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Rising Atmospheric CO, was first discovered by
Dr. David Keeling in the mid 1900s.
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Motivation for the PMEL €O, Program

The NOAA's Climate Mission Goal -- To understand
climate variability and change to enhance society's
ability to plan and respond.

Research Area: Develop an Integrated Global
Observation and Data Management System for
routine delivery of information, including attribution
of the state of the climate.

Performance Objective: Describe and understand the
state of the climate system through integrated
observations, analysis, and data stewardship.




Global Carbon Budget for 1990s published in the Nov.
2007 First State of the Carbon Cycle Report (SOCCR)

Atmosphere
Fossil Fuel [590 + 187]
&Cement |and-Use Land o
Volcanism Emissions  Change  sink NPP RESpI':atIDn
Y A & Fires
57 555
<01 6.4 12 | 23 |
: weathering
i | 222 |20
,’J 0.2 rweroutgassmg
i -‘E . / 4l 70 70.5
= —a Y ‘river export
Plants & Soil 15 3= fiver fluxes "
[3800-162 +161] | catheriny N\

i

104

adapted from Sabine et al., 2004




Global Carbon Budget for 1990s published in the Nov.
2007 First State of the Carbon Cycle Report (SOCCR)
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early 1990s view of the global carbon cycle could not
account for all the CO, released to the atmosphere.

annual carbon fluxes in billions of metric tonnes per year

Abzorbed by Absorbed Absorbed
aimosphere by oceans o land
Lo
16+£10 + 55+05 — 33+02 - 2.0+ 08 = Approximately
billion billion billion billion 2 billion

Missing CO, sink

2

Froduced bv  Produced by
deforestation urning
tozgll fuels

1 pp in the atmosphere = 2.1Pg C




By the mid 1990s the World Ocean Circulation Experiment (WOCE), the
Joint Global Ocean Flux Study (JGOFS), and the NOAA/OACES program
had completed a global survey of CO, in the oceans.
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The GLODAP carbon database of 570,000 sample locations
grew out of a 5 year NOAA synthesis effort.
http://cdiac.esd.ornl.gov/oceans/glodap/Glodap_home.htm



Column inventory of anthropogenic CO, that has
accumulated in the ocean between 1800 and 1994 (mol m-2)

J
Indian Ocean ) Atlantic Ocean
22 Pg C Pacific' Ocean 40 Pg C

44 P C From Sabine et al. 2004

Mapped Inventory =106£17 Pg C; Global Inventory =118+19 Pg C



Quantifying the ocean inventory helped constrain the net
terrestrial biosphere fluxes

fossil fuel net

and cement terrestrial
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CLIVAR/CO, Repeat Hydrogra
cea R.A. Feely, C.%bine, E Wannig(hof, 6.C.J anon,.Jg Bullis’rer,YM.
-

Barringer, C.W. Mordy, J.-Z. Zhang, D. Greeley, F.J. Millero,
and A.G. Dickson

Gocil: To quantify decadal changes in the inventory and transport of heat, fresh water,
carbon dioxide (CO,), chlorofluorocarbon tracers and related parameters in the
oceans.

Avorogce 7). The sequence and timing of the CLIVAR/CO, Repeat Hydrography cruises have
been selected so that there is roughly a decade between them and the
WOCE/JGOFS global survey.

Acnizvzmzrrs: The U.S. CLIVAR/CO, Repeat Hydrography Program has completed 11
of 18 lines and is on schedule to complete global survey by 2012.

Hydrography Program
hydrographic sections

http://ushydro.ucsd.edu/

Geean Dara

B Nasa



CLIVAR/CO, Repeat Hydrography Interim Results

*Global Survey is 60% complete with all measurements meeting or
exceeding anticipated quality requirements.

e Meridional sections in the Atlantic, Pacific and Indian oceans show
that there are significant and measureable inorganic carbon changes
in all three ocean basins over the last decade.

* We are working to improve our tools for isolating the anthropogenic
component of the decadal carbon changes, including working with
modelers to compare and interpret results.
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Global Carbon Budget for 1990s published in the Nov.
2007 First State of the Carbon Cycle Report (SOCCR)
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PMEL surface CO, observation network

Red dots are moorings
Black lines are VOS
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In the early 1990s surface CO, measurements capture the
mfluence of El Nmo on equator'lal CO, fluxes
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Mean annual net CO, flux estimated by Takahashi et al. 1997
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2003: MBARI transitions Moored Autonomous pCO,
system to PMEL

Af‘rer' ml‘rual deSIQn modlflca’rlons PMEL begins buuldmg moor'ed 602 network
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Annual net CO, flux estimated by Takqhashl et al., DSR 2002

B el T B

~ 940,000 measurements
between 1960-2000

Net flux ~2.2 (+22% or -19%)
Pg C yr! later this estimate
was revised to 1.5 Pg C yr-! to
correct an error in wind speed.
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R. Wanninkhof, R. Feely, C. Sabine, T. Takahashi, S. Sutherland,
N. Bates, F. Chavez, S. Cooke, F. Millero and S. Maenner
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Cocll: To quantify the daily to interannual variability in air-sea CO, fluxes and understand
the mechanisms controlling these fluxes.

Anoroac r1; Make autonomous surface pCO, measurements using research and volunteer
observing ships (VOS) to get spatial coverage at seasonal time scales and using
a network of surface moorings to get high frequency temporal resolution.

Aenizvzimzrrs. The VOS program has outfitted 7 ships and has a full data exchange

policy with 4 other ships. The moored pCO, program currently has 10
open ocean systems deployed.
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Takahashi climatological annual mean air-sea
CO, flux for reference year 2000
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Concept: Use Multiple Platforms to Produce Seasonal CO, Flux Maps
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Global Flux Map suggests an interannual variability of 0.23 Pg C

Year: 1982 Season: 1
mulfmz.-’seaﬁiim
i-‘h" . %

i
0 u
X

-1

lﬁ{I'W Bﬂ'w “. Eﬂ“E 1ﬁﬂuE _2

Produced by Joaquin Trinanes, NOAA Coastwatch, and
Rik Wanninkhof, NOAA/AOML/OCD

Climatology:Takahashi et al 2002

Method: Lee el al, 1998, Park el al, 2006; Cosca el al. 2003

Approach: 1. Improving regional relationships by incorporating additional
parameters and observations as the network grows

2. Assessing uncertainty in flux maps using ship-based and
moored CO, observations




NOAA Ocean Carbon Cycle Program

NOAA Climate Strategic Plan Objective: Describe and Understand the State of
the Climate System Through Observations, Analysis and Data Stewardship

Ocean Inventory:
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Ocean Uptake:
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for the North American Carbon Program




Global Carbon Budget for 1990s published in the Nov.
2007 First State of the Carbon Cycle Report (SOCCR)

The carbon budget of ocean margins (coastal regions) are
not well-characterized due to lack of observations coupled

with complexity and highly localized geographic variability.
2007 SOCCR, chapter 15 key findings
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New Directions: NOAA Coastal CO, Surveys, coastal CO,
moorings, and underway CO, from coastal ships

55°N+

® West Coast Cruise Stations
East Coast Cruise Stations
X CO, Moorings

50°N
' # CO, Flux Tower

40°N

X
130°W 120°W 110°W 100°W 90°W 80°W 70°W

Goal: To gather large-scale coastal CO, data for the

purpose of determining U.S. air-sea CO, fluxes




Monthly climatological pCO, and flux maps for the West Coast

pCO, (patm) CO, flux (mmol m2 d-1)
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Bimonthly pCO, maps for the South Atlantic Bight

36

341

32

28
36

Latitude (N)

34 1
321

301

FL
28 )

B3 82 81807978 77 VO83828180 7978 77 /6838281607973 77 76

30

NC
.
' SC Mg

.*f'{""-"'”"“ng-“zlooa

. Jul 2005

. Oct. 2005  Dec. 2005

) FL

-) it \

Longitude (W)

500

Sea surface pCO2 (natm)

Jiang et al. (2008)



New Directions: NOAA Coastal CO, Surveys, coastal CO,
moorings, and underway CO, from coastal ships

® West Coast Cruise Stations
East Coast Cruise Stations

55°N+

50°N X CO, Moorings o
¥ CO , Flux Tower
12 JUNE 2008 VOL 320 SCIENCE v.sciencemag.
45°N I REPORTS S -

Evidence for Upwelling of Corrosive
“Acidified” Water onto the
Continental Shelf

Richard A&. Feely,™ Christopher L. Sabine, ). Martin Hernandez-Ayon,”
Debby lanson,? Burke Hales®
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Goal: To gather large-scale coastal CO, data for the

purpose of determining U.S. air-sea CO, fluxes



Ocean Acidification

Since the beginning of the industrial age, the pH and CO, chemistry of
the oceans (ocean acidification) have been changing because of
the uptake of anthropogenic CO, by the oceans.

®  Decrease in pH 0.1 over the last two centuries

o 30% increase in acidity; decrease in carbonate ion of about 16%

MBREOLSNS

 Emilionia —
Algirosplaera

Calcareous Plankton
These changes in pH and carbonate chemistry may have serious

impacts on open ocean and coastal marine ecosystems.



What we know about ocean CO, chemistry

..from field observations

40°E 120°E 160°W 80°W

40°E 120°E 160°W 80°W

WOCE/JGOFS/OACES Global CO5 Survey.
~72,000 sample locations DIC % 2 pmol kg
collected in the 1990s TA £ 4 pmol kg

Sabine et al (2004)



What we know about ocean CO, chemistry

..from present - preindustrial CO. concentrations in the surface oceans
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Longitude Adapted from Sabine et al. (2004




pH - Pre Industnal
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Longitude

Whaf we know about ocean CO, chemistry
- ..from GLODAP data files

Pre-industrial pH calculated
from GLODAP residuals after
Anthropogenic CO, values have
been removed.

Present-day pH calculated
from GLODAP DIC and TALK
data.

pHdifference(present =

pre-industrial):

Data from Key et al. (2004)



What we know about ocean CO, chemistry
..from observed saturation depths in the global oceans
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Predictions of Ocean Acidification in the Global Oceal

i ::F!' " "
o = S,

Animation dilaying‘
Aragonite Saturation Levels
from 1765 to 2100

Calcification rates in the tropics may decrease by 30% over the next century
after Feely et al (in press) with Modeled Saturation Levels from Orr et al (2005)




North American
Carbon Program

Continental Carbon Budegets, Dynamics, Processes, and Management

134QW  130°W  126°W 122°W  118W LW 110°W

134W  13°W  126°W  122°W  118'W_ 114W  110°W

NACP West Coast Survey Cruise : 11 May - 14 June 2007
and mooring locations Feely et al. (2008)



Upwelling Induced
Acidification of the
Continental Shelf
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North American

Carbon Program

Continental Carbon Budeerts, Dyvnamics, Processes, and Management
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First ocean acidification
mooring in the Gulf of Alaska
at Station Papa

—~ show a clear seasonal
= frend in pH and a
& strong correlation

KEO2 of Airin Dry Al Note: pH scale is reversed
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Scorecard of Biological Impacts of Ocean Acidification

Response to increasing CO,

Physiological Major #spe‘cies —|— N
___brocess group  studied
Calcification
v Coccolithophores 4 2 1 1 1
" Planktonic Foraminifera 2 2 - - -
! Molluses | 4 4 - - =
*2 Echinoderms 2 2 - - -
“  Tropical Corals | 11 11 - - -
Coralline Red Algae 1 1 - - -
Coccolithophores? 4 - 2 2 -
okaryotes | & - 1 1 -
d 'Seagrasses 5 - - 5 -

Cyanobacteria

Mallusrs,
* Echinoderms |

1) Strong interactive effects with nutrient and trace metals availability, light, and temperature
2) Under nutrient replete conditions

Figure from Doney et al. (




NW Eifuku:
A unique CO; laboratory
> Onz of only Two sitzs in tnz oczan, and Tz
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NOAA Ocean Acidification Research
and Planning Activities

Existing and planned NOAA
activities have important
relevance to this rapidly
emerging issue,

» YOS and Rzozari Flydraograony
» Tzcnnology Dzyzlooinzi

» Rzimoiz S2n3ing Avoliceiions
> €O, Maaring N2iwyori

VIirG chntaltModeIiing

........

PhysiologicaltResearch

Joint Workshop's & Interagency

- _ih‘_ 7 ; -
| SeaWiFS derived 2004 E. Hux. blooms

Collaboration



NOAA

Future Challenges for the
Ocean Carbon Program
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