratification, while warm events coupled with strong winds 

enhance sea surface pCO2. Cool events with positive wind anomalies cause convective 

mixing-induced outflux. BoB showed high sea surface pCO2 during warm and cool 

anomalies in combination with strong winds.  

7.2 Limitations and recommendations  

➢ Field validation of the results is missing in this study, especially for the surface pCO2 

algorithm 
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➢ Incorporating in situ observations of Chlorophyll-a as a predictor parameter for the sea 

surface pCO2 would improve the predictions since biological forcings are key factors in 

governing the sea water pCO2 in the Indian Ocean. 

➢ Seasonal sampling and analysis of the nutrient concentrations in both Arabian Sea and BoB 

waters would provide a better understanding of the nutrient scenario. 

➢ Sampling and analysis of the aeolian deposition of nutrients are significant to understand 

their composition as well as their importance in ocean productivity.  
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