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Global carbon dioxide (CO2) Budget 

Le Quéré et al., 2014. Global Carbon Budget 2014. ESSDD 7: 521-610. 



Fate of anthropogenic CO2 emissions (2004-2013 average) 

Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Le Quéré et al 2014; Global Carbon Budget 2014 

26% 
2.6±0.5 PgC/yr 

8.9±0.4 PgC/yr      91% 

+ 0.9±0.5 PgC/yr      9% 

2.9±0.8 PgC/yr 

29% 
Calculated as the residual 

of all other flux components 

4.3±0.1 PgC/yr 

44% 

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.biogeosciences.net/9/5125/2012/bg-9-5125-2012.html
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://dx.doi.org/10.5194/essdd-7-521-2014
http://www.globalcarbonproject.org/carbonbudget/


Ocean CO2 uptake promotes ocean acidification  

(Rhein et al., 2013) 

Ocean CO2 uptake decreases pH and the saturation state  
For the calcium carbonates aragonite, calcite. 
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Aragonite saturation state  
from 1850 to 2100 

(IGBP, IOC, SCOR, 2013) 
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Ocean acidification will promote large 
changes in marine ecosystems 

Doney et al., 2009; Hofmann et al., 2010;  
IGBP, IOC, SCOR, 2013; Kroeker et al., 2013; Whittman and Pörtner, 2013 



Anthropogenic carbon dioxide (CO2) emissions 
affect global climate and the global oceans 

Photo by Brian Ward, University of Galway, Ireland 

UN Climate Summit – 23 September 2014, New York 



Global Carbon Budget 

Le Quéré et al., 2014. Global Carbon Budget 2014. ESSDD 7: 521-610. 

For 2004-2013: 
 
Fossil fuel and cement sources 
(91%) 
 
Land-use change (9%) 
------------------------------------ 
Land sink (as residual) (29%) 
 
Atmosphere sink (44%) 
 
Ocean CO2 sink (26%) 
2.6 ± 0.5 Pg C yr-1 



The ocean CO2 sink and its uncertainty 
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Ocean biogeochemical models Data-based methods  

Mean ocean CO2 sink?   (2.6    ± 0.5 Pg C yr-1, 2004-2013) 
Riverine carbon inputs? (0.45 ± 0.2 PgC yr-1) 
Year-to-year variation? 
Trend in ocean CO2 sink? 
Regional variation? 



Seawater system
Electronics/detector

Atmospheric sampling tube
GPS system 

Surface water fCO2 observations  
on Ships of Opportunity 

Schuster and Watson (2007)  JGR 

Fugacity of CO2 (fCO2) and partial pressure of CO2 (pCO2) 
fCO2 = γ pCO2 = [CO2] / K’0 
                                                                        (γ ~ 0.996-0.997) 



A North Atlantic CO2  
observing network 

       

2002-2004 (Cavassoo), 2005-2009 (CarboOcean), 
2011-2015 (CarboChange), ICOS? 
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Spot pCO2 data 

CO2 mapping 

Satellite SST, chl & 
winds help 
interpolate the 
network pCO2 
data accurately, to 
create maps. 

CO2 measurement 
network 

(Slide courtesy of Andrew Watson;  
Telszewski et al. (2009) BG 6: 1405-1421) Slide by Andrew Watson 



www.socat.info 

2007: No public, global fCO2 data set. Many formats, many data not public.  
 
SOCAT: Surface ocean fCO2 (fugacity of CO2) in uniform format with quality control;  
2011: SOCAT Version 1: 1968-2007,  6.3 million fCO2, 1851 cruises; 
2013: SOCAT Version 2: 1968-2011, 10.1 million fCO2, 2660 data sets; 

NEW data 

1968-2011 

(Bakker et al., 2014, ESSD) 

Surface Ocean CO2 Atlas 



Surface Ocean CO2 Atlas 
www.socat.info 

Surface ocean fCO2 (fugacity of CO2) in uniform format with quality control;  
•Individual data set files; 
•Global synthesis product for the global oceans and coastal seas; 
•Global gridded products, no interpolation (1° x 1° global, ¼° x ¼° coastal); 
 

Public access via http://www.socat.info/;  
Interactive online viewers (Live Access Server); 
Various formats, e.g. text, NetCDF, Ocean Data View, Matlab; 
Documented in 3 ESSD articles. 
 

1968-2011 

http://www.socat.info/


14 citations 

Documentation and data policy 

38 citations  

11 citations 

SOCAT data policy:   
Recognise the contribution of SOCAT data 

contributors and quality controllers by invitation 
to co-authorship or citation of articles. Regional 
studies: Invite data contributors as co-authors. 

 
Cite the relevant SOCAT ESSD publication: 

V1: Pfeil et al. (2013) ESSD 5: 125-143;   
V1: Sabine et al. (2013) ESSD 5: 145-153; 

V2: Bakker et al. (2014) ESSD 6: 69-90. 



Surface water fCO2 per decade 
www.socat.info 

SOCAT version 2 (Brévière et al., in prep; Bakker et al., 2014, SOLAS News) 



Seasonal data coverage in SOCAT 
www.socat.info 

Bakker et al. (2014) ESSD 

Repeat observations on Ships of Opportunity stand out.  
Poor data coverage in much of the southern hemisphere oceans. 
Lack of winter data in high-latitude oceans; 
Increasing coverage of Arctic summer data. 
 



SOCAT near the continents (2000-2009) 
www.socat.info 

Number of data sets with fCO2 values per 1° x 1° grid cell (2000-2009) 

(Bakker et al., 2014, ESSD) 

North America 

Europe 



Additional parameters www.socat.info 

Salinity and sea surface temperature (SST) in SOCAT are not  quality controlled. 
SOCAT encourages data providers to submit high-quality salinity and SST. 
 
SOCAT will accept additional surface water parameters, accompanying fCO2 data 
(e.g. CH4, N2O, DIC, TA, pH, nutrients) from version 4 onwards. These additional 
parameters will not be quality controlled and will be reported in separate files. 
 
The SOCAT data policy will be revised to state that data providers should be invited 
for co-authorship in regional studies. 

Community Event,  
Bergen, Norway, 

23 June 2014 



Years  

Number  

Version 3, QC starting soon 
www.socat.info 

• ~1850 data files from 1957-2013 (50% new) for QC. 
• Revision of QC flags for sensor data; 
• Update of quality control system; 
• Quality control by regional groups (asap, 3 months); 
• QC webinars / meetings (20-23 Oct 2014, Seattle, others?); 
• Early release (spring/summer 2015);  
• Public release (September 2015, SOLAS OSC, Kiel) 

~1850 data files, 1957-2013 
(50% new) before QC. 



Inclusion of sensor data in SOCAT v3 
www.socat.info 

Wanninkhof, R., Bakker, D. C. E., Bates, N., Olsen, A., Steinhoff, T., and Sutton, A. J. (2013) Incorporation of Alternative Sensors in the SOCAT 
Database and Adjustments to Dataset Quality Control Flags. Recommendationnewsensors.pdf. doi: 10.3334/CDIAC/OTG.SOCAT_ADQCF. 

NEW 

(version 4) 

• Encourage calibration of sensors; 
• Revision of data set quality control 

flags, based on accuracy; 
• Update metadata forms for 

sensors (calibration!); 
• Identification of platform type; 



Update of QC system 

(Photo by Wiley Evans) 



Update of SOCAT QC system 

Update of SOCAT QC system for version 3 (part of SOCAT automation); 
Quality control: As soon as tests complete, 3 months. 

www.socat.info 

(Figure by Kevin O’Brien) 



Quality control by regional groups 
www.socat.info 

Coastal Seas:        30°S to 66/70°N,     Hales, Alin, Cai  
Arctic:                 north of 66-70°N     Mathis 
North Atlantic:     north of 30°N      Schuster 
Tropical Atlantic: 30°N to 30°S     Lefèvre 
Indian Ocean:      north of 30°S      VVSS Sarma 
North Pacific:       north of 30°N      Nojiri 
Tropical Pacific:    30°N to 30°S      Cosca 
Southern Ocean:  south of 30°S,      Tilbrook, Metzl 
Global         Bakker, Currie, Kozyr, Metzl, O’Brien,  
        Olsen, Pfeil, Pierrot, Telszewski 

Coastal (’09, Kiel) Atlantic & Southern 
(’09, Norwich) 

Southern & Indian 
 (’10, Hobart) 

Coastal & Arctic 
 (’12, Seattle) 

Leads  (’12, Tsukuba) 

Interested to join the QC effort? d.bakker@uea.ac.uk 



SOCAT 
Dashboard 

metadata entry - OME 

data column checker 

data file range checker 

Automated data upload, version 4 

metadata 

data files 

LAS 

visualization 

QC checks 

download 

subsetting 

25 

Kevin O’Brien, Karl Smith, Steve Jones, Alex 
Kozyr, Biva Shrestha, Ranjeet Devarakonda, 
Benjamin Pfeil, Are Olsen, Steve Hankin, 
Denis Pierrot et al. 
 

Data submission 
to SOCAT QC 

Seawater system
Electronics/detector

Atmospheric sampling tube
GPS system 

Preview data set 
prior to submission 
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Automated data and metadata upload 

After a slide by Kevin O’Brien and Karl Smith, NOAA-PMEL 



27 

Preview data set prior to data submission 

After Kevin O’Brien, Karl Smith 
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Submission to SOCAT QC 
and make original data public 

Slide by Kevin O’Brien and Karl Smith, NOAA-PMEL 



SOCAT 
Dashboard 

OME – metadata entry 

data column checker 

data file range checker 

Automated data upload, version 4 

metadata 

data files 

LAS 

visualization 

QC checks 

download 

subsetting 

29 

Data submission 
to SOCAT QC 

Seawater system
Electronics/detector

Atmospheric sampling tube
GPS system 

Preview data set 

Automation meeting (Seattle, 21-23 Oct’ 14) 
Tests automated data upload (autumn‘14) 
Data submission system live (early ’15) 



Scientific applications of SOCAT 

Application Number of 
publications 

Reference to SOCAT data set or fCO2 
measurements 

30 

Use of SOCAT tools 1 

Figure of fCO2 data distribution 5 

Regional fCO2 in process studies, incl. of ocean 
acidification and genomics 

4 

Coastal CO2 sink estimates 4 

Data–based fCO2 maps and ocean CO2 sink 
estimates 

8 

Model validation 6 

Regional pH trends 1 

≥ 56 peer-reviewed scientific articles (2014-24; 2013-20; 2012-3; 2011-2; 
2010-6; 2009–1) and 3 book chapters (2014-3) cite or mention SOCAT. 



Mapping of surface ocean fCO2  
for air-sea CO2 flux estimates 

A SOCAT data product 
(synthesis or gridded) 

A mapping method 
 

Surface water fCO2 
(here 1998-2011) 

Air-sea CO2 flux 
(here 1998-2011) 

Gas transfer parameterisation,  
wind speed 

The (spatial/temporal) variability in data-based air-sea CO2 flux estimates can 
improve land CO2 flux estimates by atmospheric inversion (Rödenbeck et al., 
2014). (Figures Bakker et al., 2014; Landschützer et al., 2014). 



Surface Ocean pCO2 Mapping 
Intercomparison (SOCOM) 

(lead Christian Rödenbeck) 
 

data-based 
(12x) 

SOCOM  
 
 

(’14, Bergen) 



Ocean CO2 sink from data-based methods 

Landschützer et al., 2014 GBC) 

L et al. (2014)         Low IAV           Large change 
R et al. (2014)        High IAV             Small change 
P et al. (2010)        Low IAV           No change 

Data-based methods              Interannual variation   Long-term change 

Ocean biogeochemical models Data-based methods  



 
• Comparison of annual mean anomalies; 
• Subsampling of 6 RECCAP models to 

SOCAT v2 data; 
• Global ocean biogeochemical models 

underestimate spatial and temporal 
variation in fCO2. 

 
 
Séférian et al. (2014) GRL Perfect comparison 
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Model-data comparison 



Model validation, US West Coast 

pCO2 data from SOCAT v2, 
LDEO (v2012) and CalCOFI 
 
Model does better for far-
offshore than for 
nearshore. 

(2014) 



‘No substitute exists for adequate observations.’  
 
‘Models will evolve  and improve, but, without 
data, will be untestable, and observations not 
taken today will be lost forever.’ 
 
‘Today’s climate models will likely prove of little 
interest in 100 years.  But adequately sampled, 
carefully quality controlled and archived data 
for key elements of the climate system will be 
useful indefinitely.’ 
 
Wunsch et al. (2013) PNAS 110 (12) 4435-4436; 
Bryden, H., 2014 Challenger Medal Lecture; 
Bakker et al., 2014; Landschützer et al., 2014. 
 

Long-term observations 



Conclusions 

SOCAT is a powerful data synthesis product documenting the ocean carbon 
cycle. 
 
Applications include: 
• Quantification of the ocean CO2 sink (e.g. Global Carbon Budget, SOCOM); 
• Assessments of ocean acidification; 
• Validation of ocean biogeochemical models. 
 
SOCAT has >> 100 contributors. Contribute to and/or use SOCAT. Acknowledge 
the contribution of the data providers, e.g. by invitation to co-authorship, 
notably in regional studies. d.bakker@uea.ac.uk. 
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SOCAT is a community activity! 
>100 data contributors, group leads, 

quality controllers and data 
managers! 
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http://www.google.com/imgres?q=University+of+Washington&hl=en&client=firefox-a&hs=nfh&sa=X&rls=org.mozilla:en-US:official&biw=1920&bih=929&tbm=isch&prmd=ivnsm&tbnid=_vYA_VoxpvYDzM:&imgrefurl=http://depts.washington.edu/lumines/&docid=F4Ybi6Q07q9HlM&w=2285&h=2285&ei=63RmTp6pLebbiAKj1pzECg&zoom=1&iact=hc&dur=149&page=1&tbnh=115&tbnw=115&start=0&ndsp=64&ved=1t:429,r:1,s:0&tx=119&ty=113&vpx=318&vpy=102&hovh=225&hovw=225
http://www.noaa.gov/
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