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The Indian Ocean (IO) is a dynamically 

complex and highly variable system, with cir-

culation features and biogeochemical prop-

erties that are unusual in many respects. 

Yet the IO remains one of the most under-

sampled and least understood of the world’s 

ocean basins. In this article, we defi ne sev-

eral outstanding research questions that need 

to be addressed in the IO related to ocean 

currents and variability, the controls and 

fate of primary production, global change 

and anthropogenic impacts, and the role of 

higher trophic levels in ecological processes 

and biogeochemical cycles. We also discuss 

a unique opportunity that has recently arisen 

for staging research in the IO.

Perhaps the most unusual fl ow in the IO is 

the Somali Current—the western boundary 

current in the northern IO that is analogous 

to the Gulf Stream in the Atlantic Ocean 

and the Kuroshio Current in the Pacifi c 

Ocean—which reverses direction season-

ally in response to monsoon winds [Schott 

and McCreary, 2001]. The IO is also differ-

ent from the Atlantic and Pacifi c oceans in 

its connection to the tropical Pacifi c via the 

Indonesian Throughfl ow and the circulation 

being closed in the north by a land bound-

ary [International CLIVAR Project Offi ce, 2006]. 

The biological and ecological impacts of 

these and other unique IO circulations are 

profound but are not yet fully understood. 

Regarding primary production, specifi c 

questions and hypotheses have emerged 

from recent studies that have yet to be tested, 

such as the potential role of zooplankton 

grazing versus iron limitation in controlling 

phytoplankton production in the Arabian 

Sea (AS) [Smith, 2001; Wiggert et al., 2006]. 

Furthermore, the IO is a globally important 

zone where nitrate (NO
3
) in the water is con-

verted to N
2
 gas by denitrifi cation, which 

is then released to the atmosphere; yet this 

process does not happen in the Bay of Ben-

gal. The IO may also be a region where sig-

nifi cant quantities of N
2
 gas are taken from 

the atmosphere and converted to ammo-

nium in the water by N
2
 fi xation.

The IO is warming rapidly [Alory et al., 2007], 

but the impacts of this warming on the 

biota, carbon uptake, and nitrogen cycling 

are not known. The increasing human popu-

lation density and rapid economic growth of 

the countries surrounding the Bay of Bengal 

make the coastal environments there par-

ticularly vulnerable to this warming and to 

other anthropogenic forcings [Millennium 

Ecosystem Assessment, 2005]. 

Both the time-space variability and the 

biogeochemical and ecological impacts of 

the huge myctophid stocks in the AS [Gjo-

saeter, 1984] are poorly quantifi ed, as are 

the linkages between climate fl uctuations 

and equatorial tuna migrations [Marsac et 

al., 2006]. The potential infl uences of climate 

variability and change on these fi sheries 

resources and their socioeconomic ramifi ca-

tions need to be explored, along with all of 

these other outstanding research questions. 

Ocean Currents and Variability

The unique physical properties of the IO 

occur largely as a result of forcing by the 

strong semiannually reversing monsoon 

winds (Figure 1). These winds drive intense 

upwelling and seasonally reversing surface 

circulations [Schott and McCreary, 2001], 

which in turn cause substantial variations 

in marine biogeochemical and ecosystem 

response [Naqvi et al., 2006; Lévy et al., 

2007]. In equatorial waters, the zonal ther-

mocline and nutricline shoal toward the 

west rather than the east as in the Pacifi c 

and Atlantic oceans, a consequence of the 

IO lacking easterly trade winds. The equato-

rial IO is also strongly infl uenced by oscilla-

tions and perturbations that do not occur in 

other ocean basins, such as the Wyrtki Jets, 

the Madden-Julian Oscillation, and the Indian 

Ocean Dipole [International CLIVAR Project 

Offi ce, 2006]. Large volumes of water (some 

10 million cubic meters per second) fl ow 

into the IO at low latitudes from the Pacifi c 

via the Indonesian Throughfl ow [Interna-

tional CLIVAR Project Offi ce, 2006]. In gen-

eral, there is a need to characterize and 

better understand the ecological and bio-

geochemical responses to these physical 

forcings (Figure 1) as well as responses to 

global climate change. 

Controls and Fate of Primary Production

Factors that control primary production 

and its fate in the IO are not very well under-

stood. For example, it has been hypothesized 

that some crustacean zooplankton species 

(specifi cally Calanoides carinatus) migrate 

hundreds of meters from depth to the surface 

during the Southwest Monsoon in the AS and, 

through grazing, prevent accumulation of 

phytoplankton biomass [Smith, 2001]. In con-

trast, a new hypothesis has emerged suggest-

ing that because of the upwelling of waters 

with a low Fe/N ratio, iron can limit phyto-

plankton production during the Southwest 

Monsoon in the AS despite elevated eolian 

dust fl uxes from the bordering landmasses 

[Wiggert et al., 2006]. The degree to which 

iron limitation controls phytoplankton pro-

duction over the entire basin remains unchar-

acterized by observations [Piketh et al., 2000; 

Wiggert et al., 2006]. 

There are important physical, biogeochem-

ical, and ecological differences between the 

adjacent basins of the AS and the Bay of Ben-

gal, despite their similar sizes, morphologies, 

latitudes, and southern boundaries (Figure 1). 

The AS is a globally important zone of open-

ocean denitrifi cation, where NO
3
 and nitrite 

(NO
2
) are converted to nitrous oxide (N

2
O) 

(an important greenhouse gas) and dinitro-

gen gas (N
2
), which are then released to the 

atmosphere [Codispoti et al., 2001]. This pro-

cess occurs between 150 and 600 meters 

deep in the eastern central AS [Naqvi et al., 

2005]. In contrast, mesopelagic dissolved 

oxygen concentrations in the Bay of Bengal 

are less than 2 micromoles per liter higher, so 

the Bay of Bengal remains poised just above 

the denitrifi cation threshold. What are the rel-

ative roles of biological oxygen demand from 

surface organic matter export versus circula-

tion and ventilation in maintaining the differ-

ences in the deep oxygen fi elds and there-

fore biogeochemical cycling between the AS 

and the Bay of Bengal? How have these dif-

ferences been maintained over the past two 

to three decades, and how are they likely to 

change in response to global climate change?

The available evidence points toward a 

high rate of N
2
 fi xation in IO surface waters 

[Capone et al., 1998]. It has been estimated 

that 30–40% of euphotic zone NO
3
 in the AS 

is derived from N
2
 fi xation [Brandes et al., 

1998], and this region’s annual input of new 

N via this process has been estimated to be 

3.3 teragrams of nitrogen per year [Bange 

et al., 2005]. But there are very few direct N
2
 

fi xation rate measurements in the IO. Since 

N
2
 fi xation has the opposite effect of dentriti-

fi cation, without more direct measurements 

it is currently not possible to quantify the net 

atmosphere-ocean N fl ux in the IO. 

Global Change and Anthropogenic Impacts

The AS and the Bay of Bengal also differ 

substantially in terms of freshwater fl ux and 

therefore terrestrial nutrient loading [Seitz-

inger et al., 2005]. While evaporation far 

exceeds precipitation in the AS, the reverse 

is the case with the Bay of Bengal, which 

also receives large runoff from major riv-

ers such as the Ganges, Brahmaputra, and 

Irrawaddy. Coastal environments in the 

Bay of Bengal are particularly vulnerable to 

anthropogenic perturbations due to the high 

river-nutrient loading in surrounding coun-

tries that are also experiencing rapid increases 

in population density and economic growth 

[Millennium Ecosystem Assessment, 2005]. 

Cholera outbreaks in Bangladesh have been 

linked to anthropogenic impacts, such as 

increases in sea surface temperature and 

sea surface height [Lobitz et al., 2000]. How 

will coastal environments in the Bay of Ben-

gal be affected in the future, and what will 

the human consequences be? 

Overall, the AS is a source of CO
2
 to the 

atmosphere because of elevated pCO
2
 

caused by upwelling during the Southwest 

Monsoon. Whether the Bay of Bengal is an 

annual source or sink for CO
2
 is not clear, 

due to sparse sampling in both space and 

time [Bates et al., 2006]. The southern IO 

appears to be a strong CO
2
 sink, but the bal-

ance of contributing factors that maintain 

this sink is uncertain. Because of its rapid 

warming [Alory et al., 2007], the IO may pro-

vide a preview of how climate change will 

affect the carbon fl uxes, biogeochemistry, 

and ecology of other ocean basins as well as 

human health. For example, the Southwest 

Monsoon winds appear to be intensifying as 

a result of this warming, and it has been sug-

gested that the winds are driving increased 

upwelling, primary production, and ecosys-

tem changes in the AS [Goes et al., 2005]. 

Changes in the strength and duration of the 

monsoons will also affect vertical mixing, 

freshwater fl uxes, and nutrient inputs in 

both the AS and the Bay of Bengal, which 

in turn will affect human populations, espe-

cially in coastal areas. 

Role of Higher Trophic Levels in Ecological 

Processes and Biogeochemical Cycles

Finally, it is important to consider the role 

of higher trophic levels in ecological pro-

cesses, biogeochemical cycles, and human 

health. The mesopelagic fi sh stocks of myc-

tophids in the AS (see Figure 2, in the elec-

tronic supplement) [Gjosaeter, 1984] are 

of global signifi cance both economically 

and ecologically. This stock has been esti-

mated at 100 million tons with a potential 

harvest of approximately 200,000 tons annu-

ally. What role do these fi sh play in the eco-

logical and biogeochemical dynamics of 

the AS? How do they interact with and tol-

erate the oxygen minimum zone? Is com-

mercial harvest affecting these stocks? How 

might climate change affect the population? 

Migrations of tuna in equatorial waters are 

strongly infl uenced by the anomalous forage 

distributions that result from climate phe-

nomena like the Indian Ocean Dipole [Mar-

sac et al., 2006]. What are the dynamics of 

this impact? How are commercial pelagic 

species (such as tuna) affected by fi shing? 

How will these stocks be affected by global 

warming, and what will the human conse-

quences be?
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Fig. 1. Comparisons of (left) winds, (middle) surface ocean circulation, and (right) satellite-derived chlorophyll concentration between the (top row) 
January–February and (bottom row) July–August time periods in the Indian Ocean. The wind and circulation fields are reproduced with permission 
from Schott and McCreary [2001], and the satellite chlorophyll concentrations are reproduced with permission from Wiggert et al. [2006]. Indian Ocean  cont. on page 126
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Surface snowmelt in Antarctica in 2008, 

as derived from spaceborne passive micro-

wave observations at 19.35 gigahertz, was 40% 

below the average of the period 1987–2007. 

The melting index (MI, a measure of where 

melting occurred and for how long) in 2008 was 

the second-smallest value in the 1987–2008 

period, with 3,465,625 square kilometers 

times days (km2 × days) against the average 

value of 8,407,531 km2 × days (Figure 1a). Melt 

extent (ME, the extent of the area subject to 

melting) in 2008 set a new minimum with 

297,500 square kilometers, against an average 

value of approximately 861,812 square kilo-

meters. The 2008 updated melting index and 

melt extent trends over the whole continent, 

as derived from a linear regression approach, 

are 164,487 km2 × days per year (MI) and 

–11,506 square kilometers per year (ME), 

respectively.

Negative trends for the period 1987–2008 

of the number of melting days (Figure 1b) 

over the Antarctic Peninsula are observed 

at a rate down to –2 days per year for inter-

nal areas and about –0.7 days per year for 

coastal areas. Contrarily, positive trends (up 

to approximately +0.25 days per year) are 

observed on part of the Larsen Ice Shelf.

In East Antarctica, positive trends are 

observed over the Amery, West, Shackleton, 

and Voyeykov ice shelves, with values of up 

to +0.7 days per year for Shackleton and +0.8 

days per year for Amery. Interestingly, the 

latter shows negative trends (down to –0.3 

days per year) for internal areas but positive 

values for coastal areas. 

Large-scale monitoring of ice shelves 

is an important task for many reasons: 

Though ice shelves do not contribute 

directly to sea level rise, they play an 

important role in keeping the warm marine 

air at a distance from glaciers; and recent 

observations also suggest the buttressing 

effect of ice shelves in preventing accel-

eration of ice sheets. An increasing sur-

face snowmelt over ice shelves might lead 

to persisting melt ponds, which, in turn, 

might contribute to ice shelf disintegration 

as liquid water fi lls small surface cracks. 

Depending on the amount of water and the 

depth of a crack, the water can deepen the 

crack and eventually wedge through the 

ice shelf. Along with surface processes, it is 

imperative to focus on verifying hypotheses 

regarding those processes occurring at the 

ice-ocean boundaries, such as, for exam-

ple, the thinning of ice shelves driven by 

ocean-induced melting.
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Conclusions

The Indian Ocean truly is one of the last 

great frontiers of oceanographic research. 

This ocean appears to be particularly vul-

nerable to climate change and anthropo-

genic impacts, yet it has been more than 

a decade since the last coordinated inter-

national study of biogeochemical and eco-

logical processes there. To obtain a better 

understanding of the atmospheric and oce-

anic variability in the IO, the Climate Vari-

ability and Predictability program (CLIVAR) 

and the Global Ocean Observing System 

(GOOS) are currently deploying a basin-

wide observing system in the IO [Interna-

tional CLIVAR Project Offi ce, 2006]. Although 

there are signifi cant challenges, deploy-

ment of an array of more than 30 buoys is 

planned in the open ocean between 20°N 

and 20°S spanning the entire basin. These 

buoys will be accompanied by a variety of 

physical oceanographic survey and mooring 

support cruises. In addition, several nations 

in the IO (most notably India, Oman, and 

Australia) are deploying coastal observing 

systems. 

These systems, in combination with newly 

available research capabilities and technol-

ogies, such as ARGO fl oat measurements 

and an Indian satellite ocean color sensor, 

provide a unique opportunity for staging 

international, interdisciplinary research 

in the IO, which can address many of the 

research questions noted above. Yet there 

are still signifi cant logistical and political 

impediments, especially for U.S. scientists. 

That is, it is diffi cult and costly to deploy 

U.S. research vessels on the other side of the 

world, and many IO rim nations, including 

India, do not allow foreign research vessels 

in their exclusive economic zones. We hope 

this article will help overcome some of these 

barriers and promote coordinated interna-

tional research efforts in the IO to answer 

these important questions.

Figure 2 of this article can be viewed in 

the electronic supplement to this Eos issue 

(http://www.agu.org/eos_elec).
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news
Updated 2008 Surface Snowmelt Trends 
in Antarctica

a)

b)

Fig. 1. (a) Snowmelt surface melting index (gray) and melt extent (black) over the whole of 
Antarctica between 1987 and 2008. (b) Trend of the number of melting days for the period 
1987–2008.




