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1. Abstract

The aim of this project is to quantify the regional sources and sinks of carbon dioxide in the
ocean to help understand and predict climate trends, and provide the best available scientific
information upon which international policies are based. NOAA investigators are collaborating
with academic partners in outfitting research and commercial vessels with automated systems
which measure the carbon dioxide in surface waters and well as the overlying atmosphere in
order to determine the direction and magnitude of the flux of CO, between the air-water
interface. The project is a national partnership between 5 entities: AOML and its GOOS center,
PMEL, LDEO, RSMAS and BIOS. It has close international interactions with similar efforts
undertaken in Norway, Iceland, France, Germany, England, Australia, New Zealand and Japan.
The tasks of each investigator range from data collection to data reduction and dissemination.
There is currently an international effort (SOCAT) to gather all available surface pCO, data to
which this project is a major contributor.The data has been used in an updated global air-sea CO,
flux climatology, regional basin fluxes, seasurface CO; trend analyses, and new techniques to
quantify fluxes such as self-organizing maps/neural networks.

2. Project Summary
The oceans are the largest sustained sink of anthropogenic carbon with a flux into the ocean of

about 2 10" gram (= 2 gigaton) of carbon each year. Changes in this sink are determined by
monitoring regional and seasonal patterns of carbon uptake and release. Quantification of



regional sources and sinks of carbon dioxide in the ocean are of critical importance to
international policy decision making, as well as for forecasting long-term climate trends. In this
project NOAA investigators and academic partners have outfitted research and commercial
vessels with automated carbon dioxide analyzers as well as thermosalinographs (TSGs) to
measure the temperature, salinity and partial pressure of CO, (pCO,) in surface water and air in
order to determine the carbon exchange between the ocean and atmosphere. This task is
coordinated at national level with the U.S. Carbon Cycle Science Program and its subcommittee
on Ocean Carbon and Climate Change (OCCC). We work with the International Ocean Carbon
Coordination Project (IOCCP) for international coordination. Collaborative efforts are underway
to combine datasets in the Atlantic through a Memorandum of Understanding with the European
Union project CARBOOCEAN. Pacific collaboration is established through the PICES working
group 13. In addition there are one-on-one interactions with investigators in Norway, Iceland,
France, the United Kingdom, Australia, New Zealand, and Japan on reciprocal data exchange
and logistics support. The overall effort to assemble all surface water pCO, data is called the
Surface Ocean Carbon Atlas (SOCAT) run under auspices of the International Ocean Carbon
Coordination project (IOCCP) of the International Ocean Commission (I0C).

Documenting carbon sources and sinks relies critically on other efforts undertaken under
sponsorship of the Office of Climate Observation (OCO) including implementation of the ship
lines, and moored and drifting buoys. The surface water pCO, programs support climate
services by providing knowledge and quantification of the radiatively important gas, carbon
dioxide. The near-term focus is on completion of the Northern Hemisphere ocean carbon
observing system to provide data for quantifying carbon dioxide sources and sinks over the
coterminous United States through inverse modeling in collaboration with scientists involved in
the atmospheric CO;, observing system. We are currently expanding our focus on the high-
latitude sources and sinks.

The project is a partnership of the Atlantic Oceanographic and Meteorological Laboratory
(AOML) and its Global Ocean Observing System (GOOS) center, the Pacific Marine
Environmental Laboratory (PMEL), the Lamont-Doherty Earth Observatory (LDEO) of
Columbia University, the Rosenstiel School of Marine and Atmospheric Science (RSMAS) of
the University of Miami, and the Bermuda Institute of Ocean Sciences (BIOS), formerly known
as the Bermuda Biological Station for Research (BBSR). The partners are responsible for
operation of the pCO; systems on the ships, auxiliary measurements, data reduction, and data
management from all ships. The following ships had pCO; systems on them during part or all of
the performance period: NOAA ships Ronald H. Brown, Gordon Gunter and Ka'imimoana,
container ships Cap Van Diemen, OOCL Tianjin, Oleander and Las Cuevas, research vessels
RVIB Palmer, Gould, Langseth, Healy and Wecoma, M/V Turmoil, RCCL cruise ship Explorer
of the Seas, and UNOLS research vessels Atlantic Explorer (ship owned and operated by BIOS),
and Walton Smith (owned and operated by RSMAS). As outlined below, outfitting of some of
the ships was funded from other sources but all the data was reduced and collated in the same
manner and provided to CDIAC as part of this effort. Similar to the previous year, several ships
were taken off lines and several new ships were outfitted. The final data sets are combined and
sent to CDIAC for dissemination and archival. All work follows established principles of




monitoring climate forcing gases and biogeochemical cycles.

3. Scientific Accomplishments

The main metric for this program is obtaining, reducing, quality controlling and disseminating
high quality surface water and marine air pCO, data. The number of cruises with pCO,
observations from research ships and VOS that have been completed during the performance
period are listed in Table 1. Details for each ship are provided below.

Table 1:VOS Data Summary FY-2009.

SHIP # Cruises # Data Points % Recovery*
R/V Ka'imimoana 3 71,283 96.0%
R/V Wecoma 1 20,904 98.0%
M/V Cap Van Diemen 2 6,658 99.0%
OOCL Tianjin 3 20,583 98.0%
R/V Brown 9 68,281 99.0%
Explorer of the Seas 5 6,154 85.0%
M/V Las Cuevas 2 2,436 30.0%
R/V Gordon Gunter 11 79,265 91.0%
RVIB Palmer 9 59,908 99.0%
R/V Gould 7 54,062 100.0%
R/V Langseth N/A N/A N/A
USCGC Healy N/A N/A N/A
M/V Turmoil N/A N/A N/A
R/V Atlantic Explorer TBD TBD TBD
M/V Oleander TBD TBD TBD
R/V Walton Smith 11 30,066 94.5%

* The values are to illustrate overall performance of the program. They should be used with caution when making
ship to ship comparisons. The number of data points is a function of frequency of measurements, number of cruises
and instrument malfunction that differ for each ship. Percent recovery has been determined in different fashion by
each investigator ranging from number of data points that could have been obtained if the units had operated
whenever the ship was at sea to number of acquired data points that were discarded during quality control.

NOAA ship Ka'imimoana- PMEL lead R/V Wecoma— PMEL lead
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Data Site: http://www.pmel.noaa.gov/co2/uwpCO,

Number of cruises: 3 Number of cruises: 1
Number of fCO, data points: 71,283 Number of fCO, data points: 20,904
% Data return: 96% % Data return: 98%

Description: From October 2008 through September 2009 the Ka'imimoana was involved in
studies in the Equatorial Pacific between 125°W and 165°E (Figure 1). Prior to the 2008-2009
field season, the fCO, system was updated with new software, pumps and filters. During the
time under review, PMEL collected and processed 71283 fCO, data values from the
Ka’imimoana on 3 separate cruises in the equatorial Pacific. In September 2009, PMEL outfitted
the R/V Wecoma with an underway fCO, system to collect data during the TAO cruise along
95°W/110°W. The cruise data can be obtained from our website located at:
http://www.pmel.noaa.gov/co2/uwpco2. A summary of the cruise results from November 1997
through October 2009 is shown in Figure 2. The results show weak seasonal and strong
interannual variability of CO; fluxes from the oceans to the atmosphere. All data collected from
the Ka imimoana and Wecoma during the 2008-2009 fiscal year are in final processing and will
be submitted to CDIAC for distribution and archiving.
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Figure 1. Ka'imimoana and Wecoma track lines occupied during FY 2009.
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Figure 2. Time-Series of surface water fCO; levels in the tropical Pacific resulting from
Ka’imimoana repeat observations from 1997 thru 2009.

Causes for non-return: The underway fCO, systems on the NOAA Ship Ka imimoana and R/V
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Wecoma yielded a 96% and 98% data return, respectively, during FY 2009. A small amount of
air data were rejected due to stack gas contamination when the ship was on station to service and
deploy buoys.

Container ship Cap Van Diemen - PMEL lead

Data Site:
http://www.pmel.noaa.gov/co2/uwpCO,
Number of cruises: 2

Number of fCO, data points: 6658

% Data return: 99%.

Description: During October 2008, an fCO, system was deployed on the container ship Cap Van
Diemen. The Cap Van Diemen traverses the equatorial Pacific approximately every 2 months
(Figure 3). All data collected on the Cap Van Diemen are in final processing and will be
submitted to CDIAC for archiving, and can also be obtained from the PMEL CO, website.
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Figure 3. Cruise Tracks of the Columbus Waikato (red), Cap Victor (blue) and Albert Rickmers
(purple) and Cap Van Diemen (purple) occupied during FY2004-2009.
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A summary of the cruise results from Fall 2005 to November 2009 is shown in Figure 4. The
results show strong seasonal variability of CO, fluxes in the southern and northern subtropic
Pacific ocean, but out of phase by 6 months. The most recent data from 2008 shows high
seawater fCO; values due to La Nifia conditions in the equatorial Pacific.
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Figure 4. Time-Series of surface water fCO; levels in the tropical and subtropical Pacific
resulting from Columbus Waikato, Albert Rickmers and Cap Van Diemen repeat
observations from 2004 to 2009.

In January 2008, the fCO, system was removed from the Cap Van Diemen when the ship
changed routes. The Albert Rickmers is once again transiting the equatorial Pacific and has been
identified as a replacement for the Cap Van Diemen. Installation of an underway fCO, system
on the Albert Rickmers began in the summer of 2009 and is scheduled for completion in January,
2010.

Causes for non-return: The underway fCO, system on the Cap Van Diemen resulted in a 99%

data return during FY2009. A small amount of air data were rejected due to stack gas
contamination when the ship changed course.

Container ship OOCL Tianjin - PMEL lead
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Data Site: http://www.pmel.noaa.gov/co2/uwpCO,
Number of cruises: 3

Number of fCO, data points: 20583

% Data return: 98%.

Description: During the summer of 2008, an fCO, system was deployed on the container ship
OOCL Tianjin. The OOCL Tianjin 1s involved in studies in the North Pacific, an important sink
region for atmospheric CO,. Data will be analyzed to determine how ocean circulation and
biological photosynthesis interact to control the rate of exchange of carbon dioxide gas between
the atmosphere and North Pacific Ocean. This research is done in collaboration with Dr. Paul
Quay of the University of Washington, and Dr. Kitack Lee of the Pohang University of Science
and Technology. In addition to supporting our underway fCO, measurements, they are also
collecting samples for carbon isotope measurements (Quay) and DIC and nutrients (Lee). For
this reason, we have combined resources to place ship riders on each of the cruises. Underway
fCO; and temperature data from the first cruise on board OOCL Tianjin are shown in Figure 5.
The cruise data can be obtained from our website: http://www.pmel.noaa.gov/co2/uwpco2, and
will be submitted to CDIAC for final archival.
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Figure 5. fCO,sw and SST from the OOCL Tianjin.

Causes for non-return: The underway fCO, system on the OOCL Tianjin resulted in a 98%
data return during FY 2009. There were problems associated with inadequate water flow to
equilibrator measurements, resulting in rejection of a small fraction of the seawater fCO, values.

Data Management (PMEL):

During the 2009 fiscal year, improvements were made to diagnostic software written to
automatically process daily underway data files when data files arrive via iridium satellite from
the Ka’imimoana, OOCL Tianjin, Albert Rickmers and Cap Van Diemen. This software creates
diagnostic plots of fCO,, temperature, salinity, barometric pressure, pumps, water flow and gas
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flow. The plots are posted on an internal website and are used as a diagnostic tool for data
processing and quality control of the underway fCO, data. During the time in review, data from
9 VOS cruises have been processed and submitted to CDIAC, and data from the 8 VOS cruises
in FY09 are in final data processing. All current and previous VOS data files are quality
controlled using the data protocol outlined in Pierrot et al. (2008).

NOAA ship Ronald H. Brown- AOML lead

Data Site:
http://www.aoml.noaa.gov/ocd/gcc/rvbrown_data2009.php
Number of cruises: 9

Number of fCO, data points: 68,281

% Data return: 99%.

Description: The cruise tracks for each cruise of the Brown for FY 2009 are shown in Figure 6.
Each individual track with links to the data can be found on our website at
http://www.aoml.noaa.gov/ocd/gcc/rvbrown_data2009.php. The system was re-installed in
October of last year after the ship came out of dry dock. It was also removed from January to
April while the ship was undergoing dockside repairs.

It now transmits its data every day via FTP using the Scientific Computer System (SCS) which is
on board most NOAA ships. The data is automatically plotted on AOML's website every day.
Additional plots of the different sensor data are automatically generated and are internally
accessible for quality control purposes. This allows the near real time detection of potential
problems
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Ron Brown Tracks - FY 2009
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Figure 6: Ronald H. Brown cruise tracks and surface pCO; values for FY 2009.

Causes for non-return: The underway pCO, system on the Brown performed very well with
over a 99 % data return. The system installed is the latest generation of systems built by General
Oceanics, Inc (GO). It is installed in an optimal environment, an air conditioned laboratory, and
a technician is permanently on board to monitor and maintain the system, hence the high data
return.

Cruise ship Explorer of the Seas-AOML lead

Data Site: www.aoml.noaa.gov/ocd/gcc/
Number of cruises: 5

Number of fCO, data points: 6,154

¥ % Data return: 85%.

Description: Since the end of the program which was led by the University of Miami’s
Rosenstiel School of Marine and Atmospheric Science, great effort has been made to revive it on
a smaller scale. The manifold controlling and distributing the seawater to several instruments had
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to be relocated and rebuilt in order to make it fully automated and remotely controlled via a
Virtual Private Network (VPN) interface. Our system had to be upgraded in order to be a fully
integrated part. This was completed in July of this year and the system is now collecting data
continuously. Prior to that date, an observer had to be present, which explains why data was
collected on only 2 cruises. Now, the data is downloaded everyday through the VPN and plotted
on our website in near real time (http://www.aoml.noaa.gov/ocd/gcc/explorer_realtime.php). The
VPN connection not only allows us to download the data daily but also to remotely connect to
the computer controlling the pCO; system and adjust its parameters when needed. This allowed
us to restart the system a couple times when the computer had frozen. We expect a significant
increase in data return once the problem of air intake is resolved.

Explorer of the Seas Tracks - FY 2009
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Figure 7: Explorer of the Seas cruise tracks and surface pCO; values for FY 2009.

Causes for non-return: The sensor and valve that control the seawater flow is programmed
such that that the flow is automatically turned of whenever air is introduced in the seawater
system. This occurs when the seas are rough and the seawater intake rises above the sea level,
the seawater pump would be shut off and the manifold rinsed with fresh water. Due to a poor
location of the intake in the original design of the ship, air gets introduced in the lines frequently.
A solution is being worked on to limit the shut-offs. Another cause of non-return is related to
computer problems, most likely due to incompatibility between service packs and VPN software.
The system has been successfully restarted remotely whenever this occurred, thus limiting the
loss of data. We expect this issue to be resolved soon.
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Methanol Carrier Las Cuevas-AOML lead

Data Site: www.aoml.noaa.gov/ocd/gec/
Number of cruises: 2

Number of fCO, data points: 2,436

% Data return:30%.

Description: This system operation is partially funded by NASA as part of the NASA ROSES
Ocean Acidification of the Greater Caribbean Region project.This is a new installation which
was started over a year ago and finalized in August 2009. Due to legal issues which have not yet
been resolved, we are not allowed to sail with the ship. The ship has a generally erratic and tight
schedule, and finding a window to work on board has been challenging. It also made
troubleshooting problematic. Several visits have been necessary to complete the installation as
we realized that the temperature in the engine room was too high for the analyzer. A novel
cooling system was applied taking advantage of adiabatic cooling of expanding compressed air
that has been applied successfully to cool down the system. This technique will be transferred to
other ships where excessive heat has been a concern.

Las Cuevas Tracks - FY 2009
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Figure 8. The high water CO» levels in late summer suggest that this time period will have the maximum ocean
acidification impact.

Causes for non-return: The system lost its GPS signal several times, making the collected data
almost useless. We have recently installed a timer to reboot the GPS every 2 days to prevent loss
of signal for long periods of time. We are also working on activating the satellite transmission of
data files so that we can better troubleshoot the system. A large portion of the data was collected
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while the seawater flow was accidentally left off by the system which had lost its GPS signal and
unable to detect it had left port. We have now better communications with the officers on board,
which should alleviate that problem for the next fiscal period.

NOAA ship Gordon Gunter - AOML lead

Data Site: www.aoml.noaa.gov/ocd/gcc/
Number of cruises: 11

Number of fCO, data points: 79,265

% Data return: 91%.

Description: This system has been installed on the Gordon Gunter for our Northern Gulf of
Mexico collaborative project and has been collecting data since March of 2008. This project has
ended this year and we are continuing to maintain the operation under the auspices of this
program. The system is performing well, being attended continuously by a field operation officer
on board. We receive the data in a timely manner via email as the Iridium satellite
communications continue to be problematic in the Gulf. Following our success to interface the
system with the ship's SCS system and use the permanent internet connection to ftp the data back
to us daily, we plan to do the same setup for this ship and be able to update the near realtime
display on our website (http://www.aoml.noaa.gov/ocd/gcc/rvgunter_realtime.php). As can be
seen in Figure 9 below, our coverage of the Northern part of the Gulf is quite extensive. This is
the first comprehensive data set from this region and should provide great insights on the
carbonate chemistry of this economically important part of the nation. One issue we have faced
so far is the lack of accurate Sea Surface Temperature probe, which we plan to resolve when the
ship goes to dry dock this winter.

Causes for non-return: The main reason for data loss this fiscal year was the catastrophic break
down of the seawater supply system, which even forced the ship to interrupt a cruise and perform
dockside repairs for a couple days. The second prevalent cause of data loss is the loss of GPS
signal.
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Gordon Gunter - FY 2009

Gordon Gunter - FY 2009
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Figure 9: fCO; values along the tracks of the Gordon Gunter for fiscal year 2009. In the right
graph, the fCO; values are color-coded per cruise.

RVIB Palmer - LDEO lead

Data Site: http://www.ldeo.columbia.edu/CO2
Number of cruises: 9

Number of fCO, data points:59,908

% Data return: 99%.

Description: The locations, where measurements were made during the years 2001 through mid-
2009 are shown in Figure 10. Those made during the current 2008-2009 funding period are
indicated with brown and greenish-brown colors. A total of about 110,000 measurements were
made from January, 2008 through April, 2009, with a data recovery percentage of about 99%.
The high recovery rate should be credited to active technical assistance provided by the
Raytheon Polar Services for maintaining the underway water sampling pump and
thermosalinograph and for post-cruise data transfer and occasional troubleshooting.
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Seawater pCO, Observations from R/V N.B. Palmer
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Figure 10 — Locations of surface water pCO, measurements made aboard the N. B. Palmer

since the beginning of this project. Years, during which observations were made, are color-
coded.

R/V L. M. Gould - LDEO Lead

Data Site: http://www.ldeo.columbia.edu/CO2
Number of cruises: 7

Number of fCO, data points:54,062

% Data return: 99.9%.

R/V Gould operates primarily as a research support ship for the NSF’s Long Term Research in
Environmental Biology (LTRE) program in the Antarctic Peninsula area, sailing across the
Drake Passage at semi-monthly intervals. Since most of the Antarctic Circumpolar Current flows
through this passage, time-series measurements across it are important to assess seasonal and
interannual changes in the CO;, chemistry in this current important for the carbon cycle and
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climate changes. An underway pCO, system, which is identical to the one on RVIB Palmer, is
operated with a support from NSF, while the data are quality-controlled and processed with this
VOS/NOAA grant. The locations, where surface water pCO, was measured since 2001, are
shown in Figure 11, in which the measurements made during the current funding period are
indicated with the brown and greenish-brown colors. A total of about 116,750 measurements
were made from January, 2008 through October, 2009, with a data recovery percentage of about
99%. The high recovery rate should be credited to active technical assistance provided by the
Raytheon Polar Services for maintaining the underway water sampling pump and
thermosalinograph and for post-cruise data transfer and occasional troubleshooting. However, it
should be noted that our underway pCO, system was not allowed to operate while the ship was
in the economic zone or territorial waters, or for any other scientific/operational/engineering
reasons. These dead-times were not included in estimating the data recovery percentage.

Seawater pCO, Observations from R/V L. M. Gould

80" 40

2001 2002 2003 2004 2005 2006 2007 2008 008 2010
Year

Figure 11 — Locations of surface water pCO, measurements made in the Drake Passage area
since the beginning of this project aboard R/V L. M. Gould. Years, during which observations
were made, are color-coded.

R/V Marcus Langseth and USCGC Healy — LDEO Lead
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During the current funding period, two underway pCO, systems have been completed. The
installation of the system has been completed aboard the R/V Langseth. However, the scientific
water pumping/delivery system aboard the ship has not been completed yet due to engineering
problems, and consequently pCO, measurements have not been obtained. The water system
problems will be solved by April, 2010.

The pCO, system for USCGC Healy has been completed, and is ready for delivery. However,
the installation of the scientific water pumping/delivery system has been delayed due to funding
and engineering issues at the Coast Guard and NSF. As soon as the new water pumping system is
completed aboard USCGC Healy (toward the end of 2010?), our pCO; system will be installed
for measurements at sea.

M/V Turmoil — LDEO Lead

Number of cruises: N/A
Number of fCO, data points:46,000
% Data return: N/A.

M/V Turmoil is a private yacht operated by the Gary Comer family, and the operation of an
underway pCO; system has been supported by a grant from the Comer Science and Education
Foundation. The data are quality-controlled and processed with support of this VOS/NOAA
grant. The surface water pCO; data obtained aboard M/V Turmoil during 2.5 year period, 2007-
2009, total about 46,000 as shown in Figure 12 . However, the data recovery percentage could
not be estimated reliably because of the mode of operations of the private yacht, and hence is not
listed.
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Surface pCO, from M/V Turmoil 2007-2009
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Figure 12 — The surface water pCO; data obtained aboard the private yacht M/V Turmoil, 2007-
2009. The pCO; values are color-coded: yellow-orange indicate higher than the atmospheric
pCO,;, and blue-magenta indicate lower than the atmospheric pCO,.

R/V Atlantic Explorer - BIOS lead

Description: The R/V Atlantic Explorer operates in the North Atlantic Ocean servicing four
oceanographic time-series (e.g., Bermuda Atlantic Time-series Study, Hydrostation S, Bermuda
Testbed Mooring, Ocean Flux Program) and other research projects. The geographic focus of
data collection is primarily zone NA6, but included several transects between Bermuda and
Puerto Rico (across an infrequently sampled part of the permanently stratified oligotrophic gyre
of the North Atlantic) and Bermuda and Norfolk, Virginia.

FY2009 Annual Report: Surface Water pCO2 Measurements from Ships Page 19 of 37



The pCO, system was installed on the R/V Atlantic Explorer in April 2006. This data stream
provides groundtruthing pCO, datasets for the subtropical gyre of the North Atlantic Ocean. In
2007 and 2008, the R/V Atlantic Explorer had 173, and 170 ship-days, respectively. In 2009, the
R/V Atlantic Explorer has been scheduled for 139 ship-days, with 1 ship-day pending. This
includes work in zone NAO6 but also transects between Bermuda, Puerto Rico and Norfolk, and
several cruises in the central North Atlantic (between 20° and 30° N, 65° to 45°W). In 2010, we
anticipate that the R/V Atlantic Explorer will have 131 ship-days, with 7 other ship-days
pending. This schedule will also include four transects between Bermuda and Norfolk, and four
transects between Bermuda and Puerto Rico.

Data Return: In 2008, the total data collected was ~100,119, with a ~88.3% good data recovery.
Much of the data was collected in the NAO6 region with several transects across the western
North Atlantic Ocean, with a couple of cruises to Puerto Rico.

The non-return rates of 11.7% represent data that were flagged mainly due to problems with low
flow rates from the underway system, due to problems associated with the Valco multi-position
valve and distribution of standards through the system, and delays in replacing the standards.
However, it should be noted that maintenance of the pCO, system has become relatively routine
during the ship's turnaround at the BIOS dock.

The seawater and atmospheric pCO, data from 2007 and 2008 have been submitted to LDEO. In
addition to pCO, data, underway position, temperature and salinity data have also been
submitted to LDEO. In addition several months of 2009 have also been submitted to LDEO. At
present we are undertaking QC/QA analysis of 2009 data up to October 2009, undertaking the
merging of thermosalinograph and navigational data, and expect submission of additional data to
LDEO by the end of the year. We do not anticipate a more frequent turnaround of data since the
comparison of pCO, system temperature, underway temperature, and CTD upper bottle and
upper bin temperatures require sufficient time to evaluate sensor drift. All the SeaBIRD sensors
from the underway and CTD systems are maintained by BIOS Marine Technicians, and
calibrated every six months. We are in the process of preparing the metadata information and
data QC/QA for submission of data to CDIAC in yearly reports. The seawater and atmospheric
pCO; data will also be served at the following site (http://www.bios.edu/Labs/co2lab/vos.html).

Causes for non-return: We have had problems with the Evsco valve that controls the flushing
of the lines with freshwater. This valve has failed twice due to salt crystal buildup. We have also
had problems with clogging of the flow meter impeller. We have also had problems with the
Superlogic Module boards due to faulty power feed; these modules have had to be replaced. The
acrodisk have also been clogged and in need of regular cleaning. We have also had a few
problems with the GPS system, with a faulty 232 to 485 converter, and faulty comport. We also
had non-return of data on scheduled BATS and Hydrostation S cruises due to shipyard
maintenance and turnaround of the R/V Atlantic Explorer. In 2009, the pCO; system has worked
very well, with no problems to report.




Container Ship M/V Oleander- BIOS lead

Description: The M/V Oleander crosses weekly between New Jersey and Hamilton, Bermuda.
Given the ~100 crossings a year, this gives excellent temporal and spatial coverage of the North
Atlantic subtropical gyre, Gulf Stream, Middle Atlantic Bight and coastal zone. The M/V
Oleander transits the region of Subtropical Mode Water (STMW) formation during the winter
southeast of the Gulf Stream, and the highly productive coastal zone of the Eastern Seaboard.

Data Return: During the performance period we have had major problems with the pCO;
system. We have the pCO, system up and running again for the remainder of the performance
period and expect routine data-return for the remainder of the year and following.

The seawater pCO, data from 2007 have been submitted to LDEO. We are in the process of
evaluating 2008 data but have been hampered by the non-return of GPS data that has meant
difficult merging of position data with NOAA ADCP data sets. At this time, we cannot give
return and flagged data statistics. We are in the process of preparing the metadata information
and data QC/QA for submission of data to CDIAC in yearly reports. The seawater pCO, data
will also be served at the following site (http://www.bios.edu/Labs/co2lab/vos.html).

Maintenance of the pCO, system occurs with weekly visits to the ship during the ship's
turnaround (giving our team a couple of hours on Monday morning to work on the system) in
Hamilton, Bermuda. Our group has developed a good rapport with the ship officers, engineers
and crew, and their good will has contributed greatly to the success of the system installation on
the ship.

Causes for non-return: During the performance period we had major problems with the pCO;
system. A major electrical malfunction caused significant damage to our system. A grounded
electrical supply was requested, but was not provided until routine ship maintenance at the end of
2008/beginning of 2009. All major damaged components have been replaced and the system was
functional after a frustratingly long delay. The replacement of the CPU caused another problem
with the GPS comport that has also been addressed. However, at present we have another
computer failure that is being addressed.

The ship turnaround in New Jersey and Bermuda has also been shortened and subsequently
access to the ship has been restricted to a few hours each week (making replacement and testing
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of new components a little difficult and drawn-out). Access to the engine room has also been
denied at times due to problems with the ship engines and major maintenance work needed
during the turnaround periods. Despite the difficulties in access and electrical supply repair, the
M/V Oleander, the crew remains highly motivated to help us in our efforts, and we anticipate
good recovery of data in the remainder of this performance period and the next.

The average temperature of the engine room has been ~47°C with the CPU failing in 2006 due to
temperatures over 60°C. We have modified the dry box, adding new fans, and replaced the CPU
with one that has a higher temperature threshold (80°C) with no problems since. The engine
room air is quite dirty requiring cleaning of all filters each week. As stated earlier, we will
replace the system hard-drive with a solid-state bootable hard-drive to run the pCO, system
software as high engine room temperatures and ship motion continues to exact a heavy toll on
the pCO;, system components.

R/V F.G. Walton Smith- RSMAS lead

Number of cruises: 11
Number of fCO, data points:30,066
% Data return: 94.5%.

Description: The R/V Walton Smith is a shallow draft catamaran which is based at the
University of Miami. As a University-National Oceanographic Laboratory System (UNOLS)
vessel, its destinations vary but range from the Florida Keys, Florida bay to the Caribbean, the
Gulf of Mexico and occasionally the east coast. In a typical year, the ship spends about 200 days
at sea. It has the capability of routinely measuring sea surface temperature and salinity, as well as
chlorophyll.A pCO; system has been installed on board the Walton Smith in the beginning of
July 2008.

Causes for non-return: The pCO; system has proven to be exceptionally reliable at sea, and we
have met with only a few setbacks. Initially the system encountered data loss due to the inability
of the pCO; system to fully reboot after a power failure. Data during a cruise investigating deep
sea corals in the northern Bahamas was not collected due to a system power failure. This
problem has since been rectified, and we no longer suffer long-term data loss due to a
momentary power outage.

Data received by the pCO;, system can be transmitted from the ship via Iridium Satellite
communication. The data is not available in real time due to processing requirements. This
delayed mode data will be made publicly available on the CDIAC Global Coastal Ocean
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Database. The data will be archived annually.
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Figure 13: Surface pCO,, temperature and salinity in Southern Florida, April 2009.
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TSG operations — AOML/GOOS Lead

During FY2009 the thermosalinograph (TSG) operation at AOML was carried out in support of
the pCO, operation, with several key developments regarding equipment installation, operation
and maintenance, as well as data retrieval, quality control and submission to the Global
Telecommunication System (GTS) and other data centers. AOML is currently receiving,
processing and distributing TSG data from 3 ships of the Ship Of Opportunity Program (SOOP)
(M/V Explorer, M/V Oleander and M/V Barcelona Express) and 12 ships of the NOAA fleet.
Additionally, effort dedicated to the development of an automated system in the Royal
Caribbean’s Explorer of the Seas, will allow to resume its TSG operation soon. Approximately
5 million TSG records were processed at AOML during FY2009.
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Figure 14: Location of the approximately 5 million TSG observations received and processed by AOML
during FY2009.

New TSG installation.

A new TSG system, equipped with an external temperature sensor, was recently installed on the
M/V Barcelona Express, which travels across repeated transects between Gibraltar and Miami.
This new TSG system is currently operational, recording sea surface temperature and sea surface
salinity data with a sampling frequency of 10 seconds. Soon, real-time data transmission
capabilities will be also installed. At this time the data retrieval is performed when the ship
comes to port in Miami. A pCO, system is being installed on this ship as well.

TSG equipments operation and maintenance
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The operation of TSG equipment is performed with the SEAS2000 software, developed at
AOML. During FY2009 several modifications were carried out on this software to allow a better
control during the TSG operation. These modifications allow a better control of the TSG when
the ship arrives at port or in any other situation in which the position of the ship remains
constant. The software also constantly checks the strength of the Iridium signal before attempting
data transmissions. Additionally, log files are created with details of the equipment performance
and eventual errors messages. These modifications also allow a reduction in the cost of the
operation.

The transmission system in two ships of the SOOP, M/V Explorer and M/V Oleander, was also
updated at AOML. With this update, the Iridium antenna and modem are now attached together,
reducing the signal loss and allowing for better data transmissions.

TSG data retrieval, quality control, and distribution

During FY2009 the development of a data processing system for real-time quality control and
submission of TSG data into the GTS and other data centers, was completed at AOML as part of
the TSG operation. All the TSG data received at AOML is quality controlled (QC) through
several steps based on the ten GOSUD (Global Ocean Surface Underway Data Pilot Project)
real-time control test. Among other parameters, the QC procedures check the data for errors in
date, location, platform identification, ship speed, global and regional temperature and salinity
ranges compatibility, gradient and the presence of spikes. The TSG data is also compared with a
monthly climatology (Levitus 2005). The data approved in the QC tests is then reduced to one
point every three minutes and inserted into the GTS. The whole data set is also distributed by the
National Oceanographic Data Center (NODC) and Coriolis. This new system is fully functional
in real-time and its subsequent development is under way for processing data in delayed-time,
providing important tools to automatically detect problems in data transmission, equipment
calibration and marine operations of ships with TSG data transmission in real-time in general.

Other activities

The TSG web site at AOML( http://www.aoml.noaa.gov/phod/tsg/soop/index.php) was updated
during FY2009, including some new products displaying data in real time from the M/V
Explorer. This web site currently contains information regarding data analysis and quality
control procedures for the NOAA fleet and the SOOP. Other products show the data going into
the GTS in real-time mode. Several new web pages were developed, displaying in real-time the
TSG data from M/V Explorer.

Mooring pCO, Effort — BIOS Lead




The long-term goal of this program is to populate the network of Ocean Sustained
Interdisciplinary Time-series Environment observation System (OceanSITES;
http://www.oceansites.org/) so that CO, fluxes will become a standard part of the global air-sea
CO; flux mooring network.

Bermuda Testbed Mooring (64.2°W, 31.7°N)

A moored pCO, system was firl are planning the redeployment of a similar mooring in late
2009, and submitted a proposal to the NSF MRI program for support of this effort. However, we
do not anticipate a decision from NSF on the proposal until early next year, with deployment of
the mooring unlikely before the fall of 2010. However, two other moored pCO,; systems will be
collecting data in 2010.

Bermuda coral reef (~64°W, 32°N).

As part of an NSF supported award, the response of Bermuda’s coral reef to ocean acidification
will be investigated over st deployed on the Bermuda Testbed Mooring (BTM) on October 22,
2005. The system was fully operational for the entire FY06, but was recovered in 2007, as
funding to the PI from NSF was not renewed. A group of BIOS researchers led by Dr. Jerome
Aucan, and colleagues at NOAA, and WHOthe next few years. The project details are: NSF
OCE-0928406. BEACON: Bermuda Ocean Acidification and Coral Reef Investigation. P.l.'s.
A.J. Andersson, N.R. Bates, S. du Putron (BIOS), 1 Sept. 2009-31 Aug. 2012.

As part of the project, two moored pCO, systems will be deployed on the Bermuda coral reef
under naturally different pCO, and [CO3*] conditions. The proposed pCO, buoys (MAPCO2)
are the same design as the buoy previously deployed at the Bermuda Testbed Mooring (BTM;
http://www.pmel.noaa.gov/co2/moorings/btm/btm_main.htm; P.I., C.L. Sabine, PMEL and N.R.
Bates, BIOS). At each site , the pCO, buoy will be complemented by an Aanderaa RDCP current
profiler and auxiliary sensors capable of continuously measuring temperature, salinity, dissolved
oxygen, pH, PAR and turbidity. At present, Chris Sabine’s group at PMEL is constructing the
moored pCO, systems and we anticipate deployment of these systems in early 2010. Data from
these moored pCO, systems will be entrained into the PMEL moored pCO; network. This data
will be merged with other datasets collected as part of the NSF project.

Data management and dissemination:

The efforts of the NOAA VOS pCO, group have met the important monitoring principle of
uniform instrumentation with a quantifiable accuracy. All systems are calibrated with standards
that are traceable to the WMO scale. An important part of the VOS effort is to disseminate
quality controlled data to the community at large in an expedient fashion. The seawater and
atmospheric  pCO, data will also be served at the following  site
(http://www.bios.edu/Labs/co2lab/vos.html). After QC and QA, data will be transferred to
LDEO and CDIAC.



http://www.oceansites.org/

Some Scientific Results

The surface water pCO, database, which is newly updated, consists of about 4.4 million pCO,
observations (an increase of about 1 million during this grant period) and supplemental data
obtained since 1970’s, and is the most extensive database for world ocean surface water pCO5.
The updated VOS database (Version 2008) is available to the public through the CDIAC and at
the web site of the LDEO CO; group <www.ldeo.columbia.edu/res/pi/CO2>

Updated climatological mean distributions of surface water pCO, and the estimated sea-air
CO; flux are improved especially in the high latitude Southern Ocean areas. Based on newly
acquired observations, ocean areas in the northern extent of seasonal ice fields around Antarctica
are found to be a CO; source to the atmosphere due to high CO; layers formed under ice by the
vertical mixing of deep waters (see yellow areas along 60°S in Figure 15). The CO, uptake by
the global oceans is estimated to be 1.4 £0.7 Pg-C/yr during the decade of 1990-2000. The
uncertainty in the flux depends on wind speed products used for estimating the sea-air gas
transfer rates. Improved wind speed data over the global oceans would reduce the CO, flux
uncertainty significantly.

Figure 15 — Sea-air CO; flux estimated using the climatological mean sea-air pCO;
observations in a reference year 2000. Orange-yellow areas indicate that the ocean is a CO;
source for the atmosphere, and magenta-blue areas, a sink for atmospheric CO,. (Takahashi et
al., Deep-Sea Res. 11, 2009)

The sea-air CO, fluxes estimated by various methods are in agreement. The Sea-air CO,
fluxes over major ocean basins that are estimated using four independent methods are compared
in Figure 2 (Gruber et al., BGC, 2009). The methods include a) an inversion of oceanic CO,
concentration data using ocean GCM’s, b) observed sea-air pCO, difference, ¢) inversion of
atmospheric CO, concentration data using atmospheric GCM’s, and d) ocean forward model
using a marine biogeochemical model coupled with ocean GCM’s. These estimates for a
contemporary ocean up-take are in agreement with a mean value of 1.8+0.3 Pg-C/yr. However,
the biogeochemical-ocean GCM’s yield an excessively strong sink in the southern polar region.
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This may be attributed to overestimation of biological pump intensity in the high latitude waters.
The atmospheric inversion methods yield a small source for the temperate South Pacific, whereas
three other methods yield moderate sinks. This may be due to the lack of atmospheric CO;
observations in the eastern South Pacific.
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Figure 16 — Comparison of sea-air CO; fluxes obtained by the four independent methods for the

five major ocean basins for the contemporary oceans: a) ocean CO; inversion (Gruber et al.,
GBC, 2009), b) observations of sea-air pCO); differences (Takahashi et al., DSR II, 2009), c¢)
atmospheric CO; inversion (TransCOm-3, L3) and d) biogeochemical ocean GCM’s (OCMIP-
2). The plot is from Gruber et al. (GBC, 2009).

Weakening of the Southern Ocean CO; sink. The winter-time surface water pCO; in the ice-
free zone of the Southern Ocean has been found to be increasing over the past three decades at a
mean rate of 2.1 +0.6 patm/yr that is faster than the atmospheric CO, concentrations of 1.5
patm/yr (Figure 17). This suggests that the sea-air pCO, difference is reduced and the CO; sink
intensity over the Southern Ocean is weakening during the recent three decades. Since the
biological activities are minimum and the vertical mixing of subsurface waters is maximum
during the winter months, the observed increase may be interpreted as a result of increased
upwelling (or meridional overturning) rates. This is consistent with the conclusion by Le Quéré
et al. (2007) who used the ocean biogeochemistry GCM,s and the inversion of atmospheric CO,
data.
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Figure 17 — Time-trend of surface water pCO: in the ice-free zone of the Southern Ocean in
temperatures between 1.5°C and 2.5°C observed during the winter months (late June through
mid-November) 1980-2007. The linear regression trend line for the surface water pCO; (2.6
natm/yr)is in blue, and is increasing faster than the atmospheric CO; trend shown in magenta.
The time-space distribution of the seawater pCO, observations is shown on the right. The plots
were prepared by C. Sweeney based on the data in Takahashi et al. (DSR II, 2009). An analysis
of six temperature zones ranging from 0.8°C to 6.5°C yields a mean rate of 2.1 £0.6 patm/yr.
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PMEL has developed seasonal and inter-annual fCO,-SST relationships from shipboard
data that were applied to high-resolution temperature fields deduced from satellite data to obtain
high-resolution large-scale estimates of the regional fluxes (Figure 2). The data were gathered
onboard research ships from November 1981 through October 2009. Data were collected during
the warm boreal winter-spring season (January through June) and during the cooler boreal
summer-fall season (July through December) of each year making it possible to examine the
inter-annual and seasonal variability of the fCO,-SST relationships. A linear fit through the
equatorial Pacific data sets yields an inverse correlation between SST and fCO,, with both inter-
annual and seasonal differences in slope. In particular, the results indicate a strong inter-annual
El Nifo — Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO) and weaker seasonal
variability. New results indicate a strong inter-annual (ENSO) and weaker seasonal variability.
There is also a ~15% increase in the out-gassing flux of CO; after the 1997-1998 PDO mode
shift. A large fraction of this increase is due to increase in wind speeds that began in the summer
of 1998 and continued throughout the decade. These increases are coincident with model
representations of the recent rebound of the shallow water meridional overturning circulation in
the tropical and subtropical Pacific after the PDO shift.

Understanding generated from this project was entrained into community effort to
improve the global ocean observing system network [Borges et al., 2009; Feely et al., 2009,
Lenton et al., 2009] and assessment of gaps in knowledge [Birdsey et al., 2009; Dickey et al.,
2009; Reid et al., 2009].

Comparisons of underway seawater pCO, data collected from BIOS's ship, R/V Atlantic
Explorer with the BTM pCO, sensor have been initiated. Over 15,000 seawater pCO, data
points were collected from the Atlantic Explorer within 80 km of the BTM in 2006. Seawater
pCO; data collected from the R/V Atlantic Explorer underway system within 10 km of the BTM
(also within 3 minutes of each BTM datapoint) had an average difference of less than 0.5 patm.
A paper is being prepared on this effort.

Lenton et al. (2009) have updated a scaling analysis to assess the resources necessary for a
comprehensive CO, observing network in the Southern Ocean including data from this project.
The data was used in several new approaches to quantify air-sea CO; fluxes on basin-wide scale
that have significantly less uncertainty than previous efforts. Telszewski et al. (2008) applied a
neural network self-organizing map approach to estimate surface water CO, levels in the
Atlantic. Watson et al. (2009) applied this technique and a robust application of geostatistical
techniques to quantify the CO; flux in the North Atlantic.

Quantifying inter-annual variability in air-sea CO; fluxes. We perfected a method to
estimate air-sea CO, fluxes on seasonal time scales utilizing this ship of opportunity and satellite
remote sensing data (Park et al., 2009; Park et al., 2010). This data is now served within 3 to 6-
months depending on the availability of remotely sensed data. This product provides an




important constraint for the global carbon cycle that will facilitate verification of treaties and
voluntary CO; emission reductions.

Sea-Air Carbon Flux.Experimental {(molm-2Yr-1)
EXPERIMENTAL. AOML Monthly Global Carbon FLuxes
(2009-09-15T00:00:00Z)

Data courtesy of NOAA AOML OCD

Figure 18: An air-sea CO; flux map for September 2009. An interactive data and graphics
retrieval system for this data can be found at:
http://cwecgom.aoml.noaa.gov/erddap/griddap/aomlcarbonfluxes.graph

4, Education and Outreach

Investigators in this project have been active in several outreach efforts. They presented public
lectures; given guest lectures at schools and universities and are members of national and
international steering committees. Bates is a member of the Interior Ocean Carbon Synthesis,
and of the Scientific Steering Group for the US federal Carbon Cycle Interagency Working
Group. Bates was a primary contributor to a 30-minute TV documentary on global warming for
Bermuda channel ZBM special on the Environment "EnviroShorts". Several Pls of this project
are were members of the european CarboOCEAN consortium. Takahashi has participated in and
presented lectures on ocean CO; and acidification at meetings of the NY State Earth Science
High School Teachers Association. He also served as a member of the Climate Research
Committee (CRC) of the National Academy of Sciences/National Research Council. Several
students have participated in this project and have been partially supported by NOAA grants to
Millero.
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The R/V Walton Smith is used by the University of Miami’s 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.

5. Publications and Reports

5.1. Publications by Principal Investigators

Bates, N.R., Amat, A., and Andersson, A.J., 2009. The interaction of carbonate chemistry and
coral reef calcification: the carbonate chemistry coral reef ecosystem feedback (CREF)
hypothesis. Biogeosciences-Discussion, 6 (5), 6727-7672, manuscript bg-2009-171 (public
comment period now closed).

Bates, N.R., Amat, A., Anderson, A.J., and Wanninkhof, R., in preparation. Seasonal air-sea
CO, gas exchange on the Bermuda Coral Reef. Biogeosciences

Birdsey, R., Bates, N.R., Behrenfield, M., Davis, K., Doney, S.C., Feely, R.A., Hansell, D.A.,
Heath, L.S., Kasischke, E., Law, B.E., Lee, C., McGuire, D., Raymond, P., and Tucker, C.J.,
2009. Carbon cycle observations: Gaps threaten climate mitigation policies. EOS,
Transactions, American Geophysical Union, 90 (34), 292-293, 25 August 2009, Paper
2009ES002647.

Borges, A.V., Alin, S.R., Chavez, F.P., Vlahos, P., Johnson, K.S., Holt, J.T. (lead authors),
Balch, W.M., Bates, N., Brainard, R., Cai, W.-J., Chen, C.T.A., Currie, K., Dai, M.,
Degrandpre, M., Delille, B., Dickson, A., Feely R.A., Friederich, G.E., Hales, B., Hardman-
Mountford, N., Hendee, J., Hernandez-Ayon, J.M., Hood, M., Huertas, E., Hydes, D., Ianson,
D., Krasakopoulou, E., Litt, E., Luchetta, A., Mathis, J., McGillis, W.R., Murata A., Newton,
J., Olafsson, J., Omar A., Perez, F.F., Sabine, C., Salisbury, J.E., Salm, R., Sarma, V.V.S.S.,
Schneider, B., Sigler, M., Thomas, H., Turk, D., Vandemark, D., Wanninkhof, R., Ward, B.,
(contributing authors) in press. A global sea surface carbon observing system: inorganic and
organic carbon dynamics in coastal oceans. Community White Paper, OceanObs09,
http://www.oceanobs09.net/

Chierici, M., A. Olsen, J. Trifianes, and R. Wanninkhof 2009, Algorithms to estimate the carbon
dioxide uptake in the northern North Atlantic using ship-observations, satellite and model
data., Deep -Sea Res., 56, 630-639.
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