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Purpose:  Highlight physical drivers of upper ocean variability 
 relevant to biogeochemistry and ecosystems 
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two fields. During summer, the cooling by upwelling off
Somalia keeps atmospheric convection from the western
Arabian Sea. Elsewhere north of the equator, from the
eastern Arabian Sea to the South China Sea, SST is high
and conducive to atmospheric deep convection. There, the
Asian summer monsoon is organized into several well-
defined convection centers, all anchored by mountain
ranges [Xie et al., 2006].

2.2. Upper Ocean Circulation

[12] Figures 3 and 4 provide schematic diagrams that
summarize the near-surface flow field in the IO during the
summer and winter monsoon periods, respectively. In the
Northern Hemisphere, where the observational knowledge
base was well established by the large experiments of the
mid-1990s, the schematic flow paths have not changed
since the publication of SMC01. In the southern IO,
however, several circulation elements are now quantified

that were only qualitatively known at the time of SMC01,
and pathways have changed. (Compare Figures 8 and 9 of
SMC01 with our revised schematic diagrams.)
2.2.1. Southern Indian Ocean
2.2.1.1. Westward South Equatorial Current and
Southward Western Boundary Currents
[13] The South IO is characterized by the westward

flowing South Equatorial Current (SEC), to a large part
supplied by the ITF (Figure 3). It splits at the east coast of
Madagascar near 17!S into northward and southward
branches, the Northeast and Southeast Madagascar Currents
(NEMC and SEMC). The NEMC transports about 30 Sv
(SMC01), supplying water for the Mozambique Channel
flow and the East African Coastal Current (EACC; Figure 3).
The southward branch transports about 20 Sv to the southern
tip of Madagascar, where it is suggested to dissolve into a
sequence of eddies and dipoles that migrate to the African
coast [de Ruijter et al., 2004; Quartly et al., 2006]. Part of

Figure 3. Schematic representation of identified current branches during the summer (southwest)
monsoon. Current branches indicated (see also Figure 4) are the South Equatorial Current (SEC), South
Equatorial Countercurrent (SECC), Northeast and Southeast Madagascar Current (NEMC and SEMC),
East African Coastal Current (EACC), Somali Current (SC), Southern Gyre (SG) and Great Whirl (GW)
and associated upwelling wedges (green shades), Southwest and Northeast Monsoon Currents (SMC and
NMC), South Java Current (SJC), East Gyral Current (EGC), and Leeuwin Current (LC). The subsurface
return flow of the supergyre is shown in magenta. Depth contours shown are for 1000 m and 3000 m
(grey). Updated representations are from SMC01; red vectors (Me) show directions of meridional Ekman
transports. ITF indicates Indonesian Throughflow.
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§  Designed in 2004 by 
CLIVAR/GOOS Indian 
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§  In situ & Satellite 

§  Basin scale with 
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§  Supports short term 
process studies 

§  Links to SIBER à 
multidisciplinary 
measurements 
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Current Status: In Situ Observing System 
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Planned	Biogeochemical	Measurements:	
A	SIBER-RAMA	Ini@a@ve	

August	Seawifs	Chl-a	Concentra@ons	
(Solid	Dots	are	RAMA	Flux	Reference	Sites)	

*SIBER=Sustained	Indian	Ocean	Biogeochemical	and	Ecosystem	Research	Program	

Objectives: To provide data for 

A) Defining biogeochemical 
variability in key regions of the 
Indian Ocean and for improved 
understanding of processes; 

B) Developing models of ocean-
atmosphere-biosphere 
interactions; 

C) Assessing the impacts of 
climate change on ocean uptake 
of CO2 and primary productivity.  

 Target Locations: Arabian Sea, Bay of Bengal, 
Equator, Seychelles-Chagos Thermocline Ridge 

 
Key Measurements: CO2, pH, Fluorescence, 

Particle Backscatter, O2,…. 
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Climatological	Mean	

Behrenfeld	et	al,	2006	
Webster	et	al,	1999	

Han	et	al,	2014	



ADCP Data 

0°,	80.5°E	



ADCP Data 
2008-2013	

0°,	80.5°E	



Mean	Meridional	Circula;on	along	80.5°E	
2008-2013	

Wang	and	McPhaden,	2016,	in	prep	

T	(color)	
V	(vectors)	
Px	(black)	

MLD	
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Mean	Meridional	Circula;on	along	80.5°E	
2008-2013	

Wang	and	McPhaden,	2016,	in	prep	
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Mean	Meridional	Circula;on	along	80.5°E	
2008-2013	

T	(color)	
V	(vectors)	
Px	(black)	

V=	β-1	Curl(τ)	
çç	

MLD	

Wang	and	McPhaden,	2016,	in	prep	



Mean	Cross-Equatorial	Southward	Flow	

Lee,	2004,	JGR	



Seychelles	Chagos	Thermocline	Ridge	(SCTR)	

Distribu@on	of	20°C	depth		

NCEP-GODAS	

De
pt
h	
(m

)	

SCTR	



Seychelles	Chagos	Thermocline	Ridge	(SCTR)	

Distribu@on	of	20°C	depth		

NCEP-GODAS	

Courtesy	of	F.	Marsac,	IRD	

De
pt
h	
(m

)	

SCTR	

with	average	PS	tuna	catch	rates	in	Jan	(1991-2002)	(circles)	

Fishing	days	:	970	
Avg	CPUE	:	8.5	t/j	

Purse	seine	catch	rates	
are	distributed	over	
shallow	thermocline	



Seychelles	Chagos	Thermocline	Ridge	(SCTR)	

Vialard	et	al,	2009,	BAMS	

Strong	seasonality	varia@ons	in	
SCTR	region	

Jan-Feb	

Jan-Feb	



SCTR Seasonal Heat Balance: 
Importance of Vertical Turbulent Mixing 

Foltz	et	al,	2010.	J.	Climate	



Intraseasonal	SST	Variability	in	the	
Indian	Ocean	



Intraseasonal	SST	Variability	in	the	
Indian	Ocean	



SCTR	SST	Varia;ons	Related	to	MJO	

“…atmospheric	fluxes	dominate	the	upper	ocean	heat	
balance	at	the	MJO	Omescale…but	MJO-induced	
variaOons	of	subsurface	processes	may	also	contribute	to	
the	cooling....”	

		 						 	 	 	--Vialard	et	al,	2008,	JGR	

Along	8°S	in	the	Indian	Ocean	

Heat	Balance	
@	8°S,	67°E	

70%	surface	heat	flux	(SW)	,	wind	driven	20%	entrainment…	
		 						 	 	--Jayakumar	et	al,	2011,	Clim	Dyn	

MJO 





RAMA Bio-optical Measurements 

Strutton et al, 2015, Biogeosciences 

!

Wind	Speed	
Varia@ons	(MJO)	



IOD Biophysical Interactions 

Dec 1997 (IOD) 

Dec 1998 (Normal) 

Indian Ocean Dipole 

Seawifs	Chl-a	

Wiggert	et	al,	2009	



IOD Biophysical Interactions 

Dec 1997 (IOD) 

Dec 1998 (Normal) 

Indian Ocean Dipole 

Seawifs	Chl-a	

Robinson	et	al.,	2010	

97/98	IOD	

Wiggert	et	al,	2009	



MURTUGUDDE ET AL.: 1997-1998 INDIAN OCEAN ANOMALOUS EVENTS 3297 

ol 

SPDA,TXA,TYA_97 

-3 -2 -1 o i 2 3 

60øE 9o'E 
Longitude o• 1 

120'E 

SSTA, (ua,va):OND97 

0 i 2 

Plate 2. Anomalous fields during October-December 1997 showing (a) National Centers for Environmental 
Prediction (NCEP) wind stress vectors (dynes cm -2) overlying wind speed anomalies (m s -•) and (b) surface 
current vectors (m s -q) over SST (degrees Celsius) for the control run. The thick line corresponds to the 0øC 
contour. 

among the solutions. For example, in a run forced by Florida 
State University (FSU), winds for 1997-1998 SSTAs were 
cooler by 0.6øC in the western ocean, and off Sumatra they 
were colder by as much as 3øC because of much stronger 
coastal upwelling there. When the ISCCP radiation climatol- 
ogy was employed instead of ERBE data, the eastern equato- 

rial IO was warmer by -0.8øC during April 1998 [also see 
Murtugudde and Busalacchi, 1999]. With forcing by interannual 
precipitation (both NCEP and Xie and Arkin [1996] data pro- 
duced similar results), SSTAs were cooler by 0.6øC in the 
eastern ocean and warmer by 0.5øC in the west: lower precip- 
itation in the east during fall 1997 facilitates easier erosion of 

In models, ocean currents 
(and in particular, the 
Wyrtki Jets) play a key 
role in the evolution of the 
Indian Ocean Dipole by 
changing thermocline 
depth à upwelling à SST 
(also biogeochemistry and 
ecosystems) 

  

Ocean Circulation and IOD 
Development	

SST	and	Surface	Current	

Murtugudde	et	al,	2000	



Equatorial	Indian	Ocean	Circula@on:	Wyrtki	Jets	

Mean	seasonal	
cycle	

Wyrtki	Jets	advect	mass,	
heat,	and	salt	along	the	
equator	on	seasonal	to	
interannual	Ome	scales,	
dynamically	affecOng	the	
development	of	Indian	
Ocean	Dipole	events	

McPhaden	et	al,	2015,	JGR	



Interannual	Varia;ons:	Dipole	Mode	Index,	
Zonal	Wind	Stress	&	Zonal	Transport	(0-80	m)	

2°N-2°S
75°-95°E



Interannual	Varia;ons:	Dipole	Mode	Index,	
Zonal	Wind	Stress	&	Zonal	Transport	(0-80	m)	

2°N-2°S
75°-95°E



IOD	condi;ons	in	SON	
SST,	Wind	Stress,	Surface	Currents,	SSH	from	Regression	

	

(Regression) 

Wind	&	SST	

SSH	&	U	



SSH	Evolu;on	Associated	with	IOD	

Transport	varia@ons	of	the	Wyrtki	
Jets	are	dynamically	linked	to	wind	
forced	equatorial	Kelvin	and	Rossby	
waves	and	eastern	boundary	
generated	Rossby	waves	
	
												Nagura	&	McPhaden,	2010	
												McPhaden	&	Nagura,	2014	
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SSH	Evolu;on	Associated	with	IOD	

Transport	varia@ons	of	the	Wyrtki	
Jets	are	dynamically	linked	to	wind	
forced	equatorial	Kelvin	and	Rossby	
waves	and	eastern	boundary	
generated	Rossby	waves	
	
												Nagura	&	McPhaden,	2010	
												McPhaden	&	Nagura,	2014	



Java-Sumatra 
Upwelling and SCTR 
Downwelling Linked 
During IOD Events 

SST	

SSH	

Nov	2006	



Sample Time Series 

8°N,	90°E	

Bay of 
Bengal 



Bay	of	Bengal	CO2	Fluxes	

Landschützer	et	al,	2014,	GBC	 Bakker	et	al,	201,	ESSD	



BoB Ocean Acidification Mooring 

pH	

CO2	

BOBLME	
OA	System	@	15°N,	90°E	
Deployed	23	Nov	2013	



Second	InternaOonal	Indian	Ocean	ExpediOon	(IIOE-2)	
2015-2020		

The	overarching	goal	of	IIOE-2	is	to	advance	our	understanding	of	interac;ons	among	
geological,	ocean	and	atmospheric	processes	that	give	rise	to	the	complex	physical	
dynamics	of	the	Indian	Ocean	region,	and	to	determine	how	those	dynamics	affect	
climate,	extreme	events,	marine	biogeochemical	cycles,	ecosystems	and	human	
popula;ons.			
	
ScienOfic	themes:	

	Theme	1:	Anthropogenic	Impacts 	 													 									 	 	 	 																			
	Theme	2:	Boundary	current	dynamics,	upwelling	variability	and	ecosystem	impacts																				
	Theme	3:	Monsoon	variability	and	ecosystem	response	
	Theme	4:	CirculaOon,	climate	variability	and	change 	 	 	 	 									 										
	Theme	5:	Extreme	events	and	their	impacts	on	ecosystems	and	human	populaOons
	Theme	6:	Unique	geological,	physical,	biogeochemical	and	ecological	features	of	the	 	
	Indian	Ocean		

	

Sumatra Upwelling 

Java Upwelling 

NW Australia 
shelf region 

Sri Lanka Dome Intraseasonal  
Kelvin Wave 

Fresh Water Inputs 

Eastern pole  
of IOD 

BoB Circulations Heat Flux 

Annual Cycle 

Plankton behavior 

Indonesian  
Throughflow 

Barrier Layer 

Equatorial Upwelling 

Nitrogen Cycle 

Ecosystem dynamic 
Subsurface 

nutrient supply 

Mixed layer 
dynamics         

Leeuwin Current 
Meso-scale Eddies 

Primary/Net production 

Monsoon 

Ningaloo Nino/Nina 

Tuna spawning area 

EIOUI%
%

East%Indian%
Ocean%

Upwelling%%
Ini2a2ve%

ImplementaOon	Strategies:	
1)  Leverage	off	and	coordinate	exisOng	naOons/internaOonal	

programs	
2)  Develop	and	coordinate	new	iniOaOves.		The	first	of	these	is	

the	Eastern	Indian	Ocean	Upwelling	Research	IniOaOve	
(EIOURI)	

	



§  Convened by CLIVAR/
GOOS Indian Ocean 
Panel (responsible for 
original design) 

§  Sponsored by CLIVAR, 
GOOS, IMBER, … 

§  Focus in situ 
components 

§  Adjust and enhance 

§  Introduce new 
technologies 

§  Expand multi-
disciplinary 
measurements 

Review of IndOOS in 2017 

YMC	





Piracy on the Decline 
Number	of	Indian	Ocean	Incidents	

 

hgp://www.oni.navy.mil/Intelligence_Community/piracy.htm	



Summary 

Establishment of the Indian Ocean Observing system has 
enabled major advances in our understanding of the 
Indian Ocean’s role climate variability and change in 
the past 10 years. 

There is great potential for more in situ biogeochemical 
measurements as part of IndOOS 

The next 5 years promise to be particularly exciting time 
for Indian Ocean research with the establishment of the 
Second International Indian Ocean Expedition (IIOE-2). 


