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Sditorial

Dear IIOE-2 member,

Season’s greetings from the Indian Ocean region!

It is our great pleasure to bring to you the latest issue of 10-Bubble of year
2022. This year had been very exciting for the Indian Ocean region. We have
had a very productive second International Indian Ocean Expedition during
2015-2020 which led to our better understanding of this less studied ocean
of our planet. The findings were published in an inter-journal special issue
among four EGU journals (BG/ACP/OS/SE). The International Indian Ocean
Science Conference (IIOSC) was originally planned in 2020, to highlight many
other important strides that we took in the IO science at the end of the slated
five-year tenure of 1IOE-2. Delayed due to pandemic, the IIOSC was held in
2022 and in this issue, we present detailed report of it. We also bring many
thematic articles for your interest on the Indian Ocean. We conclude this issue
with some news and updates.

Throughout the tenure of the IIOE-2 the platform of IO-bubble had brought the
researchers around the globe connected. At the IIOE-2 Project Office, we strive
to bring some exciting updates to it in the year 2023.

Wish you all a happy, healthy and successful year ahead.

On behalf of the IIOE-2 PO team,

N. Kiran Kumar, Nimit Kumar
and Aneesh Lotliker
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International Indian Ocean Science
Conference (110SC)-2022

Nimit Kumar, Aneesh Lotliker, and N. Kiran Kumar, INCOIS
(on behalf of the I10SC Editorial Committee)

The International Indian Ocean Conference (IIOSC) was organized virtually during 14-18 March, 2022. Initially planned
to be held at Goa during March 2020, it was postponed due to the COVID-19 pandemic-led travel restriction. The major
goal of the conference was to assess the progress and scientific knowledge gained during the second International
Indian Ocean Expedition (IIOE-2) that was launched during December 2015 to mark the completion of 50 years of
the first IIOE. The IIOSC provided a great platform for scientists working on different facets of the Indian Ocean to
present their ideas and discuss outstanding issues, identify knowledge gaps, and plan a way forward to address such
issues. The conference was hosted by the Indian National Centre for Ocean Information Services (INCOIS) of Ministry
of Earth Sciences (MoES) in partnership with CSIR-National Institute of Oceanography (NIO), National Centre for Polar
and Ocean Research (NCPOR) of MoES and Goa University.

The conference was inaugurated by Dr Jitendra Singh Minister of State (Independent Charge) of the Ministry of Earth
Sciences, Minister of State (Independent Charge) of Science & Technology, Minister of State in the Prime Minister’s
Office along with Dr. M. Ravichandran, Secretary to the Government of India for Ministry of Earth Sciences (MoES),
Dr. Marie Alexandrine Sicre, President, Scientific Committee on Ocean Research (SCOR) and Co-chair of IOE-2
Steering Committee, Dr. T. Srinivasa Kumar, Director, INCOIS & Chair, IOGOOS and Prof. Sunil Kumar Singh, Director,
CSIR-NIO. The guest of honour Dr. Vladimir Ryabinin, IOC Executive Secretary & Co-Chair, IIOE-2 delivered a talk on
“The United Nation Decade of Ocean Science for Sustainable Development, 2021-2030".

The conference was participated by 400+ researchers representing 20 Countries, who presented their research on the
Indian ocean across 14 themes. The organising committee has also given specific emphasis to design sessions aimed
at capturing ideas on how best the IIOE-2 framework can contribute to the challenges and expected outcome of
the United Nation Decade of Ocean Science for Sustainable Development. The plenary talks by eminent researchers
and moderated panel discussions on specific themes will try to address questions on how the IIOE-2 and broader
Indian Ocean Research Community can galvanise actions to address and contribute to the UN Decade Challenges.
Following are the key takeaways from some of the sessions.

m Impacts of climate change on the Indian Ocean

Co-Chairs Fangli Qiao, Helen Philips & S. Rajan

Important outcomes from presentations included (i) Thermodynamical & biogeochemical changes along the East
African coastal current (ii) large-scale spatial trends in the baseline distribution of gelatinous zooplankton biomass
in the Arabian Sea are significantly related to several environmental variables, particularly SST, DO and primary
production, (iii) Indo-Pacific warming changes MJO and global rainfall patterns (iv) the significant coupling of met-
ocean processes to turbidity reveal pathways where climate change could furtherimpact water quality to ecologically
critical habitats into the future, (v) the 110°E voyage of the second IIOE-02 a brief synopsis of some of the science
undertaken during this voyage with indications of progress and some emerging results, (vi) due to anthropogenic
climate change, an increase in the occurrence of Marine heatwaves all over the world, marine heat wave in the Indian
Ocean and their impact of monsoon, (vii) SST in CMIP6 emerges later than in CMIP5, due to larger internal variability
in CMIP6 models, SST signal emerge everywhere except equatorial Pacific for both model and observation, (viii) the
overestimation of the dipole strength in the CMIP6 modes is likely to impact the long-term climate signatures of
this tropical basin, (ix) up to 25% missing values are present in satellite ocean color data, the data filled with using
Monte-Carlo, after interpolating, the missing data gaps has reduced to <5% in BoB and <15% in AS, and (x) From
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50 years CTD/XBT ship data collation along east Africa, regional-scale influence of south equatorial current in evident,
and observed trans-shelf thermocline shallows from north to south.

m Circulation and Boundary currents in the Indian Ocean

Co-Chairs P. N Vinayachandran, Yukio Masumoto & Fabien Durand

The talks in this session covered a wide range of topics including Indonesian Throughflow, Circulation and water
masses in the Indian Ocean, Ocean response to atmospheric variability, eddy dynamics, and coastal upwelling. All the
talks maintained an excellent level of quality and were active with questions, comments, and discussions. The session
concluded that there are several attempts are going on to understand the Circulation and Boundary currents in the
Indian Ocean. However, there are still challenging research problems/issues that exist in the Indian Ocean. The Indian
Ocean is rapidly changing. In this scenario, new research programs consisting of observing systems, field experiments
and modelling need to be carried out to understand the fate/changes of these currents, their relationship to Indian
monsoons and impact on economy and livelihood.

m Atmospheric Chemistry and pollution

Co-Chairs Lokesh Kumar Sahu & Paravadha Suntharalingam

The first talk was on Biomass burning derived organic aerosols over the ArabianSea insights from the molecular
distributions and relative abundances of sugar compounds. Followed by presentation on‘Source of fingerprinting of
atmospheric dust over the Arabian Sea using Sr and Nd isotopic systematics during the winter monsoon'’ Afterwards,
a presentation was on the topic ‘Interannual variation and trend of atmospheric aerosol over the northern Indian
Ocean’ and ‘Geochemical characterization and provenance identification of dust from west deposition over the
northeastern Arabian Sea' The session continued next day with a talk on the topic ‘Aeolian dust and sea-salt in
marine aerosols over the Arabian Sea during the Southwast monsoon: Sources and spatial variability’ Afterward,
a talk was on the black carbon over Indian in a regional climate model This was followed by a presentation on
‘Massive methane loss during the seasonal Hypoxia/Anoxia in the nearshore waters of the Southeastern Arabian Sea
The session ended with a talk on the ‘Spatio-temporal variation of atmospheric DMS over the Bay of Bengal during
the post-monsoon season and the role of biological productivity.

Climate and monsoon variability:
Lessons from paleo-climatic studies and links to polar regions

Co-Chairs Ravi S. Nanjundiah & Birgit Gay

There were 15 presentationsin this session and the time scales investigated extended from recent observations serving
to improve the use of proxies for climate and ecosystem reconstructions to proxy and model based reconstructions
of Holocene, Pleistocene and Pliocene climate. Several of the talks emphasized the synchrony of tropical Indian
Ocean and North Atlantic climate events. Many of the talks used planktic and benthic foraminifera to reconstruct
SW vs. NE monsoon intensities, upwelling intensities, sea surface temperatures and salinities. Multiproxy studies
covering different time scales showed the link of climate oscillations in the northern Indian Ocean with orbital
parameters and with short term climate fluctuations of the northern hemisphere. Another focus were sediment
as well as modelling studies to reconstruct Pliocene climate as an analogue to a warming world. The utility of
foraminifera to reconstruct ocean physics and climate was a focus in six talks.
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m Inter-basin interactions in the Indian Ocean

Co-Chairs Weidong Yu, Juliet Hermes, Michael McPhaden & S S C Shenoi

The talks in this session covered a great range of topics with a focus on the teleconnections between the Atlantic
zonal mode and the Indian summer monsoons, as well as ENSO events in the Indian Ocean, the Madden-Julian
Oscillation and the Indo-Pacific Seesaw, we even delved into the biological processes of the relationship between
phytoplankton and the summer monsoon. The session included a number of early career researchers and they
maintained an excellent level of quality.

Early Career Workshop (14-16 March) organised by IIOE-2 ECSN
(EC Scientists’ Network)

Co-Chairs Michelle Fernandes, Fehmi Dilmahmood and Nimit Kumar

On the Day-1 of IIOE-2 ECSN organized EC workshop, the session was chaired by Dr. Michelle Fernandes. Upon invite,
Dr. Arvind Singh (then Chairperson, ECSN Core-Committee) provided history and overview of the network since
IIOE-2 workshop in Goa, 2015. He detailed the activities taken and achievements so far. After that moderator of
the session Dr. Danielle Su (Secretary, ECSN-CC) who also acted as election officer, announced outcome of the
online elections held for the formation of the new core committee. The new committee members then introduced
themselves to and connected with the audience. The session was concluded with closing remarks and vote of thanks
by Dr. Riaan Cedras.

On Day-2, the session was chaired by new ECSN-CC Chair Dr. Fehmi Dilmahmood and moderated by Dr. Nimit Kumar.
As per the agenda all the former and present committee members as well as the other EC participants discussed
future scope of works under this network including writing group-thematic white papers, capacity building and
collaborations. Dr. Subhadeep volunteered as lead for newsletter. Dr. Daneeja Marwan concluded the session with
summary remarks and vote of thanks.

The Day-3 was dedicated to invited talks from other EC networks. The session was convened and chaired by Dr. Nimit
Kumar and moderated by Dr. Aditi Modi. At the onset the chair noted that this is probably the most unique network
catering to ECs of a single but whole ocean. He also shared motivation the session is that to provide a platform to
introduce I0-ECs to other networks active in the 10-region. First talk was from Dr. Lilian Anne Krug who presented
about NANO (NF-POGO Alumni Network for Oceans). This was followed by presentation on PORSEC (Pan-Ocean
Remote Sensing Conference) capacity building by Dr. Nimit Kumar. Next was the WIO-ECSN (Western |0-ECSN)
activities by Ms. Alessia Dinoi, who provided pre-recorded video but was present online for interaction. The last of
the session was by Mr. Raphael Roman on UN Ocean Decade ECOPs (EC Ocean Professionals), who also provided
pre-recorded video and the network was represented by Ms Evgeniia Kostianaia. After the enthusiastic discussion
the session was concluded by Dr. Michelle Fernandes summarising all three days’ proceedings. On behalf of other
founders of the network she assured that they are available for guidance to the new CC as mentors and advisory
committee for smooth functioning. The ECs echoed the feeling for regular interaction and meeting moving forward.

Further, an important aspect of the conference was a plenary session each day. Each session consisted of keynote
talks followed by the panel discussion, which has been highly appreciated by the researcher community. On first
day, 14 March, session was on ‘Blue economy and sustainable development’ This witnessed keynotes on ‘Towards
Blue Economy: An Indian Perspective; ‘Underwater Domain Awareness Framework for a Safe, Secure, Sustainable
Growth for all in the Indian Ocean Region (IOR)' ‘Nekton’s Indian Ocean Mission 2018-2022, ‘Ocean Accounting:
Integrating transdisciplinary ocean data to bridge the science-policy gap for ocean sustainable development’. The
panel discussion was on topics, ‘How to optimize the role of the ocean in sustainably feeding the world’s population?’
and ‘What are the probable solutions for equitable and sustainable development of the ocean economy?’
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Theme for the second day’s session was‘Monsoon and climate variability’ The keynotes were ‘Advances in Describing
and Understanding Equatorial Indian Ocean Circulation; ‘Role of the Indian Ocean in the variability of the Indian
Monsoon; ‘IndO0S-2: A Roadmap to Better Observations of the Rapidly Warming Indian Ocean; and ‘Monsoon
Hydrological Cycle Response to Global Climate Change: Key messages from the IPCC AR6. Panel discussion was
on ‘How to generate knowledge base to enhance understanding of the ocean-climate nexus?’ and ‘What are the
probable solutions to mitigate, adapt and build resilience to the effects of climate change?-

On third day the panel discussed the topic ‘Biogeochemistry and Ecology’ with keynotes on ‘New results from
GEOTRACES India; ‘What controls sedimentary carbon content? Insights from the contrasting margins of the
Arabian Sea; ‘On the role of non-cyanobacterial diazotrophs as a source of nitrogen for the Southern Indian Ocean;
and ‘Distribution of Nitrogen fixing microbes in the Oxygen Minimum Zones" This was followed by discussion on
‘How do we understand the sources of pollutants and their potential impacts on human health and ocean
ecosystems?’ and ‘What are the best possible solutions to monitor, protect, manage and restore ocean ecosystems
and their biodiversity?"

The eminent panellists discussed on day-4 on the topic of ‘Ocean value chain: Observations to services' The keynotes
were on ‘Role of Oceans on South Asian Monsoon; ‘The South-East Madagascar Bloom - An observational and
modelling perspective;,'Keeping the Agulhas current; and‘Ocean Services in India and theirimpacts on the end users.
The discussion covered questions such as ‘What are the new developments towards sustainable ocean observing
system?, ‘'How new age autonomous instrumentation such as gliders, drones, etc., can be used for sustained ocean
observations?;, and‘What could be probable strategies to enhance the multi-hazard early warning services including
predictions for the ocean, climate and weather?.

The panel session of the last day was moderated by Dr. Vladimir Ryabinin (IOC-UNESCO). It was dedicated to
‘United Nations Decade of Ocean Science for Sustainable Development’ with key takeaways from the previous panel
discussion as summarized by the respective session moderators followed by discussion by panellists on‘Contribution
towards UN Ocean Decade - What is done and road ahead' The panellists were Dr Shailesh Nayak, Dr M Ravichandran,
Dr T Srinivasa Kumar, Dr Hermann Bange, Rear Admiral (Retd) Md Khurshed Alam, Prof Sunil Kumar Singh, and
Dr Arvind Singh.
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Bathymetry:
Fathoming the Indian Ocean

Harmonizing efforts to map the ocean floor in the Indian Ocean
Tinah Martin, Vicki Ferrini, Hayley Drennon and Frank Nitsche

The Nippon Foundation - GEBCO Seabed 2030 Project’s Regional Center for the Atlantic and
Indian Oceans at the Lamont-Doherty Earth Observatory of Columbia University

Despite the broad relevance of seafloor mapping data, only around 20% of the world’s ocean floor has been revealed
in the GEBCO Ocean Map. Mapping the vast uncharted areas of our oceans is fundamental to understanding our
planet and for making wise decisions to sustainably manage ocean resources. Over the past few years there has
been increasing momentum among the maritime community to address this important global challenge, led by the
Nippon Foundation - GEBCO Seabed 2030 Project. The ambitious goal of mapping the entire world’s ocean floor by
2030 promises to deliver not only a better understanding of our oceans and our planet, but it will also establish new
collaborative relationships that will have long lasting impact.

Seabed 2030 is a collaborative project between The Nippon Foundation and GEBCO (General Bathymetric Chart of
the Ocean) that has the goal of inspiring the complete mapping of the world’s ocean by 2030, and to compile all
bathymetric data into the freely available GEBCO Ocean Map. The project’s strategy is based on a regional framework
that is rooted in working closely with stakeholders around the world to coordinate, build capacity, share data, and
identify gaps in data coverage. Since the launch of the project, the data coverage in the GEBCO global grid has
increased more than three-fold.

The Indian Ocean falls within the Seabed 2030 region stewarded by the Centre for the Atlantic and Indian Oceans
based at the Lamont-Doherty Earth Observatory of Columbia University in New York, USA. The team is working
to integrate a variety of data types including multibeam and single-beam data, ENC soundings, satellite-derived
bathymetry and crowdsourced bathymetry that have been contributed for inclusion in the GEBCO grid. Strong
partnerships and collaboration have demonstrated the positive impact, and there is a growing number of nations
and institutions who are engaged in contributing data.

GEBCO and the Seabed 2030 Project also encourage and support capacity building by providing information
and resources for individuals to work with bathymetry data and produce high-quality data products. The Nippon
Foundation GEBCO Training Program, hosted at the Center for Coastal and Ocean Mapping at the University of New
Hampshire trains new generations of seafloor
mappers and helps to strengthen and extend the
global ocean mapping community. Collaborating
with stakeholders and understanding their needs
helps to create a culture of data sharing that
ensures that mutually beneficial goals can be
reached.

Exploration and research being conducted in the
Indian Ocean offers an important opportunity to
work together to help bridge gaps in knowledge
as we acquire new data to complete the global
seafloor map. These data are important for a
huge variety of applications ranging from safety

of navigation to risk mitigation, to resource

management, and the development of the blue Figure 1: The extent of bathymetry data in the GEBCO 2021 map, revealing
large gaps in data coverage throughout the Indian Ocean
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economy. Bathymetry is the beginning - a detailed map that is a door open to explore new possibilities for research
and collaboration within the Indian Ocean region. Information about the present status of the Seabed 2030 Project,
including how to access the GEBCO grid, how to contribute data and how to get involved during upcoming events
can be found on the project website at: www.seabed2030.org.

Can grounded Argo float data be used for validating bathymetry

TVS Udaya Bhaskar’, RUVN Satish’
'Indian National Centre for Ocean Information Services (INCOIS), Ministry of Earth Sciences (MoES),
Ocean Valley, Pragati Nagar, Hyderabad - 500090, India.

Abstract

Application of Argo floats profiling depth data to improve the bathymetry maps in poorly sampled regions of the
continental shelf has been demonstrated in this study. As a part of the international Argo program 3000 floats have
been deployed in the global ocean. The deepest profiling depth was 2000 m for majority of the Argo floats. As these
floats are freely drifting objects, they tend to move to shallow regions owing to the currents and get grounded.
All the profiling depths data from a sample float near the continental shelf were compared with the ship track data.
Use of the profiling depth data from this grounded float significantly improved the bathymetry of the region for
which the track-line data are sparse.

1. Introduction

Ocean bathymetry is one of the major factors which control dynamical processes such as ocean currents, coastal
upwelling, tides, tsunamis, and internal waves. Bathymetric datasets also form a major input for ocean models.
Accurate water depth information is essential for studying ocean dynamics. A variety of bathymetric datasets with
different coverages, resolutions, and accuracies are now available. While the quality and resolution of such datasets
have improved greatly for open oceans as satellite-altimetry data become available in the late 1990s, yet large
uncertainties remain for bathymetries in shallow waters where the spatial scale of bottom features are small. Given
the fundamental importance of bathymetry on oceanographic processes, we continuously seek ways to improve the
database. This deficiency in bathymetry data has resulted in the novel approaches for mapping bathymetry, such as
using the measured freeboard of grounded icebergs to estimate ice draft and water depth at those points (Luckman
et al,, 2010) and using the diving depth of seals to correct and improve the bathymetry (Padman et al., 2010). Argo is
an international program aimed at seeding the global ocean with 3000 profiling floats which measure temperature
and salinity from surface to 2000 meters depth (Argo Science Team, 2001). Argo is an autonomous instrument which
when deployed at the desired location dives to the predefined profiling depth (e.g.: 1000 or 2000 dbar) and stays at
that depth for predefined time (e.g.: 5 or 10 days) and while coming up acquires temperature and salinity data and
transmits it the ARGOS constellation of satellites which will be relayed to the ground stations. Data from these floats
can be used to map ocean hydrography over broad areas including regions typically covered by sea ice. As these
floats are autonomous and tend to drift with the currents while at the surface and at parking depth, they are prone
to be beaching or grounding (hitting the ocean bottom). Though such instances are rare, data from such floats when
grounded can be used to cross compare the bathymetry at these locations.

In the present study an attempt has been made to exploit the profiling data obtained from the Argo floats to validate
the bathymetry of the continental shelf region of the Bay of Bengal with the help of an Argo float deployed by INCOIS,
India. We used measurements of profiling depth (depth from which the temperature and salinity profile is measured
by float) of this Argo float over the continental shelf on the western side of the Bay of Bengal to demonstrate that this
data can be used to supplement traditional bathymetry datasets.
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2. Profiling depth from the Argo floats

The data used for this study were obtained from an Argo profiling float (with WMO 2901253, Fig.1). This is an APEX-9A
float which was deployed at 90° E longitude and 19° N latitude in the northern Bay of Bengal on 22", September 2009.
Both parking and profiling depth for this float was set to 2000 dbar. The pressure sensor on Argo profiling floats has an
accuracy of £ 2.4 dbar (Barker et al., 2011) after bias correction as floats sometimes tend to have drift in the pressure
sensors. The float data used in this study were corrected for its pressure sensor drift and resultant data were used
for validation. The float after deployment was interestingly found to travel along the edge of continental shelf and
slope along which the bottom depth data were obtained. Fig 1a shows the trajectory of the float during its lifetime.
The profiling depth data (which was originally set to 2000 dbar) from this float, was obtained based on the location
information fixed by the ARGOS constellation of satellites. The location class information (set by the ARGOS satellites)
like 3, 2 1 was also used
for adjusting the correct
position while obtaining
the depth data from Indian Sub Continent
the bathymetry files. 21

22

-200

The location class | S Argo Profile Location :zz
was set to the data . 20 500
following Lopez et al, g -1000
(2014) by the Collecte é 19 ::gg
Localisation Satellites o -1600
(CLS), France which 513 =100
significantly  improved E 2:22
the position accuracy 17 Bay of Bengal -2400
based on multimode ::zz
Kalman filtering. This -3000
deepest pressure data 16 =l

-3400

(corresponding to the

; 15
profiling depth) recorded 80 82 84 86 88 90 92 94
by the Argo float were

i D
converted to depth Longitude (Deg E)

using Saunders et al,
(1981) algorithm before
undertaking bathymetry comparison.

Fig. 1. Trajectory of Argo float (WMO 2901253) in the Bay of Bengal

3. Bathymetry validation using the Argo float profiling depths data

The bathymetry data from the recent bathymetry grid, TOPO18.1 (http://topex.ucsd.edu/marine_topo/) is also shown
in Figure 2a. TOPO18.1 was developed using satellite marine gravity to interpolate between existing track-line data,
following the methodology of Smith and Sandwell (1997). The track-line data set incorporated into TOPO18.1 are also
shown in Figure 2b. Depth along the Argo float trajectory is shown in Fig 2c. Map of Argo float derived bathymetry
even though less exhaustive reveals bathymetric features that are not well represented in a recent bathymetry grid
TOPO18.1.The trajectory of Argo float is overlaid on both on gridded bathymetry TOPO18.1 (Fig 2a) and the track-line
(Fig 2b) data sets. From Fig 2b one can clearly observe many regions of low density of track-line which are used in
preparing the gridded maps. Also, interesting to observe was that some of the Argo profiling depth happens to fall
in these regions, which can be used to improve the bathymetry.

To further check the validity of the profiling data from Argo float, it was compared with existing best available
bathymetry datasets namely modified ETOPO2, GEBCO along with Smith and Sandwell (Fig.3). The modified
ETOPO?2 for the Indian Ocean was obtained from Sindhu et al., (2007). While the GEBCO (David Monahan., 2004;
Robert ward., 2010) data was obtained from http://gebco.net, Smith and Sandwell data was obtained from
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Fig 2. (a) Bathymetry (m) for the north-western Bay of Bengal continental shelf from the Global Predicted Bathymetry V18.1 (TOP018.1) grid. (b) Depth from updated track-line
data set. (c) Profiling depth obtained from the Argo float during its lifetime. Colour scale is the same for all panels and is as shown in third panel.

http://gcmd.gsfc.nasa.gov. Figure 4(a-c) shows
the comparison of ocean depth data obtained
from the Argo float with the three bathymetry
data sets. The individual correlations between
Argo profiling depth data and modified
ETOPO, GEBCO and Smith & Sandwell is
shown in Fig 4a, 4b and 4c respectively.
From the figure it can be observed that
overall, all the three bathymetry data sets are
underestimating the depth measured by Argo
profiling float. Bathymetry data will undergo
changes with the availability of new track lines
and new versions will be released constantly.
However, even with the additions of new
track-line data, the bathymetry data obtained
Argo profiles however small the quantify may
be, will significantly improve the coverage
of the ocean domain. Long period data sets
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Fig 3. Bathymetry comparison between Argo float depth and Modified ETOPO2,
GEBCO and Smith & Sandwell obtained along the trajectory

accumulated from the Argo observation program, particularly from the grounded floats can be used to improve
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the bathymetry. Also, there is considerable potential for extending this methodology to other regions around globe.
The instrument used in this study was mainly intended for collection of hydrographic data. The instruments can be
enhanced to measure to bottom depth with the help of a echo sounders. Further, data from Argo floats fitted with GPS
can be used with much better spatial accuracy, thereby improving the bathymetry data in which these data are used.
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Observing the Indian Ocean:

At Sea and On-screen
MoES-NOAA OMNI-RAMA Joint Data Portal

E. Pattabhi Rama Rao’, T. Srinivasa Kumar', R. Venkatesan? Jossia Joseph? Michael McPhaden?,
Sidney Thurston*, Kenneth ConnelP, R. Venkat Shesu’ and N. Kiran Kumar', Suprit Kumar',
S. Rama Sundaram?, R. Sundar?, M. Arul Muthiah?
"Indian National Centre for Ocean Information Services, Hyderabad, India
2 National Institute of Ocean Technology, Chennai, India
3 NOAA Pacific Marine Environmental Laboratory, USA
* National Oceanic and Atmospheric Administration (NOAA), USA

The Indian Ocean, covering approximately one-fifth of the total world ocean area is unique and physically most
complex of the world’s three major oceans. The differential heating of the surrounding Asian land mass and seas,
sets the stage for the monsoon wind reversal and semiannually reversing surface circulation. The inter-connections
with the Pacific Ocean and the Atlantic via the Indonesian Throughflow and Agulhas respectively impact the
ocean-atmospheric interactions in the Indian Ocean significantly and plays vital role in the regional and global
climate variability.
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One third of the world population depends on monsoon driven rainfall for agricultural production, so improving our
understanding and ability to predict the monsoons has been a longstanding objective of the international scientific
community. At the dawn of 21 Century, the Indian Ocean, the third largest ocean in the world was significantly
under-sampled compared to other tropical oceans. The available information was mostly based on numerical models,
ship-based observations, and few national and international specific scientific experiments viz., Ocean Mixing and
Monsoon (OMM), Bay of Bengal Boundary Layer Experiment (BOBBLE), International Indian Ocean Experiment (lIOE),
Arabian Sea Monsoon Experiment (ARMEX), and Bay of Bengal Monsoon Experiment (BOBMEX), Joint Global Flux
Studies (JGOFS) and Monsoon Experiment (MONEX) among others.

Ocean Moored buoy Network for Northern Indian Ocean (OMNI)

The inception of the National Data Buoy Program (NDBP) by the National Institute of Ocean Technology (NIOT) under
the aegis of the Ministry of Earth Sciences (MoES) in August 1997 (erstwhile Department of Ocean Development),
earmarked a new era of systematic collection of meteorological and oceanographic parameters in the North Indian
Ocean. The programme has been upgraded and named as the Ocean Moored buoy Network for Northern Indian
Ocean (OMNI) with implementation of new technology and sensor suite. The OMNI network has the capability
to measure Ocean current, conductivity, and temperature up to 500 m depth in addition to the surface marine
meteorological and oceanographic parameters and transmit hourly data through satellite to NIOT. These buoys are
also equipped with radiation sensors and rain gauges. The Indian National Centre for Ocean Information Services
(INCOIS), of MoES, being the central repository for the oceanographic data in the country, receives the data from
OMNI buoy network in real-time simultaneously and made available to the operational agencies and different users
through the data center at INCOIS.

The continuous observations from the OMNI network brought many new insightsinto the ocean dynamics of the
North Indian Ocean such as barrier layer dynamics in the Bay of Bengal and characteristics of the warm-pool in the
Arabian sea, significant monsoon intra-seasonal oscillation and complex air-sea flux exchange. The moored buoys
withstood the fury of intense cyclones in the Bay of Bengal and Arabian Sea and captured the signals of several
severe weather conditions. The predictive capability of cyclone track and intensity is significantly improved with the
incorporation of the crucial upper ocean measurements in real-time during the passage of cyclones.

Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction
(RAMA)

The Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) was established
by the Pacific Marine Environmental Laboratory (PMEL) of National Oceanic and Atmospheric Administration
(NOAA), USA to study the Indian Ocean’s role in monsoons. RAMA is the newest tropical buoy array and Indian Ocean
Component of the Global Tropical Moored Buoy Array, which also includes buoy arrays in the Pacific (TAO) and
Atlantic (PIRATA) Oceans. The RAMA network was launched under the Indo-US collaboration with the deployment of
four ATLAS moorings near the equator by NOAA/PMEL in 2004. RAMA has since grown through the formation of new
partnerships that at present include Indonesia, China, the USA, the Bay of Bengal Large Marine Ecosystem (BOBLME)
program and Korea's Institute of Ocean Science and Technology (KIOST). RAMA buoys provide sub-daily time series of
key oceanographic and surface meteorological variables in real time, including ocean temperature, salinity, currents,
wind, sea level air pressure and humidity. All RAMA surface moorings also measure oceanic temperature and salinity
from 1 m down to 500 m and from 1 m down to 120 m, respectively, and ocean mixed layer currents. Currently data
from the RAMA buoy observations are available to the public through the data portal operated by PMEL-NOAA.

Indo-US Collaboration

A Memorandum of Understanding (MoU) signed between MoES and NOAA was initiated in 2008 to extend
operational support to NOAA/PMEL for RAMA network. Initially, INCOIS supported deployments, recovery and repair
of the ATLAS, CONE type and ADCP moorings of the RAMA network. Since April 2017, OOS-NIOT has been extending

13




INTERNATIONAL INDIAN OCEAN EXPEDITION - II

L

the operational support to NOAA/PMEL for the RAMA buoys. The collaboration has resulted in fundamental
understanding of Indian Ocean dynamics and ocean-atmosphere interactions that affect the weather and climate
through ocean observations from RAMA moorings. In October 2020, India’s Ambassador Taranjit Singh Sandhu and
NOAA Administrator Dr. Neil Jacobs signed an MOU to renew enhanced U.S.-India scientific cooperation for Ten Years
during a ceremony at India’s Embassy in Washington, D.C.

These moored buoy networks in the Indian Ocean revolutionized the observational programs with systematic time-
series measurement of in situ data sets from remote marine locations to address ocean-atmosphere interactions.
Despite of several challenges such as timely availability of ship time for maintenance and deployment of buoys,
vandalism, biofouling, severe weather conditions, corrosion etc., these networks are sustained over the period
thorough continuous efforts in mitigating them. These networks provided uninterrupted real-time meteorological
and oceanographic data sets which significantly improved the weather forecast and warning services particularly
during extreme events, understanding the impact of Indian Ocean in the regional and global climate system and
brought out many new insights of weather and climate variability. The data from this network are being assimilated in
the Global Ocean analysis and this forms an important initial condition for seasonal monsoon prediction by coupled
model which enhanced the forecast considerably. Also, many ocean general circulation models use this data in real
time for validation of forecasts. The data are being extensively used for calibration and validation of remote sensing
data.

Both the RAMA and OMNI networks are part of the Indian Ocean Observing System (IndOOS), a network operated and
supported by various national agencies and coordinated internationally under the Indian Ocean Global Observing
System (IOGOOS), a regional alliance of the Global Ocean Observing System (GOOS) coordinated through the World
Meteorological Organization (WMO) and the Intergovernmental Oceanographic Commission of the United Nations
(I0OC/UNESCO). Further, both the networks contribute to the Tropical Ocean Global Atmosphere program (TOGA)
which is a component of the World Climate Research Programme (WCRP) aimed specifically at the prediction of
climate phenomena on time scales of months to years. The data are extensively used in more than 200 publications
that is evident from the growing bibliography and student dissertations.

MoES-NOAA OMNI-RAMA Joint Data Portal

Considering the importance of the moored buoy data and its wide applications in various facets of life,
Dr. M. Rajeevan, the then Secretary of MoES announced a new open data policy for the OMNI buoys in June 2018,
during the India-USA Colloquium in Goa. A common data portal was proposed to share OMNI (outside EEZ) data
with RAMA Buoy data. This announcement paved way for a new partnership between NOAA and MoES to coordinate
OMNI and RAMA networks more closely. It is proposed to host a common data portal‘OMNI-RAMA' for public access
integrating the observations from :
OMNI and RAMA networks to the B e N e .
international research community. ; ' -

A working group with members from
NIOT-Chennai, INCOIS-Hyderabad
and PMEL-NOAA was formed to
discuss various aspects of data
sharing. The interactions helped in
streamlining the OMNI buoy data
to follow the uniform standard and
in evolving methodologies in inter-
comparison of data, data quality and
reporting of met-ocean parameters.
The OMNI-RAMA team jointly evolved
Best Practice for Instruments and

Signing of the RAMA-OMNI Indian Ocean Moored Buoy Array Implementing Arrangement between NOAA and MoES
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Methods of Ocean Observations. The
OMNI-RAMA Joint Data Portal was
developed by INCOIS jointly with NIOT
and PMEL.

On August 9, 2021, the NOAA and
MoES signed an updated RAMA-OMNI
Indian Ocean Moored Buoy Array
Implementing Arrangement (IA) for
technical cooperation in development
of RAMA and OMNI for improving
weather and monsoon forecasts that
marks more than 12 years partnership

in ocean and atmospheric observations
for improved weather and climate MoES NOAA OMNI-RAMA Joint Data Portal (https.//incois.gov.in/portal/datainfo/buoys.jsp)

prediction. During the virtual ceremony,
the joint data portal (https://incois.gov.in/portal/datainfo/buoys.jsp) was launched by Dr. Ashutosh Sharma,
— the then Secretary, MoES in the presence of
CORNEA - Cewrne ron Ocea Rea. Time 1hromurion vitwa Arcuve Mr. Craig McLean, Assistant Administrator for
ez Research and Acting Chief Scientist, NOAA.
The virtual signing ceremony included a live
demonstration of a new joint oceanographic
data portalthat makes data from the OMNI-
RAMA moored buoy array in the Indian
Ocean publicly available for the benefit of

METADATA

EEEEE

- lobal science, forecasting, and disaster
o M) J ' '
. preparedness.

Iy Ramdass, Director, NIOT:
Metadata of the OMNI Network Dr. T. Srinivasa Kumar, Director, INCOIS;

wed

YO s mpc:nmt_—.m::::

T i et V7T e s et e (10 -~ Dhata Duspany arct Diwlbvrry

BEEE|

[—F——— ] — ]

Data, Display and Delivery of the OMNI Data Data, Display and Delivery of the RAMA Data

Dr. Michael McPhaden, RAMA PI, NOAA PMEL; Kenneth Connell, Global Tropical Moored Buoy Array Project Manager,
NOAA PMEL; Dr. Dr. Sidney Thurston, Programme Manager, RAMA, NOAA GOMO; Dr. R. Venkatesan, Group Head,
OOS, NIOT; Mr. E. Pattabhi Rama Rao, Group Director, OMDA, INCOIS were present during the launch of the Joint
OMNI-RAMA Indian Ocean Data Portal.

The portal developed with latest web-technology with Web-GIS features hosts 9 OMNI buoys and 25 RAMA buoys in
Indian ocean providing marine meteorological and surface and sub-surface oceanographic parameters. The OMNI-
RAMA portal showcases the large inventory of meteorological and oceanographic data sets with direct access for
data display and delivery. The data sets with frequency as high as 2 minutes to the regular transmission interval of
one hour is provided with a supporting meta data information such as deployment, sensors specification, calibration,
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sampling strategy, data processing, quality control etc. The portal also facilitates the visualization of measured as
well as estimated parameters at various frequencies along with provisions for data downloading in various formats.

The OMNI-RAMA partnership is meant to improve access to high-quality moored time series data and is anticipated
to stimulate broader utilization for scientific research and applications. This OMNI-RAMA endeavor of public access
to long term data will be beneficial to 1.5 billion people of the Indian Ocean Rim countries to manage their marine
environment better and to use the ocean’s resources sustainably.

As we embark on the UN Decade of Ocean Science for Sustainable Development (2021-2030), the decades-long
renewed partnership and joint data portal would benefit both the countries and the global scientific community in
enhanced understanding of ocean, climate, and its prediction.

Marine Meteorological Atlas for Tropical Indian Ocean from ship observations

Kameshwari Nunna, Udaya Bhaskar TVS, Pattabhi Rama Rao E, Venkata Jampana
Indian National Centre for Ocean Information Services, Hyderabad, India

Observations are important to further our understanding of weather phenomena which cover a broad spectrum
of time and spatial scales. There exists a strong coupling across these scales. The large-scale processes like tropical
cyclones (synoptic scale), ENSO (large scale atmosphere-ocean coupling), MJO (intraseasonal), and other oscillations
have their genesis at the smallest of scales. The ship-based marine observations that are described in this work come
within this spectrum of time and spatial scales helping us understand these phenomena.

The Indian Ocean is known to be a data-sparse region. Observation systems like ARGO, moored buoys (RAMA buoys,
OMNI (Ocean Moored Buoy Network for the northern Indian Ocean) buoys of NIOT), drifting buoys, ships, etc, and
programs like BOBMEX, ARMEX (Arabian Sea Monsoon Experiment, Rao, 2005), OMM (Ocean Mixing and Monsoon,
Goswami et al., 2016), etc. were carried out to fill the void in TIO. Populating any amount of additional data in the
observational databases is helpful for robust analysis and in improving the statistics. Owing to this fact, a new marine
meteorological climatology named Marine Meteorological Atlas for Tropical Indian Ocean (MaMetAtTIO) is generated
for Tropical Indian Ocean (TIO). The climatology is derived exclusively from ship-based observations of International
Comprehensive Ocean-Atmosphere Dataset (ICOADS) Release 3.0 and those obtained from the India Meteorological
Department (IMD) and Naval Operational Data Processing and Analysis Centre (NOPAC). The observations obtained
from IMD and NODPAC are quality controlled (Kameshwari et al. 2021) and the corresponding metadata are obtained
from WMO PUB 47 document (Kent et al. 2007). The quality controlled observations, some of which are corrected
to 10m height (Da Silva et al. (1994), are gridded onto regular grids using Cressman iterative difference-correction
scheme with Barne’s weight function to 1°x 1° gridded fields over 20°E - 120°E and 30°S — 30°N. A total of three distinct
kinds of summaries were generated along with their error fields, namely, annual climatology, monthly climatology
and the individual year-month summaries. The climatology of several independent (Dry bulb temperature, Specific
humidity, Wind speed, Sea level pressure, Sea surface temperature, Cloud amount) and derived variables (Shortwave
radiation, Longwave radiation, Momentum flux, Heat fluxes) are constructed.

The enhancement in MaMetAtTIO is statistically evaluated with reference to ICOADS R3.0 climatology. ICOADS
Release 3.0 dataset has been found to be self-robust, as there was no significant improvement in the monthly and
annual climatology of independent variables in MaMetAtTIO even after adding new records to ICOADS Release 3.0.
The differences which were not apparent in monthly climatology of independent variables showed up in the derived
variable climatology. The derived variables are simultaneously dependent on multiple independent variables. Hence
the differences observed in the flux fields could be attributed to the combined effect of minor differences that exist
in the new individual observations added. For instance, the net heat flux, which is obtained by subtracting LHFX,
SHFX, NLWR from NSWR is a net heat gain up to 100 W/m? across TIO except near the Northeastern (NE) boundary



The Indian@cean

Bubble

region of Australia where there is a net heat loss (Figure 1d ). The difference in net heat flux between ICOADS R3.0
and MaMetAtTIO is shown in Figure 1c. The difference signifies that net heat flux has reduced by around 4 W/m? at
West central Bay of Bengal (WCBoB) in ICOADS R3.0 after addition of new observations.
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Figure-1: Net annual heat Flux (W/m2): (a) ICOADS R3.0, (b) MaMetAtTIO, (c) difference between MaMetAtTIO and ICOADS R3.0
and (d) MaMetAtTIO corrected for observational error.

The significance of the improvement in individual year-month summaries was examined by comparing the Root
mean square error (RMSE) and standard deviation (STDEV) of the observations used in gridding at each grid point.
The number of observations available at certain grid points is more in the case of MaMetAtTIO when compared to
ICOADS owing to the addition of new data. The STDEV among the observations within the radius of influence was
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Figure-2: (a and d) Number of observations added into ICOADS R3.0, (b and e) difference in STDEV, (c and f) difference of
RMSE (difference: MaMetAtTIO-ICOADS R3.0) (1975 JAN, 1991 MAY).
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found to reduce in the case of MaMetAtTIO. Also, it was observed that the deviation from the final grid value and
each observation within the radius of influence was also less in case of MaMetAtTIO which implies reduction in RMSE.
For instance, consider the case of 1975 Jan summary of DBT as shown in figure 2 (b). It can be observed that standard
deviation reduced across most parts of TIO and the same was observed with RMSE in Figure 2(c). Another example is
that of WS of the year 1991 for the month of May. It can be observed from Figure 2(d) that there was an addition of
observations near the west coast of India. Also, there was a reduction of STDEV and RMSE of the order of 0.15 ms™ in
the same region, owing to the availability of additional data which was added to the ICOADS R3.0 for analysis.

Another comparison between buoy data and ship data was made at an individual observation level. SLP and WS
data from ship observations is compared with several buoys when continuous data is available. In case of most of the
buoys, the RMSE reduced, and the reduction was significant at 95% significance level and was not significant in few
cases. Also, slight improvement in spatial correlation coefficient was observed between MaMetAtTIO and Tropflux
data when compared between ICOADS R3.0 and Tropflux data for the net heat flux. Also, considering the presence
of observational error in the data, an attempt to correct the systematic error in Beaufort estimated wind speed, has
reduced the annual net heat flux for TIO by 14 W/m?Z. The details about systematic error correction of wind speed are
available in Kameshwari et al. 2018 .

Two case studies (MJO study, EOF analysis) were undertaken to highlight the importance of adding individual
observations to ICOADS R3.0 and the gridded fields of MaMetAtTIO. Firstly, the timeseries derived from MaMetAtTIO
and MJO index are compared. At the surface, the MJO activity is manifested in the form of rise and fall of SLP. Hence,
SLP anomalies were compared with active and inactive phases of MJO in the region 70 E, -15 S - 5N during the years
1978 to 1981.The negative values of MJO index denote active phase of MJO and vice versa. The positive anomalies of
SLP coincide with the inactive phase of MJO and vice versa as shown in Figure 3. It was observed that SLP anomalies
from both the datasets correlated well with MJO phase index with MaMetAtTIO correlating better. The correlation
coefficients found were 0.49 and 0.61 with the difference between both being significant at 95% significance level.
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Figure-3: Comparison between SLP anomalies calculated from ICOADS R3.0, MaMetAtTIO and MJO phase

Empirical Orthogonal Function (EOF) analysis was carried out using individual year-month gridded fields to
demonstrate the importance of improvement in individual year-month gridded summaries. EOF analysis was
applied upon 12 individual monthly gridded fields of the years 1972 and 1973. Figure 4a, b shows the EOF-1 of
Latent heat flux of the year 1973, which is a good monsoon year and Figure 4d, e shows the year 1972 which is a
weak monsoon year (Rajeevan et al. 2010). The EOF-1 of these monthly data signifies the annual cycle. The EOF-1 of
MaMetAtTIO (Figure 4b,4e) has less gaps when compared to ICOADS R3.0 owing to the addition of new data. The
primary source of moisture to the monsoon system is the Arabian sea and the South Indian Ocean. This fact is more
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Figure-4: (a, b) shows the EOF-1 of latent heat Flux for 1973, ICOADS and MaMetAtTIO, respectively; (d, e) shows the EOF-1 of latent heat Flux for 1972,
ICOADS and MaMetAtTIO, respectively; and (c, f) Principal components of latent heat Flux for 1973, and 1972.

evident in the EOF-1 of year 1973-LHFX plotted using MaMetAtTIO (Figure 4b, e) when compared to ICOADS R3.0
(Figure 4a, d). Also, a contrast of LHFX between a good and weak monsoon year can be clearly observed from the
figures. Although monthly gridded fields of independent variables do not showsignificant improvement, there is
a significance with the addition of new data in case of individual year-month gridded fields which is evident from the
case studies illustrated above.

Ship observations are one of the oldest observations of marine-meteorological data. The ICOADS R3.0 dataset is a
huge and an important choice for studying marine meteorological parameters across oceans. Adding any number
of records to this dataset makes it statistically more robust and reliable. In the present work, additional ship records
obtained from IMD and NODPAC are incorporated into the database. Even though there is little improvement in the
monthly climatology of independent variables of MaMetAtTIO, the increase in data density at each grid point due
to the addition of new observations from IMD and NODPAC results in a more accurate grid value due to reduction in
random error (Jones et al., 2001). Nevertheless, the addition of new records into ICOADS, has shown a considerable
improvement in individual year-monthly summaries of MaMetAtTIO and a reduction of 4 W/m? in net annual heat
flux at few regions when compared to ICOADS R3.0.

MaMetAtTIO is a reliable marine meteorological dataset consisting of 1° x 1° gridded fields over 20°E-120°E and
30°S-30°N. The gridded fields of several variables namely, DBT 10m, SST, SLP, WS 10m, SPHUM 10m, cloud amount,
NSWR, NLWR, SHFX, LHFX, UMOFX, VMOFX on monthly, annual climatology and individual year-month summaries
are generated and made available in INCOIS-LAS server.

Reference:

Kameshwari, N., Bhaskar, TV.S.U., Rao, E.P.R., Venkata Jampana. Enhanced marine meteorological atlas for tropical Indian
Ocean. J Earth Syst Sci 131, 107 (2022).

https://doi.org/10.1007/512040-022-01844-x
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The Australian Integrated
Marine Observing System
(IMOS) successfully
deployed a BGC-Argo float
inthe Indian Ocean capable
of measuring the full set of
six BGC variables (oxygen,
nitrate, pH, chlorophyl,
particulate organic carbon
from optical backscatter,
and solar radiation),

as recommended

by the international

Biogeochemical Argo  Figure 1. Active BGC-Argo floats in the non-polar Indian Ocean as of April 2022, as mapped by the European Argo Fleet Monitoring
program. Deployment was service. The new float (WMO ID 590666 1), manufactured by Teledyne-Webb Research, is circled in red and measures all

scheduled for July 2021

Biogeochemistry Studies:
Nearshore and High-Seas

Tom Trull’, Peter Strutton’, and Christina Schallenberg’
'IMOS BGC-Argo Facility, University of Tasmania, Private Bag 110, Hobart, TAS, 7001

6 BGC variables. The float circled in white is capable of all these variables except solar radiation. The other BGC floats, shown
by large yellow dots, have more limited capabilities (all can measure chlorophyll, but none can measure radiation, nitrate, or pH).

during an RV Investigator The much more abundant small yellow dots indicate Argo floats capable of measuring only temperature and salinity.
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Figure 2. Most recent (3 April 2022) fluorescence-derived chlorophyll-a profile showing the very Figure 3: Section plots of dissolved oxygen (top) and nitrate (bottom),

deep and very strong sub-surface phytoplankton biomass abundance, that lies below the depth
of satellite retrieval

=

courtesy of the European Argo Fleet Monitoring Service from the
first few months of autonomous observations by BGC-Argo float
5906661 off Northwest Australia. Note the low oxygen waters

(coloured yellow/green) near 100m depth and their occasional

association with higher nitrate (coloured green)
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survey of Australia’s new Gascoyne Marine Park, but after that voyage was cancelled by COVID concerns, deployment
was achieved in November 2021 with the help of the Bureau of Meteorology during servicing of a tsunami warning
buoy. After an initial period of higher frequency profiling, the float is operating on the standard global array mission
of parking at 1000 m depth with profiles from 2000 m to the surface every 10 days.

Science targets for the float mission include: (1) comparing fluorescence and solar radiation attenuation based
estimates of phytoplankton biomass, which the float reveals as occurring below the depth of satellite ocean colour
retrieval (Figure 2a), (2) mapping and examining the likely origins of the shallow subsurface oxygen minima and
associated elevated nitrate concentrations that occur in this region (Figure 3) and (3) understanding their role in
the control of ocean productivity and biomass. We hope that this float deployment will promote further combined
use of dissolved (oxygen, nitrate, pH) and particulate (chlorophyll, particulate organic carbon) measurements to
understand the dynamics of ocean biogeochemical and biological processes and their responses to climate change.
In this regard, we want to thank INCOIS and NIO for their ongoing leadership to develop synergies among Indian
Ocean researchers.

The impact of the South-East Madagascar bloom on the
oceanic CO, sink

Nicolas Metzl', Claire Lo Monaco', and Céline Ridame’
Laboratoire LOCEAN/IPSL, Sorbonne Université-CNRS-IRD-MNHN, Paris, 75005, Fr
Contacts: nicolas.metzl@locean.ipsl.fr, claire.lomonaco@locean.ipsl.fr, celine.ridame@locean.ipsl.fr

Summary: During the oceanographic cruise OISO-30 conducted in January 2020 in the south-western Indian Ocean,
we observed very low CO, concentrations associated with a strong phytoplankton bloom that occurred south-east of
Madagascar. This biological event led to a strong regional CO, ocean sink not previously observed.

In the south-western subtropical Indian Ocean, a phytoplankton bloom called the South-East Madagascar Bloom
(SEMB) occurs sporadically during austral summer (December-March, Figure 1). This bloom has been first recognized
by Longhurst (2001) as the largest bloom
in the subtropics, extending over 3000
x 1500 km in the Madagascar Basin.
The frequency, extension, levels of
Chlorophyll-a (Chl-a) concentration and
processes that would control the SEMB
and its variability have been investigated
in several studies recently synthesized by
Dilmahamod et al (2019) who concluded
that “The South-East Madagascar Bloom
is one of the largest blooms in the world. It
can play a major role in the fishing industry,
as well as capturing carbon dioxide from the
atmosphere’.

In January 2020 during the OISO-30 Figure 1: Map of monthly chlorophyll-a concentration in January 2020 (Chl-a in mg.m) in the

cruise conducted onboard the RV. South-western Indian Ocean (based on MODIS data). The yellow and red colors identify the
Marion-Dufresne (Figure 1), the surface phytoplankton bloom that occurred south-east of Madagascar (called SEMB bloom). The orange line is

. . . the track of the 0ISO-30 cruise that crossed the SEMB in January 2020. The black circle around 27°S
CO, concentrations in the subtropical indicates the region selected to compare the fC0, observations obtained since 1991 at the

same location (figure 2). Figure adapted from Metzl et al (2022)
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this region generally identified as a
| l | | small CO, source for the atmosphere
4 Q : during austral summer (Metzl et
: i al, 1998). In austral summer 2019-
2020 the SEMB was particularly

pronounced with monthly sea

320 | surface Chl-a concentrations up to 3
1950 1933 2000 2065 2010 2015 220 mg.m3 detected around 25°S-51°E

Year . . .
in December 2019, i.e.,, much higher
Figure 2: Time-series of sea surface O, fugacity data (fC0,, black dots) and mean fCO, for each period (grey than previously observed since 1997
triangles) in the box 27°5-28°5/55°E (black circle in figure 1) for the months of January and February since 1991. in this region (Dilmahamod et al,

et stioghe 0 gt 907 e ol 2019, Based on. measurements in
bloom was low compared to previous years: in 2020 the ocean was a strong (0, sink at that location January 2020, we observed relatively
(the oceanic (0, was well below the atmospheric fC0;). Figure adapted from Metzl et al (2022) high N, fixation rates (up to 18 nmol
NL'd") suggesting that diazotrophs
could play a role on the bloom in these nutrient depleted waters. Using a neural network approach that reconstructs
the monthly pCO, fields (Chau et al, 2022), we estimated that when the bloom was at peak in December 2019, the
ocean CO, sink reached -0.8 TgC per month compared to a small CO, source of +0.12 (+ 0.10) TgC per month during
previous decade. This large anomaly in December 2019 led to an annual CO;, sink of -8.8 TgC.yr', i.e., about 2 TgC.yr’
larger than previous years. The bloom event in austral summer 2019-2020, along with the new carbonate system
observations, represents a benchmark case for complex biogeochemical model sensitivity studies, including N,-
fixation, a process not well resolved in the current models (Bopp et al, 2021). It is worth noting that some models
suggest that diazotrophy might be promoted in a warmer ocean leading to an increase in the biological CO, pump.
In the future, if the SEMB as observed in 2020 is more frequent or becomes a regular situation, this could represent a
negative feedback to the ocean carbon cycle, i.e., the ocean CO, sink would be enhanced.

New dedicated studies in this region coupling dynamical and biological processes including the sampling of plankton
species, N,-fixation rates estimates, and bio-ARGO floats would be relevant to understand the processes controlling
the “mysterious” SEMB and to evaluate its impact on the oceanic biological carbon pump.
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Preface

Colored dissolved organic matter (CDOM) is the fraction of dissolved organic matter (DOM) having exponentially
decreasing absorption of the UV-Visible light in short to long wavelength continuum (Coble 2007). Fluorescent
DOM (FDOM) is a further fraction, of variable magnitude, of the CDOM. Humic and protein components of DOM, the

more often studied structural classes, exhibit both absorption (CDOM) and fluorescence (FDOM) (Carter et al., 2012;
Yakimenko et al., 2018). Estuarine CDOM, when dominated by the riverine humic matter behaves conservatively as to
why it's absorption as well as fluorescence have been used as tracers in estuarine and coastal mixing studies (Dorsch
and Bidleman, 1982; Baker and Spencer,
2004; Callahan et al., 2004; Kowalczuk et al., 7 :
2005; Xie et al,, 2012), and in tracking sources P r”/ i
from large rivers in oceanic regions far away 16.9+ - rﬁ \H;
from river mouths (Hu et al., 2004). In the 1ok £ i
1684 — z
case of a tropical monsoonal estuary e.g., the % %“%% g o A
s %, " ;
Godavari estuary in which discharge rates € 1674 ¥ = Kl .[&\.';-“3’ “
il v (82
oscillate between extreme limits, seasonal 3
forcings control the CDOM concentration Z 1664
and its slope parameter (Sarma et al., 2018) as -
well as molecular weight (Chari et al., 2019). 3]
During the no-discharge season, the benthic
16.44 - Bay of Bengal
flux is an important contributor to the in situ .= Sy /
inputs (Maher and Eyre, 2011). We have taken 163 gl | : : : | |
814 1.5 Bl.6 £1.7 El.8 819 82 82.1 822 823
up a study of CDOM and FDOM over a full Longitude (°E)
annual cycle in the Godavari estuary with the
fig. 1: Study area and station locations
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objectives, (i) what is their concentration and structural variability in response to the ecosystem changes, and (ii) can
the estuarine silicate be a proxy of the benthic CDOM flux?

The Godavari is the 2" largest river in India, after Ganga, with a basin area of 310 x 10> km? (which is ~10% of Indian
landmass), 25 tributaries and an annual discharge of 105 km?* (Rao, 1975). Among the global rivers, R. Godavari ranks
34t and 32" in terms of the catchment area and water discharge, respectively (Gaillardet et al., 1999) and contributes
5% of the total river input to the Bay of Bengal (Rao, 1975). The Gauthami-Godavari that flows towards the east is
larger compared to the south-flowing Vasishtha Godavari estuary. During the dry period (December-May), the influx
is allowed to accumulate in the reservoir so that the stored water would be available for release into the irrigation
canals. When the dam receives floodwater that it cannot hold during monsoon season, water is discharged into the
estuary by raising the sluice gates and which then flows into the Sea. The Godavari River transports 3.14*10° tons
of particulate carbon from year and 89% of this transport 2.81*10° tons is in the form of particulate organic carbon
(POC) (Gupta et al. 1997) and 453*10° g/yr (Krishna et al., 2015) in the form of dissolved organic carbon (DOC).

The absorbance and fluorescence characteristics of colored dissolved organic matter (CDOM) were investigated in
the tropical monsoonal Godavari estuary over a year during 18 field surveys attempting to capture different river
discharge scenarios ranging from nil to >5000 ms™ (Pandi et al., 2021). The Gauthami-Godavari estuary (Fig. 1) was
sampled at four stations during the year April 2010 - March 2011. The Station 1 (Kotipalli, “K") is the upper estuary
(UE, water depth, 10 m).

Conservative behavior of CDOM absorption:
In the salinity-CDOM diagram (Fig. 2),

the samples showed different seasonal 1500 S
and spatial associations. Eight groups : ;_ {’;":‘:::T&:Ih
represented the data. A tight inverse 2800 - ," ==y _I,° " "° e—Lower Estuary (LE)f
correlation existed between salinity R H { / L6
and CDOM in the mid-salinity range |-z SHi 5,' l'. .\ g
of 15-31 psu (Fig. 2). This conservative Ea 2 e o &
line passes through a group each in —; 1400 4 ;‘ / I: l- ‘ L4 bo"
low salinity (range, 0-12.4 psu) and | = 2 LR ¢ y 2
high salinity (>31 psu) regions (Fig. 2). - ,P ! 9 | _.'.._._._.—._ﬂ 5
The combined equation for the three ‘ o . -;. Yoag =pisg: <@ =ORd
conservative groups covering the 0-31 i Prig.

- : 04 @—e- 0D bt e o T B T B
psu salinity (S) range is: acoom(350) = NoDischargea o (350) = 9.346-0.535%pH | E:u:::hhgrﬁ:ﬁom“
2.196-0.036*S (R? = 0.73, p<0.0001) . . — . - b

: 4 2
q. 1 (Fig. 3). Agril 201;}. ) ° Fi-:l?:l Sur\flg No . o Ll‘rl)arch Elﬂsl 1

The conservative CDOM in GE is similar
to conservative behaviour noticed in Fig. 2: The variability of CDOM discharge and non-discharge period

several estuaries (Bowers et al., 2000;

Del Castillo et al., 1999; Hayase et al., 1987; Hong et al., 2005; Hu et al., 2004; Kowalczuk et al., 2003; Nieke et al., 1997;
Retamal et al., 2007; Rochelle-Newall and Fisher, 2002). The CDOM-Salinity conservative relationship allows estimate
of the export of riverine CDOM to the coastal sea. But these CDOM types are found only in the non-discharge season
and to some extent in the moderate discharge period following the peak flood discharge. Hence, this model is far

from representing the average picture of the estuary.

The pH varied between 7.59 and 8.67. It showed a highly significant inverse linear relationship to acoom(350) during
the discharge season (Fig. 3): asso (m™') = 9.346-0.535*pH (R*>=0.89, p<0.0001) ... eq. 2.
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The model eq. 2 predicts that acoom(350) would be ~1.2 m™, which is available for export to the coastal sea during
monsoon. The conservative CDOM (of the groups 1, 2 and 3) showed a strong correlation with silicate (R*=0.7,
p<0.001).

Non-conservative CDOM

In the non-conservative category, Group 4 (high saline a)

summer water) and Group 5 (mid salinity, high chl-a | @ T
during winter, i.e., Surveys 11-13) had low CDOM. On the '

other hand, Group 6 samples had the highest CDOM and

lowest S3o0-500 and were associated with lowest chl-a and
pH but highest temperature, nutrients and in particular,
turbidity. Group 7 samples also had higher CDOM (than
the conservative line in Fig. 2 would predict) but of whose

8.0y (350) (m")
L]

{38 ]

slope was also high. The Group 8 samples were associated
with similar slope as Group 7 butlower CDOM.Thesilicate-
CDOM distribution of Group-7 is aligned with that of the
three conservative groups. In the high salinity range, the
S300-500 Of Group 4 subsurface samples was 0.0148+0.0012 0 5 10 15 20 25 30 35
nm’, and DO concentration ~178+29 pM. In the b) Salinity (psu)

mid-salinity range, the Group 5 samples (surface, higher 16
CDOM) also had similar DO and Ssws00. In the low

salinity range (Group 6), the DO was also similar but the N
Ss00500 Was low (0.0112 nm™) and it was attributed to

(%) A =-0.00019*Salinity + 2.381: R’ = 0.50

very high turbidity. The CDOM group’s occurrence in
the lower and upper estuaries is summarized in Fig. 3.
The major influencing factors are salinity and pH during
no-discharge and discharge seasons respectively.

Conservative vs. Non conservative behavior

of FDOM:

The PARAFAC analysis yielded 4 fluorophores — two
humic-like (A and M) and two protein-like (T and B),
identified from spectral maxima (Fig. 4). The distribution Fig.3 Scatter plots on salinity of (a) acwou(350) at surface and

of A and B in the upper estuary and lower estuary is (b) Aflurophore aturface

shown, as a typical example. The fluorescence intensities

were lower during discharge than during the no-discharge period. The intensity of fluorophores quickly decreased
downstream; in particular, the Bdominance in the upper estuary disappeared downstream. The fluorescence-salinity
diagram of the A fluorophore which is used as a proxy for terrestrial contribution (Yamashita et al., 2008; Murphy et
al., 2008; Kowalczuk et al., 2010; Chari et al., 2012, Chari et al,, 2019), is similar to the CDOM-salinity diagram. Similar
groupings were shown, except that group 7 (Fig. 2b) in which the CDOM was most enriched had lower fluorescence.
The combined equation of the conservative samples (eq. 3) is highly significant. A (RU) = 0.01059-0.00018*S ... (R*=
0.79, N=39, p<0.0001) ...eq. 3

T T T T : d
0 5 10 15 20 25 30 35
Salinity (psu)

~\

The A/M correlated weakly negatively with B/T during the entire study. A and M were also correlated, significantly
positively (p<0.0001) during the entire study. The correlation improved to a tight linear relationship when the samples
of the post-flood no-discharge season were barred.

Summary: The CDOM (acoom(350) and FDOM characteristics of the Godavari estuary reflect its unique tropical
monsoonal character. During the tropical summer that ensues, the CDOM of marine (coastal) origin transports
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into the estuary. During the no-discharge
season, the upper / lower estuary difference
is prominent but disappears in the discharge
season. The CDOM is non-conservative
during the discharge season. CDOM of
the discharge season owes its origin to
the terrestrial silicate weathering reaction.
The CDOM contribution by river water to
the coastal sea during the flood season
was ~2.75 m’ (as acoom(350) of Sso0-s00 Of
~ 0.016 nm™. The CDOM is conservative
during the no-discharge season. The
contribution to the coastal sea by the
estuarine processes during no-discharge
season briefly matches in magnitude the
CDOM during flood discharge. Fluorescence
is a descriptor of the two major sources
of CDOM. The flood CDOM is much less
fluorescent compared to the CDOM of the
no-discharge season.  The distribution
pattern of the humic-like fluorophores (A:M)
ratio and protein-like fluorophores (B:T) ratio
is a discriminator of the monsoon versus
non-monsoon seasons. From the ecosystem
point of view, within the no-discharge
season, periods of increased sedimentary
heterotrophic activity are distinguishable.
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Maritime countries around the Indian Ocean rim rely heavily on the health of the ocean for sustainable development
and to provide food security for the region. However, the ocean is facing numerous challenges due to climate change,
with ocean warming, acidification and deoxygenation already resulting in extreme impacts on biological aspects of
the ocean, and these are predicted to increase over the coming decades. There is presently insufficient baseline data
provided by observations that are fundamental to sustainable management of the ocean. Hence, one of the 10 key
challenges of the United Nations Decade of Ocean Science for Sustainable Development (or‘UN Ocean Decade’) is to
‘Expand the global ocean observing system’ (www.oceandecade.org).

In supportofthis challenge, avirtual training workshop on“Biological Observationsin the Indian Ocean (From Microbes
to Megafauna)” was held from 8-12 November 2021, in partnership with South Africa’s Department of Forestry,
Fisheries and the Environment (DFFE), Sustained Indian Ocean Biogeochemistryand Ecosystem Research (SIBER),
the Centre for Marine & Coastal Studies (CEMACS) in Malaysia, and the Indian National Centre for Ocean Information
Services (INCOIS). Financial and logistical support was provided by the International Training Centre for Operational
Oceanography (ITCOocean) at INCOIS and the Intergovernmental Oceanographic Commission (I0C) of UNESCO.

The primary objectives of the IOGOOS workshop were to (i) promote the need for sustained biological observations
in the Indian Ocean, (ii) promote best practices for biological observations in the Indian Ocean, and (jii) present
practical & affordable as well as state of the art methods. This vision was guided by the Essential Ocean Variable
(EQV) framework developed by the Global Ocean Observing System (GOOS). Biological EOVs (Figure 1) have been

Biology and Ecosystem Essential Ocean Variables (EOVs)

FUNCTIONAL GROUPS
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Figure 1: Biological Essential Ocean Variables defined by GOOS
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defined for six Functional Groups (e.g., Zooplankton Diversity
and Biomass) and four Habitat States (e.g., Hard Coral Cover
and Composition).

The workshop was attended by 70 students and young
researchers from 22 countries (mainly Indian Ocean Rim) with
training provided by experts from Australia, Kenya, Malaysia,
Mozambique, Philippines, Réunion/France, South Africa, the
United Kingdom and the USA. Techniques presented included
microbial imaging and sequencing, applications of Bio-Argo
data, remote sensing applications (satellite, lidar and drone
- for harmful algal blooms, fronts and fisheries, seagrass or
mangrove cover, megafauna), zooplankton image analysis
and metabarcoding, eDNA, benthic imagery (various camera
& video platforms including ROVs, AUVs, BRUVs), and acoustic
telemetry and satellite-tagging (fish, sharks, turtles, seabirds,
mammals).

There were three stimulating keynote talks (Figure 2): Prof
Anthony Richardson (CSIRO & University of Queensland,
Australia) spoke on‘The use of biological indicatorsin ecosystem
assessments, emphasising the importance of developing
ecological indicators that are fit-for-purpose and regionally
meaningful, such as focusing on important organisms in each
region (e.g. Noctiluca, Trichodesmium), or important local
physical features; Dr Paris Stefanoudis (University of Oxford
and Nekton Foundation, UK) described recent deep ocean

The use of biological indicators
in ecosystem assessments

nthany 1. Richardsan
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Figure 3: Participants give feedback at the closing session
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exploration in the Indian Ocean in his talk ‘Delving into the Deep: First Descent Seychelles’; and Dr Frank Muller-
Karger (University of South Florida, USA) promoted the value of joining ‘Marine Life 2030 - an open network which
aims to transform observation and forecasting of marine life for the benefit of all (https://marinelife2030.org). Frank
also invited those interested in marine biodiversity to attend Marine Biodiversity Networking Fridays: https://www.
aircentre.org/netfridays-marine-biodiversity-01/.

Adesired outcome for this workshop was enhanced regional networking, collaboration and mentorship opportunities,
and to create a cohort of regional ambassadors for biological observations. Participants were also encouraged to
connect via the early career networks, e.g. the IIOE-2 Early Career Scientist Network https://iioe-2.incois.gov.in/ecsn/
index.html and the WIO Early Career Scientists Network https://www.facebook.com/Western-Indian-Ocean-Young-
and-Early-Career-Scientists-Network-1763292820637227.

Adoption of standard methodology and data collection protocols will enable comparisons and integrated data
analysis across the region. A link to the lectures and resources from the workshop are available on request from the
organisers, listed above.

News Updates

15t Pan-Ocean Remote Sensing Conference (PORSEC)

Since hosted in 2012, INCOIS is a partner of the Pan-Ocean Remote Sensing Conference (PORSEC). The 15" PORSEC
(originally planned in 2020, but postponed due to pandemic) was hosted by Universiti Teknologi Malaysia (UTM)
on 7-8 December 2022 (after the pre-conference tutorial during 3-6 Dec). 2022 is important year of PORSEC since it
celebrated three decades of its inception. The postponement of the conference however, yielded two iterations of
the PORSEC MOOC (in collaboration with UTM CDex) as well as citable publications with ISBN including a book of
extended abstracts. Dr. Nimit Kumar (Scientist, INCOIS) is serving as PORSEC board member since 2017 as Executive
Secretary and Chair for Membership, Education and Outreach. He served as faculty for tutorial and chaired and
co-chaired a session each in the 15% PORSEC. During pandemic, he led first ever PORSEC MOOC, and successful
APNGCR grant that supported students’ participation. The MOOC also won International University Carnival
on E-Learning (IUCEL)-2021 silver award. Other important support of the 15" PORSEC were from COSPAR, SCOR,
MySA and MyCEB. The in-person tutorial in December 2022 had majority of the participants pool who were MOOC
alumni and hence, the tutorial focused chiefly on hands-on and field sessions. The field session was arranged
at Tanjung Piai mangrove forests, which is a Ramsar site. During 15" PORSEC this month, Dr. Nimit Kumar was
awarded with PORSEC Distinguished Service Award for these achievements. He is also the first Indian to have
received a PORSEC (science/service) award. In the same ceremony, 15" PORSEC LOC, Chair Dr. Nurul Hazrina Idris
was awarded the PORSEC Distinguished Science Award. The conference had keynote from some of the sponsors.
The sessions comprised of various sessions mainly focusing on (but not limited to) coastal remote sensing
including using drones. One of the unique offerings of the PORSEC is a special issue in international journals
including Tyler & Francis International Journal of Remote Sensing (IJRS) where the select papers will be published
by late 2023. During the valedictory ceremony, Prof. Ming-An Lee and Dr. Stefano Vignudelli were announced
to be acting President as well as Vice-President of the PORSEC Association.
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Opportunity for Students, Postdocs, and Early Career Scientists from the
Southwest Indian Ocean Region to participate in a research cruise

In April-May 2023, we will be sailing
from Cape Town, South Africa, to Port
Louis, Mauritius, onboard R/V Roger
Revelle to collect in-situ observations in
the Madagascar Basin. This joint cruise
is part of the East Madagascar Current
(EMC) and Deep Madagascar Basin
(DMB) Experiments, both funded by the
US National Science Foundation (NSF)
and endorsed by the Indian Ocean
Expedition 2 (IIOE-2).

While the EMC experiment will examine the fate of the Eastern Madagascar Current after this western boundary
current detaches from the southern tip of Madagascar, the DMB experiment will investigate the deep and abyssal
circulation. During the cruise, RAFOS floats, surface drifters, and Deep Argo will be released, moorings to track the
floats will be deployed, and hydrographic/LADCP/Tracer stations will be occupied to measure temperature, salinity,
oxygen, nutrients, CFC/SF6, currents from the sea surface to the sea bottom.

As part of the EMC experiment, we are offering up to five positions for students, postdocs, and early career researchers
(ECRs) from the Southwest Indian Ocean Region to take part in the cruise. Theselected participants will have
the opportunity to work on several components of the cruise depending on their interests and learn the ropes from
well-seasoned oceanographers.

The DMB/EMC cruise will take place from April 6 to May 13, 2023. All members of the scientific party (including
the selected in this call) will embark at Cape Town, South Africa, and the cruise will end in Port Louis, Mauritius.
Mobilization starts on April 4, and demobilization ends on May 15.

This call is open for ECRs (up to 5 years post-Ph.D.), postdocs, and students who are affiliated with universities
or research institutes based in the Southwest Indian Ocean region. Candidates who are interested or have work
related to regional physical oceanography are highly encouraged to apply, particularly if they like to take additional
measurements. Applicants with no sea-going experience will also be considered. All personnel sailing will need proof
of COVID-19 vaccination.

The project will cover the expenses of the selected candidates. This will include an economy-class air ticket.
The Chief Scientist will deal with additional expenses for full participation.

Interested candidates are required to send a cover letter (1-page) indicating your interest in the cruise and
information about your background and a short CV (1-2 pages) listing the academic program you are part of, your
advisor/supervisor name, and the type of research you are carrying out if you are at that stage, as well as any prior
cruise experience. The cover letter and CV should be sent to Viviane Menezes (Chief Scientist, vmenezes@whoi.edu)
and Juliano Ramanantsoa (hram@norceresearch.no) no later than February 20, 2023.
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14 February 2023

(https://www.iugg2023berlin.org/abstract-submission/)

po6 lIoE-2: A Huge Step Forward for the Indian Ocean Sciences

Convener(s): Yukio Masumoto (Japan)
Co-Convener(s): Nick D’Adamo (Australia) Raleigh Hood (USA) Satheesh Shenoi (India)

Description

The Second International Indian Ocean Expedition (IIOE-2) was launched in December 2015 to
advance our understanding of the physical, chemical, biological, geological and climatological
aspects of the Indian Ocean to underpin its enhanced role on the socio-economy of the region.
During the IIOE-2 period, vigorous observational, modelling, and theoretical research activities
have been conducted, providing new data and insights on top of the achievements since the
first IIOE 50 years ago. This symposium aims to summarize and highlight recent advances in our
understanding of the Indian Ocean multi-disciplinary sciences. We invite papers on various aspects
of the Indian Ocean, including, but not limited to, circulation and boundary currents, climate and
monsoon variability, extreme events, air-sea interactions, ocean observations and data, impacts of
climate change, biogeochemical processes, biology and ecology of the Indian Ocean. This session
also invites papers describing programs, projects, activities and other significant contributions
to showcase the ongoing or planned activities and the connection of ocean scientists with the
broader agenda of sustainable development of oceans. We especially welcome contributions from
international teams and consortia highlighting the power of international cooperation, capacity
and knowledge sharing in a transdisciplinary context.
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Call for Contributions

Informal articles are invited for the next issue. Contributions
referring Indian Ocean studies, cruises, conferences, workshops,
tributes to other oceanographers etc. are welcome. Articles may

be up to 1500 words in length (MS-Word) accompanied by suitable
figures, photos (separate .jpeg files).

Deadline: 15" March 2023
Send Your Contributions as usual to to iioe-2@incois.gov.in

Editorial Committee:
Nimit Kumar, N. Kiran Kumar, Nagaraja Kumar,
Aneesh A. Lotliker, Rajan S. and T. Srinivasa Kumar
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INcE I s Access the latest issue of Indian Ocean Bubble-2
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Editorial Committee

Nimit Kumar, N. Kiran Kumar, Nagaraja Kumar, Aneesh A. Lotliker,
Rajan S.and T. Srinivasa Kumar

Address of Correspondence

ESSO-Indian National Centre for Ocean Information Services,
‘Ocean Valley; Pragathi Nagar (BO), Nizampet (SO), Hyderabad - 500 090, INDIA.
Phone: +91-040-2388 6000
Fax: +91 -040-2389 5001
Email: iioe@incois.gov.in




