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Argo transformed global-scale oceanography into 
global oceanography.

Argo Floats Do Not Mind Bad WeatherArgo: 1,000,000 T/S profiles milestone achieved in 2012.
All August T/S profiles  (> 1000 m, 1951 - 2000).

Argo Floats Do Not Mind Bad Weather

Argo

5 years of August Argo T/S profiles (2008-2012).

The World Ocean Circulation ExperimentThe World Ocean Circulation Experiment 
was a global survey of 8,000 T/S profiles in 
7 years (1991-1997).

Argo is a global survey of 12 000 T/S

20th Century: 500,000  T/S profiles > 1000 m

Argo is a global survey of 12,000 T/S 
profiles every month.

Courtesy S. Piotrowicz



We can now do the same for biogeochemistry/ocean 
carbon cycling!carbon cycling!  

• Why observe carbon/oxygen/nitrate/biooptics?
• Current status of system/sensors.
• Basin‐scale experiments and results.

h b d li• SOCCOM – Southern Ocean Carbon and Climate 
Observations and Modeling

• Linkage to satellite observations• Linkage to satellite observations.
• The path forward BGC Argo, a global biogeochemical 

Argo system.g y



Ocean carbon uptake is a major 
t f th l b l bcomponent of the global carbon 

budget.
• Biological pump in ocean 

lowers atmospheric CO2 ~100 
ppm.

• Ocean removes 30% ofOcean removes 30% of 
anthropogenic carbon.

• Net land sink =
F il F l At h iFossil Fuels – Atmospheric 
Growth – Ocean Sink

• Interannual change not well 
constrained by observations.



Toward a global synthesis of the oceanic
carbon sink since the mid 1990scarbon sink since the mid 1990s
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Anomalous air‐sea CO2 flux versus anomalous storage (1994‐2007)
COMPARISON
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• Numerous studies point 
to climate and decreasing g
ocean phytoplankton/ 
productivity links.



Is the satellite ocean color signal a reflection ofIs the satellite ocean color signal a reflection of 
physiological adaptation by phytoplankton to a 
warmer ocean, and not a change in biomass?, g



A paradigm shift in ocean observing:
Autonomous biogeochemical sensors on profiling 
floats enable a widely distributed observing system.

• Field developing rapidly:
Körtzinger et al (2005) O– Körtzinger, et al. (2005) – O2

– Tengberg et al. (2006) – O2

– Bittig et al. (2015) – O22

– Johnson et al. (2015) – O2

– Johnson et al. (2010) – Optical nitrate
J h t l (2013) O ti l it t– Johnson et al. (2013) – Optical nitrate

– Martz et al. (2010) – DuraFET pH
– Johnson et al. (2016) – Deep‐Sea DuraFET pH( ) p p
– E. Boss et al. (2008 ) – Biooptics (chlorophyll & particles)
– Whitmire et al. (2009 ) – Biooptics
– Boss and Behrenfeld (2010) – Biooptics
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Suspended 
Particles/ 

A particular 
synergism with 

Backscatter
y g
ocean color 
remote 
sensing.



Synergetic Ocean Color remote sensing-
profiling float approachprofiling float approach

 Floats and ocean color share key 
biogeochemical variables (matchups & 
validation): Satellite: Global scalevalidation):
 Chla
 bbp (POC)
 d

(y)

 Benefits of a coupled approach:

 Kd
 CDOM

(z)

(x)

 Benefits of a coupled approach:
 OC satellites “see” only the 1/5 of 

the euphotic layer => Profiling floats 
bring vertical dimension Bio‐Argo profiling float: Vertical dimension

(z)

bring vertical dimension
 Profiling floats bring observations 

under cloud cover or no light 
conditions

g p f g f

 3D/4D OCEAN BIOGEOCHEMISTRY
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conditions
 Remote sensing provides 

extrapolation to the global ocean



Biogeochemical (BGC) Argo has grown to a global 
reach, but so far has no formal structure.





US Ocean Carbon & Biogeochemistry Scoping Workshop 
Observing biogeochemical cycles at global scales withObserving biogeochemical cycles at global scales with 
floats and gliders  
28‐30 April 2009, Moss Landing, CA
http://wwwwhoi edu/sites/OCBfloatsglidershttp://www.whoi.edu/sites/OCBfloatsgliders

Planning 
documents all 
point to next step:   
regional/basinregional/basin 
scale programs

Sept. 2009 Issue of Oceanography





What is the role of the Southern 
Ocean in the global climate system?

2 31
It accounts for up to 
half of the annual 
oceanic uptake of 
anthropogenic

Vertical exchange in
the Southern Ocean
is responsible for 
supplying nutrients that

It accounts for 67-98%
of the excess heat that
is transferred from
the atmosphere into the anthropogenic

carbon dioxide from
the atmosphere.

supplying nutrients that 
fertilize three-quarters 
of the biological 
production in the

the atmosphere into the 
ocean each year.

production in the 
global ocean north of 
30°S.



200 profiling floats over 6 
years with pH, NO3

‐, O2, y p , 3 , 2,
biooptics with calibration 
tied to GO‐SHIP 
observations

Southern Ocean State 
E ti t d l t tEstimate model to get 
4D fluxes

Improved coupledImproved coupled 
climate model (GFDL) 
predictions of Southern 
Ocean role in carbon 
and climate



SOCCOM funded by NSF Polar Programs for 6 years 
with additional support from NOAA and NASA

Theme I
Observations

Theme II
Modeling

Theme III
Education & Outreach

Directorate

Lynne Talley, 
SIO

Joellen Russell, 
U. Arizona

Jorge Sarmiento, 
Princeton

Heidi Cullen, 
Climate Central

Steve Riser, U. W.Ken Johnson
Biooptics (Emmanuel 
Boss Maine)Boss, Maine)

23 senior researchers at 11 institutions



International Support

Institution Collaborators Contribution

CSIRO T T ll Z Fl t d l t d lib tiCSIRO
Australia

Tom Trull, Zanna 
Chase,
Steve Rintoul, 
Bernadette Sloyan, 

Float deployment and calibration 
support on one cruise in Year 1 
and three Indian Ocean cruises in 
Year 2; processing of carbon y ,

Susan Wijffels, Peter 
Strutton, Bronte 
Tillbrook

; p g
samples

AWI
Germany

Olaf Boebel,
Gerd Rohardt

Float deployment and calibration 
support on 2014-15 Polarstern 
cruise; 
CTD/salinity data setsCTD/salinity data sets

NERC
U.K.

Yvonne Firing Float deployment and calibration 
on Drake Passage cruise in Year 2

GO SHIP P16S (Year 1) I08S and P15SGO-SHIP
Internat.

P16S (Year 1), I08S and P15S 
(Year 2) float deployment support 
and full calibration chemistry



• 37 BGC floats 
deployed fromdeployed from 
March 2014 to 
date 

• 16 more 
deployments in 
2016 (I8S, P15S)( , )

• ~37 in 
construction for 
2016/17 season2016/17 season

• Funded for ~100 
more 2017/2020.

All data public in real time at soccom princeton eduAll data public in real time at soccom.princeton.edu



Extend decadal‐scale 
GO‐SHIP/SOCAT carbon 
observations into theobservations into the 
seasonal and interannual
domain with BGC floats. 
Link the data to high res

Float 

Link the data to high res. 
models.

Float 

9254

9095

(m
) Float 

9092

De
pt
h  9092



Alkest = f(S, , AOU)

Algorithm trained using 
bottle databottle data

GLODAPv1 + PACIFICA + 
CARINA



SOCCOM float 
9275 launched 
18 Jan. 2015 at 

° ° f67°S, O°E from 
the German 
R/V PolarsternR/V Polarstern.
Reappeared 23 
Dec. 2015 at 
68.5°S, 15°W 
after winter 
under ice.



Fl tFloat 
9275



Mixed layer pCO2

pCO2 = pCO2
ocn – pCO2

atm

Float 
Takahashi et al. 2009
SOCAT v3 observations

Alison Gray,y,
Princeton



Cumulative CO2 Uptake
( ) h(‐) into the ocean
ERA‐Interim 6‐hour winds
Wanninkhof 2014 coefficientWanninkhof 2014 coefficient

Alison Gray,

Float

Princeton

Float 
Takahashi et al. 2009





sub-tropical gyres

 40% of the global ocean. 

 primary production (NCP): controversial
 classical (incubation) methods & 

models: 2-3 times lower than: 
 «non-intrusive» techniques (O2 

isotopes; O2 floats budget )

• inter-gyre variability : 
 N limitation (North & South 

isotopes; O2 floats budget )

Pacific) vs P limitation (North 
Atlantic)

 seasonal



Planning for a global 
network has begun.  
First meeting inFirst meeting in 
Villefranche‐sur‐Mer, 
11‐13 January.  

D ftDraft 
implementation 
plan being 
written. 



Joellen Russell, Igor Kamenkovich, Matt Mazloff, 
Alison Gray

Reconstruction of the CO2 flux
• Reconstruction recovers the large-scale structure

“Sh ll ” ( 1k ) d i d i l d ll b A• “Shallow” (<1km) and ice-covered regions are not sampled well by Argo; 
some of them are important for the CO2 uptake.

Model-simulated CO2 flux (mol m-2 sec-1) 
on the model (~1/10°) grid

Reconstructed CO2 flux (mol m-2 sec-1), 
from 1000 floats on the 1°x1° gridon the model ( 1/10 ) grid. 

Total uptake: 2.7 Gt CO2 year-1.
from 1000 floats, on the 1 x1 grid. 
Total uptake: 2.9 Gt CO2 year-1.

I. Kamenkovich



RErr: 500 floats

Reconstruction Errors (RErr): 
Difference between reconstructed and 
original fields for air sea CO flux

RErr: 500 floats

original fields for air-sea CO2 flux

RE 1000 fl t

• Reconstruction skill increases with an 
increasing number of floats RErr: 1000 floatsincreasing number of floats 

• Changes are most pronounced between 500 
and 1000 floats – less additional benefit from 
2000 floats2000 floats

• Reconstruction near coasts and at high 
latitudes is most challenging (few Argo profiles!)

• Argo array cannot (and was not designed to) 
RErr: 2000 floatsresolve sharp gradients, so RErr are large in 

ACC fronts and near western boundary currents 
(see also Kamenkovich et al. 2009)
P tt i t t ith i t di• Patterns are consistent with previous studies

Units are mol m-2 sec-1
I. Kamenkovich



• BGC Argo is an extension of Argo. It follows main Argo 
philosophyphilosophy.

• A BGC Argo float carries O2/pH/NO3
‐ chemical sensors, 

chlorophyll fluorescence, optical backscatter, & 
downwelling radiance sensors. 

• It profiles to near 2000 m depth.
i i fl• Target array size is ~1000 BGC floats.

• All data are public in real time.

• With a 4 year lifetime, 250 floats/yr will be required
• $25,000,000/year at $100,000/float lifetime cost!!!!!$ , , /y $ , /
• BGC Argo should be a sub‐committee that reports to the 
Argo Steering Team.



Global BGC Argo

Ocean color, SST, Altimetry, LIDAR


