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Although CLIVAR’s remit is global, much of the science and 
infrastructure is implemented regionally. The International 
CLIVAR Project Office is distributed amongst two sites - at the 
First Institute of Oceanography (FIO) in Qingdao, China and at 
the Indian Institute for Tropical Meteorology (IITM) in Pune, 
as well as one staff hosted by the International Center for 
Theoretical Physics (ICTP) in Trieste, Italy. The office is truly 
international and actively working to strengthen links between 
the CLIVAR community and its partners across the regions.  
To this end,  CLIVAR organized a joint Workshop on Advancing 
Ocean Climate Observations and Studies in the Indo-Pacific 
with the IOC Commission for the Western Pacific (WESTPAC) 
at the First Institute of Oceanography in Qingdao, China on 16th 
September 2015. The workshop was part of the UNESCO/IOC 
Regional Training and Research Center on Ocean Dynamics 
and Climate. The participants reviewed achievements in ocean 
observations, modelling and ocean climate studies in the 
region and addressed the enhancement of networks among 
ocean and climate research communities in the region and 
the development of synergistic efforts between WESTPAC and 
CLIVAR.

The Workshop also marked the launch of CLIVAR’s 20th 
Anniversary. CLIVAR is celebrating 20 years since the 
publication of its Science Plan in 1995. The anniversary 
ceremony included  the Director General of FIO, Professor 
Deyi Ma, meeting with Mike Sparrow, WCRP Senior Scientific 
Officer, CLIVAR SSG Co-Chair Detlef Stammer, incoming 
CLIVAR SSG Co-Chair Annalisa Bracco, and ICPO staff. During 
the ceremony Professor Ma signed a new agreement with 
WCRP for SOA/FIO to host the ICGPO for the next 4 years. 
A persimmon tree was planted in the garden of FIO to mark 
the occasion. In China, the persimmon tree, with its bountiful 
orange fruit, is associated with a fruitful career; an appropriate 
way to celebrate 20 years of CLIVAR success and its future 
championing Ocean and Climate research.

The past few months have seen considerable CLIVAR 
activity. The CLIVAR/CliC/SCAR Southern Ocean Region 
Panel (SORP) held its 10th Session on 24-25 September at 
the European Space Agency in Frascati, Italy, and the Pacific 
Region Panel (PRP) held its 10th Session 10-11 October, at the 
Millennium Institute of Oceanography (IMO) in Santiago, Chile. 
The Research Focus on Planetary Heat Balance and Ocean 
Heat Storage (CONCEPT-HEAT) held its first meeting on 29 
September - 1 October at the UK Met Office in Exeter, UK, and 
the Research Focus on Upwelling and Bio-Physical Interactions 
held a scoping meeting on 2-3 October 2015 at the Middle East 
Technological University in Ankara, Turkey. The Upwelling 
meeting followed the ICTP-CLIVAR School on Ocean Climate 
Modelling: Physical and Biogeochemical Dynamics of Semi-
Enclosed Seas supported by the Ocean Model Development 
Panel.

The Southern Ocean Region Panel has recently strengthened 
links with CliC by including in the membership expertise in 
areas such as sea-ice and ice shelves. The panel will also 
continue to work with Southern Ocean Observing System, 

particularly on aspects of air-sea fluxes in the Southern Ocean. 
Air-sea fluxes is also a topic identified in the contribution from 
SORP to the Year of Polar Prediction (YOPP) plans. Metrics 
and model inter-comparison protocols for use by modelling 
groups in ocean model evaluation and ocean synthesis are 
also being developed.

The Pacific Region Panel (PRP) discussed new challenges such 
as the Pacific Decadal Variability/hiatus, Pacific regional sea-
level changes, ENSO extreme, diversity, and variability at paleo 
time scales, ENSO predictability, inter-basin interactions, 
and contributions to ongoing observational programs. Close 
links are being fostered with the Research Focus on ENSO in 
a Changing Climate and with the Indian Ocean Region Panel 
(IORP). A proposal for a joint PRP/IORP/ENSO-RF workshop 
on Indo-Pacific climate variability and inter-basin interaction 
was developed. Future interactions with the CLIVAR-led Grand 
Challenge on Regional Sea Level Change and Coastal Impacts 
are planned, particularly on downscaling to coastal areas. 
Major areas of focus for the panel are the western boundary 
current (WBC) projects, such as SPICE and NPOCE, and the 
Indonesian Throughflow. The Panel will work to coordinate 
current and future programs in these regions, including the 
development of coherent plans, and ensuring data quality and 
availability. A joint TPOS2020-CLIVAR coordination group for 
the WBCs was proposed.

The CLIVAR Research Focus on Planetary Heat Balance and 
Ocean Heat Storage (CONCEPT-HEAT) brought together 
experts from ocean and atmospheric reanalysis, air-sea fluxes, 
ocean heat content, climate models, atmospheric radiation 
and sea level. The workshop was organized around four main 
themes: the Earth’s energy budget, energy flow as estimated 
from reanalyses and climate models, air-sea fluxes, and ocean 
heat content and atmospheric radiation.

Experts in ocean and atmospheric science, biogeochemistry 
and fisheries met at the CLIVAR Upwelling Research Focus 
workshop to discuss and develop a science and implementation 
plan for this proposed CLIVAR Research Focus. The intent 
is to focus on the Eastern Boundary Upwelling Systems. The 
Research Focus will characterize and better understand biases 
in upwelling regions in ocean and coupled models and address 
the urgent need to advance understanding and simulation of 
the key physical processes that are responsible for upwelling 
and to understand impact on upwelling regions of a changing 
climate system. The CLIVAR Research Focus is an integral 
component of enhanced international efforts on upwelling 
systems across the marine research community, together 
with the Integrated Marine Biogeochemistry and Ecosystem 
Research (IMBER) Project and the International Surface 
Ocean - Lower Atmosphere Study (SOLAS) Project.

This Special Issue of Exchanges, Celebrating 50 Years of Indian 
Ocean Research, was initiated by the Indian Ocean Region 
Panel and coincides with the launch of the second International 
Indian Ocean Expedition (IIOE2) at the International 
Symposium on the Indian Ocean (IO50) that will be held on 
30 November - 4 December 2015 at the National Institute of 
Oceanography (NIO), Goa, India. We thank our Guest Editors - 
Jérôme Vialard (co-Chair of CLIVAR/IOC-GOOS Indian Ocean 
Region Panel), Satheesh Shenoi (Director of INCOIS, India), 
Wajih Naqvi (Director of NIO, India) and Raleigh Hood (Chair 
of the IIOE2 Planning Committee) - for compiling an excellent 
collection of articles that report on recent scientific results, 
key topics for future research, and ongoing and future process 
studies and research projects.  Articles describe the legacy of 
IIOE and the next phase, IIOE2, and highlight the global climatic 
relevance of the Indian Ocean.
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The Indian Ocean Region Panel has been instrumental in 
the development of the Indian Ocean Observing System 
(IndOOS) as well as in the coordination of regional process 
study experiments. The wealth of observations that have 
ensued have enabled major progress in understanding 
and modelling the Indian Ocean circulation, variability and 
predictability, understanding coupled phenomena such as 
the monsoon, MJO, tropical cyclones, and the influence of 

physical processes on ocean biogeochemistry. The Panel will 
hold a meeting of opportunity at the IO50 Symposium in Goa .

All the CLIVAR Panels and Research Foci teams will come together 
at the CLIVAR2016 Open Science Conference that will take 
place in Qingdao 18-25 September. Registration and abstract 
submission for the Conference will open in early December. 
See the website www.clivar2016.org for more information.

20th Anniversary of CLIVAR/ CLIVAR-WESTPAC Workshop 
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Introduction 
It is an exciting moment to be an oceanographer.  The  
continuous inflow of new oceanographic data such as 
satellite altimetry or Argo profilers has radically changed 
our perception of the ocean over recent decades. The “Mare 
incognita” has now been largely mapped in terms of its 
physical characteristics, solving age-old questions but raising 
many new ones.

The Indian Ocean makes no exception and our understanding 
of its circulation, biogeochemistry, and effects on climate 
has also radically changed. Once perceived as a climatically 
passive ocean, governed by the whereabouts of the mighty 
El Niño in the neighbouring Pacific, the Indian Ocean is now 
recognized as a basin with its own intrinsic climate mode 
(the Indian Ocean Dipole). New climate modes such as the 
“Ningaloo Niños” that involve both forcing from the Pacific 
and local air-sea interactions have also been highlighted (see 
the paper by Feng et al. in this issue). Even the details of the 
circulation in this basin have been highly refined during recent 
years (see the paper by Phillips et al. in this issue). The Indian 
Ocean is also one of the fastest-warming oceans in response 
to Anthropogenic climate change, a strong motivation for the 
long neglected study of decadal variations in this basin. Two 
recent studies (Lee et al. 2015; Nieves et al. 2015) for example 
propose that the Indian Ocean may play some role in the 
recent climate warming “hiatus” by storing the excess heat 
absorbed from the atmosphere in the Pacific and transferred 
to the Indian sector via the Indonesian Throughflow (see the 
paper by Sprintall in this issue, that highlights the importance 
of the Indonesian Throughflow for the Indian basin).

The upwelling systems in the Arabian Sea during the 
southwest monsoon are associated with intense biological 
productivity, that is at the base of an important fishing 
industry, and in the generation of the thickest subsurface 
oxygen minimum zone (OMZ) in the world. How this 
productivity and OMZ respond to climate variability 
and to anthropogenic climate changes are important 
questions that have not yet been exhaustively explored.

The Indian Ocean was once at the centre of international 
focus because of its strong seasonal variability in response to 
monsoons. This motivated the first International Indian Ocean 
Expedition (IIOE, see the paper by Urban in this issue) and 
the creation of the Indian National Institute of Oceanography 
(NIO) in Goa (see the paper by Naqvi in this issue). In the 1980s 
and 90s, the focus understandably shifted to the Pacific Ocean 
with the TOGA-COARE program, in order to understand the 
whereabouts of the El Niño-Southern Oscillation. Now, 50 years 
after IIOE, recent discoveries about Indian Ocean biophysical 
variability and impact on climate have motivated to shift the 
focus west again, with a second International Indian Ocean 
Expedition now about to steer from the port (IIOE2, see the 
paper by Hood et al. in this issue). Two regional programs will 
contribute to better understand the biophysical interactions 
in the upwelling regions under the umbrella of IIOE2 (see the 
papers on W-IOURI by Roberts and E-IOURI by Masumoto 
et al. in this issue). The Bay of Bengal also raises many 
interesting questions, with its strong salinity stratification that 
inhibits vertical mixing. It was the focus of modelling studies 
in the framework of an Indo-French collaboration (see the 
paper by Vialard et al. in this issue), the Indo-US OMM-ASIRI 
program that collected the first direct mixing measurements 
in this basin (see the paper by Sengupta et al. in this issue) 
and a future Indo-UK collaborative cruise in the framework 
of IIOE2 (see the paper by Matthews et al. in this issue).

There is little doubt that the new datasets and international 
collaboration fostered by these numerous initiatives under 
the umbrella of IIOE-2 will result in further advances in our 
understanding of the Indian Ocean biophysical variability 
and its impact on climate, for the benefits of one third of the 
world population that leaves around its rim. This is an exciting 
time for Indian Ocean science and this is an exciting time for 
the International Symposium on the Indian Ocean (IO50, 
https://www.io50.incois.gov.in/IO50/index.jsp), hosted 
at NIO in Goa, India on 30 November - 04 December 2015.

References
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Introduction 
Ocean temperatures along the west coast of Australia reached 
the highest peak ever recorded in February 2011, about 4-5°C 
above the seasonal climatology (Pearce and Feng, 2013; 
Weinberg et al., 2013). Dubbed the ‘Ningaloo Niño’ (Feng et al., 
2013), this unprecedented marine heatwave was associated 
with an unusual intensification of the Leeuwin Current and 
culminated in the first ever recorded coral bleaching event 
along the Coral Coast of Western Australia, including the 
pristine World Heritage Ningaloo Reef. Over the past few years, 
great research efforts have been devoted to understand the 
climate drivers of the Ningaloo Niño, the potential predictability 
of events, and possible links with decadal and longer period 
fluctuations in the background climate. Significant efforts 
have also been devoted to understand the impacts of the 
Ningaloo Niño marine heatwaves on the fisheries and marine 
ecosystems that are sensitive to the variations of ocean 
temperature and the Leeuwin current. Here, we provide this a 
brief review of the research progresses on the Ningaloo Niño. 

The Leeuwin Current and Ningaloo Niño
The occurrence of Ningaloo Niño is intimately tied to the 

variability and dynamics of the Leeuwin Current, the 
poleward-flowing eastern boundary current that transports 
warm and fresh tropical water southward along the Western 
Australian coast from Northwest Cape to Cape Leeuwin. The 
current is stronger in austral winter and weaker in austral 
summer, due to variations of opposing alongshore winds. 
The Leeuwin Current is strongly influenced by the equatorial 
Pacific zonal wind anomalies associated with ENSO, typically 
being stronger during La Niña and weaker during El Niño 
as a result of oceanic planetary wave propagations along 
the equatorial and coastal waveguides (Pearce and Phillips, 
1998; Feng et al., 2003; Hendon and Wang, 2009). Decadal 
variations of the tropical Pacific climate also have a footprint 
in the Leeuwin Current variability (Feng et al., 2004).

The 2011 Ningaloo Niño was mostly due to the unseasonable 
strengthening of the Leeuwin Current in austral summer, due 
to both the remote impacts of the 2010-11 La Niña and the local 
alongshore wind anomalies (Figure 1; Feng et al., 2013). Sea 
surface temperatures off the west coast of Western Australia 
rose by about 4°C from early January to early March 2011. 
From a heat budget analysis, about two thirds of the warming 
during this period was attributed to the anomalous heat 
advection of the Leeuwin Current, and one third was attributed 
to the anomalous air-sea heat flux into the ocean (Benthuysen 
et al., 2014; Marshall et al. 2015). The anomalous air-sea heat 
flux was due to the weakening of the alongshore winds that 
helped accelerate the Leeuwin Current southward (Marshall et 
al. 2015), and it was found that it was closely associated with 
the cyclonic wind anomaly off the coast (Feng et al., 2013).

Ningaloo Niño events have occurred episodically over the 
past 50 years, as identified from historical observations 
and reanalysis products (Kataoka et al., 2014; Marshall et 
al., 2015). The Ningaloo Niño emerges as the dominant 
empirical orthogonal function (EOF) pattern in the sea surface 
temperature anomaly field of the southeast Indian Ocean, 
typically peaked in austral summer.

Remote and local forcing of the Ningaloo Niño 
Ocean Kataoka et al. (2014) classify the Ningaloo Niño into 
two types (Figure 2): The first type called a locally amplified 
mode develops through an intrinsic unstable air–sea 
interaction off the western coast of Australia; an anomalous 
cyclone generated by positive SST anomalies forces northerly 
alongshore wind anomalies, which induce coastal downwelling 
anomalies, and enhance the positive SST anomalies further; 

Figure 1: (a) Sea surface temperature anomalies from TMI during 21 February – 6 March 2011 at the peak of the Ningaloo Niño - marine heat wave event. 
TMI is the satellite sensor from which SSTs are optimally interpolated (OI). (b) Sea surface temperature anomalies averaged over 32 – 26°S, 112 – 115°E 
off the west coast of Australia (where the interannual temperature variation is largely responding to the Leeuwin Current heat transport), derived from 

the OISST and TMI SST products. This figure is adapted from Figures 1 and 6 in Feng et al. 2013. 



5     CLIVAR Exchanges No. 68, Vol. 19, No. 3, Nov 2015

The second type called a non-locally amplified mode is 
associated with coastally trapped waves originating in 
the western tropical Pacific, mostly related to El Niño/
Southern Oscillation. It is shown that the Ningaloo Niño 
(Niña) has significant impacts on the precipitation over 
Australia (Kataoka et al., 2014; Tozuka et al., 2014). 
The remote and locally amplified forcing seemed to reinforce 
each other to drive the strong 2011 Ningaloo Niño (Feng et 
al., 2013). There is certain predictability of the Ningaloo Niño, 
mostly due to the predictability of ENSO which drives the 
remote forcing of the Ningaloo Niño (Doi et al. 2013).

The local feedback identified by Kataoka et al. (2014) is 
associated with variations of the Mascarene High, which 
refers to the subtropical high that sits to the west of Australia., 
Anticyclonic flow around the high results in trade easterlies on 
its equatorward flank over the relatively warm tropical Indian 
Ocean and southerlies along the west coast of Australia, which 
act against the Leeuwin Current. The development stage of 
Ningaloo Niño events is promoted by wind-evaporation-SST 
(WES) feedback that operates to the northwest of the coast 
on the north-eastern flank of the Mascarene subtropical high 
(Marshall et al., 2015): cyclonic anomalies act to reduce the 
surface wind speed and warm the ocean surface, thereby 
driving increased rainfall and stronger cyclonic anomalies. The 
distinctive wedged shaped pattern of the SST anomaly during 
Ningaloo Niño events thus is seen to reflect the seasonal 
evolution of the WES feedback operating on the north-east 
flank of the Mascarene High. The growth and southward 
expansion of positive SST anomalies along the Australian west 
coast during the peak of the events is further supplemented by 
anomalous poleward advection of heat by the Leeuwin Current, 
which is coupled with the cyclonic anomalies off the coast 
(Kataoka et al., 2014; Zinke et al. 2014; Marshall et al., 2015).

About half of the Ningaloo Niño events are associated with La 
Niña conditions in the Pacific, however, some of the Ningaloo 
Niño events are associated is neutral ENSO conditions, or even 
El Niño event such as 1982-83. This general independence from 
ENSO is because the triggering of Ningaloo Niño events from 
the Pacific is most sensitive to antecedent SST anomalies in 
the far western Pacific, rather than in the central Pacific where 
ENSO typically has greatest magnitude (Figure 3; Marshall et 
al., 2015). The initiation of Ningaloo Niño events via the WES 
feedback is promoted most favourably by a westward shift of 
the cold anomalies in the Pacific Ocean (compared to a typical 
La Niña event) into the Niño4-west region (Marshall et al., 
2015), thus the cyclonic westerly anomalies over the tropical 
Indian Ocean due to the atmospheric bridge are also shifted 
westward and so favour stronger local interaction with the 
Leeuwin Current.

Decadal variations of the Ningaloo Niño 
There were three Ningaloo Niño events in a row during 2011-
2013 (Feng et al., 2015). Historic observations and atmosphere 
and ocean reanalysis have been used to identify the linkage 
between decadal variations of Ningaloo Niño and decadal 
variations in Pacific climate from the perspective of oceanic and 
atmospheric teleconnections.  The recent decadal cooling trend 
of the equatorial eastern Pacific associated with the negative 
swing of the Interdecadal Pacific Oscillation (IPO) can promote 
the sustained atmospheric and oceanic conditions along the 
WA coast that favours initiation of Ningaloo Niño (Feng et al. 
2015). That is, the IPO promotes an increase in the Indonesian 
Throughflow transport, an increase of upper ocean heat 
content in the southeast Indian Ocean, and the enhancement of 
cyclonic atmospheric circulation of the west coast of Australia.

Coral proxy data show that decadal variations in the Ningaloo 
Niño and Leeuwin Current over the past 215 years were mostly 
associated with Pacific climate variations on decadal time 
scales and the most extreme anomalies occurred post 1980, 
likely aided by accelerated global ocean warming (Zinke et al., 
2014). The global warming and the IPO started influencing the 
coastal ocean off Western Australia, and rainfall predictability 
near the coastal region of Western Australia on a seasonal 
time scale was drastically enhanced in the late 1990s; it is 
significantly predictable 5 months ahead after the late 1990s 
(Doi et al., 2015). The increase in frequency of the Ningaloo 
Niño events in the recent decades may also be attributed to the 
stronger zonal Western Pacific SST gradient, which promotes 
stronger easterly winds along the equatorial Western Pacific 
and convergence in the Maritime continent (Zinke et al., 2015).

Figure 2: Schematic diagrams of a) the locally amplified and b) non-locally 
amplified Ningaloo Niño (from Kataoka  et al. 2014).

Figure 3: Correlation of the Ningaloo Niño index in DJF with anomalous SST (top left panel) and MSLP (top right panel) in SON, and correlation of the 
negative Niño-3 (bottom left panel) and negative Niño-4w (bottom right panel) indices with anomalous MSLP in SON (from Marshall et al. 2015; data 

source described in Jones et al. 2009 and Yin et al. 2011).
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Knowledge gaps and future research 
Including the Ningaloo Niño, marine heatwaves generally 
refer to discrete extreme occurrences of high ocean surface 
temperatures that last from weeks to months (Hobday 
et al., 2015). For instance, widespread anomalously high 
temperatures throughout the global tropics occurred after 
the peak of the 1997/98 El Niño, which resulted in widespread 
coral bleaching.  During 2003, extreme temperatures in the 
Mediterranean seas were associated with continental wide heat 
wave event across Europe. Still, many of the extreme events 
are not well observed, and in some cases, proper observing 
systems are not in place to capture these events, especially 
in the Indian Ocean. The research on “marine heatwaves”, 
including the Ningaloo Niño, appears not to be in the scope of 
any research foci of CLIVAR. This is despite the fact that marine 
heat waves have great impacts on marine ecosystems (Pearce 
et al., 2011; Weinberg et al. 2013), have great social economic 
consequences, are potentially highly predictable and also are 
expected to increase in a warming climate; the impacts of global 
warming on the coastal marine environment are generally 
expressed as a sequence of extreme temperature events.

So far research on marine heat waves is regionally focused 
and has targeted individual events, and mostly focused on 
the phenomenon rather than placing in the context of climatic 
drivers. Climate models, both for simulation and seasonal 
prediction typically lack the resolution to properly capture 
the extreme events, which necessarily occur at small regional 
scales. Although the broad-scale climate that gives rise to 
some extremes is predictable sometimes months in advance, 
the lack of detail to capture the local dynamics means that there 
is limited capability to alert stakeholders. Future projections 
of occurrences and impacts of extreme marine temperatures 
may be questionable without proper downscaling efforts.

Key research questions that need to be addressed in order 
to better understand and predict marine heat waves (both 
in current and future climate) include:  better (unified) 
observation/ description/identification of marine heat waves, 
an improved understanding of the large-scale climate and 
regional processes that gives rise to the extremes,  assessment 
of the impacts from global warming and  decadal variability,  
understanding predictability, improving the capability of 
models to depict and predict their occurrence, and an improved 
understanding of the impacts on biology/ecosystems.
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Introduction 
The Indian Ocean has many unique characteristics not found 
in other oceans (Schott and McCreary 2001, Schott et al. 
2008; McPhaden et al. 2009). Not least of all is the fact that 
near-surface eastward currents flow against the predictions 
of wind-driven Sverdrup and Ekman transports, extending all 
the way from Madagascar to Australia (Menezes et al. 2014). 
There are near surface eastward flows in other basins, but 
none extending so strongly to the eastern boundary. The 
eastward flows are driven by a meridional density gradient 
(Furue et al. 2013; Benthuysen et al. 2014) that is enhanced 
by the presence of warm, fresh Indonesian Throughflow (ITF) 
Water in the north. This low-latitude connection to the Pacific 
Ocean is another unique feature of the Indian Ocean and one 
that has a profound impact on the Indian Ocean circulation.

Eastward flows across the Indian basin were first described 
by Sharma (1976, 1978) based on hydrographic observations 
from the International Indian Ocean Expedition of the 1960s 
(see the paper by Durban in this issue), published in the Indian 
Ocean Atlas of Wyrtki and colleagues in 1971. Sharma named 
the flows the Tropical Countercurrent, despite their location 
primarily in the subtropics. Subsequently, the eastward flows 
disappeared from schematics of the Indian Ocean circulation, 
and did not reappear until the current was rediscovered 
in satellite altimetry data (Siedler et al. 2006, Schott et 
al. 2008). A review of the historical attention paid to the 
circulation of the south Indian Ocean is provided in Menezes 
(2015) and highlights the ambiguity of nomenclature as a 
primary cause of confusion around the Indian Ocean currents.

New observations from the Argo array, longer time series of 
satellite remotely-sensed data, and high resolution global 
circulation models reveal far greater detail than was previously 
available on the structure of the eastward currents and their 
variability. Based on analyses of several observational datasets 
(including Argo and satellite altimetry), model outputs 
and reanalysis products, Menezes et al. (2013, 2014) have 
presented a comprehensive description of the South Indian 
Ocean circulation (Fig. 1, Menezes 2015).  They also propose a 
consistent naming scheme for the eastward flows of the South 
Indian Ocean: the South Indian Countercurrent (SICC) is 
defined as multiple-branches of shallow subtropical eastward 
flow crossing the basin between 20°S - 30°S, where the 

vertical shear arises from meridional temperature gradients. 
The Eastern Gyral Current (EGC) refers to the shallow tropical 
eastward flow between 15°S-20°S, confined to the region east 
of 90°E where the vertical shear is dominated by meridional 
salinity gradients. The South Indian Ocean Current (SIOC) 
is the deep-reaching eastward current associated with the 
Subtropical Front (STF) around 40°S that crosses the SIO 
on the northern side of the Antarctic Circumpolar Current.

The SICC is composed of three branches, the southern, 
central and northern SICC, which are evident in seasonal 
fields and across inter-annual timescales (Menezes 2015). 
The southern SICC is the strongest, deepest jet, which has 
been identified as a Subtropical Countercurrent. A thick layer 
of low potential vorticity mode waters on the poleward side of 
the sSICC tilts isopycnals to drive the flow eastward (Menezes 
et al. 2014).  The central and northern branches of the SICC 
are weaker and shallower than the southern branch, and 
have different dynamical controls that are not yet clear. The 
northern branch has a strong equatorward slant as it flows 
along the southern edge of the northern subtropical gyre. 
Part of its flow recirculates into the westward flowing South 
Equatorial Current, and part seems to feed into the EGC.

The EGC is a geostrophic current that is controlled by the salinity 
gradient between the fresh Indonesian Throughflow (ITF) 
waters to the north and the salty Subtropical Water (STW) to the 
south. It is the southern part of an anticyclonic gyre centred in 
the Indonesian Australian Basin that directs ITF water eastward 
into the Leeuwin Current (Meyers et al.,1995; Meyers, 1996; 
Domingues et al., 2007). Menezes et al. (2013) demonstrate 
that if the salinity contribution to density gradients is not 
considered, the EGC would not exist as an eastward current 
because the temperature gradients in this region contribute 
to weak westward vertical shear.  The Leeuwin Current and 
EGC have seasonal cycles with the same phase: stronger in 
Austral winter, and weaker in summer, suggesting a direct link 
from the EGC into the Leeuwin Current . In contrast, the SICC 
is stronger in Austral spring-summer (Menezes et al. 2014).

In Figure 2 we show the sharp salinity contrast at the sea 
surface between the ITF and STW water masses. Below the 
surface, 100-200 m depth, the salty STW extends further 

Figure 1: Schematic representation of the near-surface circulation of the 
South Indian Ocean based on Menezes et al. (2014). Currents indicated 
are the multiple jet structure of the South Indian Countercurrent (northern 
- nSICC, central - cSICC and southern - sSICC jets), the South Equatorial 
Current (SEC), the East-Madagascar Current (EMC), Agulhas Current 
(AgC), Agulhas Return Current (ARC), South Indian Ocean Current 
(SIOC), the seasonally reversing South Java Current (SJC), the tropical 
Eastern Gyral Current (EGC) and the Leeuwin Current (LC). Gray shading 
shows the main bottom topography features (1500-3000 m) from the 
Smith-Sandwell 2-minute bathymetry. Figure from Menezes (2015).
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north and the maximum salinity gradient and the EGC are 
located at 15-20°S (Menezes et al. 2013). Change in ocean 
salinity from Argo and historical data has provided evidence 
of a strengthening hydrological cycle, with high salinity regions 
becoming more saline, and fresh regions becoming fresher 
(Helm et al. 2010, Durack and Wijffels 2010, Bindoff et al. 2013, 
Skliris et al. 2014). This enhancement of the hydrological cycle 
is likely to continue with climate change, and we expect the 
salinity gradient that drives the EGC to intensify. Observations 
in the Indonesian Throughflow passages show an increased 
transport of warm, fresh Pacific water into the Indian Ocean 
(Sprintall and Revelard 2014).  This increase is thought to be 
related to the persistent La Nina state since the mid-1990s, 
associated with a negative phase of the Interdecadal Pacific 
Oscillation (IPO) and stronger westward winds across the 
Pacific Ocean (Lee et al. 2015). However, model predictions of 
the response to increasing global warming suggest the strength 
of the Pacific Trade winds will decrease, which will likely reduce 
the transport of the ITF (Vecchi et al. 2006, Collins 2010).

We have limited understanding of the variability in the 
formation and properties of the STW.  The region is strongly 
influenced by surface evaporative heat loss, and reanalysis 
products disagree widely in terms of heat and freshwater 
fluxes in the region (Yu et al. 2007, Lisan Yu, pers. comm.). 
An air-sea flux station was established in 2012 at 25°S, 100°E 
as part of the RAMA array (McPhaden et al. 2009) to deliver 
high-quality time series of atmospheric variables and upper 
ocean variability (white star in Fig. 2). This mooring provides 
the only in situ observations of air-sea fluxes and upper-
ocean variability, including fluorescence observations, in 
the entire subtropical Indian Ocean. The mooring operated 
continuously August 2012 – December 2014, but is currently 
off line until shiptime is available to service the mooring. The 
data are freely available at http://www.pmel.noaa.gov/tao/
rama/. Associated with the mooring deployment, a series of 
hydrographic transects have been undertaken to observe 
the fine-scale full water column physical and biogeochemical 
structure of the southern branch of the SICC. A new proposal 
has been put forward to maintain the mooring, to examine 
the EGC salinity front and the role of small-scale features in 
carrying heat and other properties across the front (white 
line in Fig. 2), and to improve our understanding of the 
biogeochemical properties delivered by the EGC into the 

productive west Australian fisheries (Waite et al. 2013). This 
work will be part of Australia’s contribution to the Second 
International Indian Ocean Expedition (IIOE-2, Hood et al. 2014).

The southern Indian Ocean has warmed abruptly since the 
1990s (Levitus et al., Han et al. 2014).  On this background 
of a warming Indian Ocean, the superposition of interannual-
decadal variability and the long term warming trend of 
anthropogenically forced climate change (Bindoff et al. 
2013), marine heat waves along the west coast of Australia 
have resulted in sea surface temperatures up to 5° warmer 
than average in the Leeuwin Current, causing widespread 
coral bleaching and fish kills (Feng et al. 2013, Feng et al. 
in the current issue). The extreme events are linked to an 
unseasonably strong Leeuwin Current carrying warmer 
water farther south (Feng et al. 2015). How much of 
this increased transport can be attributed to increased 
inflow from the SICC and EGC is yet to be determined.

While we have a new understanding of the near surface 
circulation of the South Indian Ocean in the current climate, 
there is a need to investigate how this circulation will change 
in response to the increasing heat content in the South 
Indian Ocean and amplification of the hydrological cycle. 
The subsurface circulation is another focus for future 
work in the South Indian Ocean: westward flows beneath 
the subsurface eastward flows, carry subducted STW and 
Subantarctic Mode Waters into the interior of the Indian Ocean 
to join the shallow overturning circulation. Transmission 
of climate anomaly signals along this subsurface pathway 
may provide some degree of predictability of changing 
state in the outcropping zones of the overturning cells 
(Schott et al. 2008). Future advances will require sustained, 
high-quality time series to constrain reanalysis products 
and model simulations. Continuation of Argo and satellite 
data streams, and enhancement and maintenance of the 
Global Tropical Moored Buoy Array (TAO, PIRATA and 
RAMA) are essential to advancing our understanding of 
the ocean circulation and its role in the climate system.
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Introduction 
In the year preceding the first International Indian Ocean 
Experiment (IIOE), Klaus Wyrtki published the monograph 
“Physical Oceanography of the Southeast Asian Waters”. This 
treatise remains one of the most wide-ranging investigations 
ever written on the physical oceanography of the Indonesian 
Seas. Perhaps one of Wyrtki’s (1961) most significant 
findings was the continual flow of water from the Pacific 
Ocean through the Indonesian seas into the Indian Ocean. 
Although he estimated this transport to be only 1-2.5 Sv 
per annum (Wyrtki, 1961), its existence provided evidence 
that the eastern boundary of the Indian Ocean was leaky: 
the Indonesian Throughflow (ITF) could influence Indian 
Ocean variability! Fieldwork conducted as part of the IIOE 
confirmed the link of Indonesian waters to regional and Indian 
Ocean basin scale phenomena, and provide the only tropical 
pathway in the global thermohaline scheme (Gordon, 1986).

The tropical Indonesian seas play a pivotal role in the coupled 
ocean and climate system. They lie at the climatological 
center of the atmospheric deep convection associated 
with the ascending branch of the Walker Circulation. The 
Indonesian seas are collocated with the western pole of SST 
anomalies associated with the Pacific ENSO, and with the 
eastern pole of SST anomalies associated with the Indian 
Ocean Dipole (IOD). The regional SST variations of these 
two major climate oscillations cause changes in the surface 
winds that potentially shift the center of deep convection 
lying over the Indonesian seas, subsequently altering 
the precipitation and ocean circulation patterns within 
the entire Indo-Pacific region on a variety of time scales.

This article first briefly reviews the pathway and change of the 
Pacific waters within the Indonesian seas before focusing on 
the relevance of the ITF to the Indian Ocean. How does the 
presence of the ITF change the water masses and circulation 
of the Indian Ocean? How has the ITF influence on the Indian 
Ocean changed over the past few decades since the IIOE? How 
might the ITF influence vary in the future in response to climate 
change? What key contributions might be made during IIOE-2 
to better our understanding of circulation within the Indonesian 
seas and its impact on the Indian Ocean and beyond?

Oceanic Pathways and Transformation in the
Indonesian Seas 
The inflow of ITF waters stretch between Mindanao, the 
Philippines and Irian Jaya, Indonesia and are primarily drawn 
from the Mindanao (North Pacific water mass origin) and 
Halmahera (South Pacific) Retroflections (Figure 1). In the 
inflow passage of Makassar Strait, the ITF is composed mostly 
of North Pacific thermocline and intermediate water (Gordon 
and Fine, 1996). Secondary ITF portals via the western Pacific 
marginal seas include the Sibutu Passage, connecting the 
Sulawesi Sea to the Sulu Sea, or from the South China Sea via 
Karimata Strait. Although relatively shallow, these portals can 

provide a significant source of freshwater that influences the 
ITF stratification (Gordon et al., 2012). Smaller contributions 
of North Pacific surface water may also directly enter the 
Banda Sea via the channels that mark the eastern pathway 
of the ITF. Generally however, these deep channels east of 
Sulawesi primarily consist of saltier South Pacific water that 
infiltrates (isopycnally) into the lower thermocline of the 
Banda Sea and dominates the deeper layers through density-
driven overflows (van Aken et al., 2009). Shallower waters 
from the South Pacific enter through the Halmahera Sea. 
The contribution of South Pacific waters to the ITF via these 
northeastern passages is not well known and represents 
one of the largest uncertainties of the ITF pathways.

During their passage through the Indonesian seas, the 
Pacific temperature and salinity stratified water masses are 
modified to form the unique, nearly isohaline profile typical 
of the Indonesian seas. Because of the abruptly sloping 
topography resulting from the complex bathymetry of deep 
basins and shallow surrounding shelves, much of this vertical 
mixing is derived from the dissipation of the tidal energy that 
is largely trapped within the Indonesian seas (Koch-Larrouy 
et al., 2007; Ffield and Robertson, 2005). Strong diapycnal 
fluxes induced by the internal tides mix down the buoyant 
air-sea heat and freshwater flux input at the surface to cause 
this transformation. Although details about exact mixing 
hotspots are still unclear, the Pacific mid-thermocline salinity 
maximum and intermediate depth salinity minimum are 
abruptly eroded upon entering the Indonesian seas (Sprintall 
et al., 2014). The mixing appears spatially heterogeneous 
mainly occurring above steep topography and over sills within 
the narrow straits (Koch-Larrouy et al., 2007; Ffield and 
Robertson, 2005). Profiles from a recent Argo float during 
its 20-month traverse from the Sulawesi Sea entranceway 
of the Indonesian seas to the Flores Sea show the erosion 
of the salinity extrema begins immediately after the float 
crosses the northern sill entrance to Makassar Strait, and 
are completely eroded 6 months later once the float crosses 
the southern Dewakang Sill into the Flores Sea (Figure 2).

The vertical mixing within the Indonesian seas and its 
variability also play a key role in modulating air-sea interaction 
and regulating the heat transferred from the Pacific Ocean to 
the Indian Ocean. Mixing changes the vertical heat distribution 
generating fresh and cold anomalies in the thermocline and 
salty and cold anomalies at the surface (Koch-Larrouy et al., 
2010). In addition, simulations of the Indonesian seas that 
include baroclinic tidal parameterization better reproduce the 
observed water mass structure (Koch-Larrouy et al, 2008) 
spatial patterns of SST, ocean heat content and precipitation 

Figure 1: Indonesian seas geometry and main pathways of flow from the 
Pacific Ocean into the Indian Ocean.
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(Jochem and Potemra, 2008; Koch-Larrouy et al. 2010). 
Mixing would also contribute to the relatively large vertical 
flux of nutrients resulting in the regionally high primary 
productivity of the Indonesian seas (Moore et al., 2003). 
As yet we do not fully understand the exact nature of the 
coupling between physical and biogeochemical phenomena 
in the Indonesian seas and additional process studies are 
needed to observe the variability in the marine ecosystem.

The ITF enters into the southeast Indian Ocean through gaps 
along the Nusa Tenggara archipelago, primarily via Lombok 
Strait and the deeper Ombai Strait and Timor Passage. 
Recent multi-year moorings as part of the INSTANT program 
suggest a total average ITF volume transport of 15 Sv, with 
significant variability over a broad range of time scales, from 
intraseasonal to decadal (Sprintall et al., 2009). The reversing 
monsoon winds drive seasonal variability in the ITF, although 
this can vary between passages and over different depth levels. 
On annual and longer time scales, the large-scale pressure 
gradient between the Pacific and Indian Oceans drives the 
ITF (Wyrtki, 1987). The modulation of this pressure gradient 
on interannual time scales, for example through tradewind 
reversals during El Niño that lower western Pacific sea level, 
also impacts ITF transport (Meyers, 1996; Gordon et al., 1999; 
Sprintall and Révelard, 2014).

During IIOE, Wyrtki (1973) discovered the semi-annual jets 
in the equatorial Indian Ocean that now bear his name. The 
Wyrtki jets are essentially Kelvin waves forced in response 
to equatorial wind bursts associated with the monsoon 
transitions. Subsequent pioneering studies by Clarke and 
Liu (1993; 1994) used tide gauge data to trace the influence 
of the Wyrtki Jets from the equatorial Indian Ocean all along 
the Indonesian archipelago. With the availability of remotely-
sensed altimetric measurements (and scatterometer wind 
fields) it became apparent that much of the ITF variability 
is related to this propagating planetary wave activity that 
influences water properties, thermocline and sea level 
throughout the Indonesian archipelago over all time scales 
(Wijffels and Meyers, 2004; Sprintall et al., 2000; Drushka et 
al., 2010).

The ITF impact on the Indian Ocean
Because the ITF is relatively fresh compared to Indian Ocean 
water masses, the spreading of the ITF along isopycnal 
surfaces acts to cool and freshen the Indian Ocean (Song and 

Gordon, 2004). The surface to thermocline ITF waters (25.5σƟ) 
are distinctly evident as a cool, low salinity core that stretches 
across nearly the entire Indian Ocean within the South 
Equatorial Current (SEC) between around 11o and 14oS (Figure 
3a). During IIOE hydrographic field work Rochford (1966) 
detected a separate intermediate depth core at ~1000 db, also 
characterized by a strong salinity minimum, that he referred 
to as the Banda Sea Intermediate Water mass reflecting what 
he considered to be the likely source region. Using high-quality 
WOCE hydrographic data, Talley and Sprintall (2008) traced 
this high silica, salinity minima intermediate depth core across 
the Indian Ocean, and refer to it as Indonesian Intermediate 
Water (IIW), to reflect both its Pacific and Indonesian origin. 
IIW is distinct from the slightly lighter Antarctic Intermediate 
Water (AAIW), and can be traced almost isopycnally across 
the Indian Ocean (Figure 3b). In the far western Indian Ocean, 
the core of IIW become more eroded as it mixes with saltier 
North Indian Intermediate and Red Sea Water Masses (Talley 
and Sprintall, 2008), and it becomes difficult to observe the 
fate of the ITF waters. Models suggest that at the western 
boundary of the Indian Ocean, most of the surface ITF (62%) 
turns northward in the Somali Current into the northern Indian 
Ocean and is eventually carried southward by the mean Ekman 
transport, while the remainder (38%) is carried southward in 
the Agulhas System to either participate in the retroflection 
into the Southern Ocean or is lost to the Atlantic Ocean via the 
Agulhas leakage (Song et al. 2007).

To what extent does the variability of the ITF impact the 
circulation within the Indian (and Pacific) Ocean basins? Model 
experiments that contrast open and closed ITF passages 
generally report warmer SST in the tropics and cooler SST 
in the southern Indian Ocean when ITF passages are open. 
Depending on model sensitivities, this may alter the upper 
layer heat content, winds, precipitation and the air-sea heat flux 
with subsequent consequences for the Indian Ocean monsoon 
(Schneider, 1998; Wajsowicz, and Schneider, 2001; Godfrey, 
1996; Lee et al., 2002; Song and Gordon, 2004). When the ITF 
is open, circulation changes include more equatorward flow 
of subtropical waters from the South Pacific, and a stronger 
Indian Ocean South Equatorial Current with more flow into the 

Agulhas Current (Lee et al., 2002; Song and Gordon, 2004). 
Using a high-resolution global model, Le Bars et al (2013) 
suggest that because of an increase in ring shedding events, 
most of this increased flow enters into the South Atlantic via 

Figure 2: Pathway of Argo float from 16 September 2013 to 13 May 2014 through the Indonesian seas (upper left). Temperature-Salinity diagram 
of the Argo float color-coded by latitude, with blow-up of region of deep salinity minimum (upper right). Note erosion of salinity maximum 
and salinity minimum as the float moves through the Indonesian seas. Time series of salinity with depth (to 800 m) from the Argo float.
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the Agulhas leakage rather than participate in the retroflection, 
which appears impervious to the opening of the Indonesian 
passages. The blockage of the ITF also affects the mean state 
of the atmosphere (eg. shifting the precipitation center over 
the warmer western Pacific) as well as the characteristics of 
interannual ENSO and IOD variability, such as the intensity, 
frequency, and asymmetry between warm and cold phases 
(Koch-Larrouy et al., 2010).

How has the ITF influence on the Indian Ocean 
changed over the past few decades?
It is the vertical profile of the ITF transport and temperature 
that, to a large extent, sets the heat flux carried by the ITF into 
the Indian Ocean. A thermocline-intensified ITF relative to a 
surface-intensified ITF cools the surface layer of the Indian 
Ocean and warms below the thermocline. The net surface 
cooling would act to increase the net heat gain of the Indian 
Ocean, although model results are divided as to the importance 
of ITF changes versus changes in local wind forcing (Song and 
Gordon, 2004; Trenary and Han, 2008; Alory et al., 2007; 
Schwarzkopf and Böning, 2011 etc.).

Changes in the ITF vertical profile and stratification have been 
linked to changes in the Pacific tradewind system on interannual 
to decadal time scales. A weaker and shoaling ITF profile 
was observed in the mid-1970s in the eastern Indian Ocean, 
corresponding to a shoaling of the thermocline and increased 
vertical stratification (Alory et al., 2007; Wainwright et al., 
2008). Some model simulations connected the subsequent 
subsurface cooling to decadal weakening of the Pacific trade-
wind forcing: oceanic Rossby waves transmit the Pacific 
changes in the thermocline depth and heat content through 
the Indonesian archipelago into the Indian Ocean, contributing 
to a fall in sea level in the latitude band corresponding to the 
ITF stream (Alory et al., 2007; Schwarzkopf and Böning, 2011). 
However, other simulations suggested changing surface 
winds associated with regionally enhanced Walker and Hadley 
circulations were responsible for the sea level trend (Han et al., 
2010). Han et al (2014) suggested the discrepancy might arise 
because of the different wind products used in each simulation 
that produced inconsistent long-term trends, thus introducing 
uncertainties to the historical wind records. Nonetheless, 
during the satellite-era since the 1990s, there has been a 
reversal in the trends with an observed strengthening of the 
Pacific Trade Winds and higher sea level in the western Pacific 
(Merrifield, 2011) that has led to increased ITF (Sprintall 

and Révelard, 2014) and Leeuwin Current (Feng et al., 2011) 
transports into the Indian Ocean.

Beginning in 2007 there was an abrupt shoaling and 
strengthening of the ITF velocity maximum observed in 
Makassar Strait (Gordon et al., 2012). Model results suggest 
that this remarkable change in the ITF profile was in response 
to a return to more La Niña episodes after the extended warm 

period of the 1990s. During La Niña phases, the buoyant 
“freshwater plug” of the western Sulawesi Sea is much reduced, 
and so permits an increased contribution of the warm tropical 
Pacific upper thermocline and surface layer into Makassar 
Strait (Gordon et al., 2012). The recent strengthened ITF heat 
transport has also been linked to the slowdown or “hiatus” in the 
rate of global surface warming since 2003, redistributing heat 
from the surface layer in the Pacific Ocean to the thermocline 
in the Indian Ocean (Lee et al., 2015; Nieves et al., 2015).

How might the ITF influence change in the 
future? 
It is important to recognize that the interannual and decadal 
changes are embedded within longer term changes in the 
climate system. Climate models under the business-as-usual 
scenario predict a weakening of the equatorial trade winds 
(Vecchi et al., 2006). The ITF is projected to weaken, although 
the change cannot be fully accounted for through wind-
induced Sverdrup dynamics (Hu et al., 2015). It is suspected 
that a reduction in the upwelling of deep water in the South 
Pacific would also contribute to the projected ITF decline. The 
reduced ITF would likely result in surface warming of the Indian 
Ocean similar to when these conditions also existed during the 
1970-90s, with similar modifications to the Indian Ocean heat 
budget, thermocline depth, as well as residence time of the 
tropical Indian Ocean waters.

Remaining Challenges for IIOE-2
Although we have made significant progress in our 
understanding of the influence of the Indonesian seas on the 
Indian Ocean since the IIOE, large uncertainties still remain, 
some of which might be addressed during IIOE-2 (see the 
paper by Hood et al. in this issue). Direct measurements of 
the tidal mixing are relatively few within the Indonesian seas, 
and we still have not identified where and when the mixing 
occurs. Recent modeling work has even called into question 
whether all the tidal energy is dissipated locally (Nagai and 
Hibiya, 2015). Process studies designed to better understand 

Figure 3: Absolute salinity on sigma-0 25.5 in the thermocline (upper panel) and on sigma-0 27.41 at intermediate depths (lower panel). Salinity data are from 
the MIMOC climatology (Schmidtko et al., 2013). Note extent of salinity minima at both isopycnal depth levels from the Indonesian seas into the Indian Ocean.



13     CLIVAR Exchanges No. 68, Vol. 19, No. 3, Nov 2015

the influence of mixing on the marine ecosystem (nutrient 
and biogeochemical fluxes) are also required. Little is known 
about the ITF influence on biogeochemical fluxes into the 
Indian Ocean. Using volume fluxes obtained during the 
INSTANT period 2004-2006 and nutrient climatologies, Ayers 
et al (2014) present a first (and only?) look at the “effective 
nutrient flux” that estimates the nutrient anomaly within the 
ITF and compare it to the background nutrient concentration 
in the Indian Ocean over the same isopycnal range. Ayers et al. 
(2014) suggest that the majority of the ITF nutrient supply into 
the Indian Ocean occurs in the thermocline waters where it is 
available to support new production and thereby impact Indian 
Ocean biogeochemical cycling. But we know that the core of 
the maximum velocity in the ITF can change depth and strength 
on many time scales, and so this would also expectedly impact 
the biogeochemical fluxes into the Indian Ocean.

Finally, although general circulation and climate models have 
made momentous progress in the past few decades, the 
complex bathymetry and flow structure of the Indonesian seas 
remains challenging. Sustained and new in situ measurements 
within the Indonesia seas are needed to keep these models 
faithful to the real world conditions. Understanding the 
variation in the Indonesian seas is crucial, not only for its role 
in the coupled air-sea climate system, but also for the impact 
on regional ecosystems and the local economies of this 
extraordinarily populous region with a heavy reliance on the 
maritime environment resources.
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Introduction 
As the ocean science community is about to launch the Second 
International Indian Ocean Expedition (IIOE-2), it is worthwhile 
to look back to the original IIOE to determine why and how it 
developed, and what lessons were learned from the IIOE that 
might be applied to the IIOE-21.

The original idea for the IIOE arose during the first meeting 
of the Special Committee on Oceanic Research (renamed 
“Scientific Committee on Oceanic Research” some years 
later). SCOR was formed by the International Council of 
Scientific Unions (ICSU, now the International Council for 
Science) as its first interdisciplinary committee in 1957. 

The first SCOR meeting was held in Woods Hole, 
Massachusetts (USA), chaired by Columbus Iselin, 
director of the Woods Hole Oceanographic Institution. 
The participants, all men, are shown in Figure 1.

1

The first annual SCOR meeting handled all the usual business 
for an organization meeting for the first time, but participants 
also discussed what kind of issues SCOR would tackle 
first. The concept of SCOR working groups (WGs) was also 
1 Information about the IIOE is available online at http://scor-int.org/
IIOE-1/History.htm.

developed. The global science community was in the midst 
of the 1957-1958 International Geophysical Year and the 
benefits of an intensive multinational focus on geoscience for 
a limited period was the context for the SCOR discussions.  
Participants identified the Indian Ocean as the ocean basin 
that was least known and which would most benefit from a 
concerted international research effort (Deacon, 1957). The 
IIOE was originally envisioned as a relatively short and intensive 
program, but began officially on 1 September 1959 and lasted 
until 31 December 1965; synthesis and reporting continued 
for several years beyond 1965.  Besides the usual creation 
of peer-reviewed research papers, 6 atlases and various 
books (e.g., Zeitschzel, 1971) were produced, along with an 
8-volume compilation of 656 peer-reviewed publications 
from the IIOE (see http://scor-int.org/IIOE-1/Reprints.htm).

The Woods Hole meeting set up the first four SCOR 
working groups, which were later combined into SCOR 
WG 5 on the International Indian Ocean Expedition; WG 
5 was chaired by Columbus Iselin. SCOR WGs 6-11 were 
also formed during the lifetime of the IIOE to address 
issues specific to the IIOE. The IIOE was to become the 
main focus of SCOR for the first 8 years of its existence.

In 1959, SCOR hired an IIOE Project Coordinator, Mr. Robert G. 
Snider, who had worked with Roger Revelle previously on U.S. 
Navy issues. (Behrman, 1981 provides a very readable history 
of the IIOE, including Snider’s involvement in it.)  Snider was 
employed by the U.S. National Academy of Sciences Committee 
on Oceanography and paid with funding from the U.S. National 
Science Foundation. Snider worked out of an office in New York 
City, assisted by a secretary.  During his term of about three 
years, Snider was instrumental in laying the foundation for 
the IIOE by making 5 trips to the Indian Ocean region to meet 
with scientists, agency heads, politicians, foundation staff, 
and others to raise the profile of the IIOE in the region and to 
determine what resources existed in the Indian Ocean region 
to carry out the IIOE. Snider also worked to develop support for 
the IIOE in nations of Europe, Asia, Oceania, and North America 
to encourage involvement of these nations in sending ships to 
the Indian Ocean during the IIOE period. Snider’s papers and 
reports are available at http://scor-int.org/IIOE-1/Snider_
Papers.htm.  Ships were sent from 23 nations; the cruise 
reports from some of these cruises are available at http://
scor-int.org/IIOE-1/Cruise_Reports.htm.  More than 570 
scientists from 29 nations participated on cruises and in the 
land-based research camps2 . Female scientists participated 
on several cruises, particularly on cruises from the United 
States (at least 14) and the United Kingdom (at least 1); female 
participation was a rarity on research cruises in the early 1960s.

The IIOE was multidisciplinary, including water sampling for 
hydrographic parameters, phytoplankton and zooplankton 
sampling, characterization of the Indian Ocean seafloor,
aircraft measurements to study meteorology, and land-
based marine biological investigations (at Mandapam 
Camp in India and the island of Nosy Bé in Madagascar). 

The IIOE was one of the first multi-national ocean 
research projects, so the project planners and managers 
did not have much previous experience to build on. The 
following section will discuss some of the important 
features of the IIOE and some lessons learned.

2

2 I have compiled this information from cruise reports and other docu-
ments.  The actual number is undoubtedly much higher because I only 
have access to cruise reports from about one-third of the 180 cruises.

Figure 1: Participants in first annual SCOR meeting in 1957 in Woods Hole, 
where the idea for the IIOE was developed. Participants are identified in 

Wolff (2010).
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Intercalibration
Intercalibration, standard methods, and reference materials 
are obvious requirements for any project that includes 
more than one analyst, measuring device, measuring time, 
etc., when it is intended to compare observations collected 
at different times and places.  Any project that intends to 
compile data into a single database (CLIVAR, GO-SHIP, 
GEOTRACES) must devote a great deal of effort to the issue 
of intercalibration. I have not been able to find records of the 
intercalibrations for measurements of physical parameters in 
the IIOE, although the reference stations developed early in the 
project were probably one attempt to intercalibrate (Figure 
2). However, Australian scientists found that hydrographic 
measurements at Reference Station #1 were too variable for 
this site to serve as a good reference station, and speculated 
that a similar problem might exist at other reference station 
(Rochford, 1965). 

An effort was made aboard the Australian Gascoyne and the 
USSR’s Vityaz in September 1960 to intercalibrate oxygen and 
phosphate measurements. Scientists from 8 countries worked 
on these two ships and on-shore at the University of Hawaii. 
The results obtained were more variable than expected. 
Further intercalibration activities for oxygen were carried out 
in August 1961, also with disappointing results.

Considerable effort was devoted to intercalibration of 
sampling for chlorophyll and phytoplankton, with onboard 
intercalibration activities in Hawaii (1961) and Australia 
(1962). Some nations (e.g., Japan) carried out national 
intercalibrations among their ships involved in the IIOE.
SCOR WG 3 on Measurements of the Productivity of the Sea 
and of the Standing Crops of Phytoplankton and Zooplankton 
(renamed Biological Production of the Sea) was set up at 
the first SCOR meeting in 1957, to help develop standard 
methods for plankton measurements. The work of WG 3 led to 
the development and adoption of the Indian Ocean Standard 
Net (IOSN), which was deployed in a standard manner (a 
vertical haul from 200 m to the surface at 22:00 hours). The 
IOSN is still used today and is available for purchase through 
oceanographic equipment suppliers. Zooplankton nets were 
compared in August 1962 at SCOR-UNESCO Reference 
Station #1 (32°S, 111°50’E) aboard the USSR ship Vityaz 
(Tranter, 1963a,b) as the basis for recommendations that led 
to the use of the IOSN (see http://scor-int.org/Historical%20
Documents/IIOE/Foxton.pdf). Samples collected with the 
IOSN and other nets were analyzed by scientific technicians 
at the Indian Ocean Biological Centre (IOBC) established in 

1963 in Ernakulam, India (Hansen, 1966). This center was 
recommended by SCOR and supported by UNESCO and the 
Indian government. By February 1966, 2,068 IOSN samples 
were received by the IOBC, from 10 countries (Highley, 1968).

Implications for the IIOE-2: Fortunately, much progress 
has been made in developing standard methods for many 
parameters and manuals are available for hydrographic 
measurements, nutrients, oxygen, trace elements and 
isotopes, etc. (see http://www.go-ship.org/HydroMan.
html and http://www.geotraces.org/libraries/documents/
Intercalibration/Cookbook.pdf).  Better reference materials 
are now available for many more parameters than was the case 
during the IIOE.  An early task for IIOE-2 implementation should 
be the adoption of existing manuals to guide project scientists 
and identification of any parameters for which intercalibration 
should be pursued. Recommendations should be made about 
which certified reference materials are available and should 
be used. Training on standard methods can contribute to both 
intercalibration and capacity building.

Top-down versus Bottom-up Planning
It is important to find the right balance of top-down and bottom-
up approaches to planning and coordination of international 
research projects. Most projects today are generated by ideas 
from the scientific community, whose members convince 
national funding agencies of the merits of the projects, 
rather than by international organizations brainstorming 
and developing project ideas. The IIOE started as a top-
down creation of SCOR. Over time, the IIOE became more 
bottom-up in the sense of being more driven by the interests 
of individual scientists and national interests, rather than by 
the SCOR or IOC. The systematic sampling plan proposed by 
Wüst (1959) was discussed at length by project scientists and 
supporting organizations, but was not adopted. By 1961, the 
map of planned cruises (Snider, 1961) looked much like the 
eventual map (see Hood et al. article, this newsletter), where 
cruise transects were designed to answer scientific questions 
of interest to individual scientists from different nations 
(Figure 3).  Some scientific questions require sampling along 
regular transects, as demonstrated by the global hydrography 
programs of WOCE, CLIVAR, and now GO-SHIP, and this is 
what Wüst had envisioned. Other questions require sampling 
that is focused on specific processes and areas of interest, 
and the IIOE mostly evolved as a project looking at processes, 
particularly related to the reversing monsoons in the Indian 
Ocean region and how that drives physics (oceanic and 
atmospheric), chemistry, and biology. 

Implications for the IIOE-2: Like the first IIOE, the IIOE-2 
has resulted largely through the initiative of organizations like 
SCOR, IOC, IO-GOOS, and others.  It will be important for the 
IIOE-2 to build a strong base of interest in the international 
community and identification of “heroes” who will make the 
IIOE-2 a significant focus of their careers.

Research Projects as “Start-ups” 
Research projects, particularly those with a bottom-up origin, 
resemble commercial start-ups in some ways. Project founders 
are often “scientific entrepreneurs” who develop the vision 
for the project, convince their colleagues that it is an activity 
worth investing their time and effort in, and create a “business 
plan” (the project science plan) to convince potential financial 
sponsors (usually national science agencies) to invest in the 
project.  Oftentimes, the founder(s) serve as the first project 
chair(s) and these individuals invest years of their careers 
getting a project started. As a top-down project, the vision 
for the IIOE was provided by SCOR.  There was not a specific 

Figure 2: Position of SCOR-UNESCO Reference Stations (adapted from 
Rochford, 1965).
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scientist who could be identified as the project founder or 
“hero”. Instead, SCOR took the approach of hiring Robert G. 
Snider as the Project Coordinator for IIOE because he was 
known as a person who was able to succeed at complex jobs 
and had a good working relationship with Roger Revelle, the 
first SCOR President.  Snider was largely responsible for laying 
a foundation for the IIOE, although his key role is not often 
recognized.  Snider’s extensive travel, development, and early 
coordination of the program were a keyss to its success.  

For many maturing start-ups, the founder does not have the 
set of skills necessary to take organizations or projects into a 
stable organizational phase.  In the case of the IIOE, by mid-
1962, both the U.S. National Academy of Sciences and IOC 
were ready to move to a different mode of operation for the 
IIOE, which would require more intergovernmental action and 
coordination (Wooster, 1984). The NAS and IOC engineered a 
transition of management to IOC earlier than the end of 1962 
timeframe that was originally planned. IOC was responsible 
for the IIOE from mid-1962 until 31 December 1965, and 
provided the resources needed to ensure that cruises were 
coordinated, information about the project was communicated 
to project scientists, special arrangements were made among 
governments for cooperation, and that the results of the 
project were synthesized in forms that would be useful for both 
the scientific community and national agencies.

Implications for the IIOE-2: Success of the IIOE-2 will 
depend on the sponsors of the project nurturing a good 
balance between the entrepreneurship of individual scientists 
and the stability and resources that can be provided by large 
international organizations.
 
1 

3 A film about the Anton Bruun’s participation in the IIOE was produced 
by the U.S. National Science Foundation and is available at http://scor-
int.org/IIOE-1/Film.htm.

Capacity Building
Capacity building can magnify the achievements and legacy 
of a project. The IIOE had capacity building as a major focus 
of its activities.  Two major approaches were used: (1) 
establishment of regional centers for biology and meteorology; 
and (2) participation of scientists from the region on cruises 
of ships from outside the region. At least 77 scientists 
from developing countries (Brazil, Egypt, India, Indonesia, 
Madagascar, Malaysia, New Caledonia, Pakistan, South  
Africa, Tanzania, Thailand, United Arab Republic) participated 
in cruises of other nations (Australia, Japan, USSR, United 
States). A large percentage of these scientists were Indian 
scientists hosted on the U.S. Anton Bruun3.  The IIOE helped 
build significant capacity in the Indian Ocean region for ocean 
science, particularly within India, where the Indian Ocean 
Biological Centre (IOBC) evolved into the National Institute 
of Oceanography in Goa, India (see the paper by Naqvi et al. 
in the same issue). In addition to IOBC, the IIOE resulted in 
the establishment of the International Meteorology Centre in 
Bombay, funded by the World Meteorological Organization, 
the UN Special Fund, and the Indian government. 

Implications for the IIOE-2: Capacity building in ocean 
science is still needed in the Indian Ocean region.   The regional 
research infrastructure has improved greatly since 1960 due to 
the influence of the IIOE and later by national and international 
investments in capacity building. Still, human population has 
increased significantly in the region, placing greater pressures 
on the ocean environment and resources.  The IIOE-2 can 
bring renewed attention to research needs in the region and 
stimulate education and training of the next generation of 
ocean scientists around the Indian Ocean rim and on the 
basin’s island nations. Both training of individual scientists and 
building up of existing institutions is needed. Morrison et al. 
(2013) gives ideas about how international research projects 
like the IIOE-2 can be used to build ocean science capacity. 
The IIOE-2 can help develop ocean science capacity in the 
region by increasing the cooperation of regional scientists with 
scientists from outside the region (for an example of this, see 
the Indo-French collaboration on oceanography described 

Figure 3: Proposal for IIOE sampling plan from Wust (1959) (left)  versus sampling plan presented in 1961 (Snider, 1961) (right). 
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by Vialard et al. in this issue), as the IIOE did. SCOR, IOC, the 
Partnership for Observation of the Global Oceans (POGO), the 
Western Indian Ocean Marine Science Association (WIOMSA), 
and other organizations can contribute significant experience 
and resources to capacity-building elements of the IIOE-2. 
Hopefully, the IIOE-2 will involve on-board training of students 
and scientists from the region and the building up of institutions 
in the region, as was the result of the IIOE.

Combining the Strengths of Non-governmental 
and Intergovernmental Organizations 
Projects that are co-sponsored by non-governmental and 
intergovernmental organizations can reap the benefits of each, 
if they can avoid the weaknesses of each and if the organizations 
can overcome challenges to cooperation.  Wooster (1984) 
gives a good description of the complementary roles of SCOR 
and IOC in the IIOE, whose combined capabilities and resources 
helped make the IIOE a success.  The top oceanographers of 
the era were participating in SCOR and were responsible for 
identifying the Indian Ocean as needing intensive investigation. 
as a non-governmental organization, SCOR was able to agree 
to scientific priorities without influence from governments. 
SCOR’s founders were well connected to their national funding 
structures, but independent from national agencies and so 
national political considerations did not drive the development 
of the IIOE.  However, SCOR was not set up to manage the 
kind of intergovernmental interactions that were needed for 
success of the IIOE.  IOC’s assumption of IIOE management 
in mid-1962 allowed the project to mature. SCOR continued to 
provide scientific advice to the project. 

Implications for the IIOE-2: The IIOE-2 already involves 
non-governmental (SCOR) and intergovernmental (IOC and 
IO-GOOS) organizations. The challenge will be to create a 
project that appeals both to individual scientists and national 
governments.  Individual scientists are the driving force for 
research, contributing their ideas and efforts. In exchange, 
they seek a minimum of bureaucracy and direction of their 
research by government agencies. National governments and 
the research institutions and universities they fund seek to 
fulfill national research priorities and protect national interests.  
The situations for research access and data sharing are more 
complicated than in the IIOE era, but the need for cooperation 
is more urgent. A larger area of the Indian Ocean is under 
national jurisdiction through the UN Convention on the Law of 
the Sea and the establishment of exclusive economic zones 
than in the early 1960s.  IOC influence is absolutely crucial for 
the IIOE-2 to operate within the more complicated political 
context for ocean research, while SCOR will provide advice on 
the scientific direction of the IIOE-2 and help address specific 
technical issues.
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Introduction 
Establishment of the National Institute of Oceanography 
(NIO), a constituent laboratory of the Council and Scientific 
& Industrial Research (CSIR), India, was one of the most 
important outcomes of the first International Indian Ocean 
Expedition (IIOE, see the article by Durban in this issue). This 
Institute started functioning on 1st January 1966. Initially 
various divisions of NIO operated from different places: 
while its headquarters were located in Delhi, most research 
laboratories and scientific & technical staff were in Kochi. 
As the Institute did not have a research vessel, the work was 
largely restricted to analyses of samples and processing of 
data collected during the IIOE. One of the most significant 
contributions during this early period was the publication of 
atlases documenting distribution of zooplankton in the Indian 
Ocean by the Indian Ocean Biological Centre (IOBC), Kochi.

Two years after its foundation, a field station of NIO was opened 
in Goa, then a Union Territory1  that was chosen for headquarters 
of the Institute. To begin with, the Institute operated from 
rented buildings; it moved to its present premises at Dona 
Paula in 1973 (see accompanying recent picture of the NIO 
headquarters). In addition to the headquarters, NIO now has 
three regional centres, one each located at Mumbai, Kochi and 
Visakhapatnam.

In the early and mid 1970s, NIO researchers had an opportunity 
to participate in several cruises of the Indian Navy’s survey 
ship Darshak in both the Arabian Sea and the Bay of Bengal, 
allowing them to make observations beyond coastal waters. 
The open ocean research was further boosted following the 
commissioning of NIO’s first research vessel, Gaveshani, in 
February 1976. This vessel, a refitted hopper barge, rendered 
remarkable service to the nation for nearly two decades. With 
the establishment of the Department of Ocean Development 
(now the Ministry of Earth Sciences), additional seagoing 
infrastructure was created by the Government of India through 
acquisition of O.R.V. Sagar Kanya (in 1983) and F.O.R.V. Sagar 
Sampada (in 1985); both of these ships were extensively used 
by NIO. Rapid expansion of resources needed for marine 
research – both manpower and infrastructure – occurred in 
1980s not only in NIO but in the country as a whole.

Availability of research vessels allowed the country not only 
to participate actively in all major international programs in 
the Indian Ocean such as the Monsoon Experiment (MONEX), 
Joint Global Ocean Flux Study (JGOFS) and Climate and 
Ocean – Variability, Predictability and Change (CLIVAR), but 
also to carry out research under various in-house and national 
1

1 A union territory is a type of administrative division in the Republic of 
India.

programs. A number of important bilateral projects were also 
undertaken especially in collaboration with researchers from
France (see the article by Vialard et al. in this issue for an 
example of recent collaborative work with France), Germany 
and USA. Thus, after the conclusion of the IIOE, NIO has been in 
the forefront of efforts to improve understanding of processes 
of the Indian Ocean, especially its northern parts.

Perhaps the most important contributions made by NIO relate 
to processes unique to the North Indian Ocean region arising 
from its unusual geography. The most striking of these is the 
seasonal reversal of surface currents. Although this reversal 
had been generally known for a long time, detailed description 
based on systematic observations and theoretical framework, 
needed to understand the forcing mechanisms, was lacking. 
NIO’s research immensely contributed to the present 
knowledge of physical processes in the Indian Ocean. It is now 
recognized that due to the tropical nature and small basin 
size circulation in the entire North Indian Ocean including the 
equatorial region is linked on basin scale, and is both locally 
and remotely forced. Long term deployments of current meter 
moorings along the east and west coasts of India as well as 
in the Equatorial Indian Ocean region, as a part of a globally 
coordinated effort, have led to recognition of variability of 
currents and provided insights into causative processes on a 
variety of time scales (intraseasonal, seasonal and interannual) 
that also affect biogeochemistry and ecology.

The earliest recognition of special features of biogeochemistry 
of the North Indian Ocean goes back to the John Murray 
Expedition (1933-34) during which the intense and voluminous 
oxygen minimum zone of the Arabian Sea was first noticed. 
Surveys during the IIOE led to mapping of physico-chemical 
variables, phyto- & zooplankton and primary production. 
However, focused process studies were initiated only after 
the IIOE, and NIO played a leading role in these studies. It 
spearheaded the Indian JGOFS’ Arabian Sea Process Study. 
Subsequently a similar project – the Bay of Bengal Process 
Study (BoBPS) - was implemented as a national program in 
the Bay of Bengal. It was followed by Sustained Indian Ocean 
Biogeochemical and Ecological Research (SIBER). NIO also 
played leading role in implementation of LOICZ (Land-Ocean 
Interaction in the Coastal Zone) and SOLAS (Surface Ocean – 
Lower Atmosphre Study), two other international projects of 
SCOR/IGBP. In addition it participated in two very productive 
bilateral programmes on biogeochemistry, with the University 
of Hamburg (Germany) and IRD (Institut de Researche pour 
le Developpement, France: see the article by Vialard et al. in 
this issue). Sustained efforts, including establishment of time 
series sites, have yielded extremely valuable information 
especially on physical-biogeochemical coupling and how it 
is related to the monsoon and biogeochemistry-microbial 
ecology of the OMZ, highlighting the contrasts between the 
Arabian Sea and the Bay of Bengal.

NIO is the leading institution in the Indian Ocean investigating 
impacts of human activities on the ocean physics, 
biogeochemistry and ecosystems. This includes investigations 
on sea-level rise and effects of ongoing global changes such 
as ocean warming, eutrophication, deoxygenation and 
acidification. NIO has been spearheading for nearly four 
decades a national program - Coastal Ocean Monitoring and 
Prediction System (COMAPS) - on monitoring the state of 
pollution along the Indian coast. It is also the nodal agency for 
the national program on ballast water management.

Reconstruction of past changes utilizing sedimentary record 
has been one of the major activities at NIO, and this research, 
linked to the international Past Global Changes (PAGES) 
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program, has led to marked improvement of understanding 
of changes in circulation, biology and chemistry of the North
Indian Ocean including the equatorial region, and also of 
regional climate that is dominated by the monsoons. Monsoon 
variability and associated changes in geological past have 
been documented on a variety of time scales.

In geological oceanography, the single largest discipline in 
NIO, a great deal of work has been carried out to delineate 
non living resources of the Indian Ocean. These include placer 
deposits in coastal waters, polymetallic nodules (PMN) in the 
Central Indian Ocean, and gas hydrates in the Indian EEZ. The 
PMN program was the flagship project of NIO in the 1980s 
and 1990s. It not only led to India’s recognition as a Pioneer 
Investor by the International Seabed Authority and the 
allocation of a mining site measuring 75,000 km2 in the Central 
Indian Ocean, but it also facilitated extensive research on 
sedimentary geochemistry, paleoclimate/paleoceanography, 
and geophysics.

In geophysics, another thrust area, NIO’s research efforts 
covered both continental margins and deep-sea regions. 
Geophysical surveys in the Central Indian Ocean deciphered 
response of oceanic lithosphere to the collision of India with 
Eurasia at different time periods. Observations in the Arabian 
Sea led to delineation of ocean-continent boundary and 
development of advanced plate tectonic models for this part 
of Indian Ocean.  New hydrothermal vent sites were identified 
over the Carlsberg Ridge. Investigations in the Bay of Bengal 
facilitated an understanding of the nature of the crust beneath 
the thick sediment cover. Identification of mesozoic magnetic 
anomalies in this region and deciphering evolution of the 85OE 
Ridge were other important contributions. Research on the 
Ninetyeast Ridge revealed Kerguelen hotspot - spreading ridge 
interactions and differential plate motions in the Indian Ocean. 

Recent seismic stratigraphic records from this region revealed 
an abrupt increase in sediment inputs by the Ganges and 
Brahmaputra rivers around 23 million years ago. The results 
also led to a tectonic model for the evolution of the Andaman 
back arc basin. Studies in Krishna-Godavari Basin provided 
insights into processes leading to gas hydrate formation.

NIO has built a number of instruments for automated 
observations, most notable among them are automated 
weather stations, tide gauges, an autonomous underwater 
vehicle and an autonomous vertical profiler.

The multidisciplinary expertise developed within the Institute 
enabled NIO to help numerous industries in coastal areas. It 
has been offering services to both private and public sector 
organizations on various issues related to coastal zone 
utilization/management. It has carried out over 1300 projects 
sponsored by outside agencies generating external cash flow 
which accounts for over a quarter of its annual budget.

NIO is the primary centre in India for human resource 
development in marine sciences. It has trained over 2000 
graduate and post graduate students for their dissertations. 
Moreover, over 300 students have earned Ph.D. degrees 
working at the Institute. NIO also organizes several training 
programs for students, researchers, policy makers and other 
stakeholders that are open for participants from the Indian 
Ocean Rim Countries and SAARC (South Asia Association 
for Regional Cooperation) nations on management and 
sustainable utilization of marine resources.

The immense scientific contribution made by NIO is evident 
from its impressive scientific output - around 4000 research 
papers, around 35 of which have been cited more than 100 
times each. 

Figure : A recent picture of the CSIR-NIO headquarters in Goa, India. NIO is celebrating its 50th anniversary during the IO50 International Symposium 
on the Indian Ocean held from 30 November - 4 December 2015 at the institute.
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Abstract
The end of 2015 will mark the 50th Anniversary of the 
completion of the International Indian Ocean Expedition 
(IIOE). SCOR1 , IOC2  and IOGOOS3 are working to stimulate a 
new phase of coordinated international research focused on 
the Indian Ocean for a 5-year period beginning in late 2015 
and continuing through 2020.  The goal is to organize ongoing 
research and stimulate new initiatives within this period as 
part of a larger expedition. These activities will serve as a core 
for a new Indian Ocean research focus, which has been dubbed 
“IIOE-2.”  An IIOE-2 Science Plan has been developed with 
the sponsorship of SCOR. The overarching goal of the IIOE-
2 is to advance our understanding of interactions between 
geologic, oceanic and atmospheric processes that give rise 
to the complex physical dynamics of the Indian Ocean region, 
and to determine how those dynamics affect climate, extreme 
events, marine biogeochemical cycles, ecosystems and 
human populations. IIOE-2 science is structured around six 
research themes. Efforts are underway to initiate new research 
projects and programs that are designed to address these 
core themes. For example, international planning is underway 
to initiate upwelling research initiatives in the both the eastern 
and western Indian Ocean. In 2014, the IOC established the 
IOC IIOE-2 Interim Planning Committee (IPC) to undertake 
initial planning work for the expedition based on the IIOE-2 
Science Plan.  The IPC recommends the establishment of a 
clear and well-resourced governance structure, the formation 
of an IIOE-2 Steering Committee (SC), and the establishment 
of an International Project Office (IPO) framework. 
1 
1SCOR: Scientific Committee on Oceanic Research
2IOC: Intergovernmental Oceanographic Commission
3IOGOOS: Indian Ocean Global Ocean Observing System

In order to celebrate the linked events of the 50th anniversary 
of the completion of IIOE and the Golden Jubilee of India’s 
National Institute of Oceanography (NIO) an International 
Symposium will be held at NIO from 30 November to 4 
December 2015. The Symposium will officially launch the 
IIOE-2. We encourage scientists from all relevant fields 
to collaborate and implement the IIOE-2 to ensure that 
major questions about the Indian Ocean and its role in the 
Earth System are addressed in a fully integrated manner.

Introduction
More than 50 years ago the Scientific Committee on Oceanic 
Research (SCOR) and the Intergovernmental Oceanographic 
Commission (IOC) of UNESCO organized one of the greatest 
oceanographic expeditions of all time: the International Indian 
Ocean Expedition (IIOE, Figure 1). In the 50 years since the 
IIOE, fundamental changes have taken place in geological, 
oceanic and atmospheric sciences. These have revolutionized 
our ability to measure, model, and understand the Earth 
System. Thanks to these technological developments we 
can now study how the ocean changes across a wide range 
of spatial and temporal scales, and how these fluctuations 
are coupled to the atmosphere and topography. Moreover, 
compared to the IIOE era, which relied almost exclusively 
on ship-based observations, new satellite and in situ 
measurement technologies—in combination with targeted and 
well-coordinated field programs and advanced computational 
capabilities—provide the capacity for a much more integrated 
picture of Indian Ocean variability. In addition, improved 
communication through the Internet allows much broader 
engagement of the global scientific community.

SCOR, IOC and IOGOOS are working to stimulate a new phase 
of coordinated international research focused on the Indian 
Ocean for a 5-year period beginning in late 2015 and continuing 
through 2020.  The goal is to help organize ongoing research 
and stimulate new initiatives in this time frame as part of a 
larger expedition. International programs that have research 
and observations ongoing or planned in the Indian Ocean 
during this time include the following: 

• Sustained Indian Ocean Biogeochemistry and Ecosystem 
Research (SIBER) program of the Integrated Marine 
Biogeochemistry and Ecosystem Research (IMBER) 
project,

• Climate Variability, Predictability and Change (CLIVAR) 
Programme,

• Bay of Bengal Large Marine Ecosystem (BOBLME) Project,
• Strategic Action Programme Policy Harmonization and 

Institutional Reforms (SAPPHIRE) Project,
• EAF-Nansen project (Strengthening the Knowledge Base 

for and Implementing an Ecosystem Approach to Marine 
Fisheries in Developing Countries),

• GEOTRACES (a program to improve the understanding of 
biogeochemical cycles and large-scale distribution of trace 
elements and their isotopes in the marine environment),

• Global Ocean Ship-Based Hydrographic Investigations 
Program (GO-SHIP),

• International Ocean Discovery Program (IODP), and
• InterRidge (an international organization that promotes 

interdisciplinary, international studies of oceanic 
spreading centers).

Many countries - including Australia, China, Germany, India, 
Indonesia, Japan, Norway, the United Kingdom, and the United 
States - are planning cruises and other activities in this time 
frame, and new regional research programs in the Indian 
Ocean are under development. These programs and national 
cruises will serve as a core for the new Indian Ocean research 
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focus, which has been dubbed “IIOE-2.”

The IIOE-2 Science Plan
The IIOE-2 Science Plan was developed with the sponsorship 
of the Scientific Committee on Oceanic Research (SCOR). 
SCOR formed an international, interdisciplinary science 
plan development committee in May of 2014 to draft the 
IIOE-2 Science Plan.  The draft plan was circulated for 
public comment and review in March 2015.  The plan was 
completed on 14 May 2015 (Hood et al., 2015) and it will be 
printed for distribution at the upcoming IIOE 50th Anniversary 
Symposium in Goa (https://www.io50.incois.gov.in/IO50/
index.jsp).  The IIOE-2 Science Plan was formally adopted 
by IOC as the essential underpinning science framework 
for IIOE-2 at the IOC General Assembly in June 2015.

The plan builds upon concepts and strategies formulated 
and discussed at four IOC-sponsored planning meetings 
(convened in Hyderabad, India on 14-15 May 2013; in Qingdao, 
China on 20-21 November 2013; in Mauritius on 6-7 March 
2014; and in Bangkok, Thailand on 17-18 March 2015), a 
SCOR-sponsored workshop (in Bremen, Germany on 12-
13 September 2014) and also national planning efforts in 
India, Australia, Germany, the United States and the United 
Kingdom. These meetings included scientists from Indian 
Ocean rim nations, eastern Asia, Europe and North America. 

The overarching goal of IIOE-2 is to advance our 
understanding of interactions between geologic, oceanic 
and atmospheric processes that give rise to the complex 
physical dynamics of the Indian Ocean region, and determine 
how those dynamics affect climate, extreme events, marine 
biogeochemical cycles, ecosystems and human populations.  
This understanding is required to predict the impacts of 
climate change, pollution, and increased fish harvesting on 
the Indian Ocean and its surrounding nations, as well as the 
influence of the Indian Ocean on other components of the 
Earth System.  New understanding is also fundamental to 

policy makers for the development of sustainable coastal 
zone, ecosystem, and fisheries management strategies 
for the Indian Ocean. Other goals of IIOE-2 include helping 
to build research capacity and improving availability 
and accessibility of oceanographic data from the region.

The IIOE-2 Science Plan is structured around six scientific 
themes.  Each of these include a set of questions that need 
to be addressed in order to improve our understanding of the 
physical forcing that drives variability in marine biogeochemical 
cycles, ecosystems and fisheries in the Indian Ocean and 
to develop the capacity to predict how this variability will 
impact human populations in the future.  It is also important 
to emphasize that most of these questions are relevant 
to open-ocean, coastal and marginal sea environments.

Theme 1: Human Impacts
How are human-induced ocean stressors impacting the 
biogeochemistry and ecology of the Indian Ocean? How, in 
turn, are these impacts affecting human populations?

Theme 2: Boundary current dynamics, upwelling 
variability and ecosystem impacts 
How are marine biogeochemical cycles, ecosystem processes 
and fisheries in the Indian Ocean influenced by boundary 
currents, eddies and upwelling? How does the interaction 
between local and remote forcing influence these currents 
and upwelling variability in the Indian Ocean? How have these 
processes and their influence on local weather and climate 
changed in the past and how will they change in the future? 

Theme 3: Monsoon Variability and Ecosystem Response
What factors control present, past and future monsoon 
variability? How does this variability impact ocean physics, 
chemistry and biogeochemistry in the Indian Ocean? What are 

Figure 1: Center: Map of the Indian Ocean showing the cruise tracks of research vessels during the International Indian Ocean Expedition (from 
Behrman, 1981). Left: Stencil and field instrument case from the IIOE (courtesy of MBLWHOI library). Right: Three oceanographic research vessels that 
participated in the IIOE, from Germany (Meteor II, top), the United States (Atlantis II, middle, from http://www.whoi.edu/page.do?pid=12735&tid=201

&cid=1551&ct=362#) and the UK (Discovery, bottom, from http://www.oceanswormley.org/index.html).



23     CLIVAR Exchanges No. 68, Vol. 19, No. 3, Nov 2015

the effects on ecosystems, fisheries and human populations?

Theme 4: Circulation, climate variability and change
How has the atmospheric and oceanic circulation of the Indian 
Ocean changed in the past and how will it change in the future? 
How do these changes relate to topography and connectivity 
with the Pacific, Atlantic and Southern oceans? What impact 
does this have on biological productivity and fisheries?

Theme 5: Extreme events and their impacts on 
ecosystems and human populations
How do extreme events in the Indian Ocean impact coastal and 
open-ocean ecosystems?  How will climate change impact the 
frequency and/or severity of extreme weather and oceanic 
events, such as tropical cyclones and tsunamis in the Indian 
Ocean? What are the threats of extreme weather events, 
volcanic eruptions, tsunamis, combined with sea level rise, to 
human populations in low-lying coastal zones and small island 
nations of the Indian Ocean region?

Theme 6: Unique geological, physical, biogeochemical, 
and ecological features of the Indian Ocean
What processes control the present, past, and future carbon 
and oxygen dynamics of the Indian Ocean and how do they 
impact biogeochemical cycles and ecosystem dynamics? 
How do the physical characteristics of the southern Indian 
Ocean gyre system influence the biogeochemistry and 
ecology of the Indian Ocean? How do the complex tectonic 
and geologic processes, and topography of the Indian Ocean 
influence circulation, mixing and chemistry and therefore also 
biogeochemical and ecological processes?

The IIOE-2 Science Plan is ambitious and broad. It 
encompasses geologic, atmospheric and oceanographic 
research from coastal environments to the deep sea and 
trophic levels ranging from microbes and phytoplankton to 
top predators, including fish and humans. The IIOE-2 Science 
Plan identifies important scientific questions for consideration 
as potential research foci for national and international studies 
in the Indian Ocean, while also recognizing the coastal and 
regional interests of many Indian Ocean rim countries that 
seek to pursue research a spart of IIOE-2.

IIOE-2 Research Initiatives 
In addition to coordinating ongoing research, the IIOE-2 is 
working to initiate new research projects and programs that 
are designed to address the core IIOE-2 research themes. 
These will include both national and international efforts. 
For example, international planning is underway to initiate 
upwelling research initiatives in the both the eastern and 
western Indian Ocean: The Eastern Indian Ocean Upwelling 
Research Initiative (EIOURI, see paper by Masumoto et al. in 
the current issue) and the Western Indian Ocean Upwelling 
Research Initiative (WIOURI, see paper by Roberts et al. in 
the current issue). These new initiatives, which are aligned 
with CLIVAR’s interdisciplinary upwelling research theme, 
will be focused on understanding the interacting forces 
that drive upwelling variability in the Indian Ocean and 
the resulting biogeochemical and ecological responses.

Upwelling, used here in the general sense to imply the vertical 
movement of water and not necessarily outcropping, is 
an important mechanism in ocean dynamics that strongly 
influences coastal and open-ocean regions. Although limited 
to a vertical movement of less than a few hundred meters, 
upwelling underpins physical, atmospheric and biological 
processes in and above the ocean as well as in adjacent 
landmasses. Not only is upwelling a key process that regulates 
ocean ecosystem functioning (i.e., through facilitation of the 

vertical flux of nutrients and biogeochemical tracers into the 
euphotic zone), but it also affects the depth of the mixed 
layer and at times sea surface temperature (SST), which 
both influence climate variability, and ultimately rainfall 
and drought over land. Upwelling also influences higher 
trophic level productivity and marine biodiversity, and in 
many cases recruitment of species through its influence 
on food supply and through advection of eggs and larvae. 
Consequently, fisheries are strongly related to upwelling. The 
ultimate dependence of upwelling on wind and wind-driven 
currents implies that upwelling will be affected by global 
climate change, with obvious socio-economic consequences.

The IIOE2 Implementation Plan and the IOC 
Interim Planning Committee
Following the 2013 IOC Assembly Decision (IOC-XXVII/
Dec.5.1.2) on the IIOE-2, in 2014 the IOC decided to establish 
(through Resolution EC-XLVII.1) the IOC IIOE-2 Interim 
Planning Committee (IPC) to undertake initial planning 
work for the expedition based on the IIOE-2 Science Plan. 
Specifically, the IPC was tasked to propose to the IIOE-2 
sponsoring organizations (IOC, SCOR and IOGOOS) the 
establishment of committees to oversee the planning and 
implementation of IIOE-2 (such as a Scientific Steering 
Committee, an Implementation Committee, and possible sub-
committees on key elements such as data and information 
management, cruise coordination and capacity development 
and outreach), including terms of reference and membership.

In addition, the IPC was tasked to coordinate the development 
of implementation, data and information management, and 
capacity development plans for the IIOE-2; engage other 
interested organizations in the planning of the IIOE-2 (in 
particular IOC partner organizations and space agencies); 
and develop a draft budget for planning and implementation 
of the IIOE-2.  The latter includes identifying and securing 
the resources required for this implementation (including 
secretariat support, in both IOC Paris and a proposed regional 
secretariat).  The IPC was also tasked to develop plans for and 
oversee the formal launch of the IIOE-2 in 2015 (see below).

The IOC Executive Secretary coordinated the establishment 
of the IPC (through a call via IOC Circular Letter No. 2541, 
in September 2014). To date, the IPC has met four times 
by teleconference and twice in person to undertake these 
assigned tasks.  Thus far, through these meetings, the IPC 
has established a set of guidelines that are summarized below 
(based on the IOC IIOE-2 Report to the IOC 28th Assembly, 
IPC 2015).  The IPC plans to release a draft implementation 
plan by 4 December 2015 and will report in detail on its 
progress to the IOC Assembly at its 28th session in June 2015.

Governance Structure 
The IIOE-2 requires a clear and well-resourced governance 
framework, with oversight that derives input from a 
divisional structure (i.e., subcommittees or working 
groups) comprising, respectively: (1) science and research; 
(2) data and information management; (3) capacity 
building; (4) operational coordination; (5) outreach and 
communication; (6) translating science for society; and (7) 
resources and sponsorship. The IPC advocates that the 
structure should be as simple as possible while remaining 
“fit for purpose” for governing and guiding the IIOE-2.  

As IIOE-2 will depend on public resources, the governance 
structure must ensure there is proper oversight and 
accountability. The IIOE-2 governance structure must place 
high priority on both achieving excellence and contemporary 
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Table 1:Concept structure recommended by IPC for an IIOE-2 Steering  Committee

Co-Chairs (IOC, SCOR, IOGOOS)

International Project Office Framework

Leading personnel represented on Steering Committee as ex-of-
ficio

Strategic Executive level:
One representative per each of the six science themes from the 
SCOR SPDC IIOE-2 Science Plan
+
One representative  per each of the seven operational divisions to 
be established as IIOE-2 Working Groups
+
One representative per each major IOC regional body/committee 
(eg IOC AFRICA, IOC WESTPAC, IOCINDIO)

Regional Coordination level
One representative per each IIOE-2 ‘national committee’

Science Delivery level
One representative (ie Principal Investigator) per each ‘major’ 
IIOE-2 scientific research initiative, including a representative of 
the Early Career Scientists Network from the Capacity Building 
Working Group

relevance in scientific research and in the matching of this 
research to address key societal needs and applications. 

IIOE-2 Steering Committee 
The IPC recommends the formation of an IIOE-2 Steering 
Committee (SC, Table 1). This committee should be chaired 
by the sponsors of IIOE-2 (SCOR, IOC and IOGOOS). The 
SC should include a strategic ‘executive’ level group with 
one representative for each of the six overarching scientific 
research themes derived from the IIOE-2 Science Plan (Hood et 
al, 2015). These overarching themes provide scientific foci for a 
broad range of interested parties that wish to engage in IIOE-2. 
The executive level of the SC should also include one member 
from each of the operational divisions (1 to 7, above), as well 
as ex-officio members as appropriate. Furthermore, key Indian 
Ocean-related IOC regional bodies and committees may need 
to be represented on the SC at this level through their respective 

focal points (e.g., IOC Africa, IOC WESTPAC, IOCINDIO, etc.). 
Additionally, within the SC structure, the IPC recommends 
that two supporting groups of IIOE-2 Members should derive 
respectively from (i) representatives of IIOE-2 ‘national 
committees’ from each country that has an official IIOE-2 
national committee, providing a single member to the SC; and 
(ii) leading principle investigators of major IIOE-2 research 
programs established and implemented under the IIOE-2’s 
science framework (e.g., such as the EIOURI and the WIOURI).

Each of the seven recommended IIOE-2 divisions (1 
through 7, above) should be established as IIOE-2 working 
groups, with their own leadership and membership, 
formed under the oversight of the SC. The IPC believes 
the IIOE-2’s steerage ‘community’, as described by this 
proposed structure, should work collaboratively and 
through annual IIOE-2 wide symposia where exchange 
of information, review and forward planning takes place. 

The IIOE-2 SC should set high-level policies and take 
responsibility for guiding IIOE-2 over the 2015-2020 
time period. The IIOE-2 SC must be international and 
should be modelled on well tried-and-tested procedures 
used in large-scale, international science programs.

Sponsors
The sponsors are the main international organisations 
that have (thus far) motivated the IIOE-2 (IOC, SCOR and 
IOGOOS). The sponsors should take responsibility for 
facilitating the funding of IIOE-2 and direct responsibility 
for ensuring that the overall project management needs 
for IIOE-2 are resourced via a call to volunteer countries 
to host the International Project Offices (see below).

International Project Office Framework 
An International Project Office (IPO) framework should 
be established that has responsibility for the day-to-day 
coordination and implementation of IIOE-2. It should include 
IOC central and regional support, with nodes located in the 
Indian Ocean region, implying, at least to some degree, a 
distributed IPO structure. Indeed, based on commitments 
made so far to support the functions of the required IPO 
framework, the emerging model is a decentralised one (with 

multiple locations), involving the IOC at central secretariat 
and regional levels, along with national support at specific 
locations by some member states. The IPO framework will 
facilitate all aspects of IIOE-2, particularly those related to 
the scientific research and associated infrastructure, and 
it will also facilitate other aspects of the expedition such as 
capacity development, operational coordination, outreach/
communication, data/information management, sponsorship 
facilitation and knowledge transfer for societal benefit.

The IPO framework will need to be supported by IOC, with 
as much collaborative support as possible from established 
member state institutions, providing supporting infrastructure 
and resources. 

National committees 
Because the funding for IIOE-2 research and societal 
applications will be generated within each participating 
country, the preferred model is for each country to have 
an IIOE-2 national committee with a chairperson who is the 
point of contact for the IIOE-2 SC and the IPO framework. 
Note that in most countries there are already national 
committees for SCOR and for IOC; so there is already 
infrastructure to allow this. These committees would be 
self-sustaining but would need to adhere to principles set 
by the sponsors of the IIOE-2 (IOC, SCOR and IOGOOS). 
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Figure 2: The proposed cruise track of the first expedition of IIOE-2, which will depart from the port of Goa, India on 4 December 2015 on board ORV 
Sagar Nidhi at the concluding session of the Symposium. 

The Goa 50th Anniversary Symposium and 
Official Launch of IIOE-2 
In order to celebrate the linked events of 50 years of completion 
of IIOE and the Golden Jubilee of India’s National Institute 
of Oceanography (NIO) an International Symposium will be 
organized at NIO from 30 November to 4 December 2015. 
The symposium, co-sponsored by NIO, SCOR, and IOC, will 
provide a forum for marine and related scientists all over the 
world to present results of their latest research in the Indian 
Ocean, review the progress made in understanding the unique 
characteristics  of the region and plan IIOE-2  research  to 
address  outstanding  issues identified in the IIOE-2 Science  
Plan. 

The Symposium will consist of keynote addresses, along with 
invited and contributed talks on all aspects of Indian Ocean 
oceanography and related climate science. 

The Symposium will officially launch the IIOE-2. The first 
expedition of IIOE-2 will depart from the port of Goa, India on 
4 December 2015 on board ORV Sagar Nidhi at the concluding 
session of the Symposium. The primary objective of this 
expedition is to sample a hydrographic section along 67°E. 
This expedition will conclude at Port Louis, Mauritius on 24 
December. A tentative cruise track is shown in Figure 2. This 
cruise is being supported by India’s Earth System Science 
Organization, the Ministry of Earth Sciences, the Government 
of India and its constituent institutes. 

Legacy
The motivation, coordination and integration of Indian Ocean 
research through IIOE-2 will advance knowledge, increase 
scientific capacity, and enable international collaboration in 
an under-sampled, poorly understood, yet important region. 
IIOE-2 will promote awareness of the significance of Indian 
Ocean processes and enable a major contribution to their 
understanding, including the impact of Indian Ocean variability 
and change on regional ecosystems, human populations, and 
global climate. The legacy of IIOE-2 will be to establish a firmer 
foundation of knowledge on which future research can build and 
on which policy makers can make better-informed decisions 

for sustainable management of Indian Ocean ecosystems and 
mitigation of risk to Indian Ocean rim populations. IIOE-2 will 
leverage and strengthen SCOR, IOC and IOGOOS by promoting 
coordinated international, multidisciplinary research among 
both developed and developing nations, hence increasing 
scientific capacity and infrastructure within the Indian Ocean 
rim and neighboring nations. 

The success of IIOE-2 will be gauged not just by how much 
it advances our understanding of the complex and dynamic 
Indian Ocean system, but also by how it contributes to 
sustainable development of marine resources, environmental 
stewardship, ocean and climate forecasting, and training of 
the next generation of ocean scientists from the region. If this 
vision of success is realized, IIOE-2 will leave a legacy at least 
as rich as the original expedition.   

We encourage scientists from all relevant fields to collaborate 
and implement the IIOE-2 to ensure that major questions 
about the Indian Ocean and Earth System are addressed in a 
fully integrated manner.
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Background
The Indian Ocean has many pressing and escalating societal 
pressures - mostly driven by the massive population (2 billion 
people; IORA) which lives around the equatorial and northern 
rim and islands. The escalation comes from the rapidly 
increasing population: India’s population alone increased by 
more than 75% between 1970 and 2000, reaching 1.3 billion 
people in 2014 (UN, 2004). This is compounded by the fact 
that some of the Indian Ocean rim nations are among the 
world’s least developed countries resulting in many of the 
inhabitants being dependent on the marine environment 
and its fisheries for food and employment - and economic 
improvement (UNEP 2015). The declining state of both 
artisanal and industrial fisheries (FAO, 2009) raises serious 
concerns about food security in this region especially in light of 
climate change and a changing global ocean (Cochrane et al. 
2009). Indeed, the Indian Ocean is one of the fastest warming 
ocean basins  and convincing evidence now exists that 
demonstrates climate change is impacting ocean upwelling 
- one of the most fundamental and powerful mechanisms in 
ocean dynamics that underpins the critical supply of nutrients 
to sustain ecosystems and marine food resources (Cochrane 
et al., 2009).

Accordingly, there is little surprise that ocean upwelling, its 
implications for ecosystem response and ultimately food 
security is a central topic (Theme 2) of the soon to be launched 
Second International Indian Ocean Expedition (IIOE2) Science 
Plan (see paper by Hood et al., 2015a, in this issue), which 
not only emphasises dedicated process studies but also 
contributions to sustained observations of the Indian Ocean 
(Hood et al., 2015b). Similarly, ocean ecosystem change 
and food security is aligned with CLIVAR’s interdisciplinary 
upwelling research foci (http://www.clivar.org/about/
research-foci#four), and ultimately, addresses two of the 
newly stated UN Strategic Development Goals1  - SDGs 2 and 14 
(UN 2015). The severity of climate and ocean change on food 

security (Cochrane et al. 2009) has resulted in the formulation 
of two complementary IIOE2 flagship programmes focused 
on upwelling, to be unveiled at the IIOE2 Science Symposium 
held in Goa (India) between 30 November and 4 December 
2015. These have been named the Western - and Eastern 
Indian Ocean Upwelling Research Initiatives respectively 
(i.e., WIOURI and EIOURI; see the article by Masumoto et al., 
2015, in this issue), split by sheer size of the task and national 
interests. This article focuses on WIOURI as a similar article 
will introduce the other in this Special Issue. 

Upwelling ecosystems in the WIO
Upwelling in the ocean occurs in a number of forms - wind-
driven coastal upwelling, large-scale mid ocean wind-
driven (Ekman), divergent upwelling (equatorial), upwelling 
associated with eddies, topographically-driven upwelling, 
internal wave upwelling, and broad-diffusive upwelling in the 
ocean interior. Irrespective of the form, upwelling allows cold, 
nutrient-laden water from depth to reach the illuminated zone 
of the ocean where phytoplankton photosynthesis occurs. 
The cold-nutrient rich water does not necessarily have to 
reach the ocean surface for this to occur. Upwelled supplies 
of nitrate, phosphate and silicate, and the tremendous blooms 
of phytoplankton they support, render these regimes the 
‘new production factories’ of the world ocean (Chavez and 
Toggweiler, 1995). This phytoplankton biomass then feeds 
into short, productive food chains which support a significant 
share of the biological resources that humans harvest from the 
ocean, and indeed, attract commercial fishers and fisheries 
(Pauly and Christensen, 1995).

Although not understood very well, the WIO appears to 
have the full range of upwelling mechanisms - and certainly 
little is known of the ecosystems they sustain (Figure 1). 
Classically, upwelling in the Indian Ocean is seen as a seasonal 
phenomenon in the northern region driven by the monsoon 
wind regime. During the southwest monsoon, upwelling 
occurs off the Somali and Oman coasts (Schott 1983, Swallow 
et al., 1982). As seen in the ocean colour images in Figures 
1a, b, this creates the largest area of upwelling in this ocean 
being most intense between 5° and 11° N with replacement 
of warmer surface water with water of about 14°C and high 
levels of chlorophyll. Intense mesoscale eddy activity further 
drives upwelling producing a complex mix of mechanisms 
(Piontkovski and Nezlin, 2012; Figure 1c). Mid ocean upwelling 
also takes place at this time at 5° S where the North Equatorial 
Current and the Equatorial Counter-current flow alongside 
each other in opposite directions.

Oceanographers have long thought that the obstruction 
of the South Equatorial Current (SEC) by the impressive 
Mascarene Plateau must cause upwelling, nutrient enrichment 
and enhanced chlorophyll and secondary production levels 
downstream. Indeed Gallienne and Smythe-Wright (2005)  
found large levels of zooplankton biomass in the Mascarene 
Basin to the west and suggested that this may be driven by 
turbulence or divergence created by the Plateau being in the 
flow of the SEC. But they also support the theory of open 
ocean upwelling between 5-10ºS across the central and 
western Indian Ocean from 50-90ºE due to Ekman divergence 
along the northern edge of the SEC, and that perhaps plateau 
upwelling might coexist at times, producing the observed very 
high levels of biomass.1 

1SDG 2: End hunger, achieve food security and improved nutrition and 
promote sustainable agriculture
SDG 14: Conserve and sustainably use the ocean, seas and marine re-
sources for sustainable development
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Also of interest here are newly discovered tidal- and channel-
driven internal waves (New et al., 2013) which radiate both 
to the west and east from the central plateau near 12ºS; 
61ºE (between Saya de Malha and Nazareth Banks). These 
are generated from the oscillatory tidal flow over the sill at 
maximum tidal flow with the former being larger than that 
on the eastern side because of superposition with the steady 
westward flow of the SEC. These internal waves have been 
linked to enhanced phytoplankton biomass on the sill.

Towards the African continent, ship observations in 2007 
detected island-wake circulation (upwelling) off the isles of 
Zanzibar and Pemba where the strong East African Coastal 
Current partially diverts into the Pemba Channel (Figure 2a; 
Roberts et al., 2008). Elevated chlorophyll a levels in the lee of 
Zanziba and Pemba Islands were measured (Figure 2b). Whilst 

modest, this production could be central to these oligotrophic 
waters and lean ecosystems.

To the southwest of the Mascarene Plateau, the SEC flows
westwards into Madagascar where upon it splits into the 
North and South East Madagascar Currents (N- and SEMC) 
respectively. Both of these flow along the straight coastline of 
Madagascar to the turn westwards around the extremities. In 
the northern branch, anticyclonic eddies are produced which 
then move southwards through the Mozambique Channel 
attended by cyclones forming dipoles and tripoles. Classic 
eddy upwelling occurs in the centre of the cyclones enhancing 
phytoplankton and zooplankton biomass just above the 
thermocline (Huggett et al 2015, Lamont et al. 2015). The 
dipoles furthermore travel along the western flank of the 
channel and interact with the slope inducing upwelling which 
results in long surface filaments of chlorophyll that transport 
biota-rich shelf water into the middle of the channel (Roberts 
et al 2014). A semi-resident lee-driven cyclone in the large 
Delagoa Bight south of the Channel and largest feature on 
the east African coastline, similarly produces a complex mix 
of surface and subsurface chlorophyll (Lamont et al, 2010) 
occasionally exacerbated by flood water from the Limpopo 
River. 

The SEMC tends to undergo retroflection with the outgoing 
flow extending eastwards into the Subtropical Indian 
Ocean Counter Current (SICC). One of the largest surface 
phytoplankton blooms in the world is occasionally observed in 
satellite ocean colour measurements here - referred to as the 
East Madagascar Bloom (Longhurst, 2001). Lack of in situ data 
makes it difficult to address how the bloom begins, is sustained, 
propagates to the east, exports carbon, and ends although it is 
hypothesized that the interannual variability in bloom intensity 
may be due to variations in coastal upwelling at the shelf edge 
and concomitantly supply of iron - a micronutrient that limits 
diazotroph growth (Uz, 2007). The retroflection also produces 
dipole eddies which propagate westwards into the Agulhas 
Current (Lutjeharms, 2006).

Upwelling in the Agulhas Current system is very different from 
the rest of the WIO. Its close proximity to the steep continental 
slope induces Ekman veering in the bottom layer that moves 
colder, nutrient-rich water towards the shelf edge (Schumann 
1986). The shelf edge gradually deepens from ~50 m in the 
north near Delagoa Bight to ~200 m off Cape Agulhas on the 
wide Agulhas Bank - making it easier for this cold water to 
move on to the shelf producing a permanent cold (~10ºC) 
bottom layer (Chapman and Largier, 1989). Shelf widening off 
Port Alfred coupled with Agulhas Current dynamics is thought 
to be an additional upwelling mechanism and source for the 
Agulhas Bank bottom layer (Lutjeharms et al., 2000). The 
capping of the Agulhas Bank bottom layer with a thin, warm 
(~22ºC) surface layer creates a sharp thermocline with an 
attendant intense chlorophyll maxima. On the inshore regions 
of the Bank, the cold nutrient-rich bottom layer is brought to 
the surface by wind-driven (seasonal) coastal upwelling off 
prominent capes, most intense off the Tsitsikamma region 
where a long, offshore trending, cold water surface filament 
is commonly found during summer. High levels of chlorophyll 
overlying the filament are observed by satellite, suggesting 
that this ‘cold ridge’ is one of the most important features 
underpinning the many commercial fisheries in this region 
(Boyd and Shillington 1994).

Upstream, the interaction of the Agulhas Current with the 
coast and shelf induces forms of topographic upwelling at 
Cape Lucia and Port St Johns (Roberts and Nieuwenhuys, 
in press, Roberts et al., 2010). A sharp recession in the 

Figure 1: Schematic (mosaic) of daily, averaged and portrayed satellite-
derived chlorophyll blooms in the WIO highlighting regions of upwelling (a) 
upwelling in the Arabian Sea during the SE monsoon which mostly abates in 
the NE monsoon phase (b). (c) Upwelling off the Arabian Peninsula is also 
induced by mesoscale eddies interacting with the continental margin leading to 
complex surface phytoplankton patterns (d) high levels of surface chlorophyll 
along the inshore boundary of the Agulhas Current underpinned by shelf edge 
upwelling caused by meanders in the current’s trajectory, stationary and 
transient cyclonic eddies, and topographically induced divergence. (e) The 
East Madagascar Bloom (schematic), not seen in averaged data, is perhaps 

the most curious phytoplankton bloom in the Western Indian Ocean.
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slope bathymetry off Durban also promotes the formation 
of a shallow cyclonic eddy which once fully spun up, breaks 
away and moves down stream on the currents inshore 
boundary (Guastella and Roberts, in press). These “break-
away Durban eddies”, together with the Natal pulse – a solitary
meander in the Current’s trajectory (Lutjeharms and Roberts, 
1988) – generate transient shelf edge upwelling which 
can be seen in ocean colour images to create chlorophyll.

WIOURI research program 
Investigational approach
Investigation of these upwelling systems and their links to 
food security requires a full multidisciplinary approach from 
physics to fish to forecasts (security), and encompasses and 
couples the fields of physical oceanography, biogeochemistry, 
plankton, trophic ecology, fisheries and food resources - all 
quantified by end to end ecosystem and socio-economic 
modelling. WIOURI totally embraces this approach and 
moreover uses modelling not only to understand, couple and 
quantify processes, but also to streamline the avenues of 
multidisciplinary investigation making the research program 
more focused on the ultimate deliverable - how and to what 
extent  is climate change and a changing ocean going to impact 
food resources in the WIO. Great emphasis is placed on linking 
and transferring these research outputs into ocean governance 
and food security structures including national governmental 
departments, SAPPHIRE2 , ESPA3, Nairobi Convention and 
the FAO4. Indeed, it is anticipated that the FAO will become 
invovled in WIOURI through the EAF - Nansen program. 1

2Western Indian Ocean Strategic Action Programme Policy Harmoniza         
  tion and Institutional Reform
3Ecosystem Services for Poverty Alleviation
4United Nations Food and Agriculture Organisation

Scientific framework
In executing this investigational approach, WIOURI has singled 
out nine upwelling ‘systems’ in the WIO which serve to focus 
studies and resources (Figure 3) - referred to as Regional 
Upwelling Projects (RUPs). Each is unique but collectively 
have a unifying theme fitting to the ethos of the IIOE2. The size 
and position of the RUPs in Figure 3 are schematic, not fixed 
and allow natural engagement by the surrounding nations 
with freedom to ensure their priorities are met. While detailed 
plans for each RUP need local involvement and specification 
currently being developed, the WIOURI framework in principle 
ensures that at least two 30-day cruises for each RUP will 
take place using research vessels secured by the project. Two 
cruises not only allows for in situ sampling in different seasons 
but also the deployment and recovery of equipment and 
moorings. Suitably assembled scientific teams comprising 
project leaders, local and international scientists, engineers 

and students will be established for each RUP. The inclusion of 
coastal oceanography enables different levels of engagement 
ranging from the deployment of ships, large equipment, and 
scientific teams to small boats, low cost equipment such 
as underwater temperature recorders (UTRs) and local 
assignment of students to a RUPs. Critical to the success of 
these RUPs are skills, training and ultimately science delivery 
structures (see innovation bridges below).

For funding purposes RUPs may or will comprise of a 
collection of smaller but linked projects addressing physics, 
biogeochemistry, production, marine biology/fisheries, 
and societal impacts. These projects will be funded by the 
appropriate national or regional funding agencies through a 
specific IIOE2/WIOURI call. It is anticipated that these calls 
will be made in the United Kingdom, United States, Germany,  
South Africa, East Africa and Islands (WIOMSA). For example, 2

5 Department Science and Technology (South Africa)
6National Research Foundation (South Africa)
7African Coelacanth Ecosystem Program

Figure 2:  Ocean model (a) surface currents and (b) SST showing upwelling 
near Zanzibar and Pemba Islands. (c) near-surface in situ chlorophyll a 
collected by the RV Algoa (South Africa) in October 2007. Black dots indicate 
ship stations. (d) S-ADCP data plotted in stick vector form highlight near-

surface currents during the same cruise.

Figure 3:  WIOURI comprises nine unique upwelling system in the WIO.
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in the case of the Agulhas Current RUP1, three projects have
been strategically designed and are now funded - The 
DST5/NRF6 funded ACEP7 IV Transkei shelf project, the
internationally funded (NSF8, DST/NRF and NOIZ9) Agulhas 
System Climate System Array (ASCA), and the DEA1 0/DST/
NRF funded Agulhas Bank Large Integrated Project (ABLIP).

Each RUP will start with a science and cruise planning workshop, 
have two post-cruise workshops, and a final data publishing 
workshop. Notwithstanding the production of theses, scientific 
publications, reports and conferences, it is expected that key 
scientific results for each RUP describing the varying ecosystem 
components, functioning and food security predictions will 
be published in a special issue of Deep-Sea Research II- to 
be regarded as one of the legacies of the IIOE2/WIOURI.

The sheer size of WIOURI and moreover the geographical 
extent necessitates regional coordination centres (RCCs). 
For the SWIO (RUPs 1, 2, 3, 4, 5) this is to be established in 
South Africa at the Nelson Mandela Metropolitan University 
(NMMU) (Figure 4). Two other RCCs are expected to be 
established in the central and northern WIO respectively 
(still needs to be negotiated). As it takes time to assemble all 
necessary resources - with sharing at times - implementation 
of the RUPs are expected to be staggered over 2016-
20, a period mostly focused on field campaigns and data 
collection with the following five years (2021-25) dedicated 
to publishing and completion of scholarships. Overall 
coordination of WIOURI will be done by the IIOE2 Project Office 
in India. Start-up, midterm assessment and wrap-up science 
meetings for WIOURI are planned for 2016, 2018 and 2020.

For complete benefit there needs to be regional participation 
(National engagement). In the 1959-65 IIOE this was very limited 
and remains a challenge to this day as there are disparate levels 
of resources and development in the WIO nations. However, 
it is expected that WIOURI with its already established 
framework will assist countries and institutions irrespective 
of development to meaningfully participate in the IIOE2.

Establishment of Innovation Bridges
Expertise, especially technical skills in continental shelf, 
slope and open ocean science is limited in many parts of the 
WIO. Whilst scientific hardware is desperately needed in the 
region such as ships, gliders, and moorings - ultimately the 
delivery of reliable science to ocean governance, government 
policy and planning requires sound experimental design, high 
quality data, technical skills, scientific intellect and ultimately 
experience to interpret and publish these data. To rapidly 
establish these in the region, WIOURI uses the concept of 
‘innovation bridges’ between world-class, well established 
marine science centres in developed nations and regional 
‘grounded’ nodes (Figure 4). Access and the seamless 
transfer of knowledge, guidance, skills and experience via 
frequent two-way migration of scientists, lecturers, students, 
courses, workshops and supervision through an ‘innovation 
bridge’ rapidly (1-2 years) establishes and transforms the 
regional nodes into centres of excellence (CoE) - three of 
which are mentioned in Section 5 below as legacy targets. 
The final aspiration of the ‘innovation bridge’ tactic is for 
these regional CoEs to be self-sustainable in generating the 
much needed knowledge and future generations of scientists 
and technicians. Certainly the rich mix of pioneering science, 
amassing of large infrastructure and technology in the region 
such as ship, gliders, satellites and moorings along with the 
latest breed of ocean, ecosystem and socio-economic models 
in WIOURI - all makes for a perfect platform and framework 
to train young scientists and build capacity in the region. 

1The first innovation bridge will be established between NMMU, 
the University of Southampton, and the National Oceanography 
Centre in January 2016 (Figure 4). Further strengthening of 
the ‘innovation bridge’ with the IRD (Institut de Recherche 

pour le Développement) in France is anticipated in 2017.

Deliverables and Legacies
An ambition of IIOE2 is to leave legacies as was the case with 
the 1959-65 IIOE which established the National Institute for 
Oceanography (NIO) in Goa (India), adoption of the Standard 
IO Plankton net, published hundreds of research papers (IOC 
published an 8-volume set of reprints) and ocean parameter 
atlases, established reference stations and inter-calibration 
tests.

In the case of WIOURI, legacies include the establishment of 
three regional centres of excellence in upwelling ecosystems 
which will serve local and regional needs in Indian Ocean 
sciences and food security. Core functions include deliver of 
science and training at international standards. Already such a 
facility is set for the beginning of 2016 at NMMU (see Innovation 
Bridge) - strongly intent on increasing the number of PhD 
scientists in the region. Other potential legacy candidates 
include reinforcing the MOI-IOC initiated pan-African MESA 
(Monitoring for Environment and Security in Africa) project 
(Earth observations centre) in Mauritius, capacitating the 
newly built Institute of Marine Science (IMS) in Zanzibar and 
newly acquired Kenya Fisheries research vessel RV Mtafiti, - 
and perhaps the most meaningful - establishing a small marine 
research station in the Comoros.
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Introduction
The eastern Indian Ocean (EIO) is a location of active 
interactions between the ocean and atmosphere, with impacts 
on the Asian-Australian monsoons and other regional and 
global climate variations. In turn, monsoonal winds and rainfall 
as well as exchanges of water mass with surrounding regions 
(including a unique throughflow from the Pacific) modify 
physical and biogeochemical conditions in the EIO. Upwelling 
is a key process modulating these upper-ocean conditions 
and connecting physical and biogeochemical/ ecological 
aspects. However, our understanding of characteristics and 
mechanisms of upwelling, and roles of upwelling in large-scale 
variations in the ocean and climate systems are still limited, 
mainly due to scarcity of physical and biogeochemical in situ 
observations. An international, multidisciplinary research 
collaboration, named Eastern Indian Ocean Upwelling Research 
Initiative (EIOURI), is therefore proposed to investigate ocean 
variability associated with the upwelling systems in the EIO, for 
a period of five years starting in December 2015, as one of core 
programs of the International Indian Ocean Expedition-2.

Background 
The Indian Ocean is unique among the three tropical oceans 
since it is blocked by the Asian landmass at about 25°N. 
Monsoonal winds and intense seasonal rains over the Indian 
subcontinent, Southeast Asia, East Africa, and Australia, result 
from seasonal heating and cooling of the land, and generate 
rich and complex seasonal variations of the upper ocean 
conditions with dramatic current reversals particularly in 
the northern hemisphere. The Indonesian Throughflow (ITF) 
from the western Pacific Ocean provides water mass and 
biogeochemical characteristics, which are quite different from 
the one in the Indian Ocean, into the southeastern part of the 
domain, causing a unique distribution of important physical 
and biogeochemical parameters (Sprintall, 2015, this issue). 
Variability at both short time-scales, such as oceanic meso-
scale eddies and intraseasonal disturbances forced by the 
atmosphere, and much longer time-scales, like interannual 
variations associated with the Indian Ocean Dipole (IOD) 
and influences from the Pacific El Niño/Southern Oscillation 
(ENSO), strongly modify the seasonal cycle over large portions 
of the Indian Ocean (see Schott and McCreary, 2001 and Schott 
et al., 2009 for detailed review of the Indian Ocean variability).

Most of the eastern Indian Ocean (EIO) is covered by surface 
water warmer than 28°C, providing necessary condition 
of active interactions between the ocean and atmosphere. 
Upwelling in the EIO is one of the essential processes modulating 
the upper-ocean conditions by connecting key aspects that are 
responsible for maintaining mean fields and their variability. 
That is, the upwelling system plays a role as an intersection 
connecting many processes; equatorial and coastal wave 
guides, coastal and open ocean processes, surface and 
subsurface variability, geochemical parameters and circulation, 
physical and biogeochemical phenomena, various levels of 
food web chain, and ocean and climate variations. Despite 
their importance in the climate system and socio-economic 
influences, the roles of upwelling, as a complex system of 
physical and biogeochemical processes, have not been fully 
understood. This is both due to sparse observations and multi-
scale aspects that are rather difficult to simulate in climate/
ocean models on the one hand, and to weak interactions among 
scientists in a multidisciplinary framework on the other hand.

The International Indian Ocean Expedition (IIOE) in 1960’s 
was the first exception in which all the relevant sciences to the 
Indian Ocean, including physical and biogeochemical studies, 
were considered and intensive observations took place with 46 
participating vessels from 14 countries (see the article by Urban 
et al., 2015, this issue). The IIOE provided a large amount of 
invaluable data, by which our knowledge of broad-scale upper-
ocean conditions as well as mean circulations and their seasonal 
variability were significantly improved (e.g. Wyrtki, 1971).
Since the advent of satellite remote sensing observations 
in 1970’s and recent developments of Indian Ocean 
Observing System (IndOOS) after the 2000’s, a basin-scale 
observing system has been established in the Indian Ocean, 
particularly in the eastern half and southwestern part of 
the basin (e.g. McPhaden et al., 2009). This leads to further 
understanding of large-scale physical phenomena, such as 
climate modes and planetary wave propagations. However, 
observations of upwelling systems that have intrinsically 
smaller scale associated with eddies and processes 
within coastal boundary regions are still very limited. The 
role of upwelling cannot be understood unless detailed 
mechanistic studies of upwelling systems are performed.

Interested scientists initiated discussions on a way to fill 
the above scientific gaps and designed a research initiative 
on the upwelling systems in the EIO, named as Eastern 
Indian Ocean Upwelling Research initiative (EIOURI). Three 
EIOURI planning workshops were held; the first meeting at 
Japan Agency for Marine-Earth Science and Technology 
in Yokohama, Japan on April 25 and 26, 2013, the second 
workshop at First Institute of Oceanography/State Oceanic 
Administration in Qingdao, China on Nov. 18-19, 2013, 
followed by the third workshop on June 23, 2014, during the 
Integrated Marine Biogeochemistry and Ecosystem Research 
(IMBER) Open Science Conference in Bergen, Norway. 
Focuses of EIOURI and specific topics to be addressed were 
discussed at the workshops, and are summarized in Figure 1.

EIOURI will be conducted for five years starting in December 
2015, as a core research project of the International Indian Ocean 
Expedition-2 (IIOE-2) that will be held during the same period 
to improve our understanding of Indian Ocean phenomena and 
variability (Hood et al., 2015, this issue). EIOURI mainly focuses 
on upwelling in a region along the equator and an area between 
the southern coast of Sumatra-Java and northwestern coast 
of Australia, but does not exclude other upwelling systems in 
the EIO, such as coastal upwelling in Bay of Bengal, Sri Lanka 
Dome region, and eddy-induced upwelling in the open ocean.
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Science Foci of EIOURI 
The upwelling system is an important building block in upper-
ocean circulation and biogeochemical/ecological variations 
in the EIO. The Asian and Australian monsoons are the 
dominant forcing of the upwelling in the EIO, but the phase and 
magnitude of the upwelling may be modulated by much shorter 
scale phenomena and larger and longer scale variations. 

Those phenomena include the diurnal cycle, intraseasonal 
atmospheric variability such as the Madden-Julian Oscillation, 
the semiannual Wyrtki jets, interannual climate modes 
including IOD and influence from ENSO, as well as strong air-sea 
interactions, planetary wave propagations, instability of mean 
flows (see Schott and McCreary, 2001 and Schott et al., 2009 for 
review of these ocean processes). In turn, the upwelling affects 
physical and biogeochemical conditions through uplifting of 
cold and nutrient rich subsurface water into surface euphotic 
zone (e.g. reviews by Bakun, 1996; Mann and Lazier, 2009).

EIOURI is focusing on this upwelling system to advance 
our understanding of physical and biogeochemical 
conditions and bio-physical interactions in the EIO.
Both physical and biogeochemical aspects associated with the 
Sumatra-Java upwelling system are the main science foci of 
EIOURI. Upwelling along the Sumatra-Java coast is affected, 
from physical point of view, by wind variability further to the west 
in the equatorial waveguide as well as local along shore wind 
forcing. The timing, duration, intensity, and spatial structure 
of the upwelling may depend on the relative importance of 
these two forcing. The ITF through several narrow channels 
connecting the Indonesian Seas to the Indian Ocean directly 
affect the upwelling near the channels, with instability due 
to strong currents and topographically induced eddies.

In addition, while the strongest upwelling signal is 
concentrated within O(100km) of the coast, broader spatial 
extent of SST cooling signature during the upwelling season 
suggests horizontal advection of upwelled cold water 
offshore beyond the narrow band. The broad SST signal is 
modified by air-sea heat exchanges and internal variability in 

the ocean, such as mesoscale eddy activities and turbulent 
mixing. Specific topics to be addressed to investigate the 
above points include (1) ocean circulation and ocean-
atmosphere interaction in the EIO that are relevant to the 
upwelling systems, (2) seasonal development and decay 
of the upwelling itself, (3) intra-seasonal and inter-annual 
variability associated with the upwelling, (4) influences of local 
wind forcing and remotely forced equatorial waves, (5) ITF 
influence on upwelling, (6) small scale mixing and water mass 
transformations, (7) freshwater fluxes and salinity variations.

To investigate interactions between open-ocean and 
coastal/regional upwelling systems, EIOURI also focuses 
on (8) upwelling as a part of the EIO general circulation and 
(9) eddies and jets associated with upwelling. Particularly, 
mesoscale and submesoscale variability in the South Java 
upwelling region generated by ITF outflows are believed 
to play an important role in upwelling dynamics (e.g. 
Ogata and Masumoto, 2010) and would have significant 
implications for plankton and higher trophic levels, such as 
phytoplankton production and the principal spawning area 
for the Southern Bluefin Tuna (e.g. Matsuura et al., 1997). 
The differences in surface forcing, bottom topography, 
and local mixing and flow regimes are also contributing to 
determine biogeochemical and ecological characteristics in 
the upwelling systems. In addition, the relative importance 
of the ITF, as an important source of nutrients, compared to 
other sources and their delivery rates are not well understood. 
Such bio-physical relations are one of the key topics of EIOURI.

Although the time- and depth-integrated oxygen and silicate 
transports through the ITF have been estimated (Talley and 
Sprintall, 2005), there have been no studies that have attempted 
to quantify the time- and depth-integrated nitrogen (N) and 
phosphorus (P) transports through the ITF or their impact on 
nutrient concentrations in the EIO. These nutrient transports 
may affect the N:P uptake ration in the EIO upwelling regions. 
On the other hand, upwelling affects oxygen concentrations 
and acidic conditions on the continental slope and shelf, 

Figure 1: Target area and relevant processes of EIOURI
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which can have significant negative ecological impacts.

The nutrient ratios and other biological factors, as well as 
physical processes such as eddies and mixing, characterized 
by upwelling also have a strong influence on phytoplankton 
community structure. Phytoplankton concentration and 
biomass may vary with relative contributions of production 
and loss terms during periods of general biomass increase and 
decline, which are related to spatial differences in the efficiency
of energy transfer from primary production to fished stocks, 
i.e. the food web chain. How these biological, biogeochemical 
and bio-physical processes take place in the EIO has not yet 
revealed.

EIOURI, therefore, sets following research topics, to 
investigate the biogeochemical and ecological aspects 
associated with the upwelling systems in the EIO; (1) unique 
nutrient uptake stoichiometry of upwelling regions, (2) 
phytoplankton productivity response to nutrient availability, 
mixing, and light, (3) phytoplankton community structure, 
(4) alternate fates of phytoplankton productivity, (5) energy 
transfer and implications for higher trophic levels, (6) 
biogeochemical feedbacks to oxygen, pH, and export, and (7) 
influences of regionally unique chemistry, biology and ecology 
on the biodiversity of the plankton and higher trophic levels.

Impacts of upwelling variations on socio-economic activities 
and environmental policy development, such as sustainable 
fishery resources and marine protected management in 
the EIO will also be addressed under EIOURI, providing 
flow of data and information appropriate for various 
communities other than the scientific research fields.

All these topics are mutually connected, and observed and 
modeling research activities under EIOURI are expected to 
enhance our understanding and knowledge of physical and 
biogeochemical processes in the EIO upwelling systems.

Implementation Strategy
Sumatra-Java upwelling observations
Since direct measurements of vertical velocity are challenging, 
combination of several other measurements, including 
offshore currents, temperature, salinity, oxygen, pH, nutrients, 
chlorophyll-a, plankton species and its abundance, is required 
to understand upwelling processes. This leads to the need 

for multi-disciplinary observations, which is the cornerstone 
of EIOURI. To capture the seasonal cycle and year to year 
variations of the upwelling systems, time series observations of 
velocity fields and other parameters using moorings within the 
upwelling region are strongly required. Adding biogeochemical 
sensors onto the surface buoys and subsurface moorings is 
encouraged. Research proposals are being prepared for a few 
moorings off Java and Sumatra Islands. 

Cruise observations, including deployment of Argo floats and 
drifting buoys, are most desirable to obtain the multidisciplinary 
data, which helps to approach the full picture of upwelling from 
the dynamical, biogeochemical and ecosystem points of view. 
VPR and towed CTDs are recommended powerful observation 
tools, and new technological applications, like specially 
instrumented gliders, can be used to complement the cruise 
observations. It is suggested to occupy at least two cruises and 
glider transects perpendicular to the coast, repeatedly during 
the upwelling season. In situ observations of biogeochemical 
parameters, such as nutrients, biomass, productivity, and 
community structures, will add significant information on 
biogeochemical processes and bio-physical interactions. 
An observation design in Figure 2, similar to the one for IIOE 
occupation made by SIO R/V Argo in 1963, is recommended. 
Dedicated research cruises are now planned or being planned 
in several countries, and will be implemented during the target 
period from 2015 to 2020.

Existing observing networks
The implementation of EIOURI also requires a sustained basin 
scale observing system to provide the large scale, long-term 
context for EIOURI. This will be achieved by RAMA/IndOOS. 
Measurements in the equatorial waveguide are especially 
important because of the importance of wind forced equatorial 
waves in affecting Java-Sumatra upwelling. Satellite remote 
sensing observations provide this context for surface winds; 
ocean currents, temperatures, salinity; sea surface height; 
ocean color, and other variables such are precipitation and 
outgoing longwave radiation.

Numerical modelling
In situ observations and remotely derived data should be 
synthesized with numerical modelling outputs. Model products 
will provide a full set of estimates of upwelling variability in 
EIOURI, covering the wide range of time- and space-scales 
over the domain of interest. Several high-resolution data-
assimilated products, such as ECCO and BLUElink, and eddy-
resolving prognostic ocean general circulation models, such 
as OFES, are available for analysis of upwelling systems. 
Biological-physical coupled models, which include simple 
NPZD type food web model, are also implemented in several 
groups, and improvements of the coupled models in the EIO 
are still an important challenge for EIOURI.

Measurements that constrain estimates of vertical velocity can 
be used for model validation, and also can be assimilated in 
model based ocean analyses will be essential. Improvements 
in model parameterizations of ocean mixing in upwelling zones 
will also lead to improved model based estimates of upwelling. 
Sensitivity integrations of regionally nested models, with much 
higher resolutions, would be required for process studies of 
upwelling system.

Leveraging with other related international and national 
programs
As a research component of IIOE-2, EIOURI promotes 
collaboration with other national and international activities. 
The Western Indian Ocean Upwelling Research Initiative 
(WIOURI) is a sister research initiative under IIOE-2 (see

Figure 2: An example of the proposed cruise track for Sumatra-Java-Alor 
upwelling observation. The solid lines represent transects with CTD/VPR/
Sampling/Net, while the dashed lines represent the transections with VPR only. 
The red lines represent the glider repeated transects during the monsoon peak 
months June-July-August, among which the left red line passes by the RAMA 

ADCP mooring location at (106.75E, 8.5S).



CLIVAR Exchanges No. 68, Vol. 19, No. 3, Nov 2015              34

Roberts, 2015, this issue). WIOURI are planning to take intensive 
observation cruises and modeling for better understanding of 
upwelling systems in the western Indian Ocean. A comparison 
study with WIOURI may help to better understand upwelling in 
the EIO and also provide a synthetic view of upwelling systems 
in the Indian Ocean. 

Collaboration with the IMOS observation network off the coast 
of Western Australia will be necessary to investigate variability 
in the region between Indonesia and Australia, including a 
newly found air-sea coupled phenomenon, named as Ningaloo
Niño/Niña (Feng et al., 2013; Feng 2015, this issue, Kataoka 
et al., 2013), thermocline anomalies propagated along the 
Clarke-Meyers waveguide (Meyers, 1996), and then impacts 
on the strength of the coastal upwelling and upper ocean 
primary production off the coast of Australia.

For Sumatra-Java upwelling systems and ITF variability, it is 
necessary to collaborate with the Indonesian national activity, 
INA-GOOS. Particularly, for EIOURI, clearances to operate in 
the Indonesian EEZ will be essential. Agencies in Indonesia 
with a vested interest in the success of EIOURI must establish 
administrative mechanisms and work with the international 
research community to ensure the timely issuance of research 
clearances for planned field works.

Expected outputs and outcomes
Since EIOURI is one of the core projects of IIOE-2, all the data 
obtained follow the IIOE-2 and IOC data policy and are archived 
in data archiving system, which will be developed for IIOE-2 
program.

EIOURI will advance our knowledge of upwelling systems and 
their roles on climate and socio-economic relations, increase 
scientific capacity, and enhance international collaboration in 
the EIOURI region. The improved knowledge can be utilized by 
future researchers and policy makers in the surrounding region 
for conducting further studies and making better decisions of 
sustained management of marine resources.

Although EIOURI is a research initiative, several capacity 
building activities can be conducted. For example, some of 
EIOURI cruises may be able to accommodate a few young 
scientists and/or students to learn observing technique and 
data handling with some scientific backgrounds. There will 
be several workshops and/or symposia during the 5-year 
period and young scientists and students will have a chance to 
participate in up-to-date scientific discussions. The EIOURI’s 
observational activities will contribute to sustain the basin 
scale observing system, i.e. IndOOS, and lead in development 
of regional observing system, which will also be beneficial to 
global scale observing systems such as GOOS and GCOS.
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Introduction
We present a brief report on the motivation, aims, and scope 
of a joint India-US initiative to study physical processes in the 
near-surface ocean, surface fluxes, and air-sea interaction 
in the Bay of Bengal. Scientists from 18 universities and 
institutes in USA and India* involved in the “Ocean Mixing 
and Monsoon” (OMM) program and the “Air-Sea Interaction 
Research Initiative” (ASIRI) planned the collaborative effort for 
nearly three years before field work began in November 2013. 
The two initiatives represent a major commitment of ships, 
personnel and other resources by the two countries in Bay of 
Bengal oceanography and monsoon research.

Motivation and aims
The oceanography of the Bay of Bengal is influenced by fresh 
water from summer monsoon rainfall and runoff from several 
major rivers, including the Ganga-Brahmaputra-Meghna and 
the Irrawady (Papa et al., 2012, and references therein). The 
northern Bay receives two-thirds of its annual fresh water input 
in the summer monsoon season (June-September). The fresh 
water input sustains a shallow (5-15 m) layer of low-salinity water 
lying above a warm subsurface layer from summer through 
autumn, and into winter. The shallow, salinity-dominated 
stratification, in combination with the overall thermodynamic 
structure of the upper ocean, leads to distinctive air-
sea interaction on time scales of a day to a few weeks.

We mention two examples of air-sea interaction, one on sub-
seasonal (10 days to weeks) scale and one on synoptic (days) 
scale. (i) The near-surface layer warms and cools by 1-2oC (Figure 
1) in response to oscillations of surface heat flux associated 
with the active-break (or wet-dry) cycles of the summer 
monsoon on sub-seasonal scale (Sengupta and Ravichandran 
2001). Observations and models suggest that feedback from 
the sea surface temperature (SST) oscillations influences the 
monsoon’s active-break cycles (Goswami 2012; DeMott et al., 
2014). (ii) Vertical mixing due to tropical cyclone winds (e.g. 
D’Asaro et al., 2014) can break down the density stratification 
in the shallow halocline. However, storm-induced SST cooling 
along the cyclone track is very small in the post-monsoon 
cyclone season, because mixing acts on the pre-existing deep, 
warm subsurface layer (Sengupta et al., 2008; Neetu et al., 
2012). The rapid intensification of many Bay of Bengal cyclones 
may be partly due to absence of storm-induced SST cooling 
(Balaguru et al., 2012; Vincent et al., 2012; Wada et al., 2014).

The OMM-ASIRI science issues range from the small-scale 
processes that set the structure of the upper ocean to large-
scale air-sea interactions, including:

i. basin-scale pathways of river water and stirring by 
mesoscale (order 100 km) eddies, 

ii. contribution of mesoscale stirring to lateral exchange of 
salt, 

iii. small-scale (submesoscale and smaller) processes that 
set upper ocean stratification,

iv. near-surface response to (varying) wind stress, heat and 
freshwater fluxes,

v. influence of ocean state (waves; depth of mixed layer, 
Ekman layer and subsurface warm layer; optical 
properties, turbulence) on surface fluxes and air-sea 
interaction, and

vi. mechanisms and space-time scales of mixing in the 
transition layer and interior ocean.

Training is a primary objective of OMM-ASIRI. Several Indian 
students, young scientists and engineers participated in 
workshops/teaching schools, and visited US laboratories 
to learn about specific instruments. Nearly fifty early-
career scientists and students from both countries 
worked together with experienced scientists and teachers 
onboard research vessels - for many, it was their first 
exposure to tropical oceanography and monsoon research.

Observations
In the ongoing field phase, our overall goals are to obtain (i) 
basin-scale upper ocean measurements with ~1 km horizontal 
resolution and 1-2 m vertical resolution from ships and 
autonomous instruments; (ii) detailed measurements capable 
of resolving the physical processes controlling upper ocean 
stratification, (iii) sustained measurements of upper ocean 
structure (2+ years) from gliders, floats and drifters, and (iv) a 
multi-year record of hourly surface fluxes of momentum, heat, 
and moisture, as well as hourly measurements of upper ocean 
temperature, salinity, currents, subsurface light, turbidity, 
chlorophyll, oxygen and turbulence, from moorings at 18oN in 
the north Bay of Bengal.

The most recent field campaign was a joint cruise of the Indian 
and US research vessels Sagar Nidhi and Roger Revelle to the 
north Bay of Bengal in August-September 2015. During this 
campaign, the two ships worked together in international waters 
for eight days (Figure 2). Previous cruises in the central and north 
Bay were in November-December 2013 (Nidhi and Revelle), 
June 2014 (Revelle), and August-September 2014 (Nidhi).

Figure 1 : Time series of temperature (oC) at 1 m depth from a mooring at 18oN, 
89.5oE showing subseasonal oscillations with periods of several days to a few 
weeks, and peak-to-peak amplitudes of 0.5oC to nearly 2oC. The diurnal cycle is 

reduced or absent during some episodes of rapid cooling.
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During the August-September 2015 campaign, the Revelle 
and Nidhi conducted co-ordinated repeat transects across 
an east-west oriented salinity front, with low-salinity water 
to the north. Figure 3 shows salinity at 4 m depth along the 
Nidhi and Revelle tracks, and salinity sections in the upper 
30 m from five of the Nidhi transects (horizontal resolution 
300-400 m). The depth of the freshest water (28.5-30.5 psu) 
is 10 m or less, while salinities of 32-32.5 psu lie below 25 m 
depth. Note the significant changes in the near-surface ocean 
in one inertial period (about 40 hours). The ship transects 
were embedded in a rich array of drifting assets, consisting 
of 10 surface velocity program (SVP) drifters, 36 SVP-salinity 
drifters, 10 wave buoys, 2 SOLO floats with turbulence sensor 

packages, 4 Wire Walker drifters, a Lagrangian float, and a 
spar buoy with a 100-m conductivity-temperature (CT) chain.

Monsoon convection and clouds have marked effects at the 
air-sea interface. We show an example from measurements 
made on the Revelle during an active spell of the 2015 summer 
monsoon (Figure 4). Incident shortwave radiation did not 
cross 100 W/m2 through the daylight hours on 26th August 
(Figure 4a). There were spells of heavy rainfall exceeding 10 
mm/hour; air temperature dropped sharply ahead of the 
rainstorms (Figure 4b). Both wind speed and wind direction 
changed rapidly during convective events (Figure 4c) - the 
fluctuations of wind speed are comparable to the mean wind 
speed (nearly 8 m/s). The disturbed weather lasted nearly 10 
hours, suggesting a spatial scale (relative to the moving ship) 
of order 100 km. The active weather was part of a 1000 km-
scale monsoon low-pressure system in the northwestern Bay 
of Bengal reported by the India Meteorology Department. We 
note that the SST cooling events seen in moored observations 
(Figure 1) occur during similar active monsoon conditions.

In addition to ship-borne and drifting assets, a Woods Hole 
Oceanographic Institution (WHOI) air-sea flux mooring and 
two National Institute of Ocean Technology (NIOT) moorings 
are located within 100 km of the two-ship survey region. The 
WHOI mooring at 18oN, 89.5oE was deployed from the Sagar 
Nidhi by a WHOI-NIOT team in December 2014. It carries two 
sets of surface meteorology sensors and 44 instruments in 
the upper 100 m of the ocean. A Spray glider was deployed 
by the Scripps Institution of Oceanography in 2013 (Figure 2); 
a Seaglider, launched from the Nidhi in September 2015 and 
piloted from the Indian National Centre for Ocean Information 
services (INCOIS), is holding a butterfly pattern around the 
WHOI mooring, profiling to 1000 m depth several times a day. 

Several groups in the US and India are collaborating on 
analysis of field observations with the help of satellite data, 
ocean and atmospheric reanalyses, regional models and 
process models. Several exciting science paths are emerging 
from these analyses, including mixed layer shallowing under 
submesoscale salinity fronts; a link between mesoscale 
structure and the extent of sub-surface warm water; 

Figure 2 : Cruise tracks of the R/V Roger Revelle (magenta, cyan, green 2013, 
2014 and 2015) and Sagar Nidhi (blue, yellow 2014, 2015); the locations of 
RAMA, WHOI and NIOT moorings, Spray glider track, 2013 (bold white) and 
EEZ’s (white) are shown. In the summer of 2015, the two ships sailed from 
Chennai, and worked side-by-side at 17-18oN latitude (overlapping tracks) for 

eight days in September.

Figure 3 :Salinity (psu) sections along five legs from the Sagar Nidhi underway CTD, 5 September 00:00 UTC (t = 0) to 6 September 14:00 UTC; start 
time of each leg (hours) is marked at top right; contour interval is 0.4 psu. Salinity at 4 m depth along the Nidhi legs (marked 1-5) and Revelle legs 

(bottom right panel).
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evaluation of atmospheric re-analyses and surface flux 
datasets in different monsoon regimes; and a synthesis of 
momentum and thermal mixing measurements. We expect 
the fine-scale observations and long moored records to lead 
to better understanding of upper ocean physics and monsoon 
air-sea interaction in the Bay of Bengal. An important future 
goal of OMM-ASIRI is to motivate ocean model development 
for improved coupled ocean-atmosphere prediction. 
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Figure 4 : Storm clouds seen from the Roger Revelle (top). Four days of 
1-minute measurements of (a) Incident shortwave radiation (W/m2), (b) rainfall 
(mm/hr; bars) and air temperature (oC; right axis), (c) wind speed (m/s; grey) 
and wind direction (degrees) from the Revelle. Early on 26th August 2015, air 

temperature fell by nearly 5oC in 10 minutes. Photo courtesy: San Ngyuen.
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Introduction
The Bay of Bengal Boundary Layer Experiment (BoBBLE), 
a joint UK-Indian project led by Professor Adrian Matthews 
at the Centre for Ocean and Atmospheric Sciences (COAS), 
School of Environmental Sciences, University of East Anglia 
(UEA), UK, and Professor P.N. Vinayachandran, Centre of 
Atmospheric and Oceanic Sciences (CAOS), Indian Institute of 
Scence (IISc), Bangalore, India, is a key contribution to IIOE-
2 (see the paper by Hood in this issue). Indian collaborators 
include colleagues at CAOS-IISc, Indian National Centre for 
Ocean Information Services (INCOIS), National Centre for 
Medium Range Weather Forecasting (NCMRWF), National 
Institute of Ocean Technology (NIOT). UK collaborators 
include colleagues at UEA, University of Reading, and the 
National Oceanography Centre. BoBBLE is one of three 
projects funded by the UK’s Natural Environment Research 
Council and India’s Ministry of Earth Sciences as part of 
its joint Indo-UK research programme entitled “Drivers 
of Variability on the South Asian Monsoon” (http://www.
nerc.ac.uk/research/funded/programmes/monsoon/). 

The Bay of Bengal (BoB) plays a fundamental role in 
controlling the weather systems that make up the South 
Asian monsoon system. BoBBLE will determine how air-
sea interaction (via the oceanic and atmospheric boundary 
layers) and ocean dynamical processes, particularly in the key 
region of the Bay of Bengal, drive the variability of the South 
Asian monsoon. It will be centred around an observational 
campaign in summer 2016, analysis of wider observational 
and reanalysis-based data sets, and a set of hierarchical 
modelling experiments to investigate impacts on the monsoon. 
The analysis will focus on small-scale processes of air-sea 
interaction and their impact on the larger scale monsoon 

circulation and precipitation. BoBBLE brings together 
oceanographers and atmospheric scientists, observationalists 
and modellers, from India and the UK, and aims to establish 
long term collaborations between the two countries.

Scientific rationale
The South Asian summer monsoon (June to September) 
provides 80% of the annual rainfall total for over a billion people. 
Accurate prediction of this rainfall on time scales from days to 
a season and beyond is therefore vital to support agriculture, 
which provides food and employment for most of the population 
in the region, and to mitigate the effects of flood and drought.

Ocean-atmosphere interaction is a key component of 
the monsoon system. On the very largest (continental) 
scales, the sea surface temperature (SST) to the south 
of the Asian continent (Bay of Bengal, Arabian Sea, and 
the wider Indian Ocean) provides half of the land-sea 
temperature contrast that is the main driver of the monsoon 
circulation. Evaporation from the ocean surface in these 
same regions is the moisture source for the monsoon rains.

In particular, the BoB is a key region for the monsoon system. 
It has high SST, remaining above 28ºC throughout summer 
(Figure 1a), the threshold for widespread generation of 
convection over the tropical ocean (Gadgil et al., 1984). This 
contrasts with the much cooler Arabian Sea. It is not well 
understood how the high BoB SSTs are maintained, in the 
presence of the cooling latent heat flux associated with the 
mean summer monsoon southwesterly winds (Figure 1a). 
East-west oriented cloud and rain bands propagate northward 
across the BoB and over South Asia as part of the summer 
intraseasonal oscillation (Sikka and Gadgil, 1980). These are 
closely tied to the monsoon onset and active-break cycles 
within each monsoon season (Annamalai and Sperber, 2005), 
that have a significant effect on agriculture through phasing 
with the planting-harvesting cycle and via the cumulative 
monsoon-season rainfall total. Ocean-atmosphere interaction 
is at the heart of these oscillations (Sobel et al., 2009). The 
BoB is also the genesis region for monsoon depressions 
that then propagate northwestwards along the monsoon 
trough, bringing rain to east and north India (Gadgil, 2003). 
Again, air-sea interaction is a key process in these systems.

The BoB region is characterised by large meridional and 
zonal gradients in both the atmosphere and the ocean (CTCZ, 
2008). A pronounced dry zone exists over the southwestern 
BoB, where mean July precipitation is less than 2 mm day-1 
(Figure 1a), in contrast to the the southeastern and northern 
BoB, where precipitation increases to over 10 mm day-1. The 
dry southwestern BoB zone is underlain by relatively cool (SST 
< 28.6ºC) and saline (sea surface salinity, SSS > 34.0) surface 
water (Figure 1b), associated with upwelling caused by coastal 
processes off Sri Lanka and Ekman pumping to the east 
(Vinayachandran et al., 2004). Oceanic Rossby waves restrict 
the upwelling to the western half of the southern BoB, the edge 
of this shallow thermocline regime shifting westward as the 
season progresses (Shankar et al., 2002). In contrast to the 
cold pool, warmer waters (SST > 29.0ºC) exist to the east and 
north (Figure 1). While the north-south SST gradient in the BoB 
is known to be a strong driver of precipitation over the region 
(Shankar et al., 2007), the east-west gradient’s effect on 
precipitation is unknown, despite it having a similar size to the 
north-south gradient. This is partly due to a lack of observations 
in the southeast BoB, which BoBBLE aims to address.

A further distinguishing feature of the BoB is its low surface 
salinity (Figure 1b). This is due to an excess of precipitation 
minus evaporation (1100 km3 year-1; Sengupta et al., 
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2007) and river discharge (1500 km3 year-1; Dai et al., 2009). 
This surface fresh layer has a halocline at its base, which 
leads to a barrier layer below that isolates it from the rest of 
the mixed layer (Sprintall and Tomczak, 1992). In the BoB, the 
surface fresh layer is only approximately 10 m thick. Hence the 
temperature of the surface fresh layer and therefore the SST 
can respond very quickly to surface fluxes, with subsequent 
feedbacks onto atmospheric convection and precipitation. 
However, the details of the mixed layer processes that govern 
the barrier layer formation in the BoB are not fully described. This 
is partly due to the difficulty of obtaining accurate observations 
in the top 5 m from ships. BoBBLE will use specially designed 
ocean gliders and Argo floats to obtain such measurements.

There are also large spatial gradients of SSS, with the 
southwest BoB being more saline than the northern BoB 
(Figure 1b). This more saline water is imported from the 
Arabian Sea by the Summer Monsoon Current that flows 
eastward around the tip of India and then northeastward 
into the BoB (Figure 1b). However, the process is not one of 
simple advection, as the denser, more saline waters slides 
under the fresher surface layer. The process by which this 
high-salinity water is pumped into the surface layer is poorly 
understood, but seems to occur primarily in the regime of the 
Summer Monsoon Current (Vinayachandran et al., 2013).

Hence, distinct temperature and salinity regimes exist across 
the BoB, due to sub-basin variations in freshwater input 
(precipitation exceeding evaporation), spreading of river 
discharge, wind forcing and solar radiation and cloud cover. 
Advection and dynamical processes are also particularly 
important in the southern BoB (Vinayachandran et al., 2013). 
These differences lead to different mixed layer regimes 
that will have a strong control on air-sea interaction, and 
monsoon precipitation and circulation. The relative roles of 
stratification, mixing, entrainment, vertical and horizontal 
advection, and surface fluxes in maintaining these different 
mixed layer regimes are poorly defined, especially in the 
southern BoB where there is a dearth of measurements. 

Investigating these processes in BoBBLE will reveal the 
detailed mechanisms underlying the east-west and north-
south gradients of temperature and salinity in the BoB, and 
hence their effects on monsoon precipitation and circulation.

Time-varying components of the BoB coupled ocean-
atmosphere system contribute to these seasonal-mean 
gradients. The detailed evolution of the ocean surface 
mixed layer and air-sea interactions, within the life cycles of 
individual weather systems and intraseasonal oscillations, 
is not well known. SST can increase quickly after the 
passage of these systems but the details of the process 
by which it does so have not yet been well observed.

The diurnal cycle merits special attention. An oceanic 
diurnal surface warm layer develops each day when there is 
significant solar radiation flux (i.e., little cloud) and weak winds 
(i.e., weak mixing). This warm layer is only a few metres thick 
and is strongly stratified, which inhibits mixing from below 
and increases the daily mean SST. The increase in daily mean 
SST amplifies sub-seasonal SST variability, with consequent 
increases in variability in atmospheric convection and rainfall 
(Klingaman et al., 2011). Overnight, the surface warm layer 
mixes down into the bulk mixed layer. Since the mixed layer 
structure varies across the BoB, the formation of the diurnal 
warm layer and its effect on SST will also exhibit spatial 
variability. This is compounded by a strong diurnal signal in 
clouds and rainfall (amplitude 10 mm day-1) that propagates 
from the surrounding coastlines at midnight (local time), over 
the central BoB by 6 am, and the southern BoB by 3 pm (Yang 
and Slingo, 2001). Hence, the phasing of this cloud signal with 
the local solar radiation flux changes over the BoB, leading 
to complex interactions with SST. The variation across the 
BoB of these diurnal processes will be measured in BoBBLE.

Chlorophyll concentration (henceforth Chl) can routinely 
exceed 0.5 mg m-3 during the summer monsoon in the BoB, 
even away from the coast. This has a significant effect on the 
absorption of solar radiation in the upper few tens of metres 

Figure 1 : . (a) Map of India, Bay of Bengal and surrounding region. Red lines show the extent of relevant Exclusive Economic Zones (EEZs). Mean July 
precipitation (TRMM, colour shading, interval 2 mm day-1), SST (NOAA, line contours, interval 0.3ºC, dashed below 28.6ºC, thick at 28.6ºC, solid above 
28.6ºC), 1000-hPa vector wind (NCEP-DOE, standard vector has length 10 m s-1).(b) Mean July SSS (WOA09, colour shading, interval 0.5), surface 
current vectors (OSCAR, standard vector has length 0.75 m s-1). In both panels,the planned ship/glider sections are shown by the thick black lines in the 
shape of an “H”. Locations of RAMA moorings are shown by black circles, OMNI moorings by red circles. Proposed FAAM flights over the BoB are shown 

by the green, red, black and purple lines.
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of the ocean. This modifies the temperature profile and SST. 
In the case of the Arabian Sea, this leads to an increase in 
monsoon rainfall of up to 2 mm day-1 (Turner et al., 2012). The 
effect of Chl in the BoB on monsoon precipitation is not known. 
Oceanic eddies and weather systems can cause BoB Chl to 
increase above 1 mg m-3, potentially amplifying the effects 
seen in the Arabian Sea. Chl is higher in the southern BoB than 
in the north, making these processes more important in that 
region. In addition, the strong Summer Monsoon Current plays 
a role in modulating Chl in the southern BoB. The role that 
ocean biogeochemistry plays in modulating both the seasonal 
cycle of SST, and the response of SST to weather systems, 
especially in the southern BoB, remains a knowledge gap that 
BoBBLE hopes to address. Also unknown are which mixed 
layer and dynamical processes drive these changes, and how 
these Chl-induced oceanic changes then impact monsoon 
precipitation and circulation via SST changes.

Surface heat and freshwater fluxes are the means by which 
the ocean and atmosphere interact, and are therefore crucial 
to understanding, simulating and predicting the coupled 
ocean-atmosphere monsoon system. However, there is 
large uncertainty in surface heat and freshwater fluxes in the 
Indian Ocean and BoB. A recent global comparison of near-
surface specific humidity fields (Kent et al., 2014) showed 
strong disagreement, even among state-of-the art reanalysis 
model output. For the BoB region, specific humidity estimates 
ERA-Interim and MERRA show large mean differences and 
an increasing over a 20-year period. Satellite-derived near-
surface specific humidity products show an even greater 
disagreement (Prytherch et al., 2015). This is important 
because uncertainty in near-surface humidity is thought to 
make the largest contribution to uncertainties in latent heat 
flux and evaporation (Andersson et al., 2011). Radiative flux 
and precipitation estimates over the ocean are also uncertain.

When aggregated to basin scale, surface fluxes of heat and 
freshwater are one component of the heat and freshwater 
budget of the BoB as a whole. The other components are 
river input of freshwater, and advection through the southern 
boundary of the BoB at around 6ºN. The budget constrains the 
overall structure of the BoB and the gross characteristics of its 
SST, which then impact monsoon precipitation and circulation. 
Hence, changes to the budget will lead to changes in the 
monsoon. In coupled ocean-atmosphere models, systematic 
errors in the heat and freshwater budget of the BoB will lead 
to systematic errors in monsoon simulation and prediction. An 
accurate knowledge of the mean and variability of the heat and 
freshwater budget of the BoB will provide an integral constraint 
for assessing models. 

Despite a wealth of observational evidence for the key role of 
ocean-atmosphere interactions in the BoB, most operational 
medium-range (i.e., daily-weekly) numerical weather prediction 
systems are atmosphere-only models with prescribed SST 
anomalies. These systems neglect predictability arising from 
SST variability during the forecast. Atmosphere-only models 
have also been shown to erroneously collocate the heaviest 
rainfall with the warmest SSTs (Klingaman et al., 2011), 
whereas in observations the warmest SSTs are associated 
with clear skies and weak winds (Vecchi and Harrison, 2002). 
Neglecting ocean-atmosphere interactions may therefore 
inhibit the prediction of monsoon rainfall and circulation on 
sub-seasonal time scales. Yet ocean-atmosphere coupled 
models, which are used for seasonal prediction and climate-
change projections, often exhibit weak monsoon sub-seasonal 
variability (Lin et al., 2008). For example, many models fail 
to capture the northward propagation of organised tropical 
convection—responsible for monsoon active and break 

phases—from the Indian Ocean to the Bay of Bengal (Sperber 
et al., 2012). This may be because these models lack a detailed 
representation of ocean-atmosphere interactions [e.g., 
because of coarse oceanic vertical resolution or a failure to 
represent the diurnal cycle at the ocean-atmosphere interface 
(Bernie et al., 2008)] or because ocean-atmosphere coupling 
introduces substantial systematic errors that can strongly 
suppress sub-seasonal variability (Klingaman and Woolnough, 
2014). A rigorous assessment of the role of well-resolved 
ocean-atmosphere interactions in monsoon prediction, 
validated against in situ and satellite observations, will improve 
the design of medium-range forecasting systems and inspire 
efforts to better represent ocean-atmosphere interactions in 
coupled models.

Overall, the BoB has been identified as a key region of ocean-
atmosphere interaction and a major driver of monsoon 
variability. In particular, the southern BoB has two contrasting 
regimes, neither of which are well observed or well understood. 
The dry zone and cold/saline pool in the southwest BoB is a 
region of complex dynamical and thermodynamical processes. 
It plays a major role in determining the SST gradients over 
the BoB that drive monsoon variability. There are very few in 
situ measurements from this region. Further to the east, the 
conditions are warmer and wetter and provide a strong zonal 
gradient with the dry zone in the southwest BoB. 

The aims of BoBBLE are to:
• Produce new, high-quality, comprehensive observational 

data sets of ocean state and atmospheric fluxes through a 
dedicated field campaign in a key under-observed region, 
the southern BoB.

• Assess the impact of ocean-atmosphere processes on 
the simulation and prediction of the monsoon through a 
comprehensive, hierarchical modelling approach.

• Combine observations and models to improve our 
understanding of the physical and biogeochemical 
processes underlying ocean-atmosphere interaction.

• Synthesise results to better understand how the above 
processes and interactions drive synoptic variability in the 
South Asian monsoon system.

BoBBLE research plan
The BoBBLE research cruise will take place in the southern 
BoB from mid-June to mid-July 2016 using the Indian research 
ships RV Saghar Nidhi and ORV Sagar Kanya, six UK Seagliders 
and 9 Argo floats. The ships will occupy time series locations: 
TSW in the southwest BoB at about 85º09’E, 8ºN, and TSE 
in the southeast BoB at about 89º33’E, 8ºN (Figure 1). These 
locations are set along 8ºN to optimally sample the east-
west gradient between the centre of the dry zone and cold/
saline pool in the southwest BoB and the warmer and wetter 
conditions to the east (Figure 1). The gliders will be deployed 
and recovered, and will operate exclusively in international 
waters.

The ships are equipped with a CTD package to measure 
subsurface temperature, salinity, chlorophyll fluorescence 
and dissolved oxygen profiles, an acoustic Doppler current 
profiler (ADCP) to measure subsurface current profiles, an 
underway thermosalinograph, an automatic weather station to 
measure atmospheric temperature, humidity, pressure, wind 
speed and direction, solar radiation flux, infrared radiation flux. 
Radiosondes will be launched twice per day, increasing to four 
times per day during convective periods.

Ocean gliders are autonomous underwater vehicles profiling 
the upper 1000 m of the water column. The Seagliders used 
here are equipped with a CTD, chlorophyll fluorescence, 
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irradiance and dissolved oxygen sensors. CTDs will be 
undertaken by the ship on glider deployment and recovery 
to collect water samples for calibration of these sensors. The 
effective vertical resolution of the Seaglider data is 1 m. The 
gliders will be programmed to stay close to a fixed waypoint 
in virtual mooring mode. Hence, they will effectively produce 
CTD profiles at fixed time series locations.

Nine Argo floats will be deployed from the ships along 8ºN 
during the cruise. The floats will be set to a 5-day dive cycle to 
2000 m, to be able to sample processes on intraseasonal and 
synoptic time scales. In addition to providing better spatial and 
temporal coverage than Argo Core Mission floats, these floats 
will use extra sampling levels in the mixed layer, and measure 
closer to the surface using some of the latest novel sensor 
technologies from the Argo float manufacturers. Some floats 
will carry irradiance sensors.

The two time series locations TSW and TSE are close to two 
existing moorings (OMNI mooring near TSW, and RAMA 
mooring near TSE). Comparison of the low vertical resolution 
mooring data with the ship and glider data during BoBBLE will 
allow the process analyses to be extended in time before and 
after the cruise period.

Dynamical process in the ocean willl be examined using an 
Indian Ocean model based on GFDLMOM4p1 (Das et al., 2015). 
The model has a horizontal resolution of 25km and vertical 
resolution of 1m, in order to resolve the thin mixed layer 
commonly observed in the Bay of Bengal

For process-level understanding of how air-sea interactions 
in the BoB influence monsoon rainfall, we will perform 
experiments with a hierarchy of configurations of the 
MettOffice Unified Model (MetUM), led by NCAS-Reading and 
NCMRWF. The MetUM-GOML coupled model (Hirons et al. 
2015; Klingaman and Woolnough, 2014) is an innovative new 
MetUM configuration, comprising the MetUM atmosphere 
coupled to many columns of the K Profile Parameterisation 
(KPP) boundary-layer ocean (Large et al., 1994), with one 
column under each atmospheric grid point. KPP simulates only 
one-dimensional, thermodynamic processes but advection 
can be prescribed to explore how horizontal transports affect 
upper-ocean thermodynamic structure.

Summary
BoBBLE will investigate the role of thermodynamic surface 
and mixed layer processes in the monsoon, focusing on the 
one-dimensional (in the vertical) processes that occur at the 
ocean-atmosphere interface and in the ocean boundary layer. 
Their structure, underlying physical processes and role in the 
monsoon system will be studied through a combination of 
observational and modelling approaches. The role of large-
scale ocean structure and ocean dynamics in the monsoon 
will be addressed by extending the analysis spatially, through 
measuring and modelling ocean advection processes and 
basin-wide SST and SSS gradients in the BoB. The importance 
of ocean biogeochemistry will be investigated through 
assessing the impact of upper ocean chlorophyll changes on 
the SST. BoBBLE is a large and ambitious programme, and we 
welcome further collaborations with other IIOE-2 projects and 
investigators.
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India, a heavily Indian Ocean-influenced 
country
India has many good reasons to aim at a better understanding 
of oceanic biophysical processes and air-sea interactions 
over adjoining seas. Agriculture employs 60% of the active 
population and is highly dependent on the monsoon quality 
(e.g. Gadgil and Gadgil, 2006), which itself is influenced by 
the temperature of the Arabian Sea (e.g. Izumo et al. 2008). 
The strong population density around the Bay of Bengal 
makes it very vulnerable, with 14 of the 20 deadliest Tropical 
Cyclones ever recorded having developed over this basin (e.g. 
Longshore 2008). The highly productive Arabian Sea also 
provides significant marine resources to India, with annual 
landings between 2.2 and 2.8 million tons (e.g. Madhupratap 
et al. 2001). The strong productivity also maintains the 
thickest subsurface oxygen minimum zone in the world 
(e.g. Banse et al. 2013), and occasional surface anoxic 
events along the west coast of India can have catastrophic 
impacts on Indian fisheries, with a 70% decrease of exports 
in 2001 for instance (e.g. Naqvi et al. 2009). Finally, global 
projections of anthropogenic climate change suggest an 
increase of monsoon rainfall (Turner and Annamalai, 2002), 
decrease in the primary production in the Arabian Sea (Bopp 
et al. 2013) and a thickening of the oxygen minimum zone is 
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already observed (Banse et al. 2013). The effect of climate 
change on the monsoon jet (Turner and Annamalai 2002) and 
primary production (Gregg and Rousseaux 2014) are however 
uncertain. Because of the strong pressure of natural climate 
variability and anthropogenic climate change on resources 
such as agriculture and fisheries, an improved knowledge of 
the Indian Ocean influence on climate and marine resources is 
very important for India. This is one of the key objectives of the 
National Institute of Oceanography (see the paper by Naqvi et 
al. on the NIO in the current issue).

A brief overview of the Indo-French 
collaboration on the Indian Ocean
The Institut de Recherche pour le Développement (IRD) is 
a French institution whose goal is to develop collaborative 
research of interest to developing and emerging countries, 
and to contribute to capacity building in those countries. 
Because of common scientific interests around the Indian 
Ocean, collaboration between IRD and NIO started around 
2002, with several French visiting scientists stationed at NIO 
for a couple of years, and regular visits of NIO researchers 
and students to Paris. This collaboration has been productive 
with about ~40 article in peer-reviewed journals, co-signed by 
Indian and French scientists (and a large fraction involving PhD 
students). This cooperation has worked well for essentially 
two reasons. First, the almost continuous presence of French 
visiting scientists at NIO have allowed to maintain a strong, 
continuous link with the Indian researchers and students, 
and to build mutual trust between the two parties. Second, 
this collaboration benefits to both parties by bringing NIO’s 
excellent knowledge and databases of the Northern Indian

Ocean together with the modelling expertise at LOCEAN.

On the institutional front, this collaboration was first formalized 
through a Memorandum of Understanding signed in 2010 
between IRD and NIO. It is now integrated integrated in the 
IFCWS (Indo-French Cell on Water Sciences) International 
Laboratory, an IRD structure that allows formalizing long-
lasting research efforts between France and other countries. 
Initially focussed on water and soil sciences and based at the 
Indian Institute of Sciences in Bangalore, the IFCWS research 
themes were broadened to include the IRD-NIO collaboration 
on Indian Ocean climate and oceanography. There are three 
main science themes within this action: A) Indian Ocean 
climate and monsoons; B) Northern Indian Ocean water cycle 
and C) Northern Indian Ocean biogeochemistry. Below, we 
present a selection of results obtained within themes B and C. 

The Bay of Bengal unique salinity structure and its consequences
The Bay of Bengal is a relatively small, semi-enclosed basin 
that receives large quantities of freshwater during the 
southwest monsoon (e.g. Akhil et al. 2014, Chaitanya et al. 
2014). As a result, the Bay of Bengal has very fresh surface 
waters, especially after the southwest monsoon, with salinity 
dominating the vertical density stratification down to about 50 m.

This strong upper ocean stabilization by freshwater input 
has several potential implications. Shenoi et al. (2002) 
hypothesized that this stabilization inhibits cooling by vertical 
mixing, hence maintaining high surface temperatures that 
can maintain deep atmospheric convection. This suggests

Figure 1: The “river in the sea” and its interannual variations. Post-monsoon (Nov-Jan) SSS climatology after the monsoon from (a) Chatterjee et al. 
(2008) product, (c) the ocean model from Akhil et al. (2014) and (b) as (c) but with the same horizontal smoothing than in Chatterjee et al. (2008). 
Panel (d) shows the climatological SSS in November from a ship of opportunity line indicated in red on panel (c) (yellow), the climatology (black dotted 
line) and the value at the coast (red dot). Panel (e) shows the leading EOF of the September-November salinity and the associated current signal from 
Akhil et al. (in prep): this EOFS represents almost 40% of the total variability, is strongly correlated with the IOD and associated with an EICC weakening 

and anomalously weak “river in the sea”. 
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a positive feedback loop between freshwater input, ocean 
stability and high SSTs, which may contribute to “anchor” 
deep atmospheric convection over the Bay of Bengal. Salinity 
may also influence the deadly Bay of Bengal tropical cyclones. 
Tropical cyclones cool the ocean through vertical mixing (e.g. 
Vincent et al. 2012) and this cooling retroacts negatively on the 
cyclone intensity by limiting evaporation and hence the “fuel” 
of the cyclone heat engine (Emanuel 1986). We demonstrated 
that salinity stratification on averages contributes to reduce 
the post-monsoon cooling by 40%, and by up to 70% in 
the Northern Bay of Bengal (Neetu et al. 2012). We are now 
using a regional coupled model to investigate the impact 
of this cooling reduction on the tropical cyclones intensity.

Because of those impacts, it seems necessary to better 
understand the mechanisms that control the Bay of Bengal 
surface salinity, an enterprise that has long been limited by the 
availability of in situ data. The recent development of the Argo 
network has tremendously improved the situation since 2002, 
despite little data in the Andaman Sea. In-situ observations 
collected by NIO and numerical simulations ran with the French 
ocean model NEMO allowed improving the understanding of 
the salinity variations in the Bay. Indian fishermen have been 
collecting water samples on beaches all along the eastern coast 
of India every five days for the past ten years, in the framework 
of an NIO program led by V.V.S.S. Gopalakrishna. These salinity 
measurements are representative of the offshore signal 
measured from a ship of opportunity line (Fig. 1d, Chaitanya 
et al. 2014). This dataset revealed a salinity drop exceeding 10 
pss in the northern part of the Bay at the end of the summer 
monsoon, propagating southward in a narrow (~100 km wide) 
strip along the eastern coast of India and reaching its southern 
tip after two and a half months. A simulation using an eddy-
permitting Indian Ocean configuration general circulation 
model (Akhil et al. 2014) was able to accurately simulate this 
narrow and intense band of freshwater along the east coast of 
India after the monsoon (Figure 1c).  This coastal freshening in 
our in-situ observations and model simulation is considerably 
narrower than the one depicted in the existing climatologies 
(see Figure 1a) because of a too-intense horizontal smoothing 
in these climatologies. Our model results become more 
comparable with those climatologies when smoothed in a 
similar manner (see Figures 1b and c). The model (Akhil et al. 
2014) and fishermen observations (Chaitanya et al. 2014) both 
suggest that the coastal freshening occurs through southward 
transport of very fresh water near the Ganges-Brahmaputra 
estuary by the narrow, coastally-trapped EICC (Fig. 1d). We 
nicknamed “river in the Sea” this fresh tongue that lengthens 
the Ganges into the ocean. After winter, this “river in the sea” 
does dissipate through vertical mixing with subsurface saltier 
water (Akhil et al. 2014). We also used the data (Chaitanya 
et al. 2015) and model (Akhil et al. in prep.) to investigate 
interannual SSS variability. Northern Bay of Bengal interannual 
SSS variations are largely controlled by the Ganges and 
Brahmaputra runoff. Interannual SSS variations along the east 
coast of India are related to the occurrence of Indian Ocean 
Dipole (IOD) events. During positive IOD events, the equatorial 
zonal wind anomalies induce a coastal upwelling Kelvin wave 
that propagates along the rim of the Bay to the east coast of 
India and induce an anomalously weak EICC. As the result, the 
southward advection of fresh water is less intense than usual 
along the coast, resulting in a salty anomaly, i.e. a weaker 
than usual “river in the sea” (Fig. 1e). This work continues, 
with an investigation of the impact of salinity stratification on 
the regional climate in a regional coupled model, and of the 
influence of omnipresent Bay of Bengal eddies on salinity. 

Understanding biophysical coupling in the 
Northern Indian Ocean
Recent discoveries concerning the Indian Ocean physical 
variability motivate many questions regarding the 
associated biogeochemical impacts. As outlined in the 
introduction, the strong productivity and resources of 
the Arabian Sea, the occurrence of anoxic events with 
catastrophic impacts on fisheries, and the currently 
uncertain knowledge on how those features will respond 
to climate change are strong motivations for coordinated 
studies of the Northern Indian Ocean biogeochemistry.

The NIO has historically a good expertise on Northern Indian 
Ocean biogeochemistry, and in particular a very important 
observational database. On the other hand, NIO lacked of a 
biogeochemical modelling expertise. At the request of the NIO 
director S.W.A. Naqvi, a biogeochemical component was thus 
included to the Indo-French collaboration. A regional, eddy-
permitting regional Indian-Ocean configuration of the NEMO 
(Nucleus for European Modelling of the Ocean; Madec  2008) 
ocean general circulation model coupled with the PISCES 
(Pelagic Iteraction Scheme for Carbon and Ecosystem Studies; 
Aumont et al. 2015) ecosystem and carbon-cycle model was set 
up on the NIO high-performance cluster. Several PhD students 
are currently trained to the use of this biophysical model in 
order to build a capacity for biogeochemical modeling at NIO. 
One of the topics of interest is what drives the occurrence of 
anoxic events on the west coast of India? We first verified that 
the model was able to reproduce the seasonality of suboxic 
events occurrence using NIO oxygen data, despite some 
underestimation (Fig. 2ab). Thermocline depth variability along 
the west coast of India had so far been relatively disregarded, 
because of the relatively small amplitude of interannual signals 
there. We however found signals that are clearly related to 
IOD events, with upwelling along the west coast of India, 
remotely forced from the equator and region around Sri Lanka 
during negative IOD events (Suresh et al. in prep). While the 
thermocline depth signals are relatively modest, they occur 
in a region with very shallow anoxic water at this time of the 
year (September-November). The vertical movements of the 
thermocline thus lift the anoxic waters, sometimes bringing 
them up to the surface (Fig. 2c, Parvathi et al. in prep.). 
We now extend this work to also investigate anoxic events 
fluctuations at longer (decadal and multi-decadal) timescales.

In parallel to this research and capacity building activity 
with NIO PhD students, a wider capacity building activity 
has also been undertaken with the organization of a winter 
school on “Using models to advance our understanding 
of the Indian Ocean biogeochemical variability” at NIO, on 
16th-21st February 2015. This winter school gathered about 
40 PhD students and early career scientists from India and 
Bangladesh. During one and half weeks, those students 
received lectures on basics of Indian Ocean physical variability 
and biogeochemical consequences, followed by a hands-on 
session on a the NEMO-PISCES biophysical model (in a 1D 
configuration for the purposes of that winter school). A wider 
winter school on this theme will be conducted again at NIO under 
the auspices of CLIVAR and SIBER in late 2016 or early 2017.

Concluding Remarks
The studies above are good examples of the mutually 
beneficial Indo-French collaboration, with synergetic use 
of Indian observations and the French modelling expertise 
to unravel the mechanisms of salinity variability in the Bay 
of Bengal or of anoxic events along the west coast of India. 
The Indo-French collaboration between NIO and IRD was 
initiated almost 15 years back. Initially constructed around 
physical oceanography and climate variability, it has now been
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extended to include biogeochemistry. This new theme will 
continue in the near future, with a project to study the Arabian 
Sea upwellings biophysical response to climate variability 
and anthropogenic climate change. Capacity building will 
be an essential part of this project, with Indian PhD students 
receiving training in biogeochemical ocean modelling, in 
order to develop that capacity at NIO in the long term. This 
collaboration has also been very beneficial to French scientists, 
giving them access to the regional expertise of NIO scientists 
and to the unique NIO database to validate their simulations.
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