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One of the main challenges we face today is to determine the evolution of the 
penetration of anthropogenic CO2 into the Indian Ocean and its impacts on marine 
and human life. Anthropogenic CO2 reaches the ocean via air-sea interactions 
as well as riverine inputs. It is then stored in the ocean and follows the oceanic 
circulation. As the carbon dioxide from the atmosphere penetrates into the sea, 
it reacts with water and acidifies the ocean. Consequently, the whole marine 
ecosystem is perturbed, thus potentially affecting the food web, which has, in turn, 
a direct impact on seafood supply for humans. Naturally, this will mainly affect the 
growing number of people living in coastal areas. Although anthropogenic CO2 
in the ocean is identical with natural CO2 and therefore cannot be detected alone, 
many approaches are available today to estimate it. Since most of the results of 
these methods are globally in agreement, here we chose one of these methods, 
the tracer using oxygen, total inorganic carbon, and total alkalinity (TrOCA) 
approach, to compute the 3-D distribution of the anthropogenic CO2 concentrations 
throughout the Indian Ocean. The results of this distribution clearly illustrate the 
contrast between the Arabian Sea and the Bay of Bengal. They further show the 
importance of the southern part of this ocean that carries some anthropogenic 
CO2 at great depths. In order to determine the future anthropogenic impacts on 
the Indian Ocean, it is urgent and necessary to understand the present state. As 
the seawater temperature increases, how and how fast will the ocean circulation 
change? What will the impacts on seawater properties be? Many people are living 
on the bordering coasts, how will they be affected? 

this complex and seasonally changing water circulation on its 
biogeochemical properties. On top of this natural complex-
ity, human activities provoke a rapid seawater temperature 
increase. Thus, additional unknowns are added concerning 
the future evolution of marine biota, of biogeochemical 
properties, and of carbon uptake.

The Indian Ocean is smaller than both the Atlantic and Pa-
cific oceans. Yet it plays a significant role in the absorption 
of anthropogenic carbon. The latter is stored in the Indian 
Ocean via three key processes: 

1. Red Sea–Persian Gulf Intermediate Water is formed in 
the northwestern Indian Ocean, [Papaud and Poisson, 1986; 

1. INTRODUCTION

The Indian Ocean is a very complex system with a highly 
variable water circulation mainly constrained by monsoon 
winds [Schott and McCreary, 2001]. For instance, the winds 
force the Somali Current to reverse direction seasonally. As 
a result, it is extremely difficult to determine the impact of 
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Mecking and Warner, 1999]. This water then flows south-
ward (equatorward). 

2. Subantarctic Mode Water (SAMW) [Sloyan and Rin­
toul, 2001; Sallée et al., 2006] is formed in the southeastern 
Indian Ocean north of the Subantarctic Front [McCartney, 
1977]. This water then flows northward (equatorward) at 
around 400–600 m depth. 

3. Antarctic Intermediate Water (AAIW) is formed in the 
Southern Ocean. The AAIW in the South Indian Ocean (and 
the South Atlantic) is formed in the confluence of the Malvi-
nas and Brazil currents by injection of surface water into the 
subtropical gyre. Then it flows eastward and northward in 
these ocean basins, where no other sources of anthropogenic 
carbon are found [Talley, 1996; Hanawa and Talley, 2001].

In theory, another major pathway of anthropogenic CO2 
(CANT) penetration into the Indian Ocean should be the 
formation of Antarctic Bottom Water (AABW). However, 
there are still large discrepancies among various estimates of 
CANT uptake and storage in the AABW. Results from models 
and early estimates [Poisson and Chen, 1987; Gruber, 1998; 
Hoppema et al., 2001] indicated a relatively poor penetra-
tion of CANT. This could be explained by limited contact of 
the surface seawater with the atmosphere because of the ice 
cover, thus leading to a reduced CO2 uptake before sinking 
down into the ocean interior. 

However recent studies indicate both a CFC accumulation 
in Antarctic deep and bottom waters [e.g., Meredith et al., 
2001; Orsi et al., 2002] and a CANT accumulation south of 
Australia [McNeil et al., 2007], as well as in deep and bot-
tom waters of the Southern Ocean [Lo Monaco et al., 2005a; 
Sandrini et al., 2007].

Overall, the Arabian Sea is known as a CO2 source for 
the atmosphere since during the southwest monsoon; the up-
welling brings cold and CO2-rich waters to the surface. As 
they warm in contact with the atmosphere, their pCO2 rises 
further, well above the atmospheric level in spite of the con-
current phytoplankton blooms, thus providing a significant 
source of CO2 to the atmosphere [Millero et al., 1998; Goyet 
et al., 1998; Naqvi et al., 2005]. 

In contrast, over a year, the Bay of Bengal with its rela-
tively cool water is probably a CO2 sink for the atmosphere. 
Some data indicate that this basin could be alternatively a 
CO2 source or a CO2 sink throughout the year depending 
on the seasons. Unfortunately, data in this area are still too 
scarce [Bates et al., 2006] to determine the mean annual CO2 
flux in this area.

In the South Indian Ocean, including the Indian segment 
of the Southern Ocean, time series measurements of pCO2 
in surface waters indicate that this sea is a CO2 sink, the 
strength of which decreases with time [Goyet et al., 1991; 
Metzl et al., 1991; Brévière et al., 2006]. This trend is prob-

ably due to both the increase of atmospheric CO2 partial 
pressure and the decreasing buffer capacity of the ocean.

Consequently, as a whole, the Indian Ocean is considered 
as a significant CO2 sink for the atmosphere. Yet the strength 
of this CO2 sink seems to be decreasing with time. In the 
current context of the anthropogenic carbon rise in the atmo
sphere, these observations raise further concerns: How much 
anthropogenic carbon will the Indian Ocean continue to ab-
sorb? And at what pace? In order to be able to answer these 
questions, one should know both the present distribution of 
anthropogenic carbon in the Indian Ocean and the past and 
future water mass properties and circulation.

2. DISTRIBUTION OF ANTHROPOGENIC CARBON  
IN THE INDIAN OCEAN

Since anthropogenic carbon in the ocean cannot be mea
sured directly, it is calculated according to various models 
based upon different assumptions. Although the early at-
tempts to estimate the distribution of anthropogenic car-
bon in the ocean [Brewer, 1978; Chen and Millero, 1979] 
were criticized [Shiller, 1981; Broecker et al., 1985], they 
initiated a large and long debate concerning the “best way” 
to determine the distribution of anthropogenic CO2 in the 
ocean.

Since then, many different methods arose. Many are 
still based on the initial work of the late 1970s with vari-
ous improvements (e.g., ΔC* approach of Gruber et al. 
[1996]; Pérez et al. [2002]; and LM approach of Lo Mo­
naco et al. [2005a]). Others use completely new concepts  
such as water mass mixing [Goyet et al., 1999], similar-
ity with CFCs or SF6 penetration [e.g., Goyet and Brewer, 
1993], the transit time distribution (TTD) approach of Waugh 
et al. [2004, 2006] and Tanhua et al. [2008], or a new water 
mass tracer “TrOCA” [Touratier and Goyet, 2004a, 2004b; 
Touratier et al., 2007]. 

Today, in order to better understand the processes of an-
thropogenic CO2 penetration into the ocean, many studies 
are comparing the results of these various approaches based 
on data [Coatanoan et al., 2001; Lo Monaco et al., 2005b; 
Friis, 2006; Touratier et al., 2007; Vázquez-Rodríguez et al., 
2009]. Other studies compare results of anthropogenic car-
bon estimates with those based on ocean circulation models 
[Wanninkhof et al., 1999; Mikaloff-Fletcher et al., 2006; Orr 
et al., 2001; Gerber et al., 2009].

On a global average, the results of each of these meth-
ods are roughly similar. However, locally, the differences 
of the anthropogenic distribution among various approaches 
can be quite large (by a factor of 2). Yet, in spite of the re-
cent results comparisons, without an absolute reference for 
the quantification of anthropogenic carbon in the ocean, it is  
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extremely difficult to gain a complete understanding of all 
the hypotheses of each method and therefore to recommend 
the use of one method over another. 

Nevertheless, a few patterns start to emerge. For instance, 
several studies in the Indian and the Atlantic oceans [Coata­
noan et al., 2001; Vázquez-Rodríguez et al., 2009] indicate 
that the ΔC* approach induces a strong anthropogenic CO2 
discontinuity at mid depth (where the distribution of CFCs  
comes close to zero), which is not seen in any other method. 

The use of only CFCs to estimate anthropogenic CO2 
(such as the TTD approach) presents the advantage of being 
relatively simple, but it is limited to water masses younger 
than 1950 since CFCs did not exist prior to that time.

In order to use the water mass mixing method, one needs 
an excellent knowledge of the various water masses in-
volved. The method provides great detail over an ocean sec-
tion. However, it is relatively difficult to apply it over an 
entire ocean basin. 

All methods based upon the initial work of the late 1970s 
require an estimate of preformed (before 1900) concentra-
tions of total alkalinity and total CO2. These estimates often 
differ from one author to another and are extremely difficult 
to validate. In addition, these anthropogenic CO2 estimates 
rely on constant Redfield ratios, for which the appropriate 
values are still debated. Thus, for unclear reasons, it seems 
as though each author uses a different value for these ra-
tios. Consequently, it is extremely difficult to objectively 
determine which of the various proposed improvements is 
significant. For instance, the LM approach seems to provide 
reasonable distribution patterns but with relatively high con-
centrations of anthropogenic carbon.

The simplest approach of all that seems to work relatively 
well everywhere (as judged by reasonable distribution pat-
terns and concentrations) is the TrOCA method. It can be 
easily applied to an ocean section, as well as an ocean basin. 
(It could also simply be introduced into 3-D ocean models.) 
The method also relies upon a Redfield ratio. However, here 
it has objectively been determined using the international 
global GLODAP data set [Key et al., 2004].

The first global estimate of anthropogenic carbon dis-
tribution in the Indian Ocean [Chen, 1993] indicated that 
this ocean contains about 21% of the anthropogenic carbon 
stored in the sea. A few years ago, Sabine et al. [2004] fur-
ther confirmed this estimate. However, the precise distribu-
tion of anthropogenic carbon within the Indian Ocean still 
needs to be determined.

Of course, the debate concerning “the best” method to use 
in order to quantify the anthropogenic CO2 in the ocean is 
still vigorous. Yet the scientific community has never been 
so close to unraveling this issue. It is only when two or more, 
different methods provide the same results that one can vali-

date the accuracy of the particular approach. Today, several 
methods exist. They may just need a little tuning (e.g., ap-
plying the same Redfield ratios, etc.) for their results to come 
into agreement.

Nevertheless, Plate 1 illustrates the broad characteristics 
of the anthropogenic CO2 distribution in the Indian Ocean 
as it is calculated using the TrOCA method with the Indian 
Ocean data extracted from the GLODAP data set.

Plate 1a shows the distribution of anthropogenic CO2 at a 
depth of 250 m throughout the Indian Ocean. At this depth, 
there is almost twice as much anthropogenic CO2 in the Ara-
bian Sea (~33 μmol kg−1) as in the Bay of Bengal (~17 μmol 
kg−1), and there is almost twice as much (~53 μmol kg−1) 
anthropogenic CO2 east of 80°E in the latitudinal zone be-
tween 25°S and 50°S than in the Arabian Sea. South of 55°S, 
the concentration of anthropogenic CO2 (~15 μmol kg−1) is  
relatively homogeneous and close to that of the Bay of  
Bengal. The green zonal band between about 10°S and 20°S 
reflects the role of the Indonesian Throughflow water (see 
also Plate 1b).

At 700 m depth, Plate 1b still illustrates similar char
acteristics of the anthropogenic CO2 distribution as above 
(at 250 m) but with concentrations decreased roughly by a 
factor of 2.

At 1200 m depth (Plate 1c), it is interesting to see that the 
anthropogenic CO2 has not penetrated much either north of 
20°S or south of 55°S. It is essentially concentrated in the 
latitudinal band between 25°S and 50°S, where it reaches 
~25 μmol kg−1.

At 3000 m depth, the Indian Ocean is pretty much anthro-
pogenic carbon–free except south of 55°S in the Indian sec-
tor of the Antarctic Ocean where the CANT concentrations 
are around 11 μmol kg−1.

The core message is that even if the Arabian Sea is a 
source of CO2 for the atmosphere and the Bay of Bengal is a 
potential CO2 sink for the atmosphere, there is about twice as 
much anthropogenic CO2 in the Arabian Sea as in the Bay of 
Bengal concentrated in the upper 1200 m. Furthermore, the 
concentration of anthropogenic CO2 in the Southern Ocean 
south of the Indian Ocean is close to 10 μmol kg−1 through-
out the water column, even below 3000 m depth. 

In other words, the Indian Ocean is a very complex area 
where ocean circulation and physical forcings play an ex-
tremely important role both in sequestering the anthropo-
genic CO2 and in releasing it to the atmosphere. Here the 
contrast between the Arabian Sea and the Bay of Bengal 
clearly illustrates that the CO2 from the CO2 fluxes across 
the ocean-atmosphere interface may not be directly trans-
ported vertically down into (or up from) the water column. 
Horizontal water circulation is the main process carrying an-
thropogenic CO2 from one area to another. Therefore, if we 
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Plate 1. Anthropogenic CO2 distribution in the Indian Ocean calculated by the TrOCA method at (a) 250, (b) 700,  
(c) 1200, and (d) 3000 m depth. 

are to forecast the sequestration of anthropogenic CO2 in the 
Indian Ocean, we need to know precisely the present and 
future currents and physical and biogeochemical properties 
and pathways.

3. PAST AND FUTURE WATER MASS PROPERTIES 
AND CIRCULATION

As mentioned in section 2, the main characteristics of 
the northern Indian Ocean circulation are the strong semi-
annual reversing monsoon winds that force intense upwell-
ings as well as reversal of surface currents. Consequently, 
the biogeochemical properties and the marine ecosystems 

of these waters are highly and seasonally variable [Naqvi 
et al., 2006; Lévy et al., 2007]. At low latitudes south of 
the equator, a large volume of relatively fresh and warm 
water from the Pacific Ocean penetrates into the Indian 
Ocean via the Indonesian Throughflow in the upper 300 
m. As can be seen in Plate 1a, this water with relatively 
high concentrations of anthropogenic CO2 is one of the  
important sources of anthropogenic CO2 stored within the 
Indian Ocean. 

As today global warming significantly modifies the 
physical seawater properties (since we observe a rise in 
temperature) and forcings, there is no doubt that the ocean 
circulation in the Indian Ocean will change. As the sea sur-
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face temperature rises, how would the monsoons strength 
and duration change? Would the strength and frequency of 
cyclones increase? What would be their impacts on the large 
populations living in coastal areas? Would variations in 
freshwater flux affect the circulation? Would the Indonesian 
Throughflow decrease? All of these variations will affect the 
anthropogenic CO2 penetration into and storage in the Indian 
Ocean. In turn, they will affect the marine ecosystem, which, 
in turn, will greatly affect the human food supply. 

4. ANTHROPOGENIC IMPACTS

Today the concern goes way beyond the penetration of 
anthropogenic CO2 into the ocean or the temperature rise 
of the latter. The truly justified concern is about humanity. 
How will all these changes provoked by humankind on the 
unique planet Earth affect all human populations (mainly in 
terms of food and water supply, health, and shelter in coastal 
areas)?

There is no doubt that the penetration of massive anthro-
pogenic CO2 into the ocean either through CO2 fluxes across 
the air-sea interface or through river runoff will acidify the 
seawater. As the chemical properties and nutrient supply in 
the upper ocean layers are modified, the complete marine 
ecosystem is at risk. For instance, according to the level 
of acidification of seawater, some fish species (including 
shellfish, i.e., clams and mussels) could manifest some de-
formities before simply disappearing. As an ecosystem is 
disturbed, it is the whole marine food web that is affected, 
thus impacting the human food supply.

Since land bordering the northern Indian Ocean is heavi
ly populated and provides major river runoff to the sea, the 
Indian Ocean is one of the places that urgently need to be 
intensely studied to anticipate and perhaps prevent major 
ecological and human disasters. 

5. CONCLUSION

The Indian Ocean, compared with the Atlantic and Pacific 
oceans, is relatively small, and its northern basin is bordered 
by land south of the Tropic of Cancer. This relatively small 
sea is very sensitive to changes because of anthropogenic 
forcings.

As we have shown, the Arabian Sea and the Bay of Bengal 
play contrasting roles in the absorption and storage of an-
thropogenic carbon from the atmosphere. The Bay of Ben-
gal absorbs more CO2 from the atmosphere than the Arabian 
Sea, which releases it to the atmosphere. Yet it is the Ara-
bian Sea that sequesters about twice as much carbon as the 
Bay of Bengal because of water circulation. Most of the an-
thropogenic CO2 in the Indian Ocean is located in the upper 

1200 m between 30°S and 50°S, especially in the eastern 
part of the basin. 

In light of this current knowledge, the three main chal-
lenges scientists are facing today are (1) to determine the 
most appropriate approach to quantify anthropogenic CO2 
concentrations in the Indian Ocean, (2) to determine the spa-
tiotemporal variations of the CO2 fluxes across the ocean-
atmosphere interface, and (3) to determine the impacts of 
global warming on the water properties and circulation.

In order to unravel quickly the potential impacts of an-
thropogenic CO2 penetration into the Indian Ocean, both in 
terms of climate change and in terms of ecological variabil-
ity, there is a critical need to intensify international marine 
studies throughout the Indian Ocean. Cruises need to be de-
signed not only to quantify the air-sea CO2 fluxes and their 
impacts on ecological systems in the upper ocean but also 
throughout the whole water column where anthropogenic 
CO2 is sequestered before in part either upwelling to the sur-
face (in the Arabian Sea) or sinking farther down (south of 
30°S). Such research expeditions should be integrated with 
concurrent complementary studies of ocean circulation and 
biogeochemical processes using the newly available research 
technologies (floats, satellites, chemical sensors, etc.). Such 
international programs would help to save the beauty and bi-
odiversity of the Indian Ocean for the benefit of humankind.
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