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1 Summary

The ocean component of the global carbon cycleis akey component of the climate
system, regulating on annual to millennial time-scales the uptake, storage, and release to
the atmosphere of carbon dioxide (CO,) and other climate relevant chemical species.
Currently about 30% of the anthropogenic carbon emitted to the atmosphere by fossil-
fuel burning is removed by oceanic uptake, but the future behavior of thisimportant
carbon sink is quite uncertain because of potential climate change impacts on ocean
circulation, biogeochemical cycling, and ecosystem dynamics. A coordinated
observational, experimental and modeling research effort is required to address the scope
of these ocean carbon problems and their connections to physical climate and other
aspects of the global carbon cycle. We present an integrated, multi-agency
implementation strategy for oceanic monitoring and research aimed at determining how
much carbon dioxide is being taken up by the ocean at the present time and how climate
change will affect the future behavior of the carbon sink. This strategy for an Ocean
Carbon and Climate Change (OCCC) program is designed as an ocean component of
the U.S. Global Change Research Program Carbon Cycle Science Program and the U.S.
Climate Change Science Program. It builds on the extensive set of U.S. and international
community planning workshops and reports completed over the last several years.

Within the broader goals outlined by U.S. Carbon Cycle Science, we highlight four
fundamental science questions:
1. What are the global inventory, geographic distribution, and temporal evolution of
anthropogenic CO in the oceans?

2. What are the magnitude, spatial pattern, and variability of air-sea CO, flux?

3. What are the mgjor physical, chemical, and biologica feedback mechanismsand
climate sensitivities for ocean organic and inorganic carbon storage?

4. What is the scientific basis for ocean carbon mitigation strategies?

The implementation strategy consists of the following coordinated elements:

Enhancing the global ocean carbon observing networ k based on global carbon
hydrographic surveys, surface water observations, time-series, satellite remote
sensing, and a North American coastal observing system.

Conducting targeted, multi-disciplinary process studies on the response of upper
ecosystems and air-sea CO, flux to inter-annual climate variability,
biogeochemical cycling in the mesopelagic zone, continental margin carbon
dynamics, and air-sea gas exchange.

Integrating field observations, remote sensing, data synthesis and numerical

modeling through forward prognostic models as well asinverse and data
assimilation techniques.

Accelerating enabling activities such as technology development, data
management and accessibility, cross-disciplinary and international cooperation,
workshops, education and outreach, contributions to national carbon assessments,
and ongoing scientific oversight and coordination.



A phased approach is proposed for a decadal-scal e research program. Phase 1 of
OCCC will accelerate technology development, initiate North American and global
carbon observing systems (e.g., CLIVAR/Carbon Repeat Hydrographic Survey, VOS
surface pCO; lines), test specific climate-change hypotheses through targeted process
studiesin the context of existing open-ocean and continental margin time-series stations,
and establish time-series stations and process studies in new marine biomes. A regional
focus will be placed in Phase 1 on the North Atlantic and North and Equatorial Pacific in
conjunction with the North American Carbon Program. Southern Ocean synthesis and
pilot studies will also be carried out followed by afull Southern Ocean field effort in
Phase 2. Particular emphasisis placed in Phase 1 on technology development and field
testing of new biogeochemical techniques, development of reference materialsto assure
data comparability, whole ecosystem manipulation experimental approaches, remote
sensing algorithms, data assimilation, and autonomous sensors and platforms that have
the opportunity to revolutionize how ocean carbon research is conducted and will provide
the capability to measure important properties over large sections of the ocean on an
amost continual basis. While the OCCC will encompass a wide breadth of ocean
biology, chemistry, and physics research, the program will aso promote linkages and
synergies with related ongoing oceanographic, climate, and carbon cycle programs (e.g.,
CLIVAR, OCEANS.US, ORION, NACP, IGBP IMBER, SOLAS, and Global Carbon
Project) to address the full range of scientific elements relevant to marine carbon
dynamics and the climate change question.

Anticipated scientific products and payoffs from OCCC are summarized as follows:

Temporal evolution and lateral transport in the ocean of natural and
anthropogenic CO;, nutrients, oxygen, dissolved organic matter, and trace metals
(e.g., constrain basin-scale decadal changes of anthropogenic carbon inventory to
+/- 20%)

Basin-scale to global patterns, seasonal to inter-annual variability, and climate
sengitivity of air-sea CO; flux (e.g., constrain North Atlantic, North and
Equatorial Pacific fluxesto +/-0.2 Pg Cly)

Seasonal to interannual variability and secular trends for upper ocean carbon
cycling, ecosystem structure, primary and export production, and subsurface
carbon dynamics

North American coastal ocean and continental margin air-sea CO; fluxes, land-
ocean and coastal open ocean carbon exchange, and biogeochemical cycling

Physical, chemical, and biological controls on present and future marine
ecosystems and ocean carbon dynamics including biogeochemical responses to
and feedbacks on climate change

New suite of tested in situ, remote sensing and numerical tools for observing and
studying the ocean carbon system

Communication of research findings and decision support tools to stakeholders
(scientific community, policy makers, resource managers, students, general
public)



2 Introduction

Over the last two centuries, the composition of the Earth’s atmosphere has been
atered substantially by human activities, including fossil fuel burning, agriculture,
deforestation and industrial emissions. The levels of atmospheric CO,, an important
greenhouse gas that modulates Earth’ s radiative balance and climate, have increased from
apreindustrial value of 280 ppm to about 370 ppm at present (equivalent to an increase of
~180 Pg of carbon; 1 Pg=10"g). A definitive anthropogenic origin for the excess carbon
dioxide can be assigned based on contemporaneous changes in carbon isotopes and by
the fact that the atmospheric carbon dioxide levels for the preceding several millennia of
the Holocene were essentially within plus or minus 5 ppm of the preindustrial value
(Prentice et al., 2001). ‘Business as usual’ economic and climate scenarios project values
as high as 700 to 800 ppm by the end of the twenty-first century, levels not experienced
on Earth for the past several million years (Pearson and Palmer, 2000).

These human perturbations occur on top of alarge, natural carbon background, a
complex system involving the ocean, atmosphere and land domains and the fluxes among
them. The ocean isthe largest |abile reservoir for carbon on decadal to millennial time
scales, acting as avariable sink for atmospheric CO, and other climate-relevant trace
gases (e.g., Siegenthaler and Sarmiento, 1993), and it will serve asthe ultimate sink for
about 90% of the anthropogenic carbon released to the atmosphere on time-scal es of
thousands to tens of thousands of years (Archer et al., 1998). Recent estimates suggest
that only about half of the CO, released by human activity during the last two decades
has remained in the atmosphere; on average, about 30% of the CO, emissions or ~2 Pg
Cly has been taken up by the ocean (Quay et al., 1992; Takahashi et a., 1999). The future
behavior of this ocean carbon sink is uncertain, however, because of possible feedbacks
among climate change, ocean circulation, marine biota, and the ocean carbon dynamics
(e.g., Joos et al., 1999; Bopp et al., 2001).

The U.S. Carbon Cycle Science Plan (Sarmiento and Wofsy, 1999) identifies five
overall scientific goas:

Goal 1: Quantify and understand the Northern Hemisphere terrestrial carbon sink;
Goal 2: Quantify and understand the uptake of anthropogenic CO; in the ocean;
Goal 3: Determine the impacts of past and current land use on the carbon budget;

Goal 4: Provide greatly improved projections of future atmospheric
concentrations of COy;

Goal 5: Develop the scientific basis for societal decisions about management of
CO, and the carbon cycle;

several of which have significant ocean components. Goal 1, for example, requires
improved estimates of riverine transport, biogeochemical cycling, and air-sea CO, fluxes
in adjacent coastal waters and open North Atlantic and North Pacific basinsin order to
close the carbon budget over North America. Goal 2 isintended to establish accurate
estimates of the oceanic carbon sink, including interannual variability, spatial
distribution, sensitivity to change in climate, and underlying mechanisms. Goal 4 has



related objectives that require a mechanistic understanding of biological, chemical, and
physical processes that lead to carbon cycle-climate feedbacks. Goal 5 requires
significantly better scientific understanding of the potential efficacy and impact of ocean
carbon management strategies such as direct CO» injection and trace-metal and nutrient
fertilization. Achieving these goals requires an integrated oceanic program involving
strategies for observations over awide range of temporal and spatial scales combined
with hypothesis-testing experimental studies and model development.

The objective of this document is to outline an implementation strategy for an ocean
carbon component, which we term the Ocean Carbon and Climate Change (OCCC)
program, for the U.S. Global Change Research Program Carbon Cycle Science Program
(http://www.carboncyclescience.qgov/) and the U.S. Climate Change Science Program
(Mahoney, 2003; http://www.climatescience.gov/). An Interim Implementation Group
was formed in July, 2002 by the U.S. Carbon Cycle Scientific Steering Group and Inter-
agency Working Group. The specific charge to this group was to develop integrated,
cross-agency implementation ideas; facilitate implementation and coordination of
existing and emerging U.S. ocean carbon research; and maintain links to other
components of the U.S. Carbon Cycle Science, climate and ocean physics, and
international programs.

The OCCC program builds upon a strong history of coordinated U.S. and
international oceanographic research, in particular the Joint Global Ocean Flux Study
(JGOFS; http://usigofs.whoi.edu/; http://www.uib.no/jgofs/|gofs.html) and the World
Ocean Circulation Experiment (WOCE;
http://www.soc.soton.ac.uk/OTHERS/wocei po/ipo.html) conducted in the late 1980’ s and
1990’ s. JGOFS, WOCE and related programs such as the Sea-viewing Wide Field-of -
view Sensor (SeaWiFS; http://seawifs.gsfc.nasa.gov/SEAWIFS.html) satellite ocean
color project provide for the first time atruly global-scale perspective on the ocean
carbon dynamics and ocean circulation (McClain et al., 1998; Siedler et a., 2001,
Fasham, 2003). WOCE and JGOFS, however, were primarily focused on characterizing
the current state of the ocean, and critical questions remain to be answered regarding how
the ocean is evolving in time now and into the future under global climate change. A
significant research investment is required if we are to have better confidence in our
predictions of the future behavior of the marine carbon system.

This document draws heavily on a series of U.S. and international ocean carbon
community meetings, workshops and planning reports completed over the last several
years. Theseinclude in particular: OCTET-Ocean Carbon Transport, Exchanges and
Transformation (Lee et al., 2000); EDOCC-Ecological Determinants of the Ocean
Carbon Cycle (EDOCC, 2001); U.S. SOLAS-Surface Ocean Lower Atmosphere Study
(Wanninkhof, 2002); L SCOP-Large-scale CO, Observing Plan: In situ Oceans and
Atmosphere (Bender et al., 2002); an international GOOS-Global Ocean Observing
System report on ocean carbon (Doney and Hood, 2002); the IGOS Ocean Theme
document (Lindstrom, 2000); the RioMar report (McKee, 2003); and aseries of U.S.
JGOFS Synthesis and Modeling Project workshops and reports. The reports document in
detail the current state of our understanding of the ocean carbon system, the critical
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knowledge gaps and outstanding research questions, and the rationale for a coordinated
research program. Here we focus on presenting the corresponding implementation
structure.

The global carbon cycle is a single system with multi-faceted aspects cutting across
the three mgjor domains: the ocean, land, and atmosphere. Many of the most important
advancesin the field over the last decade involve combining data sets and models for the
different reservoirs in new ways because results from one domain often place invaluable
constraints on the workings of the other two. For example, the complexity and variability
of carbon storage and uptake on land suggests that the long-standing approach of
separately determining storage and fluxes in the ocean and atmosphere and evaluating
regional and global behavior of the terrestrial components of the biosphere by difference
will likely be required well into the future. This report acknowledges the global nature of
the carbon cycle but addresses only the ocean component and relevant ocean-atmosphere
and land-ocean interactions. The recommendations, however, have been coordinated
closely with the science plan and implementation strategy for the U.S. North American
Carbon Program (NACP) (Wofsy and Harriss, 2002; Denning et al., 2004) and the
Carbon Data Assimilation workshop report (Fung et al., 2003).

3 Science Background

Thefossil fuel carbon source and growth of atmospheric CO, are reasonably well
known based on economic reconstructions and atmospheric monitoring (Prentice et al.,
2001). A number of complementary, abeit indirect, means have been proposed for
partitioning the long-term net carbon sink between ocean and land reservoirs, producing
generally similar results for the global net ocean uptake of ~2 Pg Cly. Theseinclude
global *C budgets for CO, (Quay et al., 1992; Tanset al., 1993; Heimann and Maier
Reimer, 1996; Quay et a., 2003), data based estimates of anthropogenic CO, inventories
in the ocean (Gruber et a., 1996, Gruber, 1998; Sabine et al., 1999, Sabine et al., 2002),
ocean forward and inverse models (Sarmiento et a., 2001; Gloor et a., 2003), and
combined use of atmospheric oxygen and CO, records (Keeling and Shertz, 1992,
Keeling et al., 1996; Bopp et al., 2002). Given the significant uncertainties that are
associated with each of these indirect methods, it isimperative to document the time
evolution of the oceanic carbon inventory directly through repeat measurements. The
regional air-seaflux patterns are less well known, with significant disagreement among
atmospheric inversions, ocean surface pCO, flux estimates and ocean numerical models
particularly for the North Atlantic and Southern Ocean (Takahashi et al., 2002; Gurney et
a., 2002). The 1990's WOCE/JGOFS global survey provides a high quality/precision
baseline estimate of the ocean dissolved inorganic carbon (DIC) distribution, and
preliminary, direct estimates of the ocean DIC temporal evolution and lateral ocean DIC
transport are being developed (Wallace, 2001).

The net ocean uptake of anthropogenic carbon appears to be controlled over the
historical period and at present by ocean physics, namely the ventilation and exchange of
surface waters with the thermocline and intermediate/ deep waters (Sarmiento and
Gruber, 2002). The study of purely physical transport processes in the ocean is a huge



endeavor initself and is arguably further along than the study of ocean ecosystems and
their effect on the carbon cycle. Dedicated programs to study ocean physics and its
relation to climate variability, especially the World Climate Research Programme on
Climate Variability and Predictability (CLIVAR), are underway and are cognizant of the
importance of carbon transport in the study of climate change. The focus hereison the
biogeochemical components of the marine carbon system, which playsalargerolein
controlling the inventory and spatial and temporal gradients of DIC within the ocean.

Previous geochemical and biogeochemical research programs such as GEOSECS,
JGOFS and WOCE have elucidated the basic pattern of the ocean carbon system. Key
features include substantial net CO, outgassing at the equator and ingassing at high
latitudes governed by the physical solubility pump and the particul ate organic and
inorganic and dissolved organic matter biological pumps (Takahashi et al., 2002). At high
latitudes the solubility of CO, in water, aswell asthe density of seawater, increases due
to decreasing temperatures. As the cooled surface water sinks to depth it enhances the
storage of CO; in deep ocean waters, the so-called solubility pump. Alternatively, the
biological pump refers to the processes that convert CO, to organic matter and particul ate
CaCOj3 by photosynthesis and remove the carbon to depth (whereit isrespired or
remineralized) via sinking particles, diffusion, physical mixing, and active transport. In
many ocean regions the biological pump can have a stronger control on the distribution of
CO, than the solubility pump. Furthermore, present models predict that without a
biological pump the atmospheric CO, concentration would rise to levels of ~680 ppm,
about 400 ppm above pre-industrial levels.

Intensive field research over the last two decades as part of JGOFS and related
research programs (Fasham et al., 2001; Fasham, 2003) and the recent availability of
satellite ocean color measurements (McClain et a., 1998; 2002a) have greatly improved
our understanding of the seasonal and geographical patterns of particulate carbon export
flux from the upper ocean, phytoplankton standing stock, and marine primary
productivity. There is also a growing appreciation of the complexity of factors governing
the ocean biological pumps (e.g., iron limitation, nitrogen fixation, calcification,
community structure, mesoscal e physical-biological interaction, subsurface
remineralization).

The limited number of long-term ocean time series stations show significant
biogeochemical variability from sub-diurnal to decadal timescales. Changesin large-scale
ocean-atmosphere patterns such as ENSO, the Pacific Decadal Oscillation (PDO), and the
North Atlantic Oscillation (NAO) appear to drive much of the inter-annual variability,
and this variability is expressed on regional (several hundred-to-thousands of kilometers)
rather than basin-to-global scales. Large inter-annual variability in the partial pressure of
surface water CO, (pCO») and CO; fluxes in the Equatorial Pacific are well documented
(Feely et al., 1999; 2002). The general magnitude and mechanisms of mid-latitude
variability signals are less clear (LeQuere et al,, 2000; 2003), but significant year to year
variability isevident in the subtropical Bermuda Atlantic Time-Series Study (BATS) and
Hawaii Ocean Time-Series (HOT). At BATS, aclear correlation has been demonstrated
between NAO and ocean hydrographic and biogeochemical variables such as



temperature, mixed layer depth, primary production, and total DIC, suggesting that the
North Atlantic is likely responding in a coordinated, basin-wide manner to interannual
variability (Bates, 2001; Gruber et al. 2002; Bates et al., 2002). Thisis in agreement with
modeling studies (Williams et a., 2000; McKinley et al., 2000), which also found that
variations in heat fluxes and wind stirring leading to variations in winter time mixed layer
depths are the main drivers for inter-annual variability in export production and seasonal
oxygen fluxes.

Large annual and interannual variation in pCO, is also observed in tropical regions.
Monthly pCO, data collected since 1996 by the Carbon Retention In A Colored Ocean
(CARIACO) time series shows average pCO- values in the southern Caribbean Sea are
higher than typical surface open ocean values, in spite of very high primary productivity
and sinking particulate organic carbon flux observed there along that continental margin.
Seasonal fluctuations in surface pCO; in that region are also strongly modulated by
rivers. River discharge leads to pCO, minima, suggesting that the Amazon, Orinoco, and
other magjor and minor rivers have impacts on surface pCO, in coastal areas and adjacent
ocean waters that have not yet been examined.

The slower, decadal time-scale ocean responses (e.g., changesin nutrient stocks and
community structure) are not as well characterized as the interannual response, though
there is tantalizing evidence for large-scale biogeochemical regime shifts (or perhaps
secular trends) (Karl, 1999) and changes in nutrient distributions (Emerson et a., 2001).
Distinguishing a human-induced, climate-change signal from natural decadal variability
on thistime-scale is often singularly difficult, particularly given the relatively short
duration of most oceanographic data records. But model projections suggest that
anthropogenic impacts are accel erating and may become more evident in the near future.

Under future greenhouse warming climate scenarios, the physical uptake of
anthropogenic carbon by the ocean is expected to decline because of surface warming,
increased vertical stratification, and slowed thermohaline circulation (Sarmiento et al.,
1998; Matear and Hirst, 1999). In coupled simulations with simple biogeochemical
models, these physical effects are partly compensated by increased uptake from changes
in the strength of the natural biological carbon pump. The biogeochemical responseis
governed by two opposing factors, a reduction in the upward nutrient supply due to the
increased stratification, which leads to decreased export production of organic matter and
carbon dioxide uptake, and a decrease in the upward vertical flux of dissolved inorganic
carbon. The latter factor generally dominatesin the present simulations, so that the effect
of altered biogeochemistry is a net positive carbon dioxide uptake. Given the low level of
biological sophistication used in these early simulations, such projections must be
considered preliminary, demonstrating the potential sensitivity of the system and posing
important questions to be addressed through future research.

A wide variety of other mechanisms have been identified that could conceivably alter
ocean carbon uptake, but in many cases even the sign of the biogeochemical response, let
alone the quantitative magnitude, is uncertain (Denman et al., 1996; Doney and
Sarmiento, 1999). Potential effectsinclude:



decreased calcification from lower pH and COs™ ion concentrations resulting
from anthropogenic CO, uptake (Kleypas et a., 1999; Riesebell et al., 2000);

decreased vertical nutrient supply and in some regions enhanced, effective-
surface-layer light supply leading to often opposing regional changesin primary
productivity (Bopp et al., 2001);

dterationsin the spatial patterns and community composition of marine biomes
due to changes in stratification (Boyd and Doney, 2002);

modificationsin dust deposition and iron fertilization affecting the high nitrate-
low chlorophyll (HNLC) regions such as the Southern Ocean and possibly
subtropical nitrogen fixation;

decoupling of carbon and macronutrient cycling because of shiftsin the el emental
stochiometry of surface export and differential subsurface remineralization.

Accounting for such hypotheses in future climate projections is presently problematic
given our current understanding and modeling tools (Doney, 1999; Falkowski et al.,
2000).

A number of technological strategies have been proposed for mitigation of
atmospheric CO, build-up via deliberate carbon sequestration. One marine approach
involves capturing fossil-fuel carbon locally at production or combustion sites and then
injecting it directly into the deep-ocean (e.g., Brewer et al., 1999). Other methods involve
enhancing biological carbon uptake and storage from ocean ecosystems through
deliberate nutrient fertilization. The most commonly proposed approach is based on the
assertion that phytoplankton in the surface layer of high-nitrate low chlorophyll (HNLC)
regions areiron limited (e.g., Codeet a., 1996). In considering mitigation strategies,
societies must assess the desired atmospheric CO; targets, the economic trade-offs
between reducing fossil-fuel use versus deliberate sequestration, the feasibility of the
sequestration strategy, the environmental consegquences, and the capability to maintain
such efforts over long time periods (Dilling et al., 2003).

Many basic aspects of the ocean carbon system are inadequately understood, directly
impacting our ability to make realistic future projections and or assess potential carbon
management scenarios. Areas requiring particular focus include the mechanistic controls
on upper ocean ecosystem structure and the elemental composition of export fluxes; the
dynamics of organic and inorganic transport and remineralization in the mesopelagic
zone; land-ocean exchange and carbon cycling in the coastal ocean and along continental
margins; and the mechanisms of air-sea gas exchange. Recent advances on new
biogeochemical techniques (e.g., molecular probes, eddy correlation CO- fluxes) and
large-scale ocean experimental manipulation (e.g., iron fertilization) suggest that an
opportunity exists at present to make rapid progress in these areas. Technological
developments involving autonomous instruments, remote sensing and numerical
modeling also give usfor thefirst time areal prospect of measuring important properties
over large sections of the ocean on an almost continual basis. Therefore the devel opment
and field validation of such instruments and techniquesis highlighted as a key element in
the OCCC implementation strategy.
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4 Objectives and Implementation Strategy

While the overarching Carbon Cycle Science goals described in section 2 (Sarmiento
and Wofsy, 1999) provide general guidance for the development of the OCCC program,
more focused scientific questions must be articulated in order to design aresearch
implementation plan. A major common question that runs through community ocean
carbon planning documents is what are the past, present and future net oceanic uptake
rates of CO,? To address this problem, one must have a good quantitative description of
the modern carbon system (inventory, air-sea fluxes, non-atmospheric inputs such as
rivers, groundwaters and coastal tidal exchange and internal cycling) and be able to
guantify and attribute historical perturbations. Further, one must have a good mechanistic
understanding of the main physical, chemical, and biological processes governing carbon
cycling and how those processes would respond to warming, stratification and other
climate change factors as well asthe potential for direct carbon mitigation. Climate
sensitivity can be expressed in terms of changes in the ocean's capacity to store
atmospheric CO,, providing a common framework for examining a wide range of
processes regulating carbon fluxes in the oceans and leading directly to morereliable
projections of the future trgjectory of atmospheric CO,. Thisvision is outlined below in
more detail through a set of four fundamental questions that guide the development of the
implementation strategy.

1) What aretheglobal inventory, geographic distribution, and temporal evolution
of anthropogenic CO in the oceans?

The WOCE/JGOFS global CO, survey results provide the first global snapshot of the
ocean inorganic carbon inventory and partitioning into pre-industrial and anthropogenic
components. Major tasks now include observing directly the temporal evolution of the
fields of inorganic carbon and other biogeochemically relevant species (e.g., nutrients,
oxygen, trace metals, dissolved organic matter, microorganism biomass, pigments,
community structure, etc.); measuring the response of those fieldsto increased warming,
stratification, and slowed thermohaline circulation; and reconciling net carbon uptake
estimates and spatial patterns derived from different methods (e.g., empirical in-situ
techniques; air-sea fluxes,; temporal evolution; atmospheric CO, and O,/N; constraints,
d*3C isotopic composition; existing and new transient tracer proxies; and forward and
inverse models).

2) What are the magnitude, spatial pattern, and variability of air-sea CO flux?

A general picture of the large-scale, climatological pattern and seasonal cycle of air-
sea CO, flux can be derived at present from historical surface water pCO, transect data
and empirical wind speed gas exchange relationships. The current major challenges are
improving the understanding of the biological and physical processesdriving air-sea
fluxes,; quantifying the interannual to decadal variability and potential secular trends,
assessing the significant regional differences (e.g., Southern Ocean) between in-situ and
atmospheric inverse derived fluxes; estimating air-sea fluxes over the continental margins
and their imprint on atmospheric CO, over the continents; and reducing the large (+/-
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50%) uncertainty in air-sea gas exchange parameterizations by characterizing at abasic,
mechanistic level the physical, chemical, and biological controls on air-sea gas exchange.

3) What arethe major feedback mechanisms and climate sensitivities for ocean
organic and inorganic carbon stor age?

Climate projections over the next several centuries show substantial ocean surface
warming, enhanced vertical stratification, and altered physical circulation, all of which
suggest reduced ocean carbon uptake. Significant changesin the areal extent and
community composition of marine biomes are also suggested, and the structure of marine
ecosystems directly influences the flow of carbon between trophic levels and, ultimately,
the partitioning of CO, between the atmosphere and the deep sea. Also relevant are
global change factors such as changes in the carbonate system (reduced ocean pH and
carbonate ion) and aterations in atmospheric dust deposition. Marine biogeochemical
responses and feedbacks to such perturbations, however, are poorly characterized at
present, and basic, mechanistic research is needed on the climate sensitivities and
feedbacks to atmospheric CO, of, for example: efficiency of surface water nutrient
utilization; nitrogen fixation, denitrification, and the oceanic inventory of fixed nitrogen;
elemental ratios (e.g., C/N/P/H/O/S/SI) and carbonate to organic carbon ratio of exported
biogenic material; regeneration length scales and differential elemental remineralization
for biogenic material; and community allocation of fixed carbon into particulate versus
dissolved organic matter pools. Focused, multi-disciplinary process studies are needed to
address these issues, delineating the physical, chemical and biological factors governing
present biogeochemical cycling and their sensitivity to global change.

4) What isthe scientific basisfor ocean carbon mitigation strategies?

A number of oceanic carbon mitigation approaches for enhancing ocean carbon
sequestration have been proposed including direct CO, injection and ecosystem
manipulations such asiron fertilization of high-nitrate low chlorophyll zones or nitrogen
fixing subtropical gyres. The scientific bases for these technological strategies, however,
are not fully developed, and a more thorough understanding of the feasibility, overall
climate effectiveness, environmental impacts, stability and sequestration time scales are
needed.

OCCC istimely because there is an immediate societal need for better, quantitative
understanding of ocean climate responses and because of the opportunities for significant
progress from the convergence of rapidly evolving technologies (e.g., satellites, in-situ
sensors and autonomous platforms, deliberate field perturbation studies, genomic
techniques, and data assimilation) and emerging scientific paradigms.

The overall implementation strategy described in the following sectionsinvolves a
coordinated program for:
- Enhancing the global ocean carbon observing network based on global carbon
hydrographic surveys, surface water transects, time-series, satellite remote
sensing, and a North American coastal observing system.

Conducting targeted, multi-disciplinary process studies on the response of
upper-ocean ecosystems and air-sea CO; flux to inter-annual climate variability,
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biogeochemical cycling in the mesopel agic zone, coastal ocean carbon dynamics
and Southern Ocean dynamics. These studies will elucidate mechanistic
relationships, improving the reliability of future climate predictions.

Integrating field observations, remote sensing, data synthesis and numerical
modeling through forward prognostic models as well asinverse and data
assimilation techniques.

Accelerating enabling activities such as technology development, data
management and accessibility, international cooperation, workshops, education
and outreach, contributions to national carbon assessments, and ongoing scientific
oversight and coordination.

A phased approach is proposed for a decadal-scale OCCC research program that
builds on the technological and intellectual accomplishments of WOCE, JGOFS and
other programs conducted over the preceding fifteen years. In Phasel of OCCC, the
primary focus will be the North Atlantic and North and Equatorial Pacific in conjunction
with the network of existing ocean carbon observations (coastal and open-ocean time-
series, Volunteer Observing Ship transects, etc.) and the North American Carbon
Program. A timeline of OCCC Phase 1 activitiesis presented in Figure 1, indicating the
sequence and proposed start dates for different OCCC program elements. While the
overall structure and relationships among research components has been determined, the
exact details and start dates may evolve though time following community
implementation workshops and discussions among the new OCCC Scientific Steering
Committee and federal agency program managers.

The timing of specific OCCC Phase 1 activitiesis determined by opportunities for
making rapid scientific advances with current capabilities and the investment required
early in the program in the appropriate infrastructure and technol ogy to fulfill more
ambitious objectivesin the future (Figure 1). The following key enabling and research
activities are identified for the first year of the program: establish a Scientific Steering
Committee and OCCC Planning and Data Management Offices (Sections 10.1 and 10.6);
conduct implementation workshops on specific OCCC components (Section 10.4) and
coordinate with national and international programs (Sections 10.2 and 10.3); accelerate
technology development on new biogeochemical techniques and chemical/biological
reference standards, autonomous sensor systems, platforms, communication methods, and
satellite remote sensing (Section 9); and maintain and enhance on-going open-ocean and
coastal time-series stations (Sections 5.3 and 5.4), satellite remote sensing (Section 5.5),
and the recently initiated Repeat Hydrography and V olunteer Observing Ship pCO2
Surveys (Sections 5.1 and 5.2).

Over the following several years, the OCCC program will: initiate an on-going
synthesis and modeling component including synthesis of new and historical data and
experimental design studies (Section 8); deploy individual and mid-size process studies
in the context of existing time-series sites (Section 6); begin elements of the North
American carbon observing system (Section 5.4); and establish additional time-seriesin
new subpolar, tropical/equatorial, and/or continental margin environments (Section 5.3
and 5.4) as the ground work for an integrated, large-scale Northern Hemisphere process
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studies culminating OCCC Phase 1 (Section 6). Pilot studies in the Southern Ocean
conducted from ships and platforms of opportunity and deployment of exploratory time-
series stations are al so anticipated during OCCC Phase | (Section 7). Phasell of the
OCCC program, which will be developed in greater detail over the course of the next
several years, will consist of afull Southern Ocean field effort including new autonomous
technologies developed in Phase 1, enhanced observing system capabilities, and targeted
process studies.

The OCCC Phase | focus on the North Atlantic and North and Equatorial Pacific
Oceans provides an immediate, strong linkage to the North American Carbon Program
and builds on the existing time-series research sites such asBATS, HOT, CARIACO, and
Monterey Bay. In addition, the emerging Integrated Ocean Observing System,
OCEANS.US, and ORION ocean observatory initiatives will provide numerous
opportunities to devel op research partnerships and collaborations in both the coastal and
open-ocean domains. The technology devel opments associated with the proposed new
ocean observatories parallel the developments required to advance our research
capabilitiesin remote areas such as the Southern Ocean. Carbon research conducted
adjacent to North America and in the high nutrient, low chlorophyll areas of the Pacific
also provide the foundation for assessing potential carbon mitigation strategies such as
direct injection of carbon dioxide into deep waters and surface fertilization.

Timeline of OCCC Implementation Strategy
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Figure 1: Proposed timeline for Ocean Carbon and Climate Change Phase 1

It must be emphasized that processes that are important for quantifying the marine
carbon system and variations in ocean carbon storage must be observed on awide range
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of space and time scales. This requires the combined use of multiple sensors and
platforms, often operated or supported through different agencies. Strong interagency
cooperation and collaboration will be required to achieve the goals of this program.

The following sections describe individual elements of this program, a number of
which have recently been funded and are already underway. The prioritization for
implementing other specific elements of the program is based on an assessment of the
expected impact of particular processes on ocean carbon storage, the relative uncertainty
and limits of current understanding, the ability to leverage and build on ongoing and
emerging field components, and the readiness of the technology and scientific
infrastructure. Wherever possible, sample design is developed using quantitative metrics.
Each of the following implementation sections includes brief background and rationale,
overview of existing and planned field/modeling components, specific recommendations
for new research on the near to mid-term (OCCC Phase 1), and requirements for national
and international integration and coordination.

5 Ocean Carbon Observing System

The development of aunified, global ocean carbon observing system is fundamental
to addressing the four OCCC science questions detailed in Section 4. With afew
exceptions (e.g., WOCE/JGOFS global carbon survey; JGOFSHOT and BATStime-
series stations), most past ocean carbon sampling efforts have been conducted in a
research mode characterized by a small number of principa investigators, limited scope
and duration. Thisindependent research path provides many of the scientific insights and
advances in ocean carbon research and will continue as an important element of OCCC
(Section 6). Ocean observing systems are emerging in a number of oceanographic
contexts (Lindstrom, 2000; Fine et al., 2001; Doney and Hood, 2002; Bender et al .,
2002), and the key attributes that distinguish such systemsinclude: basin to global extent;
decadal or longer temporal duration; careful attention to internal data consistency and
long-term biases; timely public release of data products; and coordination at national and
international levels (see Section 10 on enabling activities). No single measurement
technique or approach can encompass the wide range of relevant time and space scales
and processes of the ocean carbon system. A major challenge in observing system design,
therefore, isto integrate the diverse suite of ship based, autonomous, and remote sensing
observations detailed below. While data synthesis and numerical modeling will play an
important role (Section 8), careful consideration of the various different, but
complementary, measurement approaches is needed from the start.

The observing system described below attempts to take advantage of synergies across
the different components (e.g., tying repeat hydrographic lines into along-term time-
series network) and stresses the utilization of common standards, reference materials,
uniform measurement techniques, and inter-comparison exercises wherever possible.
Traditional shipboard oceanographic surveysremain a key necessary element of the
proposed sampling strategy, providing continuity with historical data and the capability
for full-water-column sampling, accurate high-precision laboratory measurements, and
detailed, intensive process studies. Clearly, however, this method is insufficient for the
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high spatial and temporal sampling frequencies required for many ocean carbon issues.
Following the lead of the physical oceanographic community, marine biogeochemists

need to capitalize on emerging in situ autonomous measurement/sampling technologiesin

order to sample the ocean chemical and biological state over the appropriate range of
scales (Section 9.1). The rapid evolution and eventual outcome of these technological
developments, however, are difficult to foresee. The detailed planning and optimization
of the global monitoring system must include enough flexibility to account for the fact

that many revolutionary techniques may be developed in the coming years.

Ocean Carbon Observing System Elements

o

A series of repeat ocean transects, involving reoccupation of selected meridional and
zonal WOCE lines, in which CO, system properties will be measured along with
hydrographic properties, nutrients, transient tracers, and trace metals. Water samples
will be collected for post-cruise analyses of pigment concentrations, dissolved
organic carbon (DOC), and *3C of inorganic carbon. Programs using fluorometers,
radiometers, and transmissometers will provide estimates of biological (e.g.
chlorophyll and particul ate organic matter) stocks and distribution.

A comprehensive upper ocean observing system on board research and volunteer
observing ships (VOS) to determine the air-sea flux of CO, and itsinterannual
variability, and to understand the biogeochemical properties and rate processes that
determine the partial pressure of CO; at the surface. Relevant measurements include
continuous sea surface pCO, analyses, concentrations of bioactive species, the
isotopic composition of dissolved inorganic carbon, oxygen and nitrogen, and other
underway properties, some of which could include shore-based analysis of archived
samples. In some casesit will be appropriate to limit the analyses to measurements
that can be maintained by the ship’s crew, whilein other casesit will be appropriate
for dedicated scientific participants, allowing measurement of a broader spectrum of
properties.

Time series stations which are occupied at monthly to seasonal timescales. The
measurement suite would include the same properties as those of the repeat ocean
transects, plus other measurements that are not easily accommodated on transects,
e.g., primary production.

Coastal time series stations and seasonal surveys to quantify the sources, sinks, and
lateral fluxes of carbon in the continental margin regions off of North America.

Remote sensing observations of the global patterns and time/space variability of
apparent and inherent optical properties, surface water particulate organic and
inorganic carbon content, bulk and skin SST, wind speed and gas exchange rates, and
aerosol optical properties. The effort will focus on algorithm development for
constraining air-sea CO, flux and biological state variables and rates and application
of existing and planned satellite measurements as well as additional aircraft
observations.
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0 Atmospheric observations of the O,/N> ratio of air, aproperty that reflects seasonal
and annually averaged ocean carbon fluxes and their interannual variability. Ox/N»
ratios are our primary tool for constraining basin scale net oceanic production in
amost real time. These measurements should be enhanced by Ar/N, measurements
that reflect the summertime stratification, and wintertime ventilation of the oceans,
processes that are integral to understanding the carbon fluxes.

o Concurrent and historical compilation of variables accessible by remote sensing for
existing time series stations, VOS lines, and transects to provide large scale spatio-
temporal context and expand the measurement suite. Compilation of global maps of
variables accessible by remote sensing, both concurrent and historical to understand
and document modes of variability.

5.1 Large Scale Ocean Repeat Hydrographic Survey

The overarching goal of the Repeat Hydrography Survey, ajoint collaboration
between the U.S. Carbon Cycle and CLIVAR programs begun in 2003, isto determine
the large-scale decadal evolution of the anthropogenic CO, inventory to within 20% on a
global and basin scale (Bender et al., 2002; see also http://ushydro.ucsd.edu/). This goal
isgreatly aided by the fact that, for the first time, we have aglobal, high-quality baseline
data set of ocean tracer and carbon system observations in the 1990s as part of the
JGOFS/'WOCE global carbon survey. Dissolved inorganic carbon data sets accurate to 2
to 3 mmol/kg, which are equivalent to 2 to 3 years' uptake of anthropogenic CO; in near-
surface waters, are now available for hydrographic transects representing most of the
world’ s ocean (Gruber et a., 1996; Gruber, 1998; Feely et al., 1999; 2001; Sabine et a.,
1999; 2002; Wanninkhof et al., 1999). These high-quality data, when compared with
older data of much lesser quantity and quality such as those obtained during the
GEOSECS program, have already yielded substantial insight into the carbon inventory
changes over time. For example, Sabine et al. (1999) and Peng et al. (1999) reported
significant changes in the carbon inventory in the Indian Ocean over the ~18 year interval
between GEOSECS and JGOFS/WOCE and were also able to show that these changes
agreed well with the expected changes on the basis of ocean ventilation and the rate of
increase in aimospheric CO,. Because of the much higher precision and accuracy of the
new carbon data and the fact that atmospheric CO, continues to increase rapidly, it is now
possible to detect long-term changes in the carbon inventories over time-scales of 10
years and even less.

Methodological advances in DOC analyses over the past 10 years have resulted in an
analytical precision of 1 mmol/kg. Thisimproved precision together with the use of DOC
reference materials helps to assure detection of long-term trends in temporal and spatial
variability of oceanic DOC stocks. For example, small (14 mmol C/kg) but systematic
large-scale water column differences have been measured between the Atlantic and
Pacific Oceans (Hansell and Carlson, 1998). These data point to differences in DOC
input, storage and remineralization patterns in the interior of the respective ocean basins.
However, these observations were based on a limited DOC data set and the DOC global
scale distribution remains weakly resolved. The repeat hydrographic survey will serve to
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improve our understanding of DOC inventories, large-scale DOC production and
remineralization patterns, and its potential cont