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1. Project Summary
1.1 Introduction
The global data management and synthesis project (DMCP) of ocean carbon observations
focuses on quality control, collating, managing, storing, and dissemination of inorganic carbon
and associated data. The creation of data products for the community at large and interpretation
of results are important goals. Emphasis is on the data obtained by the efforts funded by the
Climate Observation Division (COD) but appreciable efforts are extended to incorporate data
from investigators worldwide in order to create truly global databases. Outreach activities
include training in best practices, and advocacy for new technologies and new approaches. The
COD observational efforts that feed into this project include the repeat hydrography program, the
pCO; on ships effort, and the pCO, on moorings effort. The data synthesis addresses the core
questions:
1. Where has the anthropogenic (i.e. carbon produced by man’s activities) entered the ocean
and where is it stored?
2. What is the current pattern of uptake and storage and how will this change? And:
3. How is the increase in inorganic carbon impacting the inorganic carbon chemistry and
biota of the ocean?

The last question is addressed largely with resources from the NOAA/OAR/Ocean Acidification
program. The goal of the effort is to synthesize global data and create methods and products to
meet the overall goal of the COD ocean carbon program to quantify global anthropogenic CO,
storage to within 2 Pg C decade™ and regional sea-air CO, fluxes to within 0.2 Pg C year™



The large-scale synthesis efforts are being done under the umbrella of the International Ocean
Carbon Coordination Program (IOCCP). The program leads and personnel in the DMCP are
leaders or active participants in these efforts. Interior ocean physical, tracer and biogeochemical
data are synthesized under an ongoing project GLODAP (Global Data Analyses project that is
set to release its first update GLODAP-2 in two years). The first release GLODAP (Key et al.,
2004) is the most used consistent global product for ocean model initiation and/or assessment.
The surface data is assembled in the Surface Ocean Carbon Atlas effort (SOCAT). The release
with over 6 million quality controlled data points occurred during this performance period and a
second release is planned in 2014. Both GLODAP and SOCAT benefitted immensely from the
Live Access Server (LAS) utilities of lead investigator S. Hankin. The data visualization
opportunities and “on the fly” product generation provide a means for contextual quality control
and interpretation.

1.2 Project justification

The overriding issues that drive the ocean carbon programs in COD is that over the past two and
a half centuries, the surface oceans have absorbed approximately 30% of the total anthropogenic
carbon dioxide emissions from the atmosphere (Prentice et al., 2001; Canadell et al., 2007; Le
Quéré et al., 2009). This absorption of CO, from the atmosphere has reduced the accumulation of
greenhouse gases in the atmosphere, thus slowing the rate of climate change (IPCC, 2007;

Sabine and Feely, 2007; Feely et al., 2013). The details of this uptake and storage as well as the
mechanisms controlling them are still not fully understood. Continued monitoring and scientific
analysis of the ocean carbon cycle is critical for understanding how this important sink for
anthropogenic CO; is functioning and how ocean carbon storage might change in the future.

It is not sufficient, however, simply to collect and archive the data if we expect the data to
improve our understanding of the global carbon cycle and the role of the ocean in climate
change. Many pieces of the puzzle are interlinked and data management and synthesis must be
done in a comprehensive and inclusive fashion. For example, the NOAA Climate Observations
Division’s (COD) Carbon Network (hydrographic sections, underway pCO,, and CO, moorings)
is a valuable contribution to the Global Ocean Observing System (GOQOS) and Global Climate
Observing System (GCOS). Carbon scientists and oceanographers are the primary direct users of
ocean carbon data, but there is an increasing need to provide data and interpretation to climate
scientists and modelers. Ultimately scientists are working to produce meaningful products from
these observations, such as assessments, that a wide range of decision makers and the public can
use to make informed decisions about current and future CO, emissions.

The Global Carbon Data Management and Synthesis Project works together with the COD
carbon measurement projects as well as other national and international colleagues with high-
quality ocean carbon data to take the fundamental carbon observations and turn them into
products that are useful for scientists and the public for understanding the ocean carbon cycle
and how it is changing over time. This effort ranges from ensuring that the observations are of
the highest quality and are mutually consistent with each other to combining the observations
into a common data set that is available and easy for the community to use and explore to
evaluating the time rate of change in global ocean carbon uptake and storage. This project brings
together ocean carbon measurement experts and information technology experts working closely




with data managers at the National Ocean Data Center (NOAA/NODC) and the Carbon Data
Information and Analysis Center (CDIAC) and to ensure the most efficient and productive
management and synthesis of the COD carbon observations.

2. Scientific Accomplishments

The COD ocean carbon network makes two basic types of observations: surface CO,
observations (with ships of opportunity and moorings) and water column carbon observations
(with repeat hydrography cruises). The surface observations are aimed at quantifying and
understanding the exchange of CO; across the air-sea interface (i.e. ocean carbon uptake and
release). The interior ocean observations help quantify the ocean carbon inventory and how it is
changing with time (i.e. ocean carbon storage). Uptake is not necessarily the same as storage,
because ocean transport can move carbon that is removed from the atmosphere in one place and
store that carbon in another place. Although the spatial and temporal patterns of carbon uptake
may be different from the storage patterns, these two measures of the ocean carbon cycle are
closely related to each other. Integrated over large enough time and space domains, the net
uptake should be reconcilable with the storage. An added challenge is separating the
anthropogenic fluxes and inventories from the contemporary fluxes and inventory changes.

The Global Carbon Data Management and Synthesis Project addresses both observational
approaches for understanding the role of the oceans in the global carbon cycle. Because surface
observations are collected in a different manner and have different requirements for developing
the final product than the repeat hydrography data, the data management and synthesis for these
two data types is discussed separately. The activities and accomplishments for both data types in
FY2013 are discussed below.

While the COD ocean carbon network is primarily aimed at understanding the uptake and
storage of ocean carbon, it is used as an important template for the Ocean Acidification Network
that provides information on the consequences of that carbon on the chemistry of the oceans.
When anthropogenic CO, is absorbed by seawater chemical reactions occur that reduce both
seawater pH and the concentration of carbonate ions in a process known as “ocean
acidification”. The pH of ocean surface waters has already decreased by about 0.1 units since the
beginning of the industrial revolution (Caldeira and Wickett, 2003; Caldeira and Wickett, 2005),
with a decrease of ~0.0018 yr™ observed over the last quarter century at several open ocean time-
series sites (Olafsson, et al., 2009; Bates, 2007; Bates and Peters, 2007; Santana-Casiano et al.,
2007). The advancements in our understanding in ocean acidification made through this project
are discussed in the last section.

2.1 Surface Ocean CO2

The surface ocean component of the Global Carbon Data Management and Synthesis Project
involves continued processing of the carbon data generated from the COD volunteer observing
ships and moorings, working with Taro Takahashi (LDEO) to generate updates to his air-sea
CO; flux climatology (Takahashi et al., 2009; Takahashi et al., 2012), developing the algorithms
to make seasonal CO, flux maps using satellite observations® and working with the international
ocean carbon community on the release of the first Surface Ocean CO, Atlas (SOCAT) (Pfeill et

' http://cwcgom.aoml.noaa.gov/erddap/griddap/aomicarbonfluxes.graph.




al. 2012; Bakker et al., 2012). An important component of the effort is national and international
outreach and coordination to improve data quality, and assemble data into coherent unified
datasets. As described below the participants of the ocean carbon synthesis projects have been
active participants and leaders of efforts such as SOCAT and RECCAP (Regional Carbon Cycle
Analysis Project) that provide critical data products for interpretation and testing/verification of
models of ocean carbon dynamics and change. Each of these is briefly discussed below.

Processing of New Data

During FY2013, PMEL and AOML received daily underway CO, data files from ships of
opportunity sailing the Atlantic and Pacific oceans. Improvements are made to the telemetry and
diagnostic software to quality control pCO,, temperature, salinity, barometric pressure, pumps,
water flow and gas flow data. During the time in review, data from over 50 cruises have been
processed and submitted to CDIAC and SOCAT. All current and previous underway pCO; data
files are quality controlled using the data protocols outlined in Pierrot et al. (2009).

Data from 11 mooring sites were also processed at PMEL and submitted to CDIAC following
the Pierrot et al. protocols in FY13. The processing included not only the latest data, but also a
reprocessing of older data to ensure that all our mooring data are available in the agreed format.
In total, we processed and submitted 10.5 buoy years of data in FY2013, brining the grand total
to 54.5 years of open ocean data finalized and available to the public at CDIAC since the
inception of the project. A synthesis of pCO2 mooring observations in the Nifio 3.4 area
includes 10 ENSO events and represents a quantum leap in our ability to understand the
mechanisms governing ocean events (Sutton et al. in revision). This synthesis also shows that
anthropogenic CO2 uptake and increased upwelling since the PDO shift of 1997-1998 are
resulting in higher surface seawater pCO2 (+2.3 to +3.5 patm yr-1) growth rates than previously
reported. This decadal shift is likely impacting pCO2 outgassing from the region supplying the
largest oceanic source of CO2 to the atmosphere

As detailed in the “pCO;, from ships” report over 500,000 new underway pCO, data points have
been processed by the consortium following uniform data reduction and quality control. Data and
plots are posted on the publically accessible websites
http://www.aoml.noaa.gov/ocd/gcc/index.php and
http://www.pmel.noaa.gov/co2/story/Volunteer+Observing+Ships+%28V0S%29. Data and
metadata are contributed to the global database at CDIAC, as well as direct submissions to the
LDEO and SOCAT databases (Takahashi et al., 2012; Pfeill et al., 2012)

The data management and synthesis effort is by nature a highly collaborative effort between,
AOML, PMEL, US academic, and international partners. During the performance period several
synthesis products were completed that fed directly into the fifth annual assessment (AR5) of the
Intergovernmental Panel on Climate change (IPCC). Below is a summary of the execution of the
FY-13 work plan. The work plan is based on four performance measures whose milestones for
FY-13 have been accomplished in full.



http://www.aoml.noaa.gov/ocd/gcc/index.php

Performance Measures (FY2012-2014)

Measure of 2013 2014-flat | 2014-restore | 2015-flat 2015-
Performance budget budget maintain
CO; flux maps Bi- Every 3 | Bi-monthly, 6- | Quarterly, | Bi-monthly,

monthly, | months, month lag 1-year lag | 6-month lag
6-month | 9-month
lag lag
Ocean interior No PM No PM GOSC12 No PM Decadal
synthesis public release assessment
Data processing All data | Alldata | Alldatafrom | All data All data
surface data from from SOOP-pco2 from from
SOOP- SOOP- | ships processed | SOOP- SOOP-
pCO; pCO; within 9- pCO; pCO2 ships
ships ships months ships processed
processed | processed processed | within 9-
within 9- |  within within months
months 12- 18-
months months
Data processing Submit Submit | Submit A20/22 | Submit Submit
interior data Al0to A20/22 data A16N/P2 | AL6N/P2
CDIAC data data data

Seasonal air-sea CO, Flux Maps

A new assessment of air-sea CO; fluxes and temporal trends as part of RECCAP
Our efforts in the first phase of regional carbon cycle assessment and projection (RECCAP)
project were successfully completed with a global assessment of global air-sea CO, fluxes and
temporal trends over the past 19 years (Wanninkhof et al. 2013) (Figure 1). The major
conclusion is that global ocean CO; inventory changes over the last two decades, based on
different observational and modeling approaches, show good agreement with an estimate
centered on 2000 of 2.2 +- 0.4 Pg C. The values based on sea-air CO, fluxes are on the lower

side of the estimates from models and interior estimates.

While the magnitude appears well

constrained, the interannual variability and trends between different approaches are quite
different (Tablel) pointing towards the need for continued work on observational time-series.
Basin specific detailed analyses of the Atlantic and Pacific Basin were presented in Schuster et
al., 2013 and Ishii et al. 2013. The results were presented at the 9th International Carbon
Dioxide Conference in Beijing, June 3-7, 2013.
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Figure 1. The 50 yr globally integrated ocean anthropogenic CO, uptake from OBGCMs used in RECCAP. The thin
solid and dashed lines show the increasing annual uptake of the different models and their interannual variability
(Tables 2 and 4). The thick solid blue line is the median of the OBGCMs; the thick solid red line is the output of the
Green function method (Khatiwala et al., 2012) and the thick black line is the result from the GCP ocean model

ensemble
(http://www.globalcarbonproject.org/carbonbudget/index.htm) (From Wanninkhof et al., 2013a)

As part of the synthesis effort J. Trinanes continues to provide and improve updated monthly
CO; flux estimates based on the empirical approach of Park et al., 2010. The fluxes for 2012 are
provide in Figure 2 showing a global minimum in uptake in the Boreal Summer that is stronger
than average based on the flux anomaly that is now provided as a user specified option in the
graphical user interface http://cwcgom.aoml.noaa.gov/erddap/griddap/aomlicarbonfluxes. The
decreased uptake/increase release during the January 2012 compared to the 30-year average
January value is particularly pronounced in the Western Pacific, North Atlantic and Southern

Ocean (Figure 3).
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Table 1 (from Wanninkhof et al. 2013a)

Median sea—air anthropogenic CO, fluxes for the different approaches centered on year 2000.

0.5

(Pgyr)

2

Sea-Alr CO Flux
o

Approach Anthr. CO, flux ~ Uncertainty IAVE  SAVE Trend

PeCyr ! PeCyr'!  PeCyr!  (PeCyr!)

decade™1

Empirical =20 +0.62 020 061 —0.15

OBGCM -19 +0.3b 0.16  0.38 —0.14

Atm. Inversion -21 +0.3¢ 0.40 041 —0.13

Ocean Inversion —24 +0.34 —0.57

Interior (Green function)® -2.2 +0.5 - - —0.35
0,/N2 —22 +0.6
02N} 25 +0.7

2 Root mean square of uncertainty in different components of the fiux (see Table 1). b Median absolute deviation of the six
model outputs used to determine the median (for 6 model outputs: LSC. UEApncEgp. CSI. BER, BEC and ETHy5). €

Median absolute deviation of eleven model outputs used to determine the median. d Median absolute deviation of the ten
model outputs used to determine the median. © Interannual variability (IAV) for the median values for the 6 models listed in

b f Sybannual variability (SAV) for the median values (for 5 model outputs: LSC, UEAncgp. CSL. BEC and ETHy5). &
Based on interior ocean changes using transient tracers and a Green function (Khatiwala et al., 2009, 2012). b For
1993-2003 (Manning and Keeling. 2006). i For 2000-2010 (Ishidoya et al.. 2012).J Calculated assuming steady ocean
circulation and CO, uptake proportional to atmospheric CO, increases.
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Figure 2. Monthly global sea-air CO, fluxes for 2012 using the empirical approach of Park et al. 2012 and
remotely sensed wind and SST data from NOAA Coastwatch
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Figure 3. Global sea-air CO, flux anomaly for January 2012 compared to the 30-year average from the graphic user
interface

A new, large-scale synthesis effort in the Pacific Basin that was lead by our Japanese colleagues
during this reporting period showed a large net CO, influx into the extra-tropics is associated
with a robust seasonal cycle, and a large net CO, efflux from the tropics is associated with
substantial inter-annual variability. This work showed estimates of the net air-sea CO, flux from
a variety of products drawing upon a variety of approaches in three sub-basins of the Pacific
Ocean, i.e., the North Pacific extra-tropics (18° N-66° N), the tropical Pacific (18° S-18° N),
and the South Pacific extra-tropics (44.5° S-18° S). These approaches included those based on
the measurements of CO; partial pressure in surface seawater (pCO,sw), inversions of ocean
interior CO, data, forward ocean biogeochemistry models embedded in the ocean general
circulation models (OBGCMs), a model with assimilation of pCO,sw data, and inversions of
atmospheric CO, measurements. Long-term means, inter-annual variations and mean seasonal
variations of the regionally-integrated fluxes were compared in each of the sub-basins over the
last two decades, spanning the period from 1990 through 2009. A simple average of the long-
term mean fluxes obtained with surface water pCO, diagnostics and those obtained with ocean
interior CO, inversions are —0.47 + 0.13 Pg C yr ™ in the North Pacific extra-tropics, +0.44 +
0.14 Pg C yr ™ in the tropical Pacific, and —0.37 + 0.08 Pg C yr™ in the South Pacific extra-
tropics, where positive fluxes are into the atmosphere. This suggests that approximately half of
the CO, taken up over the North and South Pacific extra-tropics is released back to the
atmosphere from the tropical Pacific. These estimates of the regional fluxes are also supported
by the estimates from OBGCM s after adding the riverine CO; flux, i.e., —0.49 + 0.02 Pg C yr ™ in
the North Pacific extra-tropics, +0.41 + 0.05 Pg C yr in the tropical Pacific, and —0.39 + 0.11
Pg C yr* in the South Pacific extra-tropics. The estimates from the atmospheric CO, inversions
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show large variations amongst different inversion systems, but their median fluxes are consistent
with the estimates from climatological pCO,sw data and pCO,sw diagnostics. In the South
Pacific extra-tropics, where CO, variations in the surface and ocean interior are severely under-
sampled, the difference in the air-sea CO, flux estimates between the diagnostic models and
ocean interior CO, inversions is larger (0.18 Pg C yr™). The range of estimates from forward
OBGCMs s also large (—0.19 to —0.72 Pg C yr ). Regarding inter-annual variability of air-sea
CO; fluxes, positive and negative anomalies are evident in the tropical Pacific during the cold
and warm events of the EIl Nifio Southern Oscillation in the estimates from pCO,sw diagnostic
models and from OBGCMs. They are consistent in phase with the Southern Oscillation Index,
but the peak-to-peak amplitudes tend to be higher in OBGCMs (0.40 + 0.09 Pg C yr™) than in
the diagnostic models (0.27 + 0.07 Pg C yr™!) (Ishii et al., 2013).

In the Northeastern Pacific, Lockwood et al., 2012 determined rates of air-sea CO2 flux in the
Northeast Pacific subarctic, transition zone and subtropical regions based on a cruise in August—
September 2008 by continuous measurement of surface values of the ratio of dissolved oxygen to
argon (O2/Ar) and the partial pressure of CO2 (pC0O2). These estimates were compared with
simultaneous measurements of sea surface temperature (SST), chlorophyll-a (chl-a), flow
cytometry, and discrete surface nutrient concentrations. CO2 influx was greatest in the subarctic
and northern transition zone. Contrastingly, the southern transition zone and subtropics had mean
CO2 efflux. In the subarctic and transition zone, biological production was highly correlated
with CO2 influx, indicating strong coupling between the biological pump and CO2 uptake
(Lockwood et al., 2012).

Two new synthesis efforts in the Gulf of Alaska in FY13 (Evans and Mathis, 2013; Palevsky et
al., 2013) calculated sea—air CO2 fluxes over two interconnected domains: the coastal ocean
defined by the Surface Ocean CO2 Atlas (SOCAT) Continental Margin Mask, and the
continental margin shoreward of the 1500 m isobath. The continental margin in this region lies
within the coastal ocean. Climatological sea—air CO2 fluxes were calculated by constructing
monthly climatologies of sea—air pCO2 difference (ApCO2), sea surface temperature, salinity,
and CO2 solubility, coupled with the monthly second moment of wind speeds from the
Scatterometer Climatology of Ocean Winds (SCOW; http://cioss. coas.oregonstate.edu/scow).
Climatological sea—air CO2 fluxes showed instances of atmospheric CO2 uptake and outgassing
in both domains for nearly all months; however, uptake dominated from April through
November, with distinct spring and autumn peaks that coincided with periods of strong winds
and undersaturated surface seawater pCO2 with respect to atmospheric levels. Atmospheric CO2
uptake during the spring and autumn peaks was stronger on the continental margin compared
with the coastal ocean. Annual mean area-weighted fluxes for the coastal ocean and continental
margin were —2.5 and —4 mmol CO2 m—2 d—1, respectively. Scaling these annual means by the
respective surface areas of each domain resulted in estimates of substantial atmospheric CO2
uptake between 34 and 14 Tg C yr—1. This region is a large sink for atmospheric CO2, which
impacts the current view of weak net CO2 emission from coastal waters surrounding North
America (Evans and Mathis, 2013). Biological productivity was shown to be a key factor
controlling the ocean’s ability to take up carbon dioxide from the atmosphere in this region.
However, the ecological dynamics that drive regions of intense productivity and carbon export
are poorly understood. High-spatial-resolution estimates of air-sea CO2 flux, net community
production (NCP) rates calculated from O2/Ar ratios, and phytoplankton population abundances




were determined by continuous underway measurements on a cruise across the Gulf of Alaska in
May 2010. The highest rates of oceanic CO2 uptake (air-sea flux of _42.3 + 6.1 mmol C m-2 d-
1) were observed across a transition zone between the high-nitrate low-chlorophyll (HNLC)
waters of the Alaskan Gyre and the coastal waters off the Aleutian Islands. While the transition
zone comprises 20% of the total area covered in crossing the Gulf of Alaska, it contributed 67%
of the total CO2 uptake observed along the cruise track (Palevsky et al., 2013).

Release of data for SOCAT version 2

In 2013, the second release of SOCAT went public. Dr. Denis Pierrot is part of the SOCAT
committee responsible for release of version 2 that includes data through 2011 with over 4
million new data points for a total of over 10 million (Bakker et al., 2013). Approximately half
of all the data originates from the CPO/COD pCO, from ships program. AOML and PMEL
participants are actively engaged in submission and 2™ level quality control for version 3,
including recommendation of inclusion of alternative sensors into the database (Wanninkhof et
al., 2013b), automation of data ingestion, and improved metadata submission necessary to have
the dataset meet climate quality data standards.

Updated sea-air sea CO, flux maps

The data from the pCO, from ships project are assembled into a combined dataset including data from
international collaborators that is served through CDIAC (Takahashi et al., 2013). A primary purpose of
this data is to create global climatologies on intervals of 5-years. The most recent release is the
climatology centered on 2005 can be obtained at:
http://www.ldeo.columbia.edu/res/pi/CO2/carbondioxide/global_ph_maps/pco2_maps.html

We are charged with using the pCOs,, fields to create the corresponding climatological sea-air flux.

The updated net sea-air flux is -1.33 Pg C yr™* for the 2005 climatology (Figure 4) compared to the
value of -1.22 Pg C yr™ for the 2000 climatology using the same consistent treatment of ApCO, fields,
gas transfer and wind speeds.

Climatological sea-air CO, flux
0% B0°E 120°E 180%WW 120%W BO%W  O°

St

[mol C m? yr’1]

Figure 4. Updated sea-air CO, flux climatology for 2005 yielding a net global sea-air CO2 flux of -1.33 Pg C yr.
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Air-Sea Fluxes in the Regional Carbon Cycle Assessment and Processes (RECCAP)

RECCAP is an international activity under the auspices of the Global Carbon Program (GCP) to produce
a regional assessment of the sources and sinks of CO, (Canadell et al., 2012). The global ocean baseline
was re-assessed using the Takahashi et al. (2009) climatology utilizing a consistent global wind field
derived from the cross-calibrated multi-platform wind product (CCMP) (Atlas et al., 2011). The ApCO,
fields of Takahashi et al. (2009) with the new wind fields and new gas exchange algorithms are used
such that consistent regional and global estimates is made over 19-years using the approach of Park et al.
(2010a). These results are compared with the output of 6 ocean biogeochemistry models, and ocean
inverse models and atmospheric inverse models as provided in the RECCAP effort for the last two
decades in Figure 5. An important result of the work is that that the trends in CO, uptake by the ocean
based on approaches relying on sea-air CO, surface fluxes is appreciably smaller then the estimates
based on changes in the ocean interior such as the ocean inverse and Green function (Khatiwala et al.,

2012; Rodenbeck et al., 2013).
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Figure 5. Athropogenic sea-air CO, fluxes based on the empirical approach of Park et al. (2010a), and
different modeling approaches, from Wanninkhof et al. (2012).

Surface Ocean CO, Atlas
SOCAT is an international effort that strives to integrate all publicly available surface CO, data

for the global surface oceans into a consolidated collection in a common format utilizing
common QC procedures. SOCAT was motivated by requests from science groups over many
years. SOCAT is envisioned as an expanding data collection that will grow as new data become
available. This data set increasingly serves as the foundation upon which the community
evaluates the controls on air-sea CO, fluxes.




The SOCAT effort produces two distinct data products: 1) a 2"-level quality controlled, global
surface ocean fCO, (fugacity of CO,) cruise data collection; and 2) gridded summary fields on 1°
x 1° (open ocean) and %° x ¥4° (coastal) resolutions. The initial release of SOCAT, version 1.5,
was made available in October of 2011. In June of this year at the Ninth International Carbon
Dioxide Conference in Beijing, China, version 2.0 of SOCAT was announced. SOCAT was
featured at this conference through a plenary presentation, two posters, and a dedicated SOCAT
side-event. SOCAT publications in 2013 provided details on the v1.5 cruise collection (Pfeil et.
al. 2013) and the gridded fields (Sabine et. al., 2013). The SOCAT data products are available to
the public at the SOCAT.INFO web site and are archived with data citations (DOIs) provided at
both Pangaea® and CDIAC?,

Version 2.0 of SOCAT incorporated new cruise and mooring data, extending the 1968-2007
interval of version 1.5 to include 2008-2011 data. Version 2.0 expanded the number of cruises
from 1851 to 2669 and the number of observations from 6.3 million to 13 million. Figure 6
shows a global snapshot of the full version 2.0 collection. The incorporation of new cruises into
version 2.0 was closed as of November 2012, followed by the collaborative QC process that
extended until 15 January, 2013. The QC process flagged approximately 40 thousand points as
questionable or rejected. Data curatorship activities at PMEL to address problems found in the
data that had been submitted were continual throughout this period, illustrating the importance of
further automating the data submission process (discussed below).

The SOCAT Web site includes data viewers built upon the PMEL Live Access Server (LAS)
(Figure 7). The SOCAT cruise viewer provides users with the ability to select arbitrary subsets
of the data, based upon region, date, season, ship and cruise name, and quality control level.
Subsets can be mapped, downloaded, and analyzed with a property-property viewer. The
SOCAT gridded data viewer offers custom plots and animations; the ability to difference fields
(e.g. compare the 1990 annual average fCO, with the 2000 average); simple analysis tools to
compute averages, extrema and variances over areas and time; and displays on Google Earth.

Version 2.0 of SOCAT was assembled using similar procedures to those used for the version 1.5
effort. PIs made data available through submission to national data centers, to CDIAC or via
email to the Bjerknes Centre for Climate Research in Bergen, Norway. Benjamin Pfeil at
Bjerknes Center reformatted data as required and passed them to PMEL for ingestion into the
shared database. Pls organized into regional teams then applied second-order QC to ensure
uniform quality using a combination of tools available on the SOCAT LAS server and desktop
QC tools in Matlab contributed by Olsen, A. and D. Pierrot (2010)%. The SOCAT LAS system at
PMEL includes a “training” server, which allowed SOCAT members familiarize themselves the
group QC tools without risk to the integrity of the collection.

The community has recognized that the level of effort required to maintain and grow the SOCAT
collection using current procedures is not sustainable over the long term. As a result an effort
was undertaken to design and implement an enhanced, Web-based SOCAT data system that

2 http://doi.pangaea.de/10.1594/PANGAEA.811776
3 http://cdiac.ornl.gov/ftp/oceans/SOCATV2/
4 http://www.socat.info/upload/Images_Header/Matlab_Final_Routines_2012_02%2014.zip




streamlines the processes. Key requirements of the design are: i) to minimize the effort required
of scientists to contribute their data and metadata; ii) to the degree feasible to accommodate
variations in file formats between participating groups; iii) to provide immediate, automated
feedback regarding file formats, metadata content, and level 1 QC “sanity” checks of the data;
and iv) to support an on-going QC process that occurs in parallel with the submission of new
cruises and moorings.

The effort to implement this so-called “version 3 automation system” was undertaken in earnest
in FY13 — the first year of a 2-year effort. Primary responsibility for the development and
integration of the system lies with PMEL with major components contributed by University of
East Anglia (UK), and CDIAC. Most components of the system will be new or re-designed
software, including a “dashboard” from which users may upload data files, create metadata, and
perform level 1 QC prior to submitting cruises to SOCAT; an automated “sanity checker”
adaptable to Pl-preferred formats; on-line metadata entry and editing; expanded QC evaluation
tools; a QC flagging system that addresses multiple observed variables as well as fCO,; version
control for PI cruise files; and a new, higher performance database strategy. To minimize the
need for travel in this collaborative software development heavy use has been made of Web
tools, such as Skype and Google Hangout. Design documents that outline the intended
experience for users and the software components required for implementation may be viewed
on line®. The current project planning for the rollout of the V3 automation system includes its
usage by the SOCAT data managers to ingest and process the SOCAT V3 collection data in early
2014. This will serve as a testing opportunity for the system, before it is made available directly
to SOCAT PIs later in the year.

-

Figureré. Screen shof of the SéCAT versio;] én’QuaIit);_ control editor and viewer

5 https://drive.google.com/a/noaa.gov/?tab=mo#folders/0B5BUj14ZYU6IRUhgNmMIBVDFoWDg
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2.2 Ocean Interior

The ocean interior component of the Global Carbon Data Management and Synthesis Project
involves continued processing and assessment of the CLIVAR/CO; Repeat Hydrography data, an
international synthesis of high-quality carbon data for the period from GEOSECS to CLIVAR,
and a global assessment of decadal changes in ocean carbon inventories. As with the surface
data, an important component of the effort is national and international outreach and
coordination to improve data quality, and assemble data into coherent unified datasets. As
described below the participants of the ocean carbon synthesis efforts have been active
participants and leaders of efforts such as CARINA, PACIFICA and RECCAP that provide
critical data products for interpretation and testing/verification of models of ocean carbon
dynamics and change. Each of these is very briefly discussed below.

Processing Repeat Hydrography Data

Data processing for GO-SHIP repeat hydrography — Atlantic

The CLIVAR/CO, Repeat Hydrographic cruise lines A16N, and A20/22 were performed in the
past two years. UW pCO,, and DIC data for A20/22 were reduced and submitted to CDIAC and
CCHDO during FY-13. Discrete bottle data for DIC and discrete pCO, and UW pCO, data for
A16N are being processed. The processing involved contextual quality assessment, data and
metadata submission. The contextual quality assessment included comparison with older cruise
data, and internal consistency checks of the inorganic carbon parameters pH, TAIk, and DIC.
The TAIk and pH measurements are lead by our academic partners, Profs. Dickson and Millero.
The disbanding of the science team has hampered and delayed this aspect of the work plan and
has contributed to data quality degradation of TAlk measurements on A16N. Discrete pCO, (20)
and DIC contour plots based on the preliminary data from the A16N_2013 cruise (which ended
in Natal, Brazil on Oct 4, 2013) are shown in Figure 8. The absence of “bulls eyes” and
systematic spatial trends provide an indication of the high ship-based analytical quality and
quality control of the data during the cruise. For quantification of trends over the previous
decade a second level of scrutiny and quality and standardization will be required. The unique
application to discern anthropogenic CO, changes in deep water based in pCO; described in the
FY-12 report was published in Wanninkhof et al. (2013c).
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Figure 8. Cross-sections of preliminary data for discrete pCO, and DIC for the 2013 occupation of A16N. The
characteristic inorganic carbon fingerprints of the major water masses are apparent. The faint dots are the sample

locations showing excellent coverage.

Data processing for GO-SHIP repeat hydrography — Pacific/Indian

The synthesis effort has continued its basin wide approach with focus on the Pacific and Indian
Ocean with a project led by PICES called PACIFICA. This is a data synthesis effort that is
scientifically similar to CARINA in all aspects except that the data are primarily from the North
Pacific. Over the past two years the PACIFICA group, which includes several of the Global
Carbon Data Management and Synthesis Project Pls collected and assessed the quality of
approximately 250 new cruises not previously available to the public. The effort was lead by the
Japanese partners and it has resulted in many previously embargoed datasets being released to
the global scientific community. The importance of this development as a result of many years
of interactions between the global scientists must be recognized as a major advance in global
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collaborations. Feely and Sabine are regional leaders in the QC process. The PACIFICA data is
stored at CDIAC and the final release occurred in 2013. This data is now being included in the
more extensive 2" Global Ocean Data Analysis Project (GLODAP-2) (Key et al., 2004).

An important component of the Global Carbon Data Management and Synthesis Project is the
analysis of decadal changes in ocean carbon storage (Wallace, 2001; Sabine and Tanhua et al.,
2010). These analyses are initially conducted along specific lines occupied as part of the
CLIVAR/CO; Repeat Hydrography program. In FY13, new analyses were done using data from
three occupations of the P2 Line in the Pacific (Figure 9) and I9N/I8S Line in the Indian Ocean
(Figure 10).

P02 DIC (umol kg'!):
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I

M‘
. 3

—
(=

(=]
—

[ 2013 minus 1994

Mar-May 2013
1 T T T T T T
140°E 160°E 180°  160°W  140°W 120°W  140°E 160°E 180° 160°W  140°W  120°W
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Figure 9. Cross-section of discrete DIC data (umoles kg-1) from the P02 line taken in 1994, 2004, and 2013. The
panels in the column on the right show the differences in DIC concentrations between the occupations.
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Figure 10. Cross-section of calculated anthropogenic CO, values (umoles kg-1) in the Indian Ocean basin from
occupations of the 18S/189 transects in 1995 and 2007.

The analyses of both basins show that the changes in DIC are being driven by air-sea exchange
at the surface, but also by ventilation at depth. The high DIC values shown in the right hand
column of Figure 9 between 500 and 1000 m, particularly in the western Pacific are a result of
deep ventilation in these areas. The accumulation of DIC in surface waters is much more
pronounced between the 2004 and 2013 occupations due to increasing levels of CO2 in the
atmosphere during that decade. Over the 20 year span of data observations DIC accumulation in
the upper 500 m ranged from <10 umoles kg-1 in the central Pacific to >35umoles kg-1 in the
eastern and western regions.

In the Indian Ocean, an analysis of DIC concentrations between 1995 and 2007 showed that
anthropogenic CO2 has penetrated to ~1500 m, with the highest concentrations exceeding 15
umoles kg-1, particularly between 30 and 40° S. This work is being fully described in an
upcoming publication on the Indian Ocean (Mathis et al., in prep.).

Ocean Interior Carbon in the Regional Carbon Cycle Assessment and Processes (RECCAP)
RECCARP is an international activity coordinated through the Global Carbon Project (GCP)® with
the goal of producing global and regional assessments of the sources and sinks of CO,. An
important component of this effort is the evaluation of the global carbon inventories and how
they are changing with time. Several of the COD carbon project Pls (Feely, Wanninkhof, Kozyr,

® www.globalcarbonproject.org/reccap/
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Mathis) are a part of this effort and are taking the lead on different aspects of the project. Sabine
is a co-author in the global assessment of anthropogenic carbon inventories (Khatiwala et al.
2012) and Wanninkhof is the lead author of the paper on ocean carbon uptake and trends for the
past two decades based on observations, empirical approaches and models (Wanninkhof et al.
2012a).

Ocean Acidification

The uptake of anthropogenic CO, by the global ocean induces fundamental changes in seawater
chemistry that could have dramatic impacts on biological ecosystems in the upper ocean. Based
on measurements from the WOCE/JGOFS global CO, survey, the CLIVAR/CO, Repeat
Hydrography Program in the Indian Ocean (Figure 10), we have observed that the saturation
horizon for both aragonite and calcite is shoaling on an order of magnitude of 2.3+ 1.2 m yr™
north of the equator and 3.4 + 1.8 m yr™* south of the equator. In the decade spanning 1995 to
2007 the saturation state for aragonite decreased by more than 0.15 in the upper 200 m between
10 and 20° S. The upward migrations of the aragonite and calcite saturation horizons are the
direct result of the uptake of anthropogenic CO, by the oceans (Feely et al., 2012) and regional
changes in circulation and biogeochemical processes (Mathis et al., in prep). The shoaling of the
saturation horizon is regionally variable, with more rapid shoaling in the Southern Indian Ocean
where there is a larger uptake of anthropogenic CO, (Figure 10). If CO, emissions continue as
projected over the rest of this century, the resulting changes in the marine carbonate system
would mean that many coral reef systems in the Indian Ocean would no longer be able to sustain
a sufficiently high rate of calcification to maintain the viability of these ecosystems as a whole
and perhaps could seriously impact the thousands of species that depend on them for survival.
Additional synthesis efforts for each basin (Pacific, Atlantic and Indian) are currently underway,
with an integrated global synthesis of all three ocean basins planned for FY14.

Change 1n aragonite saturation state ({2 arag) along

the I8S/I9N sections, based on the anthropogenic
CO, differences from Sabine et al. [2008].
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3. Education and Outreach

Synthesis Project investigators have been very active in educating the public about ocean carbon
changes. Several of the Pls are routinely asked to give invited seminars of their results at national
and international meetings and symposia. Several of the Pls regularly teach graduate and
undergraduate classes in ocean carbon chemistry. These classes incorporate the scientific results
coming from this work. Several of the Pls have graduate students or post-docs that are exposed
to the work accomplished through this project. Several of the Synthesis Project Pls also serve on
a number of national and international science committees that help guide and coordinate ocean
carbon research. Interactions with the general public include presentations to local schools, open
public lectures (both in the US and abroad), public “webinars” (seminars broadcast as streaming
video onto the web e.g. for World Oceans Day), laboratory tours for groups ranging from school
kids to Congressional Representatives, and official congressional testimonies. We have also
given numerous press interviews and have been quoted in printed and online media, radio, and
television.

The R/V Walton Smith is used by the University of Miami Department of Marine Science to
provide undergraduate students with at sea experience in marine chemistry. The pCO, data
collected during these cruises are used by the students in exercises designed to introduce them to
the collection and analysis of oceanographic data, and the preparation of a cruise data report.

4. Publications and Reports
4.1. Publications with Principal Investigators as First Author
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