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The Eastern Indian Ocean (EIO) is an ideal region to explore the variability and

controlling mechanisms of the seawater carbonate system and their potential

influence on global climate change due to the distinctive environmental features,

while studies in the EIO is far from sufficient. The spatiotemporal distributions of pH,

dissolved inorganic carbon (DIC), alkalinity (Alk), and partial pressure of carbon

dioxide (pCO2) were investigated in the EIO during autumn 2020 and spring 2021.

The respective quantitative contributions of different controlling processes to DIC

were further delineated. Significant seasonal variations were observed in the study

area. Overall, the surface pH was lower and DIC, Alk, and pCO2 were higher during

spring 2021 than during autumn 2020. The pH generally decreased from east to

west during autumn 2020, whereas it decreased from north to south during spring

2021. The low values of DIC and Alk that were detected in the Bay of Bengal in these

two seasonsweremainly attributed to the influence of river inputs. Coastal upwelling

during monsoon periods led to higher pCO2 and DIC values near Sumatra and Sri

Lanka during spring 2021. The relationships of carbonate system parameters with

different types of nutrients and different sized chlorophyll-a in the two seasons

indicated the shifts of nutrients utilized by the phytoplankton, and phytoplankton

species dominated the carbonate system variabilities. In vertical profiles, carbonate

system parameters showed strong correlations with other physical and

biogeochemical parameters, and these correlations were more robust during

spring 2021 than during autumn 2020. The average sea–air flux of CO2 was 10.00

mmolm−2 d−1 during autumn2020 andwas 16.00mmolm−2 d−1 during spring 2021,

which revealed that the EIO served as a CO2 source during the study period. In

addition, the separation of different controlling processes of DIC indicated stronger

mixing processes, less CaCO3 precipitation, more intensive sea–air exchange, and

weaker photosynthesis during spring 2021 than during autumn 2020.
KEYWORDS

seawater carbonate system, sea-air CO2 flux, Eastern Indian Ocean, dissolved inorganic
carbon, carbon cycle
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1 Introduction

The ocean carbon cycle is an essential part of the global carbon

cycle and is a critical process in responding to global climate change

(Palevsky and Doney, 2021; Friedlingstein et al., 2022; Wu et al.,

2023). According to the Intergovernmental Panel on Climate

Change Sixth Assessment Report, atmospheric carbon dioxide

(CO2) concentrations have reached 410 ppm, which is nearly 50%

higher than the preindustrial level of 280 ppm (https://

www.ipcc.ch/ar6-syr/) . The additional CO2 caused by

anthropogenic activities, including burning fossil fuels, industrial

production, and land-use change (Houghton, 1995; Le Quéré et al.,

2014; Li et al., 2023), is partly absorbed by oceans, leading to

increases in seawater inorganic carbon levels, reductions in pH, and

alterations in the acid–base chemistry of surface seawaters (Doney

et al., 2020; Xue et al., 2021; Qi et al., 2022). Therefore, studies on

changes in the seawater carbonate system play an important role in

accurately projecting future atmospheric CO2 levels and global

climate change (Takahashi et al., 2009; Deng et al., 2021; Na

et al., 2024).

The Eastern Indian Ocean (EIO) is dominated by seasonal

monsoons and presents distinct stratification in the upper layers,

which prevents the upward transport of nutrients from the deep

layers and further results in oligotrophic conditions of the surface

seawater (Prasanna Kumar et al., 2009). The EIO exhibits a high

surface sea temperature (>28°C) year-round, which forms a major

part of the warm pool (Vinayachandran and Shetye, 1991). Another

feature of the EIO is the year-round dust deposition from the

Nubian Desert, the Arabian Peninsula, Iran, Pakistan, Afghanistan,

and North West India (Léon and Legrand, 2003). Furthermore, the

Bay of Bengal (BoB) in the EIO is characterized by an extensive

oxygen minimum zone and shows low biological productivity

(Qasim, 1977; Paulmier and Ruiz-Pino, 2009). Each of these

factors, alone and in combination, have various effects on the

seawater carbonate system and ultimately on the global carbon

cycle. Therefore, the EIO is an ideal region to explore the changes in

the seawater carbonate system, the factors responsible for the

variations, and their potential influence on global climate change.

Despite several national or international programs, including

the Joint Global Ocean Flux Study (JGOFS), World Ocean

Circulation Experiment (WOCE), and the NOAA Ocean–

Atmosphere Carbon Exchange Study (OACES), proceeding across

the world oceans since the 1990s (Sabine et al., 2000; Key et al.,

2004; Bates et al., 2006), the distributions of inorganic carbon

parameters and their controlling processes in the EIO, as well as

the role of the EIO in the global carbon cycle, have been largely

neglected compared to those in the Pacific and Atlantic oceans

(Feely et al., 2006; Bates, 2007; Sutton et al., 2017; Cai et al., 2020;

Curbelo-Hernández et al., 2021). In addition to these programs, Xue

et al. (2014) recently reported partial pressure of carbon dioxide

(pCO2) data collected in the eastern equatorial Indian Ocean (5°N–

5°S, 90–95°E), Sarma et al. (2015; 2018) studied the controlling

factors of dissolved inorganic carbon (DIC) and the sources and

sinks of CO2 along the west coast of the BoB during the 2010s, and

Sarma et al. (2023a) evaluated the contributions of chromophoric

dissolved organic matter to DIC as organic alkalinity (Alk) through
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the investigation of 18 Indian estuaries. Furthermore, other studies

in this region have been conducted based on model results, which

may not sufficiently reflect the actual situation and thereby require

additional observational data to support the conclusions reached

(Joshi et al., 2020; Chakraborty et al., 2021). Therefore, additional

observational efforts are essential to effectively monitor carbonate

system parameters.

To overcome the limitations of the coarse resolution and

outdated observational data available, in this study, we

investigated the horizontal and vertical distributions of carbonate

system parameters and the sea–air fluxes of CO2 in the EIO in

different seasons (autumn 2020 and spring 2021). We further

analyzed the possible influencing factors and quantified the

contributions of different processes to the observed variation

using statistical models. This study is expected to provide insight

into how the unique environmental characteristics in the EIO affect

the distributions of carbonate system parameters, which can

highlight the broader role of the EIO in global carbon cycling.
2 Materials and methods

2.1 Study area

The Indian Ocean, surrounded by India, Africa, Antarctica, and

Australia, is the third largest ocean in the world. The total area of

the ocean is 7.056 × 107 km2, and the average water depth is 3,872.4

m. The study area covers the region from 80°E to 95°E and from 15°

S to 15°N in the EIO (Figures 1A, B). The northernmost border of

the study area is the BoB, which is the world’s largest bay and is

substantially discharged by rivers from India, Bangladesh, and

Myanmar, including the Ganges River, Brahmaputra Rivers,

Irrawaddy River, and Krishna River. The study area is affected by

complicated water currents, including the Wyrtki Jets (WJ), the

South Equatorial Current (SEC), the South Equatorial Counter

Current (SECC), the South Java Current (SJC), the Northeast

Monsoon Current (NMC) in winter, and the Southwest Monsoon

Current (SMC) in summer, as shown in Figure 1C.
2.2 Sampling

Two cruises were conducted aboard the R/V “Shi Yan 3” in the

EIO from 27 September to 6 November 2020 (autumn) and from 28

April to 5 June 2021 (spring). The autumn cruise covered 29 grid

stations and two transects, and the spring cruise comprised 31 grid

stations and two transects (Figures 1A, B). Seawater samples were

collected using 12-L Niskin bottles equipped with an SBE 911 plus a

conductivity–temperature–depth (CTD) sensor (Sea-Bird Electronics,

Inc., USA). Temperature and salinity data were obtained from the CTD

sensor. The sampling procedures were performed immediately to

minimize gas escape. Dissolved oxygen (DO), pH, DIC, and Alk

were sampled sequentially using the same gas-sampling method;

samples used for DIC and Alk measurements were then poisoned

with 100 μL of a saturated HgCl2 solution. DO and pH were measured

on-board, while DIC andAlk samples were stored at 4°C andmeasured
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within 30 days after returning to the lab.Wind speed wasmeasured at a

height 10m above the sea surface using the AWS 2700Weather Station

(Aanderaa Data Instruments, Norway).
2.3 Analytical methods

DO was measured following the Winkler method (Dickson,

1994). pH was determined using a SevenCompact S210-K pHmeter

equipped with an Inlab Expert Pro pH electrode (Mettler Toledo,

Switzerland), calibrated according to the NBS scale. Precision levels

were about ±0.01. DIC was measured by an AS-D1 DIC Analyzer

(Apollo SciTech, USA), and Alk was determined by the Gran

titration method using a Titrator Excellence T5 equipped with a

DGi111-SC combined glass pH electrode (Mettler Toledo,

Switzerland). The precisions of DIC and Alk measurements were

higher than 1‰ and certified reference materials (Batch #187 with

DIC of 2002.85 ± 0.40 μmol kg−1 and Alk of 2,204.98 ± 0.37 μmol

kg−1) produced by the laboratory of A.G. Dickson (Scripps

Institution of Oceanography, San Diego, CA, USA) were used for

calibration. pCO2 was calculated from pH and Alk by using CO2SYS

software (version 2.1, Lewis and Wallace, 1998) with equilibrium

constants proposed by Mehrbach et al. (1973) and refitted by

Dickson and Millero (1987). Quality tests were run by comparing

the calculated pH from Alk and DIC with its measured NBS value.

For chlorophyll a (Chl-a) analysis, 1 L of seawater was

successively vacuum filtered (<0.05 MPa) through a 20-μm pore-

size mesh, a 2-μm pore-size mixed cellulose ester membrane, and

Whatman GF/F filters (all diameters are 25 mm), which represent

microplankton, nanoplankton, and picoplankton fractions,

respectively. The filters were soaked in 5 mL of 90% acetone and

stored in the dark at −20°C. After 24 h, Chl-a concentration was

measured using a Trilogy Laboratory Fluorometer (Turner Designs

Inc., USA) according to the procedure described by Parsons et al.

(1984). The seawater samples for nutrients (PO4
3−, SiO3

2−, NO3
−,

NO2
−, and NH4

+) were measured using a Technicon AutoAnalyzer

3 (Bran+Luebbe, Germany) according to the method of Strickland

and Parsons (1972).
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2.4 Sea–air fluxes of CO2 calculation

The net sea–air CO2 exchange flux (F) was calculated based on

the formula:

F = k� KH � DpCO2

k = 0:251� u   210 � (Sc=660)−0:5

where KH is the solubility of CO2 (Weiss, 1974), and DpCO2 is

the difference between the pCO2 of seawater and air. Gas transfer

velocity k is calculated according to the Wanninkhof (2014)

empirical function of short-term wind speed; u is the field-

measured wind speed at 10 m height; Sc is the Schmidt number

for CO2 (a function of water temperature) as calculated by

Wanninkhof (2014).

The pCO2 in the air was calibrated according to the atmospheric

pressure and corrected to 100% humidity at in situ seawater surface

temperature (T) and salinity (S) through the following equation

(Dickson and Goyet, 1994):

pCO2(air) = (Pair − Pwater)� xCO2(air)

Pwater = e(24:4543−67:4509�(100=(T+273:15))−4:8489 ln ((T+273:15)=100)−0:000544�S)

where Pair is atmospheric pressure, Pwater is saturated water

vapor pressure calculated according to the Weiss and Price (1980)

formula, and xCO2(air) is set as 406.30 ppm in October 2020 and

408.13 ppm in May 2021, which are the values of the closest

atmospheric CO2 station (BKT, Bukit Kototabang, Indonesia) to

the study area during the study period.
2.5 Calculations for separating DIC
controlling processes

The difference between the measured values of DIC and Alk and

the theoretical values of the linear regression of DIC and Alk with

salinity (Figure 2), expressed by DDIC and DAlk, respectively, was
FIGURE 1

Locations of the sampling stations in the EIO during autumn 2020 (A) and spring 2021 (B) and major features of the surface circulation (C) in the
EIO. Current systems included are the Southwest Monsoon Current (SMC), Northeast Monsoon Current (NMC), Wyrtki Jets (WJs), South Equatorial
Countercurrent (SECC), South Java Current (SJC), and South Equatorial Current (SEC). Solid (dashed) line represents currents prevailing in the
summer (winter). SEC lasts all year round. The strength of currents is indicated by the thickness of each line.
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calculated according to following formulas:

DDIC = DICmeasured − DICtheoretical

DAlk = Alkmeasured − Alktheoretical

where positive values indicate processes inputting additional DIC

and Alk and negative values indicate processes consuming DIC and

Alk. The absolute values of DDIC also represent the intensity of mixing

processes; if the mixing is stronger, the measured DIC will be closer to

the theoretical DIC value and thus the absolute values of DDIC will be

lower. Large absolute values of DDIC indicate the effects of other

processes (such as CaCO3 precipitation–dissolution, biological

processes, and sea–air exchange) besides mixing processes.

In the case that the endmember salinity in our study area was

not sufficiently low to obtain the regression equations, theoretical

data obtained in our study were compared with those calculated

using equations from Sarma et al. (2018), in which the study area

was taken as the coastal waters off Visakhapatnam (India) in the

western BoB and the endmember salinity is 23. This comparison

was used to confirm the reliability of the theoretical data obtained in

our study.

According to the composition of DDIC and DAlk, these

parameters can be expressed as:

DDIC = DDICp−d + DDICbio + DDICa−s
Frontiers in Marine Science 04
DAlk = DAlkp−d + DAlkbio = DAlkp−d + ( − 17=106� DDICbio)

where DDICp-d, DDICbio, and DDICa-s represent DIC changes

caused by CaCO3 precipitation–dissolution, biological, and sea–air

exchange processes, respectively; DAlkp-d and DAlkbio represent Alk
changes caused by the processes of CaCO3 precipitation–

dissolution and biological processes, respectively; and −17/106 ×

DDICbio is the expected Alk change during the biological use or

release of DIC assuming the Redfield ratio (Redfield et al., 1963).

Considering that the change in Alk from biological processes is

relatively minor compared to changes in DIC, the biological term

was ignored in practice according to previous studies (Xue et al.,

2016; Li et al., 2022; Zhang and Hu, 2023).

Since CaCO3 precipitation removes DIC and Alk at a 1:2 ratio,

the relationship can be expressed as

DDICp−d = 1=2DAlkp−d ≈ 1=2DAlk

In addition,

DDICa−s = −F � t=(r�MLD)

where F is the sea–air fluxes of CO2, t is the cruise period, r is

the seawater density, and MLD is the mixed layer depth.

Thus,

DDICbio = DDIC − DDICp−d − DDICa−s
A B

DC

FIGURE 2

Relationship between DIC and Alk vs. salinity during autumn 2020 (DIC: A; Alk: B) and spring 2021(DIC: C; Alk: D).
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3 Results

3.1 Hydrographical characteristics of the
study area

The temperature of the surface seawater of the EIO ranged from

26.02°C to 29.46°C with an average value of 28.77°C during autumn

2020, while it varied from 28.04°C to 31.64°C with a mean of 29.99°

C during spring 2021. The overall temperatures during autumn

2020 were lower than those recorded during spring 2021, although a

trend of decreasing temperature from north to south was detected

in both seasons (Supplementary Figure S1). The salinity of the

surface seawater presented an opposite increasing trend from north

to south during both seasons; these values were in a similar range

during autumn 2020 (31.79–35.04) and spring 2021 (31.84–34.87),

with averages of 34.29 and 34.04, respectively. Low salinity values

emerged in the BoB due to riverine inputs.

In the upper 200 m of transect E87, the temperature generally

decreased with increasing depth during both seasons (Supplementary

Figure S2); however, the temperature during autumn 2020 (13.02–

29.44°C) was in a narrower range compared to that measured during

spring 2021(12.40–31.64°C). Below 75 m, the temperatures in the

northern stations were lower than those in the southern stations for the

same depth during autumn 2020, whereas the opposite pattern

appeared during spring 2021. Salinity during both seasons was

homogeneous in the upper 200 m except at stations in the BoB.

Furthermore, the riverine inputs had more extensive penetration in

latitudes and depths during spring 2021. Salinity were in the ranges of

31.79–35.43 and 31.84–35.22 during autumn 2020 and spring 2021,

respectively. The MLD during autumn 2020 was deeper than that

during spring 2021, with averages of 66 and 34 m, respectively.

Nevertheless, the MLD of the northern stations (especially in the

BoB) was shallower than that of the southern stations during

both seasons.

At transect EQ, the distributions of both temperature and

salinity presented similar patterns in the two seasons. Specifically,

the temperature decreased and the salinity increased with

increasing depth in the upper 200 m (Supplementary Figure S2).

In addition, salinity in the eastern stations was lower than that in

the western stations for the same depth above 100 m. During

autumn 2020, temperature and salinity were in the ranges of 12.74–

29.23°C and 34.30–35.28, respectively, whereas during spring 2021,

they were in the ranges of 14.11–30.40°C and 33.98–35.32,

respectively. The average MLD was 76 m for both seasons. In

addition, the MLD was relatively stable along transect EQ during

both seasons, except for a relatively shallow depth detected in the

middle of the transect.
3.2 Horizontal distributions of seawater
carbonate system parameters during
autumn 2020 and spring 2021

During autumn, the pH of the surface seawater of the EIO

ranged from 8.11 to 8.23 with an average value of 8.15. The pH
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generally decreased from east to west; the maximum pH value

occurred at the easternmost station EQ-12 and the minimum was

observed near the middle of the study area (the intersection of 87°E

and the Equator). The values of DIC and Alk were in the ranges of

1,964–2,197 and 2,205–2,501 μmol kg−1, with averages of 2,066 and

2,350 μmol kg−1, respectively. Both DIC and Alk presented higher

values in the northern hemisphere than in the southern hemisphere.

The maxima of DIC and Alk both occurred at the northwest station

E80-13, while the minimum DIC value was observed in the

southernmost station S10-03 and the lowest Alk level was

observed at the southwest station E80-2. pCO2 varied from 385 to

503 μatm, with a mean of 453 μatm. pCO2 values decreased

gradually from west to east, which was opposite to the pattern

observed for pH. The highest and lowest pCO2 occurred at the

westernmost station E80-13 and the easternmost station EQ-12,

respectively, which were both located near the Equator (Figure 3).

The pH of the surface seawater of the EIO during spring ranged

from 8.08 to 8.22 with an average value of 8.14. The pH generally

decreased from north to south and presented high values in the BoB

(maximum at station E87-31) and low values in the west of the

study area (minimum at station E80-09). The values of DIC and Alk

were in the ranges of 2,044–2,251 and 2,274–2,460 μmol kg−1, with

averages of 2,140 and 2,390 μmol kg−1, respectively. Both DIC and

Alk showed low values in the BoB (minima at station E87-30),

which was again opposite to the pattern observed for pH. High

values were observed in the southernmost of the study area: the

maximum DIC at station S10-08 and the maximum Alk at station

S10-04. pCO2 varied from 372 to 572 μatm, with a mean of 478

μatm. pCO2 increased from north to south with the maximum

observed at station E80-09 and the minimum observed at station

E87-31, which was again exactly opposite to the pH distribution

pattern (Figure 3).
3.3 Vertical profiles of seawater carbonate
system parameters during autumn 2020
and spring 2021

At transect E87, the pH generally decreased from 8.23 to 7.68

with increasing depth in the upper 200 m during autumn. In

addition, the pH in the north was lower than that in the south at

the same depth below 50 m and the minimum pH occurred at the

200-m depth of station E87-36. Conversely, pCO2 increased with

depth and from south to north with a range of 345–1,424 μatm,

which was opposite to the pattern observed for pH. DIC presented

low values at the surface layer and high values below 25 m except at

the 75- to 125-m depth in the southern hemisphere. DIC

concentrations varied from 1,970 to 2,223 μmol kg−1 with the

maximum observed at the 100-m depth of station E87-30 and the

minimum observed at the 5-m depth of station E87-18. Alk was

generally elevated with depth but presented comparatively low

values between 5°S and the Equator from the surface to 200- m

depth. Alk values ranged from 2,254 to 2,509 μmol kg−1, with a

maximum observed at the 50-m depth of station E87-03 and the

minima observed at the 5-m depth of station E87-14 and at the 25-

m depth of station E87-11 (Figure 4, Supplementary Figure S3).
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At transect EQ during autumn, the pH ranged from 7.79 to 8.24

and decreased from the surface to the 200-m depth with the

minimum at 200 m of station E80-10. DIC varied from 1,995 to

2,251 μmol kg−1 and presented low values at the 50–100 m depth

range; relatively high values were observed below the 100-m depth

with the maximum observed at the 150-m depth of station EQ-02.

Alk showed relatively low values in the middle layers west of 87°E.

The maximum value (2,516 μmol kg−1) was observed at the 25-m

depth of station EQ-07 and the minimum value (2,250 μmol kg−1)

was observed at the 75-m depth of station EQ-02. pCO2 was in the

range of 349–1,033 μatm and also presented opposite distribution

patterns to those of pH, which was consistent with transect E87

(Figure 5, Supplementary Figure S4).

At transect E87 during spring, the pH generally decreased from

8.26 to 7.70 with increasing depth in the upper 200 m. There were

comparatively low pH values at approximately 75- m depth of both

end stations. DIC concentrations were lower in the upper 100 m

compared to those measured below 100 m. Furthermore, in the

upper 100 m, DIC concentrations were lower in the region north of

5°N compared to those measured south of 5°N. The maximum DIC

(2,346 μmol kg−1) was observed at the 150-m depth of station E87-

08, while the minimum (2,040 μmol kg−1) occurred at a depth of 25

m of station E87-24. Alk showed similar distributions to those of

DIC. The highest Alk level (2,534 μmol kg−1) appeared at the 200-m

depth of station E87-08, which was close to the region of the

maximal DIC, whereas the lowest Alk level (2,274 μmol kg−1)

emerged at the surface of station E87-30. pCO2 increased from

336 to 1,359 μatm with increasing depth (Figure 4, Supplementary

Figure S3).

At transect EQ during spring, pH and pCO2 were in the ranges

of 7.80–8.16 and 449–1,073 μatm, respectively, and presented

opposite trends with respect to their vertical distributions. DIC

and Alk were in the ranges of 2,048–2,306 and 2,321–2,521 μmol

kg−1, respectively. DIC and Alk concentrations in the upper 50-m

depth were generally lower than those below 50 m and presented
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minima in the upper 50 m at station EQ-12 (Figure 5,

Supplementary Figure S4).
3.4 Sea–air fluxes of CO2 in the EIO during
autumn 2020 and spring 2021

The average sea–air fluxes of CO2 in the EIO during autumn

2020 and spring 2021 were 10.00 ± 10.86 and 16.00 ± 15.60 mmol

m−2 d−1, respectively, indicating that the study area serves as a CO2

source, albeit with substantial spatial variability during different

seasons (Figure 6). During autumn 2020, only station EQ-12 acted

as a very weak sink with CO2 fluxes of −0.20 mmol m−2 d−1, whereas

high values of sea–air CO2 fluxes over 30 mmol m−2 d−1 occurred at

stations E87-26 and E87-28. During spring 2021, sea–air CO2 fluxes

decreased from the southwest to the northeast, with the maximum

value (68.94 mmol m−2 d−1) observed at station E80-01 and the

minimum value (−0.53 mmol m−2 d−1) observed at station E87-31.

Overall, more substantial sea–air exchange of CO2 was detected in

spring 2021 than in autumn 2020. Integrating over the area of the

observations (~5 × 1012 m2), the CO2 emissions from the EIO were

estimated to be approximately 0.22 PgC yr−1 during autumn 2020

and 0.35 PgC yr−1 during spring 2021.
4 Discussion

4.1 Factors influencing the distributions of
carbonate system parameters in
surface seawater

In the surface seawater of the EIO during autumn 2020, both

the maximum pH and the minimum pCO2 appeared at station EQ-

12, which was also the station presenting the maximum values of

NO3
− (5.97 μmol L−1) and NH4

+ (1.49 μmol L−1). The maxima of
A B D

E F G H

C

FIGURE 3

Horizontal distributions of pH, DIC, Alk, and pCO2 in the surface seawater of the EIO during autumn 2020 (A–D) and spring 2021 (E–H).
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Alk and DIC emerged at the same station (EQ-07) with the

minimum level of nano-sized Chl-a (0.060 μg L−1). In addition,

pH presented positive correlations with NO3
− in the surface

seawater of autumn 2020. These phenomena indicated that high

nutrient availability (especially N nutrients) promoted the

productivity and photosynthesis of phytoplankton (especially

nano-sized phytoplankton), further lowering the inorganic carbon

concentrations. Overall, the carbonate system parameters showed

few correlations with physical and biogeochemical parameters in

the surface seawater (Table 1), which demonstrated that in addition

to biological processes, there may be a comprehensive effect of

interactions among several processes influencing the distributions

of carbonate system parameters in the surface seawater of the EIO.

We found a positive correlation between DIC and Alk and a

negative correlation between pH and pCO2.

In the surface seawater of the EIO during spring 2021, the

maximum pH, minimum pCO2, and maximum SiO3
2− levels were

all observed at the same station (E87-31), and the minimum pH,

maximum pCO2, and minimum of micro-sized Chl-a were also

detected at the same station (E80-09). Over the whole study area,

the average concentration of NO3
− decreased by 38%, while the

average concentration of SiO3
2− increased by 36% from autumn
Frontiers in Marine Science 07
2020 to spring 2021. The average content of nano-sized Chl-a

decreased by 24%, while the average content of micro-sized Chl-a

increased by 63% from autumn 2020 to spring 2021. In addition,

pH presented positive correlations with SiO3
2− during spring 2021.

These phenomena indicated a shift in corresponding nutrients

utilized by the phytoplankton along with the phytoplankton

species dominating the inorganic carbon concentrations from

autumn 2020 to spring 2021. At the surface seawater, carbonate

system parameters correlated with salinity and temperature, which

indicated a stronger physical process in spring than in autumn. In

addition, all carbonate system parameters showed correlations with

each other, except for pH or pCO2 with DIC (Table 1).

Overall, the surface pH was lower during spring 2021 than during

autumn 2020, while surface DIC, Alk, and pCO2 levels presented

higher values during spring 2021 than during autumn 2020. This

pattern might reflect a seasonal or interannual fluctuation

(Chakraborty et al., 2021). The low values of DIC and Alk detected

in the BoB in both seasons were mainly attributed to the river inputs,

which is in line with previously reported data (<30 salinity,<2,200 μmol

kg−1 Alk, and<1,900 μmol kg−1 DIC) by Bates et al. (2006). Bates et al.

(2006) also found relatively lower DIC values between the Equator and

~15°S (<2,000 μmol kg−1), which is in accordance with the results of
FIGURE 4

Vertical profiles of pH, DIC, Alk, and pCO2 in the upper 200 m at transect E87 of the EIO during autumn 2020 (A–D) and spring 2021 (E–H).
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our study during autumn 2020. LowDIC values might be related to the

advection processes by the WJ with relatively high salinity (>34) and

temperature (>30°C) along the Equator. Wei et al. (2019) found that

the WJ contributed to an increased abundance of picoplankton at the
Frontiers in Marine Science 08
surface seawater of the Equator, which could, in turn, reduce the DIC

levels through photosynthesis processes. pCO2 presented high values

near Sumatra and Sri Lanka but was higher during spring 2021 than

during autumn 2020, which was driven by coastal upwelling in these
A B

FIGURE 6

Sea–air fluxes of CO2 in the EIO during autumn 2020 (A) and spring 2021 (B).
FIGURE 5

Vertical profiles of pH, DIC, Alk, and pCO2 in the upper 200 m at transect EQ of the EIO during autumn 2020 (A–D) and spring 2021 (E–H).
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areas during monsoon periods, as evidenced by the relatively low

temperature and high salinity near Sumatra and Sri Lanka

(Supplementary Figure S1). Previous studies reported similar

phenomena (Körtzinger et al., 1997; Chakraborty et al., 2018). pCO2

levels reached over 600 matm in the northwestern Indian Ocean (i.e., off

Somalia and the Oman coast) during peak southwest monsoon periods

(June to August). Chakraborty et al. (2018) developed a high-resolution

state-of-the-art ocean biogeochemical model (Regional Ocean

Modeling System), which showed that upwelling enhanced the pCO2

level by 34 matm at the sea east of Sri Lanka during the summer

monsoon (May to August). As shown in Figure 2, the correlations of

DIC/Alk and salinity during spring 2021 were more significant than

those during autumn 2020, which indicated that the effects of mixing

processes on carbonate system parameters were enhanced during

spring 2021. The wind speed was in the ranges of 1.9–14.2 m s−1

and 2.3–15.3 m s−1 during autumn 2020 and during spring 2021,

respectively, with averages of 7.8 m s−1 and 8.2 m s−1, which was

consistent with previous data of 0–18 m s−1 obtained by different

methods (Parekh et al., 2007). The average wind speed during spring

2021 was slightly higher than that detected during autumn 2020, which

could also be generally conducive to intensifying the mixing processes

(Sinha et al., 2020). Furthermore, wind speeds presented a positive

correlation with pCO2 and a negative correlation with pH during

spring 2021, demonstrating their relatively stronger regulation effect on

carbonate system parameters compared to the corresponding influence

during autumn 2020.

Moreover, monsoon currents in different seasons appeared to

play important roles in affecting the distributions of carbonate

system parameters, although our study periods were not

completely consistent with the monsoon periods: autumn 2020

and spring 2021 correspond to the very early stage of the winter and

summer monsoon period, respectively. The currents flowed in

different directions during different monsoon periods: the NMC

and SJC flowed out of our study area during the winter monsoon,

whereas the SMC and SJC flowed into our study area during the

summer monsoon, with the latter causing upwelling, thereby giving

rise to high productivity and phytoplankton blooms, which also

brought influxes of nutrients and DIC from the deep waters.

Meanwhile, as higher trophic-level species have evolved

behavioral responses to these seasonally changing conditions,

their respiration process also results in the production of more

CO2 (Hood et al., 2017; Vinayachandran et al., 2021), which can

explain the detection of lower pH and higher DIC, Alk, and pCO2

values during spring 2021 compared to those in autumn 2020.
4.2 Factors influencing the distributions of
carbonate system parameters in
vertical profiles

In the vertical profiles evaluated during autumn, pH presented

strong negative correlations with salinity and nutrients (including

NO3
−, PO4

3−, and SiO3
2−) and positive correlations with

temperature, Chl-a (including nano-sized, pico-sized, and total

Chl-a), and DO. However, the correlations of DIC and pCO2

with the above parameters were in the opposite directions
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(Table 1). The relationships of carbonate system parameters with

temperature, salinity, and nutrients were mainly attributed to

physical processes. Specifically, the temperature decreased, while

the salinity and nutrient contents increased with depth mainly due

to the pronounced stratification (Supplementary Figure S2).

Moreover, the correlations between carbonate system parameters

and Chl-a demonstrated that the photosynthesis of phytoplankton,

especially small-sized phytoplankton, dominated in the EIO.

Furthermore, these phenomena validated that despite the high

nutrient contents in deeper waters, inorganic carbon could not be

removed without the contributions of phytoplankton. All carbonate

system parameters showed correlations except for pH with Alk

along transect E87 and pH/pCO2 with Alk along transect EQ.

Carbonate system parameters along vertical profiles showed

stronger correlations during spring 2021 than during autumn 2020.

In addition to its correlations with pH, DIC, and pCO2, Alk also

exhibited associations with temperature, salinity, nutrients, Chl-a,

and DO. All carbonate system parameters showed significant

correlations in the vertical profiles during spring 2021 (Table 1).

Overall, the concentrations of carbonate system parameters

along transects E87 and EQ were slightly higher during spring

2021 than during autumn 2020. Along transect E87, pCO2

decreased from north to south during both autumn 2020 and

spring 2021. DIC and Alk showed different distribution patterns

in different seasons but always presented relatively low values at the

depth of chlorophyll maximum (~75 m), reflecting the importance

of biological processes in regulating the distributions of carbonate

species. At low latitudes south of the Equator, a large volume of

Pacific Ocean water penetrates the Indian Ocean via the Indonesian

Throughflow in the upper 300-m depth (Goyet and Touratier,

2009). This water, characterized by relatively high concentrations

of anthropogenic CO2, led to high values of DIC in the upper 200 m

in the southern hemisphere of our study area near Indonesia. The

MLD was consistently below 100 m along transects E87 and EQ

during both seasons, and all carbonate system parameters generally

showed minimal fluctuation above the MLD. At transect E87, the

MLD in the BoB during spring 2021 was shallower than that

detected during autumn 2020, which might be due to the

increased river inputs during spring 2021 that further affected the

distributions of carbonate system parameters. A previous model-

based study in the BoB also found a prominent impact of river

inputs on the MLD (Jana et al., 2015). The MLD is generally

shallower with the addition of river input, which is consistent

with the results of our study. The MLD at transect EQ was

deeper than that at transect E87 during both seasons, which

might be attributed to the influence of currents (especially the

development of the WJ during the monsoon transitions) near

the Equator (Masson et al., 2002; Chi et al., 2021). In addition,

the increase of MLD in the region south of 10°S was determined to

be driven by the climatological winds, which is consistent with the

findings of Keerthi et al. (2016). The carbonate system parameters

fluctuated distinctly in the thermocline below the MLD. However,

since our data were only collected in the upper 200-m depth and did

not cover the entire thermocline, more samples will be collected at

greater depths to comprehensively explore the effects of the

thermocline on the carbonate system parameters in the future.
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TABLE 1 Correlations between carbonate system parameters and biogeochemical parameters in the surface seawater, along transects E87 and EQ
during autumn 2020 and spring 2021.

2020 surface

S T NO3
− NO2

− NH4
+ PO4

3- SiO3
2- Chl-a(M) Chl-a(N) Chl-a(P) Chl-a(T) DO

pH −0.003 −0.248 0.373* −0.363 −0.175 −0.387* 0.036 −0.127 −0.076 −0.35 −0.268 0.354

Alk 0.233 −0.086 0.198 −0.084 −0.092 0.132 0.214 0.201 0.242 0.028 0.173 0.2

DIC 0.166 0.267 0.284 0.077 0.053 0.225 −0.068 0.27 0.373 0.019 0.227 −0.04

pCO2 −0.009 0.276 −0.268 0.331 0.242 0.433* 0.03 0.255 0.224 0.36 0.369* −0.257
F
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2021 surface

S T NO3
− NO2

− NH4
+ PO4

3− SiO3
2− Chl-a(M) Chl-a(N) Chl-a(P) Chl-a(T) DO

pH −0.653*** 0.392* −0.15 0.109 −0.075 −0.487** 0.410* −0.068 −0.298 −0.34 −0.428* −0.468**

Alk 0.617*** −0.667*** 0.066 0.181 0.043 0.232 −0.276 0.243 0.191 0.274 0.334 0.372*

DIC 0.317 −0.578** −0.072 0.389* −0.122 0.274 0.006 0.123 −0.229 −0.071 −0.134 0.15

pCO2 0.643*** −0.416* 0.133 −0.058 0.065 0.483** −0.390* 0.096 0.302 0.375* 0.450* 0.474**
2020 transect E87

S T NO3
− NO2

− NH4
+ PO4

3− SiO3
2− Chl-

a(M)
Chl-
a(N)

Chl-
a(P)

Chl-
a(T)

DO

pH −0.512*** 0.868*** −0.894*** 0.073 0.071 −0.929*** −0.876*** 0.188 0.412*** 0.618*** 0.554*** 0.983***

Alk −0.006 0.179 −0.161 0.019 −0.025 −0.132 −0.207 0.085 0.104 0.045 0.09 0.063

DIC 0.304** −0.344** 0.404*** 0.032 −0.146 0.390*** 0.398*** 0.069 0.026 −0.369** −0.151 −0.448***

pCO2 0.446*** −0.729*** 0.766*** −0.112 −0.093 0.829*** 0.747*** −0.143 −0.349** −0.559*** −0.485*** −0.913***
2021 transect E87

S T NO3
− NO2

− NH4
+ PO4

3− SiO3
2− Chl-

a(M)
Chl-
a(N)

Chl-
a(P)

Chl-
a(T)

DO

pH −0.586*** 0.944*** −0.891*** 0.107 0.324** −0.932*** −0.882*** 0.15 0.293** 0.307** 0.324** 0.962***

Alk 0.729*** −0.537*** 0.412*** −0.045 −0.218 0.459*** 0.386*** −0.099 −0.013 −0.136 −0.06 −0.398***

DIC 0.687*** −0.605*** 0.468*** −0.035 −0.172 0.564*** 0.451*** −0.136 −0.135 −0.196 −0.161 −0.528***

pCO2 0.563*** −0.933*** 0.879*** −0.141 −0.314** 0.932*** 0.886*** −0.177 −0.321** −0.332** −0.356** −0.961***
2020 transect EQ

S T NO3
− NO2

− NH4
+ PO4

3− SiO3
2− Chl-

a(M)
Chl-
a(N)

Chl-
a(P)

Chl-
a(T)

DO

pH −0.745*** 0.908*** −0.861*** −0.124 0.16 −0.962*** −0.912*** 0.229 0.609*** 0.570*** 0.719*** 0.968***

Alk 0.249 −0.147 0.126 0.144 0.215 0.124 0.057 −0.146 0.083 −0.578*** −0.259 −0.081

DIC 0.548*** −0.408** 0.279 0.106 0.051 0.396* 0.305 −0.113 −0.201 −0.531** −0.431** −0.402*

pCO2 0.751*** −0.907*** 0.860*** 0.097 −0.156 0.968*** 0.910*** −0.241 −0.602*** −0.616*** −0.740*** −0.972***
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In both surface seawater and vertical profiles, physical,

chemical, and biological factors all affected the carbonate system.

The physical characteristics could influence the distributions of

carbonate system parameters directly, and they could also change

the dominating nutrients and phytoplankton species in different

seasons and ultimately lead to variations on carbonate

system parameters.
4.3 Controlling processes of surface DIC

As mentioned above, the distributions of carbonate system

parameters might be comprehensively controlled by several

interacting processes rather than by only one process. Therefore,

we separated the effects of different potential controlling processes

of DIC using the method described in Section 2.5. As shown in

Figure 7, the average DDIC was −27 μmol kg−1 during autumn 2020,

which meant the measured DIC was lower than the theoretical DIC

by 27 μmol kg−1. The DDIC could be attributed to CaCO3

precipitation–dissolution, sea–air exchange, and biological

processes by −11, −6, and −10 μmol kg−1, respectively; in other

words, the effect of CaCO3 precipitation decreased the DIC by 11
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μmol kg−1, sea–air exchange brought 6 μmol kg−1 CO2 out of the

seawater, and photosynthesis consumed 11 μmol kg−1 of DIC.

However, during spring 2021, the average DDIC, DDICp-d,

DDICa-s, and DDICbio values were −14, −1, −11, and −2 μmol

kg−1, respectively. The contributions of CaCO3 precipitation and

photosynthesis accounted for 41% and 37% of DDIC during

autumn 2020, while DDIC was mainly attributed to sea–air

exchange (79%) during spring 2021. Compared to those

measured for autumn 2020, the absolute values of DDIC, DDICp-

d, and DDICbio were lower in spring 2021, although they were still

negative, which indicated a strong mixing process and weak CaCO3

precipitation and photosynthesis processes occurring during spring

2021. Sulpis et al. (2021) reported that the DDICp-d was −12.5 μmol

kg−1 at the surface seawater in the subtropical Atlantic Ocean and

that the subtropical gyre regions of the Pacific, Atlantic, and Indian

Oceans showed generally similar patterns. Sabine et al. (2002)

determined that the DDICp-d at the surface seawater of our study

area ranged from −17.5 to 0 μmol kg−1, which is consistent with the

present findings. Sulpis et al. (2021) also pointed out that global

ocean CaCO3 surface production is mainly derived from biotic

(planktonic) precipitation (Milliman, 1993; Milliman et al., 1999;

Gehlen et al., 2007). Therefore, biological processes were the main
2021 transect EQ

S T NO3
− NO2

− NH4
+ PO4

3− SiO3
2− Chl-

a(M)
Chl-
a(N)

Chl-
a(P)

Chl-
a(T)

DO

pH −0.809*** 0.970*** −0.866*** −0.027 0.145 −0.891*** −0.896*** 0.421** 0.582*** 0.414** 0.621*** 0.956***

Alk 0.442** −0.431** 0.383** 0.002 0.279 0.398** 0.344* −0.036 −0.169 −0.231 −0.218 −0.459**

DIC 0.573*** −0.420** 0.345* 0.18 0.207 0.437** 0.267 −0.032 −0.174 −0.198 −0.212 −0.460**

pCO2 0.783*** −0.959*** 0.844*** −0.016 −0.136 0.874*** 0.880*** −0.418** −0.589*** −0.418** −0.628*** −0.952***
fron
2020 surface 2020 transect E87 2020 transect EQ

pH Alk DIC pCO2 pH Alk DIC pCO2 pH Alk DIC pCO2

pH 1 1 1

Alk 0.322 1 0.110 1 0.015 1

DIC 0.107 0.794** 1 −0.405*** 0.652*** 1 −0.318* 0.771*** 1

pCO2 −0.885** 0.136 0.283 1 −0.912*** 0.285** 0.430*** 1 −0.994*** 0.064 0.377* 1
t

2021 surface 2021 transect E87 2021 transect EQ

pH Alk DIC pCO2 pH Alk DIC pCO2 pH Alk DIC pCO2

pH 1 1 1

Alk −0.392* 1 −0.477*** 1 −0.437** 1

DIC −0.130 0.841*** 1 −0.586*** 0.849*** 1 −0.434** 0.876*** 1

pCO2 −0.985*** 0.513** 0.242 1 −0.995*** 0.478*** 0.583*** 1 −0.995*** 0.489*** 0.475** 1
*Significant at p< 0.05.
**Significant at p< 0.01.
***Significant at p< 0.001.
S: salinity; T: temperature; Chl-a(M): micro-sized Chl-a; Chl-a(N): nano-sized Chl-a; Chl-a(P): pico-sized Chl-a; Chl-a(T): total Chl-a.
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contributors to DDIC as most of the CaCO3 precipitation could be

related to biological processes. The overall weak photosynthesis

processes during spring 2021 were likely due to the heterotrophy of

the BoB. Indeed, Wiggert et al. (2013) found that the increased river

inputs of the summer monsoon drove the BoB toward heterotrophy

and we also observed such increased river inputs in our study

during spring 2021 (Supplementary Figure S2). The inefficient

CaCO3 precipitation processes during spring 2021 were likely due

to the lower pH and the corresponding low biological activity.

Nevertheless, the sea–air exchange process was enhanced due to the

higher wind speed and pCO2 during spring 2021. In addition, the

average DDIC caused by CaCO3 precipitation–dissolution and

biological processes exhibited a similar magnitude during both

autumn 2020 and spring 2021, although the variation ranges were

greater in autumn 2020, suggesting more fluctuation during

autumn 2020. In general, during both autumn 2020 and spring

2021, the CaCO3 precipitation process was stronger in the southern

hemisphere than in the northern hemisphere, the sea–air exchange

process outgassed CO2 continuously with the maxima found at the

westernmost region, and intense respiration typically occurred

north of transect E87. Specifically, the maximum positive DDIC
values occurred in the BoB where the biological (respiration)

process dominated, whereas the maximum negative DDIC values

emerged at the south of transect E80 during both autumn 2020 and

spring 2021. The controlling processes at transect S10 changed

completely from autumn 2020 to spring 2021; that is, the

dominance of photosynthesis processes during autumn 2020

shifted to a dominance of respiration processes during spring

2021. This shift of biological process was due to the lower

phytoplankton abundance (<100 cells L−1; Wang, 2022) and

weaker solar radiation (according to the collected PAR data:

https://hermes.acri.fr/index.php) during spring 2021.
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In summary, biological processes (including photosynthesis and

biotic precipitation) dominated the surface DIC during autumn

2020, whereas sea–air exchange was the main contributor during

spring 2021. Compared with autumn 2020, the mixing process

intensified, CaCO3 precipitation reduced, sea–air exchange

enhanced, and photosynthesis weakened during spring 2021.
4.4 Comparison with other areas in the
Indian Ocean

The Indian Ocean north of 18°S is considered to serve as a net

source of CO2, with an estimated annual flux of CO2 across 14°N–

14°S of the Indian Ocean of 0.18 PgC yr−1 (Takahashi et al., 2002;

Sarma et al., 2023b). However, the sea–air fluxes measured in our

study were slightly higher than those reported previously, which

was likely due to the high instantaneous wind speeds (>13 m s−1) at

some stations and the slight difference in the location of the study

area (15°N–15°S of the Indian Ocean). According to Sarma et al.

(2023b), the CO2 fluxes in the equatorial Indian Ocean displayed

seasonality with high fluxes occurring from January to May and low

fluxes occurring from June to October. In addition, they found a

prominent trend of seasonality in the BoB characterized by higher

CO2 fluxes from May to August associated with monsoon mixing

and lower fluxes from October to December due to river discharge

and stratification (Sarma et al., 2018), which is in line with our

finding of higher fluxes in May 2021 than in October 2020.

Table 2 provides a summary of the key data of surface carbonate

system parameters in different areas of the entire Indian Ocean. We

were only able to collect limited observational data, whereas the other

data were based on model output and interpolation from the limited

observational results; notably, the focus of these studies is on the
A B

FIGURE 7

The contributions of CaCO3 precipitation–dissolution, sea–air exchange, and biologica processes to the DIC concentrations in the surface layer of
the EIO during autumn 2020 (A) and spring 2021 (B).
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accuracy of the model and the sea–air fluxes of CO2 rather than all

carbonate system parameters. For consistency of comparison, we

converted our data to the total hydrogen scale using CO2SYS

software, and the pH in our study (average: 7.97 during autumn

2020) would be a little lower than that reported by Xue et al. (2014),

which might be related to the smaller area examined and that pH was

spatially averaged and seasonally corrected in their study. The DIC and

Alk values measured in our study area were generally in the same

ranges as those reported in other areas of the Indian Ocean. The pCO2

levels in our study were in the same range as those reported in the

Arabian Sea but higher than those reported in the south Indian Ocean,

which was attributed to the fact that the south Indian Ocean serves as a

stronger CO2 sink than the north Indian Ocean. Even though the EIO

served as a CO2 source during our sampling period, it might transition

into a CO2 sink during monsoon periods (Bates et al., 2006).

Furthermore, other areas in the Indian Ocean, especially the south

Indian Ocean, play significant roles in the uptake, storage, and

transportation of anthropogenic carbon. In addition, since the

biological productivity in the Indian Ocean accounts for 15%–20% of

global ocean productivity (Behrenfeld and Falkowski, 1997), the effects

of a biological pump on the ocean carbon cycle should not be ignored.

Therefore, more long-term and continuous observations in the Indian

Ocean should be carried out to better explore the interannual variations

of the carbonate system, the influences of the El Niño-Southern

Oscillation and Indian Ocean dipole, the tendency of ocean

acidification, the ability to absorb anthropogenic CO2, and other

related factors.
5 Conclusion

We investigated the horizontal and vertical distributions of

pH, DIC, Alk, and pCO2 in the EIO during autumn 2020 and

spring 2021. Significant seasonal variations were observed in the

study area. The pH generally decreased from east to west during
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autumn 2020, whereas it decreased from north to south during

spring 2021. Low values of DIC and Alk emerged in the BoB in

both seasons, which were mainly attributed to the effects of river

inputs. Coastal upwelling during monsoon periods led to higher

values of pCO2 and DIC near Sumatra and Sri Lanka during spring

2021. Extreme values of carbonate system parameters occurred in

parallel with extreme values of nutrients and Chl-a, although

different types of nutrients and different sized Chl-a were detected

in different seasons. This indicated that shifts of the nutrients

utilized by phytoplankton along with phytoplankton species

dominated the carbonate system concentrations. Overall, the

surface pH was lower, whereas DIC, Alk, and pCO2 levels were

higher during spring 2021 than during autumn 2020. In vertical

profiles, carbonate system parameters showed strong correlations

with other physical and biogeochemical parameters, and the

correlations were even more robust during spring 2021 than

during autumn 2020. We also estimated the sea–air flux of CO2

during autumn 2020 (10.00 mmol m−2 d−1) and spring 2021

(16.00 mmol m−2 d−1), which revealed that the EIO acted as a

CO2 source during the study period. Moreover, different

controlling processes of DIC were separated to quantify their

contributions, demonstrating that CaCO3 precipitation decreased

the DIC by 11 μmol kg−1, sea–air exchange brought approximately

6 μmol kg−1 of CO2 out of the seawater, and photosynthesis

consumed approximately 10 μmol kg−1 DIC during autumn 2020;

the corresponding values were 1, 11, and 2 μmol kg−1, respectively,

during spring 2021, which indicated an intense mixing process,

reduced CaCO3 precipitation, enhanced sea–air exchange, and

weak photosynthesis during spring 2021. Overall, this work

improves our understanding of the spatiotemporal variations in

the marine carbonate system in the EIO, the mechanisms

controlling the variations in different seasons, and the role of

the EIO in global carbon cycling. Additionally, this work also

provides valuable insight and fundamental data for projecting

future atmospheric CO2 levels and global climate change.
TABLE 2 Historical data of surface carbonate system parameters in different areas of the entire Indian Ocean.

Oceans pH DIC (µmol kg−1) Alk (µmol kg−1) pCO2 (µatm) Data sources

North Indian Ocean
(20°N to the Equator)

– 1,950 ± 61 2,303 ± 58 – Takahashi et al. (1981)

South Indian Ocean
(Equator to 45°S)

– 1,944 ± 47 2,292 ± 36 – Takahashi et al. (1981)

South Indian Ocean
(50°S to 60°S)

– 2,125–2,145 – 341–379 Jabaud-Jan et al. (2004)

Eastern Equatorial Indian Ocean during 1962–2012
(5°N–5°S and 90–95°E)

8.04–8.12 1,840–1,900 2,175–2,250 304–385 Xue et al. (2014)

Arabian Sea
(0°–18.5°N and 65°E)

– <2,000–2,100 2,300–2,380 370–700 Mintrop et al. (1999)

Eastern Indian Ocean
(15°N–15°S and 80–95°E autumn 2020)

8.15 2,066 2,350 453 This paper

Eastern Indian Ocean
(15°N–10°S and 80–95°E spring 2021)

8.14 2,140 2,390 478 This paper
frontiersin.org

https://doi.org/10.3389/fmars.2024.1343690
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2024.1343690
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Author contributions

XW: Conceptualization, Data curation, Funding acquisition,

Investigation, Writing – original draft, Writing – review & editing.

XY: Data curation, Writing – review & editing. XL: Data curation,

Writing – review & editing. XZW: Investigation, Writing – review &

editing. ZC: Investigation, Writing – review & editing. TG:

Investigation, Writing – review & editing. GZ: Data curation,

Writing – review & editing. XG: Methodology, Writing – review

& editing. JS: Conceptualization, Methodology, Project

administration, Resources, Supervision, Visualization, Writing –

review & editing.
Funding

The author(s) declare that financial support was received

for the research, authorship, and/or publication of this article.

This work was financially supported by the Ministry of Science

and Technology of the People’s Republic of China (No.

2019YFE0125000), the National Natural Science Foundation of

China (No. 41876134), the Knowledge Innovation Program of

Wuhan-Shuguang (No. 2023020201020330), the Foundation (No.

202202) of Tianjin Key Laboratory of Marine Resources and

Chemistry (Tianjin University of Science & Technology), P. R.

China, and the Changjiang Scholar Program of Chinese Ministry of

Education (T2014253) to JS.
Frontiers in Marine Science 14
Acknowledgments

Data and samples were collected onboard R/V “Shi Yan 3”

implementing the open research cruise NORC2020-10 and

NORC2021-10 supported by the NSFC Shiptime Sharing Project

(project numbers: 41949910 and 42049910). We thank the captain

and crew of the R/V “Shi Yan 3” for their help during the investigations.
Conflict of interest

Author XW was employed by the company Shenzhen

Guanghuiyuan Environment Water Co., Ltd.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fmars.2024.

1343690/full#supplementary-material
References
Bates, N. R. (2007). Interannual variability of the oceanic CO2 sink in the subtropical
gyre of the North Atlantic Ocean over the last 2 decades. J. Geophys. Res.: Oceans 112,
C09013. doi: 10.1029/2006JC003759

Bates, N. R., Pequignet, A. C., and Sabine, C. L. (2006). Ocean carbon cycling in the
Indian Ocean: 1. Spatiotemporal variability of inorganic carbon and air-sea CO2 gas
exchange. Global Biogeochem. Cycles 20, GB3020. doi: 10.1029/2005GB002491

Behrenfeld, M. J., and Falkowski, P. G. (1997). Photosynthetic rates derived from satellite-
based chlorophyll concentration. Limnol. Oceanogr. 42, 1–20. doi: 10.4319/lo.1997.42.1.0001

Cai, W. J., Xu, Y. Y., Feely, R. A., Wanninkhof, R., Jönsson, B., Alin, S. R., et al.
(2020). Controls on surface water carbonate chemistry along North American ocean
margins. Nat. Commun. 11, 1–13. doi: 10.1038/s41467-020-16530-z

Chakraborty, K., Valsala, V., Bhattacharya, T., and Ghosh, J. (2021). Seasonal cycle of
surface ocean pCO2 and pH in the northern Indian Ocean and their controlling factors.
Prog. Oceanogr. 198, 102683. doi: 10.1016/j.pocean.2021.102683

Chakraborty, K., Valsala, V., Gupta, G. V. M., and Sarma, V. V. S. S. (2018).
Dominant biological control over upwelling on pCO2 in sea east of Sri Lanka.
J. Geophys. Res.: Biogeosci. 123, 3250–3261. doi: 10.1029/2018JG004446

Chi, N. H., Lien, R. C., and D'Asaro, E. A. (2021). The mixed layer salinity budget in
the Central Equatorial Indian Ocean. J. Geophys. Res.: Oceans 126, e2021JC017280.
doi: 10.1029/2021JC017280
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