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SUMMARY

This paper identifies the important advances of the past
decade that have delivered high precision pCO
observations from ships of opportunity (SOOP), robust
decadal climatologies of asea CQ fluxes, and
uniform data through coordinated quality control and
inter comparisons activities, along with standardized
instrumentation and procedures.  The visfon the
coming decade is to build on these successes to deliver
an annual assessment and understanding of the regional
and global trends in CQexchanges between the ocean
and the atmosphere. The core challenges are the
maintenance and expansion of the ghing scales and

the development of robust high precision in situ sensors.

Highest priorities for the next 10 years farglobal sea
surface carbon observing systane:

9 to deliver seasonally unbiased annual assessments
of the regional and global trendm ocean i
atmosphere carbon fluxes. These should comprise
monthly global flux maps that are used as
constraints for atmospheric inversions in order to
improve the assessment of the global carbon budget,
including the terrestrial component. This will fior

an important link between the ocean €O
community and the global carbon budget assessment
activities of the Global Carbon project (GCP) and its
inputs to the periodic IPCC assessments. In order to
achieve this, the following are necessary:

to implementan effective and integrated multi
platform pCQ observing network that will reduce
uncertainty in regional and global GOflux
estimates to + 1015% of the annual mean flux;

to advance sensor and instrument development,
allowing the density of globalusface ocean carbon
observing networks to be increased by deployment
on additional key SOOP lines, moorings,
Lagrangian platforms, gliders and profiling floats.

to understand and resolve the biogeochemical and
physical mechanisms driving surface carbatural

and anthropogenic GQair-sea flux variability and
long term trend sand a link to ocean acidification by
incorporating a robust set of ancillary observations;

to strengthen the capabilities of coupled climate
carbon models to forecast changes in tieman
uptake of CQand the effectiveness of G@mission
mitigation strategies
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1 to further strengthen. for instance through SOCAT,
the international coordination of the carbon
observations, data quality control, data archiving
and the development of rdgu products for global
and regional use.

1. THE IMPORTANCE OF SE A SURFACE
CARBON OBSERVATIONS

The ocean uptake of anthropogenic &missions from
fossil fuel burning, cement production, and land use
changes [ currently ~10Pg C'lysignificantly mitigates
the increase in atmospheric €@], [2] and [3]
www.globalcarbonproject.org The oceans currently
take up carbon (C£ corresponding to 20 to 30% of the
annual anthropogenic G@missions, [2+1 Pg C{4],

[5] and [6] and 0.30- 0.36 Pg C ¥ through shelf
systems [6] but this uptake is not constant in time and
space [], [2] and [7]. Emission reduction strategies
aimed at capping the maximum atmospheric ,CO
concentrations at 4elre at
quantifying the magnitudes and understanding the

causes of the changes to the ocean uptake of natural and

anthropogenic C© fluxes in order to evaluate the
effectiveness of COemissions mitigation measures [2].
It may then be possible to evaluate the effectiger
international cooperation to limit the extent of global
warming and ocean acidification.

Air T sea CQ fluxes are a function of the gas transfer
coefficient (k), which is primarily a function of wind
speed, temperature dependent solubility (S), Hrel
difference between the oceanic and atmospherig CO
concentration(LJpCGQ,), i.e. F= k.S.pCO,.. In the
future, in response to a changing climate, these
components are expected to be impacted through
physical changes in the in response to ocean warming,
strengthening of ocean stratification, changes to multi
year atmospheric climatedes such as the El Nifio, the
Southern Annular Mode and changes in the biological
pump through ecosystem adjustments to the abdyve [3
[9] and[10].

The goal is then to have surface carbon sampling
strategythat is comprised of a wefilanned integrated
network of surface pCfOobservationsat monthly or
higher timescalesThese measurements of pgC@re
required to complement the ongoing measurements of
gas transfer coefficientdm remote sensingThis will
enable seasonally unbiased Lflux to be calculated
thereby reducing the uncertainty of this flux from the
present 40i 50% to 107 15% [3], [5] and [6]. In
addition, the inclusion of a robust set of ancillary
observations will provide additional insights into
mechanisms driving this changeThis highlights the
need for a surface carbon sampling strategy, at seasonal
or higher timescales, & allows a seasonally unbiased
CO, flux to be calculated thereby reducing the

uncertaintyof this flux from the present 4050% to 10
T 15%(3], [5] and[6].

A decadalscale shift in the uptake of atmospheric CO
by the Southern Ocean may already be chantlieg
partitioning of anthropogenic GO between the
atmosphere, terrestrial biosphere, and ocepiid], [8],

[12] and [13]. For many regions where data are
available, theseasonal to interannushriability of the
air-sea fluxes appear substantial [[1ahd [15]. The
magnitudes and the scales of both variability and the
long term change in C{Ofluxes are strongly linked to
decadal changes in circulation and the resulting
adjustments in the ecosystem characteristics and
resultant feedbacks (Fig. 1) [3]. Understany these
feedbacks becomes particularly important in the context
of the combined impacts on ecosystems from climate
change and ocean acidification.
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Figure 1. (From [3]): Schematic of ocean ecological
and biogeochemical responses and feedbacks on elimat
change, including direct and indirect effects from
human activities. The blue arrows indicate external
forcing from changing climate and atmosphericCO
impacting ecological and biogeochemical processes.
The green arrows indicate marine ecosystem feddbac
on ecosystem services and climate. The red arrows
indicate other human perturbations on ocean systems,
including fishing, habitat destruction, and deliberate
carbon and climate ocean mitigation technologies.

Resolving the seasonal and interannual vditgplin the
air-sea flux of CQ as well as reducing its uncertainty is

a prerequisite for constraining the global carbon budget
and determining how the ocean system is responding to
climate variability and change. In contrast to terrestrial
systems, théower spatial variability in oceanic sources
and sinks of C@enables the oceanic GQptake to be
quantified with greater certainty given an adequate
sampling strategy [5 [6], [9], [16] and [17]. A
sustained global ocean observing system for surface
CO, could ako be wused in combination with
atmospheric data to constrain terrestrial carbon budgets.
For the foreseeable future, this "difference approach" is
expected to remain a primary means to evaluate large
scaleterrestrial carbon fluxes [2].
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Because of the seitigity of the global economy and
population patterns to climate change and the need for
sustainability of key ecosystems an improved
understanding of the changing marine carbon cycle has
impact for stakeholders far beyond science itself, and
reaches intdhe societal and economic realms]J[E&d
[19]. Carbon is emerging as an important currency in
determining the efficiency of economies and the value
of goods and services of national and regional
economies [19]. A global policy for stabilizing
atmospheric O, levels is requires information on
carbon sources and sinks that will be increasingly
translated into currency equivalents (e.g. carbon trading
and carbon ofetting) and uncertainty in the ocean sink
will translate into a significant uncertainty in thalue

of this commodity [20].

2. REQUIREMENTS OF A SURFACE OCEAN
CARBON OBSERVING SYSTEM

i.) it should enable the provision of regular (monthly)
and robust (10 15% uncertainty) C&flux products
that are usable to constrain atmospheric inversion
based global carbon flux estimates [1] This will
support an important scienéepolicy link between
the global ocean carbon community (IOCGP
SOCAT and the IPCC through the GCP.

ii.) It shouldreduce the uncertainty in the global carbon
exchange fluxes to make it possible to resolve
interannual and decadal trends [3] and

iii.)It should comprise an integrated miptatform
observational capability to assess and validate
numerical models used the derstand ocean
processes that modulate variability and change in the
ocean uptake of CQand improve forecasts of long
term trends of the atmospheric £@servoir

iv.)It should return the maximum information for the
investment on hardware and skills

3. THE ACHIEVEMENTS OF THE EXI STING
SEA SURFACE CARBON OBSERVING
NETWORK.

3.1 CO, Flux Climatologies

of surface pC@ began on commercial gsels (e.g.
Cooper et al[23]. Complementing this work, limited
surface pC® measurements have been made from
Lagrangian drifting buoys, which may be particularly
useful in the Southern Ocean where few time series
stations and regular VOS ling24]. The number of
routine sea surface pG@neasurements obtained from
onboard commercial ships and research vessels (Fig.
2a) and at fixed stations (Fig. 2b), has increased
significantly in response to concerns about the impacts
of rapidly rising atmospheric GOlevels on global
warming, climate, and ocean acidification.

The large number of pGOneasurements that have been
obtained has allowed for the compilation and updates of
sea surface pCxlimatologies[5], [6], [25] and[26].
Such studies use pGQlata normalized to nominal
reference years in conjunction with ocean models to
create global maps; each update reflects the increased
number of data available (increasing from
approximately one to four million). The most recent
compilation by[5] and[6] includes an analysis of the
long term trends in several ocean regions, which show
that sea surface pG@ most places has increased at a
very similar rate to pC® over the long term
(http://cdiac.ornl.gov/oceans/LDEO_Underway Databa
se). However, on shorter timescales strong temporal
trends are apparent in many regions.

For example, sea surface pgcibcreases measured in
the North Atlantic over the last decade or so, have been
higher than the atmospheric pGGncrease[27], [29],

[29] and[30]. Similarly, in the Southern Ocean oceanic
pCGO; growth rates have been observed to be equal or
greater than the atmospheric rdd, [5] and [31].
Similarly there are areas of the ocean, such as the
Bering Sea, in which the surface ocean pCGffowth

rate is below the mean atmospheric rate, suggesting an
intensifying sink [$, [6] and [32]. Feely et al [33]
observed largscale decadal increases in the -aga
fluxes of CQ in the Equatorial Pacific after thE998
Pacific Decadal Oscillation regime shift. The
differences between these regional studies and the
global scale assessments by §®nd[6] emphasize the
sensitivity of the results to sampling and assessment
scales.

Sea surface carbon measurements started approximately . . _ . .
50 years ago during International Geophysical Year Despite an imortant increase in the density of the

(195771 1958) onboard research vessg&] and p2].
Time series of surface carbon at fixed stations began in
the early 1980s in the Atlantic off Bermuda at the
Bermuda Atlantic Timeseries Study (BATS) and at
Hydrostation 6S6, and in
Time-series (HOT) and Ocean Station Ptire North
East Pacific Ocean. Since then, a large number of

observational network, whole regions or basins are still
not adequatly covered by shipased (SOORIOS)
observations and other platforms. This is highlighted in
Fig. (3) which depicts the mean pg@bserved and the

t gaps ofpthe Qlolali SOORLUDEQ ¢ata say fofl9q7

Basinwide and global sea surface pCand airsea flux
maps are often estimated using a variety of interpolation

surface ocean carbon measurements have been initiatedmethods including algorithms relating sea surface pCO

at further ship based stations as well as on moofbigs
and B]. During the 1990s, autonomous measurements

[34] to physical (SST/SSS) properti¢35], satellite

Oce
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Figure 2. Locations where routine surface carbon measurements azenpireundertaken, (A) the SOQR'S
programme along the lines of commercial and research ship routes, and (B) -attii@e stationsg(Source:

http://www.ioccp.org
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derived parameters and reanalysis prod{@&, [37],

[38] and[39] and neural network approaches J[24d
[40].Algorithms have been deleped and applied to
calculate particulate carbon [H&nd[42] and coloured
organic matter in neasurface waters from satellite
measurements of watéraving radiance. The accuracy
of these measurements will depend on many factors
including sensor charamistics such as the number of
spectral bands and thetalibration, as well as an
accurate atmospheric correction of the radiances
measured and recorded by the satellite sensor.
SeaWiFS, MODISAqua and MERIS instruments have
been successfully used for ede measurements.
Although the overall accuracy and precision is not as
good as can be measured wittsitu measurements, the
advantage is the broad spatial and frequent temporal
coverage provided by the satellite sensors. Future
sensors are expected bave more spectral bands and
other characteristics that will lead to improved
calculations of seaurface particulate carbon and
colouredorganic matter. These remegensing products
will become important adjuncts to the objective of
understanding how siace ocean physics and the
biogeochemistry are responding to global warming and

altering both anthropogenic and natural uptake fluxes of
CGO, by the ocean.

These proxy approaches and other emerging ones will
be investigated using modelling platforms agt joé the
Surface Ocean C{Atlas (SOCAT) activities to derive
and improved basis for a comprehensiveaastruction

of the pCQ variability. Parts of the SOCAT data set
will form a strong basis for model validation. Numerical
models [10, [16], [17] and [44], are emerging as an
effective way to optimize the spatial and temporal
sampling scales of surface p&O It is the synoptic
capabilities of numerical models that allow us to
develop and test different sampling strategies, in the
present day and under a alging climate, that will be if

we are to achieve the goal of 1015% uncertainty
levels in CQ fluxes. One example of this approach
entails combining the sign#éd-ratios with Fourier
transforms to show that in different regions a traffe
exists between temporal and spatial sampling, and this
can be exploited to formulate a strategy that retthias
maximum information for minimal sampling effort
(Fig. 4) (]19 and[17].

LATITUDE

LONGITUDE
Figure 3: The mean value of oceanic pdfom all seasons in the period 192007, illustrating the regions that

remain undersampled with respect to G@s calculated from the LDEO observational database
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Figure 4: From Lenton et al., [17]: North Atlantic signtd-noise ratio (SNR) estimated from the 2D Fourier transform
for latitude and longitude, the sampling points are mdr&r each figure, the units are percent of maximum SNR
returned.

3.2 International Science Coordination community meeting (Surface Ocean LW®ariability

The International Ocean Carbon Coordination Project and Vulnerabily: SOCOWV) in Paris ([45].

(IOCCP), (http:Mvww.ioccp.org co-sponsored ¥ Data handling is carried out by the Bjerknes Centre for
UNESCO®6s Il nt er gover nmentdGClirhate ResBarch &nrBergen, anpcbllaboration the LAS
Commission and the Scientific Committee on group at PMEL and CDIAC. It is being developed with
Oceanographic Research was initiated in 2003. The rigorous f'and 2¢level data Quality Controls (QC) and
IOCCP has fostered the development of the existing presenty contains more than 7 million measurements of
global network of ocean carbon observations for surface CQ data, whenever possible recomputed to
research  through thoical coordination and fCO2 following Dickson et al. [46] from approximately
communication services, international agreements on 2100 cruises from 1968 to 2007. The QC of these data
standards and methods, advocacy, and links to the is being carried out by regional groups workingtha
global observing systems. This effort applies to surface Pacific, Atlantic, Indian, and Southern Oceans, and in
carbon research as well as ocean interior carbon storagecoastal regions. Regional groups began their work in
and transport.In the 6 years since its inception, IOCCP  January 2009, aiming to finish their work by mgD10.

has held 17 workshops or meetings and has published The community intends to maintain SOCAT beyond
and/or cesponsored the publication of 16 reports, t hat , adding new datad whi ct
guides, and strategy and best practices documents, manyincorporated in future releases.

of which have been used by national or regional The combined efforts of IOCCP, CDIAC and SOCAT

prograns (o aid in project planning and international have helped many international groups to work together
coordination. This successful coordination mechanism P y group 9
to develop a unified database of surface fG@ the

will significantly aid international collaboration over the oceans. This has provided a strong and tested

next decade. framework to continue the work in the next decade.
3.3 Data Management and Stewardship Only surface fCQ measurements are now included in
the database. To provide a more comprehensive data set
for research on physical and biological coig on
surface C@ the community should consider
establishing a companion database, which should
include available total dissolved inorganic carbon
?D?C), alkalinity (TA) and pH data from the surface
ocean. This will also aid thé@evel QC of pCQdata

The central data archive for the internationatboa
research community is the Carbon Dioxide Information
Analysis Centre (CDIAC,http://cdiac.ornl.goy/ Oak
Ridge, Tennessee, USA), which began archiving surface
CO, data in 1982. Efforts to include ah at i on
measurements are continuing and improving. CDIAC is
recognisedas the primary repository for ocean carbon
data and metadata. All nations should be encouraged
deposit surface CQlata with CDIAC in future.

The Surface Ocean GQ\Tlas (SOCAT) was initiated

by SOLAS & IOCCP in 2007, and is a community
effort to deliver a uniform format, quality controlled
data base of all available surface ocean pCO
measurements. This was the outcome of a, CO

4. LIMITATIONS OF THE E XISTING SEA-
SURFACE CARBON OBSERVING NETWORK

Ocean climatologies of COluxes of [5, 6 and 26] have
been a very important achievement in recent decades.
However, as these are synthetic results in which all
scales of variability arearmalised to a reference year
and hence they cannot be used to explore interannual
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variability in CG, fluxes. They particularly exclude El
Nifio years which are an important source of interannual
variability in Oceari Atmosphere C@fluxes [5 and 6].
Efforts to determine the interannual variability in the
CO, fluxes (and pCg) has started in the tropical Pacific
[33] and [47], North Atlantic [15] and South Indian
[31], but most areas lack sufficient data and synoptic
global scale assessments are not passilithout with
models [27].

The global maps in show where routine measurements
of surface carbon are now made by commercial ships

and research vessels (Fig. 2a), and at time series sites

(Fig. 2b) The contrasting regional density of surface
fCO2 observatins from repeat SOOP/VOS lines are
shown in Fig. (3), which highlights areas of elevate
sampling and those where routine measurements are
sparse or nogxistent. One of the best covered regions
is the North Atlantic, although most coverage has been
recent Fig. 5a) and the timing of the measurements
show that the seasonal cycles are not evenly sampled
with potential to alias estimates of the variability
(Fig. 5b).

Despite this, the North Atlantic remains the best
covered ocean basin due to internatiocallaborative

programs like the EU funded CAVASSOO and
CARBOCEAN programs. Sustaining these
collaborative  programs and fostering  similar

international efforts in other basins is needed to ensure
adequate and continuous coverage of measurements in
both time and space.

The parameters most often measured on ships and
moorings are surface pGGsea surface temperature and
salinity. However, these parameters alone are not
sufficient to determine biogeochemical and physical
drivers of the variability in the sface carbon cycle and
air-sea flux, or the effects of the carbon cycle on ocean
acidification. Important additional ocean surface
parameters for routine measurement include total
dissolved inorganic carbon, total alkalinity, dissolved
nutrients, dissolvé oxygen, carbon isotopes of the
dissolved inorganic carbon, and phytoplankton biomass
and production ([P [48] and[49].

The uncertainty of C@ flux estimates depend
significantly on the parameterization of the gas transfer
rate models [50]. Rassessmemnf global constraints
on gas transfer velocities based ¥6 [51] and [52],

and field studies and syntheses dajas transfer
relationships with  wind based on deliberatéracer
studies have converged on consistent findings within an
uncertainty of 10 %. Laer differences are observed
with previous studies, and between micrometeorological
CO, flux studies but it is not clear if methodological
biases are contributing to this [58nd[54]. The gas
transfer wind speed relationships should be applied
consistently to the corresponding wind fields. Mixing

and matching gas transfesind speed relatinships with

different wind products can easily double the
uncertainty. Locally and on time scales of days to
weeks, significant  deviations from  canonical

relationships are apparent, due to impacts of other
forcing and inhibiting factors such as bubble
ertrainment, thermal gradients and surface films. For
the estimates of uncertainties in £fuxes on regional

to global scales based on-aiater pCQ differences a

10 % uncertainty can be used with a realization that this
is likely an optimistic assessme Further process
studies quantifying gas exchange under different
conditions and linking the gas transfer to environmental
forcing are needed for full characterization of the
uncertainty in aiksea CQ fluxes due to uncertainties in
the gas transfer \acity.

The observational needs for ocean acidification research
and monitoring are addressed by Feely et[ab] and

the utilization of data from repeat hydrography
measurements that are discussed by Hood et al., [56]
can greatly aid the process of riéog
biogeochemical/physical processes influencing surface
carbon and aisea flux variability. The costs and
personnel required to build, test and deploy
instrumentation for surface carbon measurements is
limiting the expansion of the global surface earb
network, especially while it remains primarily
dependent on National funding programmes. Access to
suitable platforms such as SOOP remains challenging
both because the ships only ply certain routes and
obtaining access to the ships. A considerable
investment is needed in research and development of
sensors and alternative platforms like drifters, wave
riders, and robotic boatsver the next decade to reduce
costs, strengthen the benefits and provide the spatial and
temporal coverage needed to resallie seasonal and
interannual variability in carbon fluxes for all ocean
basins in Byrne et al., [57]. This is a critical step to
address the existing gaps in the SOOP coverage.

5. THE STRATEGY FOR THE NEXT 10 YEARS

The goal is the detection and attributioh seasonal,
interannual and decadal trends in both the ocean natural
carbon cycle and uptake of anthropogenic,COhe
scientific, technological and global coordination
capability demonstrated over the past 10 years coupled
with the expected progress shalat it should be
possible to achieve this goal over the next decade.
Moreover, through its contribution to enabling annual
global carbon budget assessments this will help policy
makers setting global G@missions targets, assess their
effectiveness, agss the evolution of ocean acidification
and support periodic IPCC reviews.

a) To reduce the uncertainty of CQ air-sea fluxeson
regional and ocean basin scales, and ultimately on a
global scale to 10° 15%. Although this level of



uncertainty is being chieved in specific ocean basins
such as in the North Atlantic [27] the Equatorial and the
North Pacific progress will depend on studies of optimal
observing system design optimize and muytatform
and parameter integration [17] Further sensor and
platform development to lower the costs of long term
sampling while maintaining loaterm accuracy of the

3 months, this wasufficientto constrain the aisea
CO, fluxes to < 20% of total flux. These proposed
minimum surface C@sampling scales, depicted in Fig.
6 superimposed on the present VOS activity (cf. Fig.
2a), provide an indication of the gap between existing
and required sampling to achieve the vision set out in
this CWP. This sampling resolution is not feasible

measurements and strengthened global coordination of basedon SOOP alone but is probably achievable using a

the science and the sustainable funding of long term
observations.

b) To create an adequate, integreed and sustained
observational network to observe trends and
variability in sea surface pGGnd airsea CQ flux in
response to the increasing atmospheric 6@den and
climate variability. This strategic goal is necessary if
the first goal is to be &geved in the coming decade.

In order to determine the regional-a&a flux of CQto
within 107 15% of the mean annual flux (Sweeney et
al.,, 2002) recommend evenly spaced and regular
sampling in the northern North Atlantic of 5 to 9
samples per year eme1500 km, in the temperate North
Atlantic 6 samples per year every 1500 km, in the
temperate North Pacific 9 samples per year every 200 to
600 km, in the equatorial Pacific 15 samples per year
every 200 km, and in the polar South Pacific every 300
km in summer to every 800 km in winter. Recent
modelling approaches to optimize sampling scales
showed that in the Southern Ocean, the @i®sea flux

can be determined to within + 0.1 Pg C yvith regular
3-monthly sampling at a spatial resolution of
3° meridionally and 30 zonally [16], and that > 80% of
the CQ air-sea flux variance can be captured in the
North Pacific and in North Atlantic, with a-@onthly
sampling frequency at a spatial resolution
6° meridionally and 1®zonally [17]. For the Indian
Ocean -(12MeHE e-M 0 e Bepton (in prep)
determined that sampling 20° (EW) x 3°(N-S) every

Temporal coverage of measurements
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similar modelling based approach to integrate a range of
different platforms. These recommendations for
sampling in time and space are for the open ocean areas,
not coastal areas, where sampling strategiesst be
different due to the much higher variability encountered.
This is addressed by Borges et al., [58] who set out the
strategies for dissolved inorganic carbon in coastal
environments. Achieving these goals for both ocean
and coastal systems will for part of the ongoing
scientific and coordination activities of the SOCAT

network and the IOCCRvnvw.ioccp.org.

The global observational network needs to work
towards expanding and technologically enhancing
routine cabon measurements in the ocean surface. This
includes a combination of existing platforms such as
commercial and research vessels, fixed stations which
presently provide the only high quality data to
moorings, buoys and floats. Most recently, gliders,
robatic boats, and wavpropelled surface platforms
increasingly offer long range autonomy to enable basin
wide predetermined transects at a frequency that will
resolve the seasonal cycle provided sensors can be
downscaled while maintaining accuracy and koegm
stability. Reliable sensors on autonomous platforms
remain an important area of R&D and until they are
available the global surface carbon observation network
will need to aim at strengthening the reliable and high
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Figure 5: (A) Number of surface pCO2 measurements garin the North Atlantic. (BNumber of surface pCO
measurements penonth in the North AtlantigBenjamin Pfeil, CABOOCEAN, pers. comm.).
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Figure 6: The spatial scales of sampling derived from the Lenton et al 2006, 2009 SNR modelling approach, required
from a quarterly VOS programme to resolve the seasonal cycle superimposed on the existing network of VOS
observations. It provides an inditan of the scaling up required particularly in low sampling areas such as the South
Pacific and Southern Oceans.

quality underway systems. Voluntary observing ships speed should be systematically collocated with the in
(VOS), both commercial and research ships, are able to situ pCQ data. Improved ship based hipticd and
cover the cean basins where shipping routes or repeat carbon flux proxy observations will close the gap
research lines occur and these will continue to provide between ocean colour and carbon fluxes which could
stable reference data to check autonomous sensors. Inimprove the constraints on the biological pump in
order to cover all ocean basins at the required frequency biogeochemical models. Observations need to focus on
of sampling, emphasis is needed on the resolving the seasonal cycle, in order to ldeathe
devebpment/deployment of a new generation sensors detection of other scales of variability, and to ensure
and platforms. Recent and future advances in this area that sampling density is sufficient to remove any
of sensors and systems for marine,@Dservations are potential seasonal biases.

addressed by Byme et al., [58] d) To strengthen forecast numerical model
capabilities, including those used to constrain the
oceanland partitioring of carbon.

c) To determine the biogeochemical / physical
drivers of seasonal to interannual variability ,
including the resolution of the sensitivity of these

drivers to climate change. The confidence in forecasting capabilities of coupled

climate-carbon models to predict the future evolution of
Net regional ocedratmosphere CO fluxes will be atmospheric C@and the changing role of the ocean
impacted at seasonal, interannual and decadal scales bycarbon cycle will be based to a significant extent the
adjustments of ocean physics to climatargde, surface ability of these model$o reproduce historical climate
ocean carbon load, including ocean acidification and change. This assessment can only be made if high
ocean interior biogeochemistry. Understanding the quality data sets are available. In addition such data sets
response of the ocean biogeochemistry and natural will be required for data assimilation for both parameter
carbon fluxes to changes in stratification and wind stress and state estimation of the global carbon cycle asd it

is likely to emerge as a keyap in attempts to define

components. These dataset in addition teseir CQ

required emission reduction strategies and evaluation of fluxes and oceanic pGQhould include a wide range of

their effectiveness. This will require collection of

ancillary variables such as DIC and TA, stable isotope
ratios of DIC, oxygen, nutrients, underway high spatial
resolutbn surface ocean productivity indices of carbon
export fluxes and biomass [48] In addition remotely
sensed data such as chlorophyll, SST, altimetry, wind

ancillary  both  biogeochemical and physical
observations. This effort is expected to lead to
increased cooperation between the global and relgiona
scale modelling and the observational communities
including the efforts in WCRP to constrain heat,
momentum, water vapour fluxes that can be tied to air



