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1.  On-going and Potential Contributions of WCRP to Carbon Cycle Science


A very broad range of ongoing and potential research activities needs to be taken into consideration in formulating the framework for a WCRP carbon cycle research theme. This includes contributions from GEWEX, CLIVAR, WOCE, ACSYS/CliC, WGCM and WGNE to a WCRP Global Carbon Cycle Study, as well as parallel activities of partner programs, primarily IGBP, and the plans of international organizations (e.g., FAO and UNESCO), national science-funding agencies, environmental/meteorological agencies, and national or multinational space agencies.  Also to be considered are the programmatic visions of the Global Observing Systems (GCOS, GOOS, GTOS) and the Integrated Global Observing Strategy (IGOS), which is promoted by a partnership among the space agencies in CEOS, the sponsors of the Global Observing Systems, the program offices of the Global Observing Systems, IGFA, IGBP and WCRP. 


The two guiding principles for this WCRP Global Carbon Cycle Science plans are (1) identifying the scientific contributions in which WCRP can take the lead by building on the current and planned activities of its various projects and (2) providing a seamless interface for cooperation with other relevant programs, recognizing the key role of IGBP. 

1.1
Scientific Background 

Over the past 150 years, the concentration of atmospheric carbon dioxide has risen from about 280 ppm to the current level of 370 ppm amid concerns that increased CO2 concentrations will alter the Earth's climate and ecological balance.  This change in CO2 is driven mainly by the combustion of fossil fuels (increased emissions to the atmosphere), and the conversion of forested land to agricultural use, which redistributes the carbon among plants, soil, and the atmosphere.


Measurements of CO2 concentration have shown that only about half of the CO2 amount released by anthropogenic activities remains in the atmosphere. The rest is accounted for by net absorption by terrestrial vegetation and the oceans, i.e. the net result of vastly larger natural exchanges between the atmosphere, land, and oceans that fluctuate constantly over time and space.  Currently, uncertainties about total CO2 uptake and storage terms are such that our knowledge of the relatively small net uptake is quite insufficient to derive reliable projections of future CO2 concentrations. Predicting the evolution of atmospheric CO2 (and atmospheric composition in general) is essential in order to forecast the behavior of the climate system. 


The principal contributions of WCRP to carbon cycle science are (1) new space-based observational methods to determine the spatial and temporal distribution and the strength of carbon sources and sinks globally, (2) observations and predictions of the geophysical parameters that influence bio-geochemical processes in the oceans and over land,  (3) deep insight into the dynamical processes that govern CO2 fluxes over continents and oceans and (4) advanced climate modeling, and data assimilation framework that can de used as a basis for the construction of Earth system models incorporating bio-geochemical and biological processes. 

1.2
Global Carbon Sources and Sinks

The extreme diversity of terrestrial ecosystems and ground conditions, and the variability of marine net primary production (NPP), make direct point-measurements of CO2 fluxes impractical. Thus, quantifying extensive carbon sources or sinks from in situ measurements requires some method of spatial averaging.  For example, marine carbon sources and sinks can be inferred fairly directly from observations of the mean distribution of suitable tracers (such as carbon isotopes in the ocean) or changes in space-averaged budgets of ocean dissolved inorganic carbon and carbonaceous organic matter. 


CO2 sources and sinks over land are inferred from estimates of time-dependent fluxes in the atmospheric boundary layer. Measurements from tall towers are representative of an area governed by the integrating effect of boundary layer transport and turbulence. The same idea can be applied to measurements taken in the free troposphere. Transient variations carry a signature of surface sources and sinks, smoothed spatially in proportion to the altitude. It is thus possible to infer area-averaged flux estimates from precise measurements of transient variations in atmospheric composition, by inverse modeling of atmospheric transport and diffusion. This type of analysis is already being done, on very large spatial scales and seasonal time-scales, based on observed variations in zonal-mean carbon dioxide concentration. A much finer analysis could be realized with complete global measurements of transient CO2 variations in the lower- and mid-troposphere. Various potential space-based remote sensing methods are being considered, which could conceivably provide the required precise measurements of variations in atmospheric CO2 distribution globally (see Appendix A: GEWEX).

1.3
Physical Parameters Relevant to Terrestrial Ecosystems

Changes in carbon exchanges between land and atmosphere depend primarily on the rate of photosynthesis by vegetation, which in turn responds to a number of physical parameters:

1. Precipitation (total and space/time distribution), 

2. Soil moisture,

3. Soil freeze-thaw conditions,

4. Surface air temperature,

5. Fraction of photo-synthetically active radiation (fPAR), controlled mainly by cloudiness. 

The contribution of physical climate science to the theoretical understanding, modeling and prediction of the terrestrial carbon budget is access to the relevant observational information, mostly large-scale or global atmospheric/hydrologic data sets based on field measurements, satellite observation and physical modeling (principally from various GEWEX projects; see Appendix A).  


Relevant observational products include precipitation and other hydrologic parameters (Global Precipitation Climatology Project; GEWEX continental-scale projects; International Satellite Land-Surface Climatology Project); surface radiation and fPAR (GEWEX Surface Radiation Budget Project), and surface wetness.  Potential new satellite initiatives include projects to observe global precipitation (international Global Precipitation Mission), soil moisture (European Soil Moisture and Ocean Salinity mission and similar NASA exploratory projects), soil freeze/thaw transition (NASA cold climate research mission).  

.


The tremendous diversity in climatic, hydrologic, and vegetation parameters that influence terrestrial carbon sources and sinks must be acknowledged and weighted, so that proper balance is respected between cold and warm-region phenomena. In particular, both liquid and solid precipitation must be considered in boreal forests (for cold regions, see Appendix F). 

1.4
Physical Parameters Relevant to Marine Carbon Cycle

Temperature is the primary physical variable controlling the near-surface oceanic pCO2, which regulates CO2 exchanges between the atmosphere and ocean. Wind speed, ocean surface salinity and wave state also influence air-sea CO2 fluxes.


Quantifying the carbon uptake associated with marine net primary productivity (NPP) is a complex problem, that involves not only measurements of the amount of chlorophyll-carrying life forms in the ocean euphotic layer, but also fairly detailed knowledge of the make-up of the plankton populations, as different species of phytoplankton have different abilities to sequester carbonates and precipitate to the ocean floor (sinking organic carbon derives primarily from large phytoplankton, such as diatoms, and mesozooplankton such as copepods). This range of marine biology problems is definitely beyond the scope of WCRP.  On the other hand, NPP is governed, to a considerable extent, by ocean temperature, the availability of nutrients (controlled mainly by oceanic upwellings, although some micronutrients, such as iron, may be supplied by aerosols deposition), and the presence of sunlight (fPAR) as well as harmful ultraviolet radiation. 


Ocean currents and mixing (both in the surface layer and in the deep ocean) affect directly the distribution of dissolved carbon and also the transport of nutrients.  WCRP can provide quantitative observations and, to a lesser extent, long-term projections of these processes (see Appendices A, B, C and F). 

1.5
Atmospheric/Oceanic Circulation Models, Data assimilation, and Reanalysis  

Prediction of future carbon cycle dynamics requires coupling marine and terrestrial biosphere processes with atmospheric and oceanic circulation models.  Progress has been made in the development of Dynamic Global Vegetation Models that interactively couple physiological models with climate models; such research will be continued principally by the terrestrial ecosystem science community (IGBP, 1992; NRC, 1999).  WCRP/GEWEX offers a convenient channel for cooperation with physical modelers engaged in the development of relevant (mesoscale-resolving) atmospheric circulation models, and particularly the hydrologic and land surface process component of these models.


The marine biogeochemistry community is in the process of developing a capability to model and simulate the variability of the near-surface ocean. The major unknown concerning the functioning of the global carbon cycle, is the magnitude and variability of the biological pump, which has a determining impact on the distribution of carbon and other chemical elements. WCRP/CLIVAR is the natural partner of the marine ecosystem science community for the development of coupled biogeochemical-physical ocean models (and associated data assimilation schemes) linking observable ocean variables (e.g., ocean surface color, temperature, and composition) to the dynamics of the ocean circulation, plankton communities, and the inorganic carbon cycle. The existing IGBP "Ocean Carbon Model Intercomparison Project" and the JGOFS Synthesis and Modelling Project (SMP) currently provide convenient channels for developing collaboration between WCRP/CLIVAR/WGSIP, WCRP/ACSYS/CliC and marine ecosystem scientists (see Appendices C and F).


The WCRP Working Group on Coupled Models (WGCM) should be the best contact point for cooperation with IGBP/GAIM and GCTE in the development of coupled Earth climate and biogeochemistry models, and implementation of long-term simulations of changes in the Earth system (see Appendix D).  The GEWEX Modeling and Prediction Panel in collaboration with the Working Group on Numerical Experimentation (see Appendix E) can organize joint modeling activities with IGBP (already underway in the case of land surface processes through collaboration with IGBP/BAHC) for the development and exploitation of regional (fine-mesh) data assimilation schemes and models, including the intercomparison of land surface process parameterization schemes.  Likewise, the CLIVAR Working Group on Seasonal-to-Interannual Prediction can assist in testing coupled ocean circulation and marine ecosystem models on seasonal and interannual time scales.

2.  Conclusion and Recommendations

WCRP has a substantial portfolio of on-going activities that will contribute important, even essential, inputs to the study of the global carbon cycle. The role of WCRP will be especially significant for integrating the specialized knowledge of basic biogeochemical processes, developed primarily by the terrestrial and marine ecosystem science communities, into a coherent global representation of CO2 sources, sinks, and atmospheric transport. WCRP’s contributions to global carbon cycle research will support scientific studies to answer the three “overarching questions” formulated in the draft IGBP-IHDP-WCRP Framework for International Research:

· What are the current spatial and temporal patterns of carbon sources and sinks, and what are the proximate causes of these patterns?  WCRP brings unique global atmospheric and ocean observation capabilities, particularly existing and potential satellite remote sensing techniques and related process studies that will enable quantifying the worldwide distribution of CO2 sources and sinks with unprecedented temporal and spatial resolution.

· What are the control and feedback mechanisms – both natural and anthropogenic – which determine the dynamics of the carbon cycle on scales of years to millennia? WCRP provides the best possible global information on the physical parameters and related processes that affect terrestrial ecosystems and biogeochemical processes over land (e.g., ground water availability, soil freezing and thawing, snow accumulation, etc.), as well as oceanic circulation processes (e.g., upwellings) that govern the rate of marine primary productivity and carbon sequestration.  WCRP is also interested in the effects of ecosystem changes on surface energy and water fluxes that feedback on the physical climate system.  
· What are the likely dynamics of the global carbon cycle into the future? While prospective changes in atmospheric CO2 concentration depend directly upon future emission scenarios, quantifying the possible feedback mechanisms that may affect the rate of change in the global CO2 budget requires reliable projections of future climatic conditions. WCRP brings unique comprehensive global climate knowledge and climate modeling capabilities that must constitute the foundation for any projection of future atmospheric CO2 rise and recovery.
It is recommended that WCRP continues its active participation in the conception of the joint IGBP-IHDP-WCRP Framework for International Research on the Global Carbon Cycle, emphasizing its unique capabilities to take a leading role in quantitative measurements, process studies and modeling, and to align the carbon-related research initiatives of its programs toward achieving the scientific objective of closing the global atmospheric and ocean carbon budgets.   
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APPENDIX A

GEWEX:  Coupling of the Global Water and Carbon Cycles 

A.1
 Overview of GEWEX Project Structure

The activities of the Global Energy and Water Cycle Experiment (GEWEX) are currently organized into three branches. The GEWEX Hydrometeorology Panel (GHP) is tasked with integrating the results of large-scale hydrologic-atmospheric experiments to demonstrate skill in predicting precipitation, changes in ground water reservoirs and soil moisture over continental regions, as elements of seasonal-to-interannual climate predictability. These tasks are linked to efforts by the GEWEX Radiation Panel (GRP) to determine the radiation budget and fluxes in the atmosphere and at the surface and the response of the climate system to changes in anthropogenic forcing.  The GEWEX Modeling and Prediction Panel (GMPP) aims to develop accurate models of the water budget and transport, as well as heat budget and radiation transfer in the climate system and, thereby, provide the basic knowledge of cloud and land-surface processes for extended weather forecasts and climate predictions (in close cooperation with the WCRP Working Group on Numerical Experimentation; see below).

GEWEX/GMPP has moved forward with a Global Land/Atmosphere System Study (GLASS). GLASS, among other objectives, has undertaken the task of improving the representation of carbon cycle processes in land-surface interaction models, also defined here as Land-Surface Schemes, and using these improved formulations in global coupled modeling studies. GLASS is working in close association with GHP and, especially, the International Satellite Land-Surface Climatology Project (ISLSCP). ISLSCP is obviously closely connected to the Biospheric Aspects of the Hydrological Cycle (BAHC) core-project of the International Geosphere-Biosphere Program (IGBP); an agreement whereby GLASS will coordinate the model inter-comparisons BAHC wishes to perform is a significant development in the cooperation between WCRP and IGBP.

To satisfy the data needs associated with model validation projects being undertaken by GMPP, GEWEX is working on assembling long observation time-series of the critical components of the global water, energy, and related carbon cycles. In particular, each of the GRP global climatology data projects and the GEWEX Cloud System Study (GCSS) have undertaken to collect high-resolution satellite observations and deliver corresponding high-resolution data products over each of the GEWEX Continental-Scale Experiments (CSEs). GLASS and other modeling and data analysis elements of GHP and GRP are gearing up to exploit these high-resolution datasets supplemented by their own field measurements.

In addition, reanalysis efforts by GEWEX are carried out in collaboration with NWP centers  (ECMWF and NCEP) to produce state of the art assimilation of new and old satellite data, as well as in-situ data.  Those reanalyses are applied to a wide range of climate studies of the land, oceans and the atmosphere and will contribute significantly to the study of the carbon cycle.

A.2
GEWEX CO2 Modeling Foci
The first generation of complex land surface schemes (LSS) was characterized by detailed representation of processes in the vertical and quite simple assumptions concerning the average effects of horizontal variability. GLASS is now ready to develop explicit representations of sub-grid variability in surface properties and processes in the next generation of LSS. 

As noted in section 1.5 above, significant progress has been made in the development of Dynamic Global Vegetation Models (DGVM) and their application in various experimental modes. The problems faced in land surface carbon modeling parallel those encountered in simulations of the hydrological cycle.  The GEWEX experience is that the stage of development of DGVM is not sufficient for direct coupling to climate models, and that an experimental phase comparable to the Project for Intercomparing Land-surface Parameterization Schemes (PILPS) will be necessary.  In parallel, the Global Soil Wetness Project also provides a ready-made framework for assessing the results of applying the new schemes at the global scale, and identifying critical data and knowledge gaps. Since PILPS and the Global Soil Wetness Project are both part of GLASS, their findings will be synthesized to better understand the precision in interface conditions and the constraints imposed by coupling to the atmosphere.

A GEWEX/GLASS carbon cycle modeling initiative will promote the development of a new generation of LSS and support efforts to incorporate DGVM in land surface hydrology schemes that already have an established ability to simulate energy and water fluxes.  This effort will include investigations of the inconsistencies that occur when DGVM are coupled asynchronously to the atmosphere.  GLASS has taken the lead for validating these new generation land-surface hydrology schemes and is well poised to undertake incorporating vegetation dynamics.  The process will begin with the validation of computed CO2 fluxes but will proceed with validating the phenology and vegetation dynamics at the next stage.  The concept of an initial CO2 Flux modeling exercise within the framework of GLASS is presented below. 

A.3
GEWEX/GLASS CO2 Flux Modeling and Validation Project 
A study of CO2 fluxes within GEWEX is timely for several reasons.  The current-generation land surface models have the capability of simulating net atmospheric CO2 exchanges as well as water and energy fluxes, and they are now increasingly used to predict CO2 uptake by and release from terrestrial vegetation.  The study of climate/vegetation interactions has thus been keeping pace with the development of dynamic vegetation models and sophisticated exchange schemes that realistically reflect changing atmospheric concentrations of CO2.  Advances in NWP and general circulation models (GCM) include rapid progress in the capability of assimilating CO2 as well as other fields, so that forward and inverse modeling of CO2 exchanges may become in the next three to five years an important means to study quantitatively the role of terrestrial vegetation in interannual and other transient variations in CO2 concentration.  These projected advances require a well-defined strategy for GEWEX/GLASS to deal with CO2 modeling.  Initially contacts must be made with the broader carbon cycle science community to advertise advances in land-surface process modeling within climate models and a consensus strategy needs to be formulated to take advantage of these developments.  

Agreement was reached at the first meeting of the GLASS Science Panel (19-21 July 2000) to go forward with an initial stand-alone comparison of CO2, water, and energy flux products generated by various land-surface models with observational data obtained over a temperate coniferous forest region  (Loobos, Netherlands). A quality controlled, gap-filled, four-year dataset is already undergoing initial testing, so that the first part of the study is underway now.  This first stage of the study will allow an assessment of models’ ability to reproduce the observed interannual variability.  Part two of the study will focus on testing LSS performances against data from selected IGBP's FLUXNET sites under different climatic regimes.  Data bases for part two are already available for the boreal forest, tropical rainforest, and Siberian taiga.  To complete this activity, GLASS will use results from the first two steps and data from the global CO2 in situ measurement network to conduct a feasibility study for a global carbon assimilation experiment.

A.4
GEWEX Data Projects
The value of GEWEX initiatives in this domain stems from the fact that the datasets needed for validating carbon cycle models are substantially the same as needed for validating land-surface hydrology schemes.  GEWEX is planning to acquire such comprehensive datasets from well-instrumented catchments already covered by the CSEs and other coordinated data projects at both regional and global scales. The parameters being collected for the atmospheric-hydrologic studies 2m-air temperature, precipitation, evapotranspiration, solar radiation, net surface radiation, cloud cover, albedo, runoff, and snow water equivalent.  

The GEWEX strategy is initially to study the carbon cycle at regional scale before undertaking a global effort.  Access to both regional and global data products, and experience with data analysis applied to the global water cycle, make GEWEX and relevant sub-projects uniquely capable of integrating knowledge of carbon exchanges at selected experimental sites into a coherent understanding of the role of the carbon cycle in the global Earth system. An important aspect of such a research strategy is progress toward the application of data assimilation methods to land-surface schemes, run at a number of NWP and climate modeling centers.  The expectation is that assimilation of remotely sensed data will soon enable optimizing the representation of phenology in next generation land-surface schemes.  These developments would be directly relevant to improving knowledge about carbon fluxes.

A.5
Global CO2 Measurements from Space
Most of what is known about the global carbon budget has been derived from ground-based measurements of atmospheric CO2 sampled at a number of locations.  These data can be interpolated with some degree of artistry to produce complete time-series of the CO2 rate of change.   A potential alternative to in situ sampling is the determination of variations in the global distribution of atmospheric CO2 by satellite sensors.  Space-based measurements have the advantage of frequent global coverage, but the disadvantage of limited accuracy and vertical resolution.  Several technical studies are underway to overcome these limitations and develop new CO2 sensors for future application to global measurement. At the same time, several scientific studies are underway to derive the global CO2 distribution from high-resolution spectral infrared data obtained by instruments to be flown by USA and Europe in the near future: the Infrared Atmospheric Sounder (AIRS) on NASA’s Aqua mission (2001), The Tropospheric Emission Spectrometer (TES) on NASA's Aura mission (2002-2003) and the Infrared Atmospheric Sounding Interferometer (IASI) on European EUMETSAT/METOP mission (2005).

The accuracy of satellite retrievals is currently limited by the quality of the spectrometric data. Several independent simulation studies carried out in the US and Europe have shown that the total-column CO2 could be determined, over both land and oceans, with instantaneous accuracy of 2 ppm under clear-sky conditions [(1) C. Barnett and W.McMillin and (2) R. Englelen et al. at Colorado State University in the US, and (3) A. Chedin et al. at Laboratoire de Meteorologie Dynamique in France].  Barnett and McMillin also showed AIRS spectrometric data should allow simultaneous determination of atmospheric CO and CH4, in addition to retrieving CO2.  As an illustration, the Barnett and McMillin study, based on 225 simulated profile retrievals with AIRS data, have shown the following results under clear conditions and for a footprint of 45x45 km2 at the surface: 
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            Total

	               5.9%
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The potential value of such space observations is so large that more comprehensive studies are urgently required.  In particular, GEWEX should investigate the feasibility of CO2 (as well as CO and CH4) retrievals under cloudy conditions, further uncertainty reduction by space/time averaging over large areas and/or weekly to monthly periods (i.e., determining the extent to which retrieval errors are correlated or random), and the possibility of retrieving CO2 in the lowest 2 km of the atmosphere. The assimilation of satellite data, even at this relatively modest level of accuracy, has been shown to improve the estimation of CO2 fluxes because of the volume and global coverage of the observations.  A study by Rayner and O'Brian (submitted to Geophysical Research Letters, 2000) estimated that global CO2 data at an accuracy of 2.5 ppm would outperform the current surface observing network in estimating monthly mean carbon fluxes on a 1000 x 1000 km2 grid.

To make progress beyond this level of vertical resolution and accuracy, different measurement methods based on active lidar techniques (e.g. differential absorption) may be applicable.  Several space agencies are currently considering such developments in the future.

APPENDIX B

WOCE Contributions to a WCRP Global Carbon Cycle Study

The oceans contain 50 times more carbon dioxide than does the atmosphere.  It presently sequesters about one third of the 6 GT of carbon released annually through human activities. Future uptake of carbon dioxide by the oceans will depend upon the evolution of ocean conditions influenced by, and influencing, the changing atmosphere. The surface ocean exchanges carbon dioxide with the atmosphere seasonally in the same manner as it exchanges heat.  Thus carbon storage in the deeper layers interacts with the atmosphere on longer time scales.

Between 1990 and 1998 the WCRP World Ocean Circulation Experiment (WOCE) carried out a comprehensive global survey of the physical and chemical properties of the global oceans (excluding continental shelves, marginal seas, the Arctic and ice covered areas of the Southern Ocean).  The principal objective of this survey was quantifying oceanic transports of heat and freshwater.  However, the ultimate goal of the entire WOCE program was the improvement of ocean models for use in climate research.  The survey (known as the WOCE Hydrographic Program - WHP) presented an excellent opportunity for parallel observations of inorganic carbon in the oceans.  

B.1
Collaboration with JGOFS

Observations of the inorganic components of the carbon cycle in the ocean were carried out jointly by WOCE and the IGBP Joint Global Ocean Flux Study (JGOFS).  WOCE also carried out measurements of transient tracers, including the CFC and 3H-3He.  These observations provided quantitative evidence of the formation and spreading of water masses away from the sea surface.  The distributions of these tracers can be used as constraints on ocean circulation and climate models.   The Global CO2 Survey had three primary goals:

· To quantify the uptake of excess CO2 dioxide by the oceans;

· To provide a global description of carbon dioxide in the oceans to aid the development of models of the ocean’s role in the global carbon cycle;

· To characterize the transport of inorganic carbon within the ocean and between the ocean and the atmosphere in order to reveal carbon sources and sinks.

These goals would be attained through making measurements sufficient to calculate the full speciation of inorganic carbon in discrete samples collected during WOCE cruises, as well as through measurement of pCO2 in surface water and air on a semi-continuous basis along the WOCE transects. The former required measurement of at least two carbonate system parameters on discrete water samples from hydrographic casts. The latter required measurements on a continuous pumped seawater stream together with supporting thermosalinograph data. Attainment of the overall goals of the CO2 Survey relied heavily on the WOCE data-streams: particularly the WOCE hydrographic, dissolved oxygen, nutrient and tracer measurements as well as the boundary current transport data required for calculating carbon transports.

B.2
Measurement principles

There are four measurable quantities that can be used to define the speciation and concentration of inorganic carbon in seawater.  These are the total dissolved inorganic carbon or TCO2, the pH, the partial pressure of dissolved CO2 (pCO2) and the total alkalinity of seawater.  Measurement of any two of these four variables allows determining separately the concentrations of the dissolved CO2, bicarbonate ion (HCO3-) and carbonate ion (CO32-) species.  Of these variables, only the first three are changing directly as a result of the uptake of excess CO2 by the oceans. First and foremost, pCO2 is increasing as a result of the tendency of the surface ocean to maintain equilibrium with the increasing pCO2 of the atmosphere. This implies (for constant alkalinity): increasing TCO2 and decreasing pH. The expected annual increase in surface water concentrations provides an obvious target for the accuracy required of CO2 Survey data in order that there be potential to document the interannual to decadal build up of CO2 within the ocean.  During the initial planning stages for the CO2 Survey, this seemed impossible to reach, and it is a measure of the success of the technical work conducted for the Survey that such a target now appears to be approachable.

B.3  Analysis and interpretation

The JGOFS/WOCE CO2 Survey collected an ocean carbon data set of unprecedented extent and quality. As such the Survey represented an excellent example of co-operation between two large global change research programs. As concerns implementation, early attention to measurement techniques development and standardization, quality control, and a team-oriented approach to project co-ordination paid off with a significant improvement in data quality compared to prior efforts.

The data resulting from this large field effort are now being used in the early stages of synthesis. Initial efforts are focusing on the distribution of excess CO2 for comparison with GCM-based predictions. A global picture of the ocean’s excess CO2 inventory will likely be produced within the next 3 years.  Present results are revealing important areas of agreement and disagreement with models, the causes of which need to be investigated in detail. The possibility of detecting the temporal increase of excess CO2 in the oceans has been demonstrated, implying that future measurement campaigns can now be designed to estimate, independently of models, the regional and global excess CO2 uptake. Further development, refinement and testing of methods to reliably extract the excess CO2 signal from ocean data are required.  However, the critical point is that the survey has provided an accurately determined baseline against which future inventory increases can be reliably gauged.

Efforts are also underway to analyze ocean carbon data collected along WOCE heat-flux lines for determining meridional carbon transport. A major goal for this type of analysis is to clarify which natural factors may have caused an inter-hemispheric gradient of atmospheric CO2 before the industrial period. To date, most studies of ocean carbon transport have focused on the Atlantic Ocean, but similar research is also underway in the Pacific. In the Atlantic it appears that there may be significant disagreements between GCM-based transports and observed transports that need to be further investigated. Advection plays a potentially very important role for the storage of excess CO2 in the North Atlantic. It is therefore critical that carbon cycle models accurately parameterize advection (and heat transport) together with mixing and deep-water formation in order to accurately assess the sensitivity of excess CO2 uptake to future change.  Further progress on estimation of global transports will be made at a joint WOCE JGOFS workshop in June 2001.

A central goal of the CO2 Survey was to provide a global description of the distribution of carbon in the oceans, in order to assist the further development of carbon cycle models. To this end, various new methods of interpolating the still-sparse carbon data set in space and time are being developed. This effort is expected to continue and provide global data products of considerable value for future carbon-cycle investigations.

Appendix C

CLIVAR Contributions to a WCRP Global Carbon Cycle Study

The observations made jointly by WOCE and JGOFS will ultimately provide a baseline estimate of both the storage and transports of inorganic carbon in the open ocean.  A critical question that will arise is how these values will change over decades under the influence of rising atmospheric CO2 concentrations. In the context of WCRP, the program best placed to address this question is the WCRP study of Climate Variability and Predictability (CLIVAR).  CLIVAR addresses all timescales of climate variability from seasonal and interannual (phenomena such as monsoons and ENSO events), through decadal (instanced by the NAO), to longer-term assessment of anthropogenic climate change and attribution to specific forcings against the background of natural climate variability.

C.1
Ocean Observations

With regards to the study of decadal and longer timescales, the CLIVAR Initial Implementation Plan (IIP) calls for limited repeats of transoceanic sections made in the WOCE Hydrographic Programme.  In order to be meaningful for longer timescales, these measurements need to cover the full depth of the ocean thermohaline circulation. The IIP did not consider observation requirements for addressing any aspect of the global carbon cycle.  On the other hand, it is left to the CLIVAR Basin Implementation Panels to identify the exact mix of atmospheric and oceanic observations they propose to conduct in order to address the wide range of climate issues of interest to CLIVAR. These panels are still developing their implementation strategies.

However, in 1999 an international conference (OceanObs_99) developed a global plan for a wide range of climate observations in and over the oceans, that should be implemented by the CLIVAR program and by the operational elements of the Global Ocean Observing System.  In this forum, two inter-linked and broadly similar strategies were developed.  The first addressed the need for full depth hydrography to document any future changes in physical properties (e.g. temperature and salinity) such as already observed changes in ocean/atmosphere interactions and the ocean circulation.  The second specifically addressed the need for a repeated CO2 survey in the ocean such as had been carried out by WOCE.  In both cases, CLIVAR research projects rather than operational GOOS were seen as the preferred vehicle for such observations in the coming years. 

Not counting carbon-related observations, present national commitments to carrying out CLIVAR ocean surveys suggest implementation levels between 70% in the North Atlantic and 20% in Indian and Southern Oceans.  If carbon measurements are to be added to these sections, a concerted effort needs to be made immediately to find the resources for this wider range of measurements.

C.2
Modeling activities

Three specific modeling strands fall wholly or partially within CLIVAR’s remit.  Relevant activities of the WCRP Working Group on Coupled Modeling (WGCM), which deals largely with the decadal and longer term CLIVAR interests, are addressed elsewhere in this document.  An outcome of the WGCM has been the formation of an Ocean Model Development WG.  While not directly addressing the CO2 issue, better representation of oceanic processes will undoubtedly have a beneficial impact on the validation and improvements of ocean carbon models such as have been used in the Ocean Carbon Model Intercomparison Project (OCMIP) (http://www.ipsl.jussieu.fr/OCMIP/).

The CLIVAR Working Group on Seasonal to Interannual Prediction (WGSIP) is concerned largely with the atmospheric coupling to the low-latitude upper ocean and its use in improving predictions of events such as ENSO.  For this reason, a number of key aspects of carbon cycle science  (high latitude oceanic convection and ventilation, decadal and longer variability of the full depth of ocean) are not among WGSIP priorities.

APPENDIX  D

WGCM Contributions to a WCRP Global Carbon Cycle Study

The ultimate objective of WGCM is the development of fully interactive, comprehensive Earth system models, including as realistic a representation of the carbon cycle as possible. Several coupled modeling groups are already carrying out tests of models including treatments of the carbon cycle (e.g. the Max-Planck-Institute für Meteorologie, Hamburg; the Institute Pierre-Simon Laplace, Paris and the Hadley Centre for Climate Prediction and Research).  The coupled carbon cycle/climate experiments at the Hadley Centre and the Institut Pierre-Simon Laplace have suggested that anticipated climate changes would reduce the surface uptake of carbon dioxide, though the degree to which this occurs depends on the model used.

WGCM and the IGBP Global Analysis Interpretation and Modelling (GAIM) are now beginning to work together closely to develop comprehensive Earth system models. A series of experiments is being jointly organized with CO2 as a prognostic variable. Coordinated transient model runs using fully coupled atmosphere-land-ocean-carbon models with specified (fossil fuel) CO2 emissions (other forcings could also be included in terms of equivalent CO2) for a contemporary period (1800‑2000) and for the period 2000-2001 using various emission scenarios will be undertaken. The atmospheric carbon dioxide concentration would evolve freely (depending on the model representation of carbon processes and absorption into/exchanges with ocean/land-surface). The responses of such fully coupled Earth system models to increases in anthropogenic CO2 emissions will be compared. It is recognized that the predicted changes could be very large and model dependent, and great care will be required in designing the experiments and analysing the results. Generally, the coupling of the carbon cycle with physical climate models is still at a developmental stage, and WGCM will plan to organize jointly with GAIM a WGCM/GAIM workshop to explore the questions involved.

APPENDIX  E

WGNE Contributions to a WCRP Global Carbon Cycle Study

A key contribution of the Working Group on Numerical Experimentation (WGNE) to the WCRP Global Carbon Cycle Study will come through the working group’s cooperation with GLASS.  WGNE’s experience in conducting model intercomparison studies will be useful to GLASS and, thereby, to the further development of a WCRP CO2 initiative.  Whereas the Global Land/Atmosphere System study (GLASS) will be responsible for the planning of the studies noted in the GEWEX section (Appendix A), WGNE will be of assistance, especially when the actual implementation involves the participation of the NWP/GCM communities represented within WGNE.  

Model intercomparisons, particularly through WGNE-sponsored AMIP and related diagnostic sub-projects, will be instrumental in identifying systematic errors and further improving the characterizations of CO2 processes in GCMs.  Work undertaken in this area as part of the PILPS project has been encouraged by WGNE; such work can be applied more directly to the issue of CO2 and its role in climate.  Examples of recent advances include the validation of precipitation forecasts, and tropical cyclone tracks simulated by global models.  Of particular relevance is a new activity, the WGNE SURface Flux Analysis (SURFA) project, which aims to facilitate the evaluation of NWP surface fluxes over ocean and land.   The flux products will be evaluated against a range of observations, from selected high-quality direct measurements (e.g. buoys, towers) to large-scale estimates based on global data sets (e.g. COADS, satellites).  

Data assimilation continues to be a key activity at operational centers. WGNE can act as a liaison with these communities to facilitate Observation Systems Experiments (OSEs), Observation Systems Simulation Experiments (OSSEs), and data impact studies.  WGNE could play a role in planning experimentation on the assimilation of the CO2 field, if appropriate, although such studies would require careful planning in consideration of computing resource constraints.

WGNE has organized a series of workshops to assess the ability of atmospheric models to simulate the global distribution of inert or chemically interacting matter. The most recent workshop in this series (the fourth), arranged jointly by WGNE and IGAC Global Integration and Modeling (GIM) activity in 1998.  It was focussed on comparing model simulations of distributions of atmospheric aerosols and associated precursors with observations and on understanding the role of different processes. Consideration is now being given to planning a further workshop to assess how models treat and resolve the size distribution of multiple aerosol types.PRIVATE 

APPENDIX F

ACSYS/CliC Contributions to a WCRP Global Carbon Cycle Study

The cryosphere has the potential to significantly influence the exchange of carbon between land and ocean surfaces and the atmosphere.  The presence of snow or ice generally reduces fluxes between these surfaces and the atmosphere, and a loss of snow or ice cover due to global warming may therefore lead to increased releases of greenhouse gases and a positive feedback on climate change.  However, possibilities also exist for increased carbon dioxide uptake.  The WCRP Arctic Climate System Study (ACSYS) and Climate and Cryosphere (CliC) projects address changes in the cryosphere that may influence the global carbon cycle.

F.1
Land surface studies

In the presence of permafrost, mass exchanges between land and atmosphere during the cold period of the year are negligibly small.  In summer, exchanges are limited to a relatively shallow near-surface “active layer” where seasonal thaw occurs.  The deeper the active layer, the larger its storage capacity and the amount of substance potentially available for exchange with the atmosphere.  The extent and thickness of the active layer are affected by ground moisture content, vegetative cover and winter snow depth and aspect.

With potential warming and thawing, changes in permafrost will have an effect not only on the surface heat and moisture balances, but also on greenhouse gas fluxes (principally CO2 and methane) to the atmosphere and hydrosphere.  There is potential for releasing large quantities of such greenhouse gases with consequent positive feedback on the warming process.  However, there is still uncertainty about the net effect of climate change on the active layer thickness.  Under conditions of reduced winter snowfall, the increased winter cooling of the ground associated with the decrease in the insulating layer thickness may not be compensated by summer warming.  Warmer climate conditions may also result in an increase of the upper organic layer of soil, in which case the overall net effect would be a shallower active layer.

Studies of permafrost and its interaction with changing climate are an integral part of the CliC project.  CliC expects to coordinate its efforts with the International Permafrost Association (IPA) and GTOS in formulating an observation and data analysis program that will lead to better understanding of conditions that affect permafrost, and the exchange of greenhouse gases between the atmosphere and the frozen land surface.

F.2
Ocean surface studies

Carbon budget studies indicate that the Arctic Ocean does not at present constitute a major sink.  Model results suggest that a primary factor in the response of oceanic carbon uptake under warmer climate conditions may be a reduction in the effectiveness of the solubility pump. The resulting reduction in carbon uptake would entail a positive climate feedback.  Model results also indicate that the effectiveness of the solubility pump at high southern latitudes may not be reduced nearly as much by surface water warming.  Instead, the most significant impact of climate warming on the sub-Antarctic Polar Regions may be a decrease in surface water salinity, and a consequent reduction in intermediate water production and CO2 transport from the surface into deeper layers. Thus, the ocean circulation may not be able to transport the CO2 away fast enough to maximise uptake. These results point to the fundamental importance of the hydrological cycle (precipitation and evaporation, as well as sea-ice formation and melt) as a controlling process in polar regions.  However, considerably more observational and modelling research is needed to quantify the role of polar oceans in the global carbon cycle.

ACSYS/CliC anticipates coordinating its studies with CLIVAR and IGBP/JGOFS, particularly in the Southern Ocean where a concerted effort will be necessary to muster the appropriate research assets.
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