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USA-India, USA-Sri Lanka Collaborative Research 
Common Objectives and Interests

Develop strong collaboration between countries by identifying common science interest. 
ASIRI-OMM-MISOBOB, ASIRI-EBOB-RioMISO

For Improved Monsoon Forecasting:
• Ocean Mixing
• Air-sea Fluxes
Extreme weather event predictions

Indian interests:
• Science with Modern oceanographic instrumentation
• Capacity Building including glider training

Sri Lankan interests:
Fisheries; Capacity building for oceanographic research; Glider and buoy 
deployment training
USA interests:
• Improving model predictive capabilities 
• Safety of ships at sea, navigation

First Meeting in New Delhi, 
2011

Colombo, 2012
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• Understanding the ocean influence on the intensity and propagation 
speed (roughly 1 degree north per day) of the coupled ocean-
atmosphere MISO signal.

• Determining how the large-scale upper ocean variability in the Bay of 
Bengal, which includes shallow salinity-driven mixed layers in the north 
and deeper mixed layers in the south, influences the MISO signal.

• Evaluating how the submesoscale and mesoscale perturbations affect 
the upper-ocean background state. 

• Integrate data and models to determine the spatial and temporal 
scales at which atmospheric and oceanic signatures need to be 
coupled to accurately capture the MISO propagation.

MISOBOB
Objectives
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USA-India Joint Field Work 2013-2019: Highlights

■ Combined field efforts including multiple joint 
cruise operations (2013,2014,2015, 2018, 2019) 

■ R/V Revelle, Thompson...Sally Ride port calls to 
India

■ Scientific exchange: meetings, workshops, ships

■ Capacity building and training: summer schools, 
student exchange, targeted efforts

■ Joint publications (Oceanography 2016, Deep
Sea Research: Volume 1, 2019; Volume 2, 2020; 
Book..many other publications)

Mahadevan, Paluszkiewicz, Ravichandran, Sengupta and Tandon 2016 
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ASIRI –OMM: First Accurate annual 
cycle of air-sea flux (2015)

All products have large biases.

Reduce biases from Indian 

NIOT buoy compared to WHOI.

Led to improved flux 

measurements from Indian 

buoys (Joseph et al. 2020)

Weller et al. 2016 

Long Wave Measurement Corrections for the OMNI Buoy Network
1Jossia K. Joseph., 2 Amit Tandon, 1R. Venkatesan,, 3 J. Thomas Farrar T. J.,  and 2 Robert A. Weller

1National Institute of Ocean Technology, Chennai, India-600100, 
2University of Massachusetts Dartmouth, North Dartmouth MA 02747, USA, 

3Woods Hole Oceanographic Institution, Woods Hole, MA 02534, USA

The inter-comparison of OMNI buoy measurements in northern Bay of Bengal with the nearby WHOI air-sea flux mooring
during 2015 exhibited an overestimation of downwelling long wave radiation (LWR↓) measured using Eppley Precision
Infrared Radiometer(PIR). This overestimation is analyzed in detail by comparing data from the co-located radiation OMNI
and WHOI reference stations at NIOT (National Institute of Ocean Technology) from January to March 2019. Thermopile
voltage records (or amplifier) with the customized data logger for WHOI setup led to better estimations of the LWR↓. The
offset for the LWR↓ measurements by the OMNI sensor is estimated by segregating the clear sky conditions identified by
using the downwelling Short Wave flux measurements from the same reference station. The corrected LWR↓ agrees well
with co-located WHOI measurements, with a correlation of 0.95 and standard deviation of 5.7 W/m2. This method is next
tested by correcting the field measurements. The resultant fluxes match WHOI downwelling fluxes without any offset. This
study is leading to the revamping of radiation measurements in OMNI buoys and it is providing a reliable method to
correct the past measurements as well as the better estimation of air-sea fluxes.

Acknowledgments:
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MOTIVATION
• Air-Sea flux mooring deployment during ASIRI-

OMM in northern Bay of Bengal (BoB) close to
the OMNI buoy in 2015 allowed inter-
comparison of the met-ocean parameters for
more than one year, which depicted an
overestimation of OMNI buoy measured LWR↓.

• To analyse this in detail, a reference station was
set-up at the NIOT campus with co-located
sensors of OMNI buoy and WHOI buoy.

INSTRUMENTATION
• Pyrgeometers measure the LWR↓ with

thermopile voltage, case temperature and
dome temperature

• OMNI and WHOI buoys are fitted with PIR
for LWR↓ measurements from the Eppley
Laboratory, Inc.

• WHOI setup takes a single snapshot at
the end of each minute; OMNI buoy
averages 60 samples collected at 1 Hz at
2 minutes interval.

• OMNI buoy in Northern BoB during 2015 is corrected using the same method
which identifies clear sky times, compare against theoretical and computes
offsets.

• Corrected LWR↓ with nearby WHOI mooring (about 20 km away) exhibits a
correlation of 0.92 with a standard deviation of 10.65 W/m2.

• This method is now being applied to the past measurements at other OMNI
locations.

• OMNI buoy network is now using same sensor suite as WHOI flux moorings.

OBSERVATIONS
• OMNI case and dome temperatures match WHOI, so thermistor measurements are reliable.
• A large offset of 131.24 mV, amplifier malfunction causes offset in OMNI LWR↓

• Theoretical clear sky times are identified by SW measurements. These are used as
reference for correcting the offset in LWR↓ measurements, since the offset during the
clear sky conditions is nearly uniform and differs from that of cloudy conditions.

• The OMNI LWR↓ measurements thus corrected match WHOI’s with a correlation of 0.95 and
standard deviation of 5.7 W/m2.

REFERENCE STATION SETUP
• Radiation sensors are co-located on roof top at NIOT to avoid obstructions and shadows
• January to March 2019 clear sky days provide ideal testing time

Parameter Correlation Standard 
Deviation

Case 
Temp.

0.99 0.54 oK

Dome 
Temp.

0.99 0.59 oK

Thermopile 
Volt

0.76 31.13 
mV

v WHOI’s dedicated data logger processes the PIR signal; sends the computed LWR↓ to CPU 
v OMNI setup  uses an amplifier and sends the signal to CPU which computes the LWR↓

2015 North Bay of Bengal

OMNI BUOY NETWORK

2019 Reference Station at NIOT

Long Wave Measurement Corrections for the OMNI Buoy Network
1Jossia K. Joseph., 2 Amit Tandon, 1R. Venkatesan,, 3 J. Thomas Farrar T. J.,  and 2 Robert A. Weller

1National Institute of Ocean Technology, Chennai, India-600100, 
2University of Massachusetts Dartmouth, North Dartmouth MA 02747, USA, 

3Woods Hole Oceanographic Institution, Woods Hole, MA 02534, USA

The inter-comparison of OMNI buoy measurements in northern Bay of Bengal with the nearby WHOI air-sea flux mooring
during 2015 exhibited an overestimation of downwelling long wave radiation (LWR↓) measured using Eppley Precision
Infrared Radiometer(PIR). This overestimation is analyzed in detail by comparing data from the co-located radiation OMNI
and WHOI reference stations at NIOT (National Institute of Ocean Technology) from January to March 2019. Thermopile
voltage records (or amplifier) with the customized data logger for WHOI setup led to better estimations of the LWR↓. The
offset for the LWR↓ measurements by the OMNI sensor is estimated by segregating the clear sky conditions identified by
using the downwelling Short Wave flux measurements from the same reference station. The corrected LWR↓ agrees well
with co-located WHOI measurements, with a correlation of 0.95 and standard deviation of 5.7 W/m2. This method is next
tested by correcting the field measurements. The resultant fluxes match WHOI downwelling fluxes without any offset. This
study is leading to the revamping of radiation measurements in OMNI buoys and it is providing a reliable method to
correct the past measurements as well as the better estimation of air-sea fluxes.

Acknowledgments:

AI008- 645002

MOTIVATION
• Air-Sea flux mooring deployment during ASIRI-

OMM in northern Bay of Bengal (BoB) close to
the OMNI buoy in 2015 allowed inter-
comparison of the met-ocean parameters for
more than one year, which depicted an
overestimation of OMNI buoy measured LWR↓.

• To analyse this in detail, a reference station was
set-up at the NIOT campus with co-located
sensors of OMNI buoy and WHOI buoy.

INSTRUMENTATION
• Pyrgeometers measure the LWR↓ with

thermopile voltage, case temperature and
dome temperature

• OMNI and WHOI buoys are fitted with PIR
for LWR↓ measurements from the Eppley
Laboratory, Inc.

• WHOI setup takes a single snapshot at
the end of each minute; OMNI buoy
averages 60 samples collected at 1 Hz at
2 minutes interval.

• OMNI buoy in Northern BoB during 2015 is corrected using the same method
which identifies clear sky times, compare against theoretical and computes
offsets.

• Corrected LWR↓ with nearby WHOI mooring (about 20 km away) exhibits a
correlation of 0.92 with a standard deviation of 10.65 W/m2.

• This method is now being applied to the past measurements at other OMNI
locations.

• OMNI buoy network is now using same sensor suite as WHOI flux moorings.

OBSERVATIONS
• OMNI case and dome temperatures match WHOI, so thermistor measurements are reliable.
• A large offset of 131.24 mV, amplifier malfunction causes offset in OMNI LWR↓

• Theoretical clear sky times are identified by SW measurements. These are used as
reference for correcting the offset in LWR↓ measurements, since the offset during the
clear sky conditions is nearly uniform and differs from that of cloudy conditions.

• The OMNI LWR↓ measurements thus corrected match WHOI’s with a correlation of 0.95 and
standard deviation of 5.7 W/m2.

REFERENCE STATION SETUP
• Radiation sensors are co-located on roof top at NIOT to avoid obstructions and shadows
• January to March 2019 clear sky days provide ideal testing time

Parameter Correlation Standard 
Deviation

Case 
Temp.

0.99 0.54 oK

Dome 
Temp.

0.99 0.59 oK

Thermopile 
Volt

0.76 31.13 
mV

v WHOI’s dedicated data logger processes the PIR signal; sends the computed LWR↓ to CPU 
v OMNI setup  uses an amplifier and sends the signal to CPU which computes the LWR↓

2015 North Bay of Bengal

OMNI BUOY NETWORK

2019 Reference Station at NIOT

INCOIS Mooring deployed in 2019 to 
measure Direct Covariance Fluxes 
(planned recovery this year) © Authors. All rights reserved
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ASIRI –OMM-MISOBOB
Scales of intense stratification and 

sub-surface warm barrier layers

Upper Ocean Temperature
in the Bay of Bengal (°C)

Upper Ocean Salinity (psu)

50
 m

665 km

Shallow salinity stratification 

with very weak mixing below the 

halocline enhances air-sea 

interaction. 

Trapped heat has important 

implications for cyclone 

development and Monsoon 

forecasts.

Lucas et al. 2016 
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ASIRI-OMM-MISOBOB: Novel  measurements  of spatio-temporal 
patterns of turbulent heat fluxes 

(Adams et al.  2018)

• Abrupt changes in turbulent 

heat flux  to/from the ocean 

to  atmosphere  in sign and 

magnitude, over small 
horizontal  scales.

• These  heat flux gradients 

reflect gradients within the 

surface ocean not only of  
mixed-layer depth and 

stratification, but also  of the  

three-dimensional  

processes  (near-inertial 

shear, frontal instabilities)  
that drive  turbulent mixing. 
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ASIRI -OMM-MISOBOB
Mixing in the Bay of Bengal 

from annual cycles to cyclones

	 19	

	416	

Figure	2	–		417	

(a)	Daily-averaged	surface	wind	stress	(shaded	in	gray,	outlined	in	black)	from	the	RAMA	mooring	at	12N	90E	418	
from	December	1,	2013	through	November	21,	2014.	(b)	Daily-averaged	precipitation	rate.	(c)	Atmospheric	(net	419	

• Anomalous Bay: High freshwater prevalence leads to minimal 
vertical mixing. 

• Driver for Mixing required to be consistent with BoB circulation: 
Cyclones!

• As captured by ChiPods deployed during ASIRI during Hudhud
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FIGURES	406	

	407	

	408	

Figure	1	–		409	

Locations	of	χpods	in	the	Bay	of	Bengal:	RAMA	mooring	at	12N	90E	(green	triangle),	other	RAMA	moorings	410	

(black	triangles),	EBoB	array	from	NRL	(black	squares),	and	OMM-WHOI	mooring	(black	diamond).	The	storm	411	

track	of	Tropical	Cyclone	Hudhud	is	shown	with	yellow,	orange,	and	red	dots	corresponding	to	the	Indian	412	

Meteorological	Department	Tropical	Cyclone	Intensity	Scale	(upper	right).	Also	shown	are	contours	of	sea	413	

surface	pressure	(gray	lines)	on	October	9,	2014	when	the	eye	of	Tropical	Storm	Hudhud	was	within	100	km	of	414	

12N	90E.	415	
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Transport of Important Water Masses 
(Courtesy: Craig Lee UW; Priaynatha J. NARA Sri Lanka)

Southwest
MonsoonNortheast

Monsoon

A

B

C

D

AS water comes in 
BoB during SW 
monsoon. 

Modified AS water 
recirculates 

Very fresh water 
export during NE 
monsoon near the 
coast

Modified BoB
water export during 
most seasons 
(transitions)

Strong 
recirculations

Northeast
Monsoon

ASIRI –EBOB
Boundary Currents
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MISOBOB and RIO-MISO 
Spanning the air & sea
USA / India / Sri Lanka

Ocean Observations
• Long-term Indian moorings 

collaborative with US
• Long-term Glider observations with 

Sri Lanka
• US and Indian Cruises supported by 

autonomous platforms e.g. slowly 
drifting flux+WWs, gliders

Atmospheric Observations
• Indian & Sri Lankan operational 

networks
• Additional Observations from Met 

stations
• C-130 flights from Sri Lanka
• Flux and boundary layer observations 

on cruises

Operational Models
• NRL COAMPS
• Collaboration with Indian 

Operational and modelling 
centers

Improved Process Understanding
• Process / Regional / Coupled models
• Indian and US oceanographers and 

atmospheric scientists
• Analysis of ASIRI and MISOBoB data

© Authors. All rights reserved



2018 FIELD PROGRAM

USAF C130 (53rd Weather 
Reconnaissance Squadron) 
forward of the bow mast. WRS53  
at the cruise

R/V Thompson photographed via drone; ship-based observational 
resources as shown. Activities during Leg 2 also included mooring 
deployments, VMP profiling, and towed surveying.
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2018 FIELD PROGRAM 
(Leg1 Chennai IN, Leg2 Colombo SL)

Atmospheric 
Conditions 

during Leg 1

Mooring Ops 

during Leg 2

2018 Leg22018 Leg1

June 4th –June 21, 2018

Leg1 captured 
the First MISO 
of the 2018 
Monsoon

© Authors. All rights reserved



WHOI

• Three drifting flux buoys deployed on 
periphery of an  anticyclone

• Ship-tracked buoys around edge of eddy
• Maintained year-round OMNI/RAMA 

buoys 

INCOIS Air-Sea

  

July 2019 Process Experiments
(Courtesy E. Shroyer): Fronts in the Atmosphere and Ocean
Stirring from the Coastal Margins & Precipitation

~20-day WHOI+WW

© Authors. All rights reserved



Scientific Exchange (…ongoing)
Four formal summer and winter training workshops in India with 
Indian and USA students

Workshops in the US (Oregon State, UMass Dartmouth, WHOI)

Many individual training activities, with trainees visiting US 
institutions

Multiple US PI visits to multiple Indian institutions

About 12 joint science meetings with US/India/SL PIs in India, Sri 
Lanka and in USA.

© Authors. All rights reserved



• Collaborations onboard US 
and Indian vessels

• Indian scientists on US vessels (>50 overall)
• US scientists on Indian vessels
• Lagrangian float training and deployments. 
• Glider training and deployments
• 18N INCOIS flux mooring and training
• Junior scientist visits to WHOI, APL/UW, UMass, Scripps, Oregon State etc.

Such activities have built new indigenous capability in India, and in Sri Lanka, training 
a new cadre of US scientists well versed in monsoon air-sea interaction, and forging 
strong links between US and Indian and US and SL oceanographic institutions. 

Technical Exchange (…ongoing)

© Authors. All rights reserved



Spanning the air & sea in the Bay of Bengal
International Collaboration

Long term Observatory

Measurements of Mixing Rates

Process Observations 
and Modeling

• Air-sea flux measurements + solar input
• Test bulk formulae for improved models 
• Upper ocean vertical structure
• Relate to air-sea fluxes and stratification
• Test and improve parametrizations
• Improve upper ocean structure in models

• Understand freshwater dispersal mechanisms
• Understand mixing processes
• Estimate advection - test for seasonal variations
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