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Executive Summary

Carbon has an important central role in the Earth’s atmospheric, ocean and terrestrial systems. With climate change and environmental issues becoming a top priority for governments and international organizations, there is strong need to provide accurate and detailed information on the distribution and variability of carbon and to link this understanding to cost-effective policy options. The Kyoto protocol is only one example of where an accurate knowledge of carbon sequestration at specific locations is essential. However, because of the complex connections between surface and atmospheric carbon pools it is even more important to understand how atmospheric CO2 concentrations evolve over time since effective policies presuppose an understanding of the behaviour of carbon in the environment. Terrestrial carbon is also valuable economically and for resource management because the yields of croplands, forests, and rangelands are directly related to the above- and below- ground biomass. Yet, in spite of the importance of carbon, relatively little is known globally about its quantity, spatial distribution, or rates of change.

The Terrestrial and Atmospheric Carbon Observation (TCO) initiative is an international effort aimed at providing systematic information on the spatial and temporal distribution of terrestrial carbon sources and sinks, filling key gaps and facilitating the synthesis of data products with a variety of models. TCO is part of an international global carbon observation initiative being supported by the Integrated Global Observing Strategy (IGOS) Partnership
. The Partners endorsed the following specific objectives for TCO:

· By 2005, demonstrate the capability to estimate annual net land-atmosphere fluxes at a sub-continental scale (107 km2) with an accuracy of +/- 30% globally, and a regional scale (106 km2) over areas selected for specific campaigns with a similar or better accuracy.

· By 2008, improve the performance to better spatial resolution (106 km2 globally) and an increased accuracy (+/- 20%).

· In each case, produce flux emission estimate maps with the highest spatial resolution enabled by the available satellite-derived and other input products.

TCO also aims to facilitate product improvements, and to promote national and regional capacity building to acquire and use terrestrial carbon- related information. In principle, the achievement of the primary objectives is challenging but feasible. Scientists know what essential measurement and modeling tools should be employed (Appendix 1, 2). However, to date such tools have been used singly or in isolated projects. TCO envisions synergistic use of diverse observation methods - from satellites and at the surface - with models to determine the net carbon exchanges from terrestrial ecosystems. Although necessary to obtain accurate and detailed information, this approach also poses significant challenges. Generating the required products on atmospheric composition and fluxes, land cover change, seasonal vegetation dynamics, ecosystem disturbance, and the necessary supporting distributed databases will require unprecedented collaboration, from individual scientist to national and international organizations.

Products from a successful TCO

· Consistent and comparable carbon sinks and sources information for the landmass of the world.

· Methods and initial data required for full carbon accounting (i.e. all ecosystem sources and sinks).

· Spatial carbon flux products and input data sets that can be used at the national level.

· Use of the best current observation and modeling methods, resulting in harmonized data products.

· Capacity building for national data collection, assessments, modeling efforts and product generation. 

Coordination will be essential for data acquisition, generation of input products, an effective synthesis of input data via models, and for dialogue with policymakers. Space agencies and research programs have essential roles regarding TCO input and output products. In particular, international research efforts such as the Global Carbon Project, jointly sponsored by the International Geosphere/Biosphere Program (IGBP), the International Human Dimensions Program (IHDP), and the World Climate Research Program (WCRP), and scientific bodies related to the Framework Convention on Climate Change have prominent roles in this respect. The TCO organizational structure is designed to facilitate the required high degree of coordination and collaboration.

Reliable global and continental estimates of carbon fluxes and stocks will not be achieved without the contribution of time, expertise and financial resources. As well, a mechanism is needed that provides support for ongoing observations as well as new efforts (focused studies, field campaigns, model improvements) to fill key gaps in data and understanding and to synthesize new findings into a comprehensive picture of the carbon cycle and its evolution. However, the observation and scientific communities have constructed many of the building blocks needed, and they are in a position to meet the pressing challenge for improved carbon information presented by policy makers. This implementation plan describes a pathway to achieving the TCO objectives through effective international collaboration based on the strengths of the various stakeholders interested in the carbon cycle, from individual scientist to international organisations. 

The TCO timeframe

By 2003 TCO will aim to improve coordination among existing programs, networks and components. Some initial global products (carbon trade, land cover) will be generated. Convergence between regional studies and global satellite programs will be initiated.

2004-2009 will be the “Coordinated carbon observation period” which will result in coordinated regional programs, systematic satellite coverage and derived products, improved density of in situ observations, the addition of improved satellite-derived atmospheric CO2 data sets from dedicated missions, and further improvements in data products (point and gridded) and models.

2010-2015 will build upon the previous work and improve spatial resolution and accuracy. Measurement and modeling methods will incorporate results of most recent research and technological developments. Cost reduction, model improvements, re-processing and re-evaluation of time series data, and trimming the observation and modeling strategy to its essential elements will be achieved.

1 Introduction

An accurate knowledge of the global carbon cycle has become policy imperative, both globally and for individual countries. The carbon cycle is at the forefront of policy debates and scientific studies as a result of the recognition that increasing atmospheric CO2 concentration due to human activity is an important causative factor for potential climate variability and change. The Kyoto Protocol negotiated in 1997 acknowledges the role of terrestrial systems as carbon sinks and sources, and it provides a basis for developing future emission trading arrangements that involve forests and potentially other ecosystems. 

With the recent approval of the Kyoto protocol, a more accurate knowledge of carbon sequestration is critical to implementing effective climate change – related policies. The understanding of the pathways through which anthropogenic CO2 leaves the atmosphere and enters into ecosystems, thus offsetting a portion of the human-caused emissions is incomplete at best. Of equal importance is the ability to predict the evolution of the atmospheric CO2 concentration and its role in future climate in order to optimize mitigation strategies. In addition to the environmental policy dimension, the distribution and quantification of terrestrial carbon (i.e., carbon in the vegetation or soils) has important economic and resource management dimensions. The yields from agricultural, forest, and rangeland resources are directly related to the amount of carbon retained in the aboveground biomass. 

The environmental, economic and societal importance of the anthropogenically perturbed carbon cycle has led to numerous activities at national and international levels. The Integrated Global Observing Strategy Partnership (IGOS-P, http://www.igospartners.org/) aims to implement comprehensive approaches to systematic observations of the earth system. IGOS-P developed an implementation approach based on observation ‘themes’, as linked sets of observations that are necessary to characterize a significant component of the global environment. At the November 1999 meeting IGOS-P decided to work towards a terrestrial carbon observation (TCO) theme and requested that GTOS with FAO support lead the theme definition. IGOS-P also decided that a proposal for an overarching global carbon theme should be prepared. The broader IGOS-P objective is to address the entire carbon cycle. This is being achieved through an ocean carbon theme in a parallel effort under GOOS (Doney and Hood, 2001), and an Integrated Global Carbon Observation theme led by the International Geosphere – Biosphere Programme (IGBP) is under development (Steffen, 2000).

TCO planning was undertaken through a series of meetings organised by the Global Terrestrial Observing System (GTOS) in collaboration with the International Geosphere-Biosphere Programme (IGBP). Results of these discussions are captured in detailed published reports (Cihlar, Denning, Gosz, 2000; Hibbard et al., 2001; Cihlar, Heimann, Olson, 2002; Cihlar et al., 2002) and culminated in a proposal to IGOS-P (TCO Theme Team, 2001). In June 2001 the proposal was approved. GTOS then established a TCO design panel to prepare an implementation plan. 

The plan is described in the following sections. Section 2 briefly summarizes the needs for terrestrial carbon information, followed by defining the goals and objectives for TCO. Section 3 outlines the overall implementation strategy and the organizational structure designed to achieve TCO goals. Section 4 defines TCO Output and Input products, and provides an overview of the methods used as well as data management issues. Section 5 addresses timing and resource issues including implementation phases, specific milestones for the initial period, and required resources. The technical details regarding individual measurements and data products are provided in the Appendices. Appendix 1 describes the major sources of atmospheric and in situ (primarily existing networks) and satellite (space programs) measurements. Appendix 2 describes 14 Input parameters in substantial detail: product definition and description, role in TCO, accuracy required, status, and implementation tasks.

2 Needs, goals and objectives

2.1 Information needs and clients

While information on terrestrial carbon is required for many diverse purposes, there are four primary compelling reasons for systematic carbon observation (see Cihlar, Denning, Gosz, 2000 for details of requirements): understanding the carbon cycle, global change assessments, multilateral environmental agreements, and environmental management. 

Understanding the carbon cycle. This requirement has both science and policy aspects. The scientific component addresses the characteristics, processes, and principles governing the global carbon cycle and its evolution, in the past and in the future. The direct users of the carbon information are the scientific community acting in various international research programs under IGBP, WCRP and IHDP (e.g., the Global Carbon Project), and in national greenhouse gas research programs (e.g., on carbon sequestration) for which the global carbon context is required. Both Input and Output products (Section 4) are important in this respect, and the scientific community will act as producer or user of these products.

Global change assessment. This encompasses the assessment of climate change and of greenhouse gases in the earth system. Such assessments are periodically conducted for the policy community by intergovernmental bodies (e.g., the Intergovernmental Panel on Climate Change) or international programs (e.g., the Millennium Assessment). These assessments serve as the basis for developing policies at various levels, from national to global. TCO Output products (Section 4) are most important but some Input products (e.g., land cover change, land use) have a stand-alone significance. 

Multilateral environmental agreements. This information requirement has been established by global or international agreements, in turn designed to deal with specific environmental issues. In particular, the UN Framework Convention on Climate Change, the Convention to Combat Desertification and the Biodiversity Convention require information on terrestrial carbon dynamics. The TCO Output products (Section 4) are most important in this context.

Environmental management within countries. Effective management requires information on the potential (for planning) and actual (for management) condition of the biosphere; the magnitude and changes in carbon stocks are among the key information needs. By combining different observing strategies it is feasible to generate data products that are of value at the global level as well as within individual countries; the importance of the latter will depend on the comprehensiveness of a country’s observing capabilities. Depending on the country and issue, different Output and Input products will be of value.

TCO has been designed to provide terrestrial carbon information for the four above applications and their respective clients. The degree to which TCO products are useful at the national level will vary depending on the country and the specific issue dealt. However, previous experience indicates that individual data sets, especially those involving satellite inputs, will be valuable in many countries.

2.2 Goals and objectives

The goal of TCO is to provide systematic information on the spatial and temporal distribution of terrestrial carbon sources and sinks, and on the role of the terrestrial sinks and sources in the global carbon cycle. 

In 2001, three specific objectives were identified for TCO (TCO Theme Team, 2001):

1. By 2005, demonstrate the capability to estimate annual net land-atmosphere fluxes at a sub-continental scale (107 km2) with an accuracy of +/- 30% globally, and a regional scale (106 km2) over areas selected for specific campaigns with a similar or better accuracy;

2. By 2008, improve the performance to better spatial resolution (106 km2 globally) and an increased accuracy (+/- 20%);

3. In each case, produce flux emission estimate maps with the highest spatial resolution enabled by the available satellite-derived and other input products.

 In addition, to support the broader objectives of IGOS-P, TCO should: 

4. Establish and implement a process of ongoing improvements to ensure the products and information are (i) meet current and future needs and (ii) are obtained in an efficient manner; 

5. Contribute to capacity building at regional and national levels to acquire and use terrestrial carbon- related data or information.
In the longer term, TCO will become part of a comprehensive carbon assimilation system (possibly operated within numerical weather models) which synthesizes information from several types of measurements: concentration of atmospheric CO2 and other gases, surface flux observations and other in situ measurements, and satellite remote sensing. In this combined approach, observations will characterize processes at local scales and will constrain overall mass balances at the largest scales, while models assimilating data from spaceborne sensors will be used to extrapolate local understanding to regional scales. Ultimately, the integrated observation strategy will provide timely diagnosis of carbon sources and sinks at high resolution in both space and time that simultaneously satisfies all the observations/data constraints at multiple scales. The evolution of the overall system will necessarily be a gradual process which achieves two principal tasks: serving the current needs of the user communities, and improving the comprehensiveness and quality of the observations and of the models so that the future needs of users may be met more effectively. To achieve the long-term vision, an approach encompassing all three domains of the global carbon cycle must be adopted, as envisioned in IGCO (Steffen, 2000). The present report focuses on the atmospheric and terrestrial components, both of which are necessary to meet the terrestrial domain objectives. 

Many of the elements of a terrestrial carbon observing strategy are now in place or under development. The challenges are to ensure that important existing observations continue and key new observations are initiated; to identify activities and agencies willing to contribute to establishing global carbon observations; to build in appropriate overlaps and leverage among the disparate data sets, thus filling important data gaps; to design and implement linkages among components, activities and contributions; and to link observation and research programs so that the ongoing improvements in observations and products are made in an optimum fashion. 
In view of the numerous research activities and field programs carried out or presently underway, what will be the added value by TCO? Briefly, the aimed-for contributions may be summarized as follows:

· A systematic, ongoing observation program providing consistent and comparable carbon sinks and sources information for the entire landmass of the world;

· Reliance on the best current observation and modeling methods, resulting in products that are in harmony with the available data and the understanding of the carbon cycle (through the mutual constraint approach);

· Full carbon accounting, i.e. representing all ecosystem sources and sinks;

· Providing leverage to national data collection efforts by generating carbon flux products which may be employed for national purposes along with other data sets;

· Providing guidance to national data collection and modeling efforts and the international context for national products and output assessments; 

· Output products and data that may have numerous uses other than carbon flux estimation (e.g., reporting for environmental Conventions, sustainable development, regional planning, resource management).

Since the formulation of the TCO concept, the reporting requirements for the Kyoto Protocol were agreed to at the COP-7 meeting in Marrakech, Morocco. For Article 3.3, they include the three forest land use categories (afforestation, reforestation, deforestation), with a minimum forest patch size varying between 0.05 and 1.0 hectare. Such spatial resolution is too fine for TCO Output products (Section 4) and, furthermore, TCO aims at full carbon accounting. Given these considerations, will TCO make a significant contribution to this policy issue? TCO outputs will support global analysis of carbon sequestration by terrestrial ecosystems, providing supplementary information to national and other carbon reports. Its relevant strengths in this respect are:

· TCO will employ a uniform methodology globally and therefore will provide a common reference for the national reports;

· For FCCC reporting, TCO will provide a comparable level of information (at the national level, several GHGs);

· In some, and possibly numerous, cases (variables or countries), TCO data sets will also be valuable at the national level; this is especially true for land cover and its changes.

3 Implementation strategy and organizational structure

This section describes the organizational structure designed to achieve the TCO goals and objectives presented in Section 2; the TCO products and outputs are defined in Section 4.

Implementation strategy for the TCO initiative builds upon state-of-the-art scientific understanding, data sets, and observation methods that have been developed by monitoring agencies (satellite and in situ), networks, and the scientific community. The developments are ongoing on various aspects of the problem: improvements in data acquisition methods, development of better products, and associated modeling. This implies that TCO must work with observation communities and specialized research projects that address specific issues; where desirable, help refine methods and expected outcomes of these activities so that they are better suited to applications at the global and regional scales; and, if gaps exist, to find ways of filling these by expanding current activities or initiating new ones. 

The organizational structure described below is intended to facilitate the implementation of such a strategy. It emphasizes coordination and collaboration with existing activities where these promise to generate the needed input or output products; use of the best available scientific expertise in the generation of new products intended to fill gaps; a small central group to provide support and continuity for this process; and extensive use of technological tools such as the Internet, e-mail groups, teleconferences, web-crawling, and database development and maintenance.

Organizationally, the Terrestrial Carbon Observation initiative is proposed to consist of (Figure 1):

· TCO Panel

· Partners Group

· Secretariat

· DISS office.

a) TCO Panel (TCOP)

In keeping with earlier practice that has worked well, the TCO initiative will be led by a panel of approximately 10 scientists who are internationally known for their work in one or several components of the terrestrial carbon cycle and are currently involved in one or more areas of direct concern to TCO. TCOP will be responsible for advancing the TCO initiative towards the objectives (Section 2) and milestones (Section 5). TCOP members will serve as a focal point and for outreach to other key experts and the larger community, and such linkages will be among the criteria used to select the members. TCOP will receive guidance from the Partners Group and from IGOS-P, and it will report to both these bodies on progress and issues requiring resolution. 

To ensure close coordination in the implementation of the Integrated Global Carbon Observation (IGCO) theme, an appropriate mechanism will be established to link TCOP with the main implementation group of the IGCO. The details will be worked out once the IGCO theme implementation gets underway; one possibility is for TCOP to act as a subgroup of the IGCO implementation structure. In addition, TCOP members will ensure close links with observing systems (GOFC/GOLD, in situ networks) and research programs (GCP, multiyear regional studies), and TCOP activities will be planned and prioritized in consultation within IGCO and with these groups (Figure 1). As required, TCOP members will also coordinate or lead the development of key components of TCO. TCOP will receive ongoing guidance from the TCO Partners Group (see below) and the GTOS Steering Committee.

TCOP will be structured into three subgroups on the basis of products: satellite data- based Input products, in situ data- based Input products, and Output products. Each subgroup will be led by an internationally recognized scientist in this area whose expertise coincides with the target product types and who is actively involved in such activity at his/her place of employment. To the extent possible, this should also be true for the members of the subgroup. Through these subgroups, TCOP will establish close cooperation with programs or projects that plan - or could – produce the products required by TCO. Based on current activities, these include:

Satellite data - based Input products: 

· Land cover, biomass burning, leaf area index: GOFC/GOLD project (http://www.gofc.org/gofc/), MODLAND Team ( http://modarch.gsfc.nasa.gov/MODIS/LAND/VAL/)

· Land use: LUCC project (http://www.geo.ucl.ac.be/LUCC/lucc.html), FAO (http://www.fao.org)

· Solar radiation : work with GEWEX/SRB project (http://srb-swlw.larc.nasa.gov/Pilot_homepage.html); new initiatives may be required

In situ data - based Input products:

· Atmospheric gas concentration measurements: networks associated with GLOBALVIEW CO2 (http://www.cmdl.noaa.gov/ccgg/globalview/co2/), WMO GAW (http://www.wmo.ch/web/arep/gaw_home.html)

· In situ flux measurements: FLUXNET (http://www-eosdis.ornl.gov/FLUXNET/)

· Soil and below-ground biomass products: SOTER (http://www.isric.nl/SOTER.htm), FAO, regional studies (e.g., NACP (http://www.carboncyclescience.gov/), others)

· Above ground biomass products: will require new initiatives (improved access to national inventories, innovative modeling approaches)

· Fossil fuel emissions, carbon trade, lateral transfer: CDIAC (http://cdiac.esd.ornl.gov/ndps/ndp058a.html), will require new initiatives

Output products:

· Bottom up modeling products (NPP, NEP, NBP): NPP project (http:www.fao.org/gtos), GOFC/GOLD, regional studies, new initiatives

· Inversion modeling, data assimilation products: regional studies (CARBOEUROPE, http://www.bgc-jena.mpg.de/public/carboeur/carbo.html; and others), the Global Carbon Project (http://gaim.sr.unh.edu/cjp/), TransCom (http://transcom.colostate.edu/), NWP centers, new initiatives.

To address data and information issues, TCOP will establish an ad hoc data and information services (DISS) group composed of members of the panel and external specialists. The experts will represent disciplines in different aspects of data and information management, including database access, metadata registration, web crawling technologies, etc. The DISS group will report to the panel and will be responsible for all matters relating to data and information management within TCO. This will include developing and using tools to improve data access, supporting TCO in the preparation of new products, establishing appropriate functional linkages with other organizations and initiatives where necessary, and seeking external resources to support the data and information activities. The final form of DISS will be defined in close consultation with collaborating programs and projects, seeking cost efficiency and quality  of service to users. TCOP may establish other ad hoc groups as necessary to deal with specific topics. 
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Figure 1. TCO organizational structure

TCOP will exist for an initial period of five years. The Panel will meet as required; wherever possible, its working meetings will be combined with other meetings. It is envisioned that initially, 2-3 meetings per year will be needed. To facilitate progress, the chairman will organize monthly teleconferences to discuss issues, monitor progress, and reach consensus on the next steps. If considered desirable for efficient operation, the Panel may choose to establish an executive group consisting of 4-5 key members to ensure timely progress in the main areas. This group will be in frequent direct communication on the modalities and operational aspects of TCO.

b) TCO Partners Group 

Since no single organization is capable of making global terrestrial carbon estimates at either the scientific or the political/management levels, TCO must actively engage the support and participation of various national and international organizations and research efforts. This has already been achieved to some extent through the active communication and collaboration involving diverse groups such as GTOS, GCOS, IGBP, ILTER, IPCC, and UN organizations (FAO, UNEP, WMO) in the planning phases of TCO. However, the operational phase will place different kinds of requirements on the participants – there will be need for firm commitments to deliver specified products on a defined time schedule. Such commitments can only be made by organizations or programs with sufficient resources, both material and human. 

The Partners Group will consist of representatives of major organizations, programs or projects who have a stake in obtaining improved information on the distribution of terrestrial carbon sources and sinks. The Partners Group will serve as a forum for working out the nature and type of collaborative arrangements required in terms of timing, financial resources, and personnel. It is envisioned that the Partners Group will be comprised of representatives from the policy and science communities and will function at a level that allows (or facilitates) the mobilization of the required resources to realize the objectives of TCO. It is anticipated that several IGOS-P members will also be members of the Partners Group but in this capacity will deal with TCO issues at a greater depth as well as more frequently than IGOS-P. The Partners Group will provide guidance to TCOP regarding priorities or timing, and will respond to implementation and resource issues identified by TCOP. The Group will meet as warranted, preferably by email but periodic face-to-face meetings will also be arranged.

c) Secretariat

A secretariat for TCO will be established at the GTOS offices in Rome, Italy. It will be initially comprised of a senior professional officer and an administrative/technical support staff. It is envisioned that the secretariat will carry out both TCOP and DISS support functions, including:

· Liaison with international climate change groups (e.g. UNFCC, IPCC, international science and UN organizations);

· Supporting the work of TCOP, particularly liaison with related observation and research programs and projects;

· Developing the interface between the scientific observations and the policy implications for countries and regions (e.g. national carbon accounting, national reporting, capacity building);

· Engaging, co-opting the participation of new partners in TCO;

· Seeking new international partnerships (e.g. BDC, CCD, others) where benefits could realized by extending the TCO products to new or expanded uses;

· Publicize TCO and its results, focusing on key clients and policy specialists;

· Maintaining a TCO web-site that includes the capacity to visit other sites (agreed in advance!) to register and update data and information on a central server;

· Assist in the preparation and conduct of TCO meetings; monitor and report on progress; and support the raising of financial resources.

Additional staff resources will be used to better support the organization of TCO meetings, to arrange travel for formal and informal consultations, and to broaden the support for TCO through international meetings and donor conferences. In addition to ensuring that the key atmospheric and land-based activities are being carried out as planned (program coordination), the secretariat will be responsible for ensuring that inputs arrive in the format and manner anticipated. 

d) DISS Office

The DISS Office will be established at GTOS/FAO as part of the secretariat. Its principal functions will be:

· Ensuring documentation and accessibility of data sets on the distributed network;

· Providing support to TCO data product users, answering inquiries;

· Ensuring the smooth functioning of the distributed data and information system;

· Promoting and ensuring adherence to procedures and conventions adopted by TCO;

· Ensuring compliance with IGOS-P DISS criteria.

The office will be initially staffed at a level of ~0.5 FTE. The overall level of effort in subsequent phases will depend on the demand and the DISS arrangements worked out among the TCO participating agencies.

Apart from establishing a small secretariat, a TCO Panel and the Partners Group, the TCO initiative will be characterized by coordinated, quasi-autonomous efforts, funded from various sources. The atmospheric and land-based observations and data synthesis will be carried out by a wide number of specialists and organizations (primarily in the modeling community) who will need to dedicate a considerable amount of time to integrating their results with others and adjusting the parameters in their current models. TCO will strive to contribute to the planning and coordination of these efforts so that they achieve better results at the regional and global levels. 

It should be noted that the structure in Figure 1 is developed primarily from TCO perspective. Given the strong interest in terrestrial carbon and the growing number of national and regional initiatives, it is likely that new linkages will need to be established to ensure efficiency and effectiveness of the various activities. Developing international or global projects will also prompt the need for collaboration and task sharing. As an example, significant synergy may be possible through a coordinated DISS approach involving programs with similar products and service needs. In these arrangements, TCO principal contribution will continue to be the Input and Output products (Section 4) and the associated observing system capabilities (both continuity and improvements). In turn, TCO would greatly benefit from initiatives of other programs (e.g., GCP, TransCom) aimed at generating improved models (multiple constraints, data assimilation; Section 2.2) and advanced information products. Effective mechanisms for collaboration include cross-memberships on TCOP and other TCO groups, joint workshops, coordinated activities among programs, jointly planned data acquisition campaigns, and various others. The organizational schema in Figure 1 should thus be considered flexible and subject to change over time. 

4 Output products, input products, data and methods

This section describes the major components needed to achieve TCO objectives: Input and Output products, input data, and processing/analysis methods. The carbon assimilation system for TCO (Section 2.) can be reached only through a gradual process of improving observation and modeling capabilities. It is therefore essential that TCO methodologies evolve as the observation and modeling tools are advanced through research and technology development. Rolling requirements review (WMO, 2000) will be the main mechanism used to ensure this evolution is achieved. 

The description in Section 3 focuses on the next 5 years (phases 1 and 2A, see Section 5.1), based on the current state of the art and of practice in determining carbon fluxes. The description is also applicable to phase 2B (Section 5.1), except for the addition of new satellite- and ground- based CO2 measurements that will have major impact on the integrated flux products (Section 4.1.1).

4.1 Output products

This section describes the high-level (final) output products of TCO; Table 1 provides a summary of the products. 

4.1.1 Integrated fluxes

Integrated fluxes (in this report, ‘flux’ and ‘source/sink’ are used synonymously) are flux estimates produced through the integrated use of ‘bottom up’ and ‘top down’ methods at seasonal (or shorter) to interannual time scales. Specifically, atmospheric inversion models are employed to produce regional-scale estimates of net biome productivity (NBP), using ecosystem fluxes (Section 4.1.2), emission data sets (Section 4.2.1), and other data inputs (Section 4.3). In later phases, an integrated modelling framework using all input data to simultaneously constrain the ecosystem/atmosphere interactions (‘multiple constraint’) is anticipated, subsequently evolving into a comprehensive data assimilation scheme. Integrated fluxes address TCO Objectives 1 and 2 (Section 2).

4.1.2 Ecosystem fluxes

Ecosystem fluxes are fluxes and flux components modelled over large areas with a high spatial resolution. In TCO, the models employ satellite and other geospatial data in conjunction with process models. Net primary productivity (NPP), net ecosystem productivity (NEP), and NBP are the principal C fluxes estimated. The basic time step is one year, but shorter time estimates (≥1 day) are produced at intermediate stages. These products address Objective 3 (Section 2).

4.1.3 Regional campaign products

In the context of TCO, multiyear regional studies are an important step to global implementation. They contribute in several crucial ways, including: regional flux products (ecosystem and integrated); detailed data sets (surface, satellite); refined observation and modelling techniques; and infrastructure for observation and modelling at national and regional levels. Methodologically, the most important contribution of regional studies are the models and observation techniques linking the site/lower planetary boundary layer exchange processes with those in the upper troposphere. Since these campaigns are typically organised from a regional perspective, the objectives and approaches differ to various degrees, as do the products and outputs generated. This is an advantage from TCO point of view as different methodologies are explored in this manner and the most effective techniques may be identified. On the other hand, TCO can play an effective role in forging convergence to globally consistent observation and modelling approaches. The Input and Output products resulting from regional studies are shown in the appropriate tables of Sections 4.1 and 4.2.

Table 1. TCO Output products

	Product

Type
	Spatial extent
	TCO variables represented
	Spatial resolution/

attributes
	Start year/date 
	Potential Product provider/supporter

	Integrated fluxes
	Global
	NBP
	Polygon (coarse)
	2003
	GTOS, WMO, CEOS, IGBP

	
	Regional
	NBP
	Polygon (fine)
	2002
	Various

	Ecosystem fluxes
	Global
	NPP, NEP, NBP
	~1 km
	2002
	GTOS, IGBP, CEOS

	
	Regional
	NPP, NEP, NBP
	≤1 km
	2002
	Various


4.2 Input products

Input products are data sets needed to generate the Output products (Section 4.1). In this section, emphasis is given to Input products that need to be generated on a repetitive, relatively frequent basis. Other major Input products are addressed in Section 4.2.4. While in principle one high-quality Input product should be adequate for TCO purposes, two are specified for products derived from satellite data where feasible. This is so because of the imperfect quality of the current products (caused by imperfect measurements and data processing algorithms), and the need for alternative data sources in case of program discontinuities or technical failures. Parallel products also offer the possibility for cross-comparisons and more robust continuity.

Regarding starting date, the prime emphasis is given to new data to be collected during the TCO timeframe. However, since the source/sink strength is influenced by the previous ecosystem evolution, existing data sets are also very important. Thus the input data products should be extended into the past as far as possible (ideally decades).

4.2.1 Atmospheric GHGs 

Several types of atmospheric composition measurements are needed for TCO application (Appendix 1). They are provided by different measurement techniques and play different roles in the atmospheric inversion process. 

Table 2. Atmospheric Input products

	Product

Type
	Spatial extent
	TCO variables represented
	Spatial resolution/

Attributes
	Start year/date 
	Update frequency
	Data

source
	Data provider
	Product provider/supporter

	Flask network
	Global
	CO2 and its tracers
	Point
	ongoing
	Ongoing (continuous monitoring desirable) 
	National programs
	National programs, 
	WMO, GLOBALVIEW CO2), CDIAC

	Continuous ground level stations
	Regional
	CO2 and its tracers
	Point
	Ongoing
	Continuous
	National programs
	National program
	WMO

	Fossil fuel emissions
	Global
	CO2 and its tracers
	Gridded
	ongoing1
	variable
	CDIAC 
	National reporting offices
	CDIAC 

	Aircraft profiles
	Regional
	CO2 and its tracers
	point, lines
	campaigns2
	variable2
	campaigns2
	campaigns2
	campaigns2

	Tall towers
	Regional
	CO2 and its tracers
	point
	ongoing1

(3 so far)
	ongoing


	campaigns2
	campaigns2
	campaigns2


1) Improved spatial and temporal resolution needed

2) Regional studies, as funded

4.2.2 Land cover and land use

Land cover and use are among the basic attributes constraining carbon source/sink strength. For large areas, these are most efficiently obtained from satellite data, supplemented by other information sources (primarily national statistical reports). For this reason, space agencies and UN organisations are best able to ensure provision of these data at the global level.

Table 3. Land cover/use Input products

	Product

Type/name
	Spatial extent
	TCO variables represented
	Spatial resolution/

attributes
	Start year/date2 
	Update frequency4
	Data

source
	Data provider
	Product provider/supporter

	Land cover fine
	Regional 1
	Cover type3 
	~30 m
	2003
	3-5 years
	TM;

HRVIR


	NASA,

CNES
	NASA,

CNES

	
	Global 
	Cover type3 
	~30 m
	2004
	6-8 years
	TM

HRVIR


	NASA,

CNES
	NASA,

CNES

	Land cover coarse
	Global
	Cover type3 
	( 1 km
	2001
	1 year
	MODIS, VIIRS,

GLI
	NASA, NASDA
	NASA;

NASDA

	Land use (present and history; including management)
	Global
	Land use
	( 1 km
	2004
	5 years
	Land cover, other global products
	Country reports
	FAO, UNEP


1) Priority in two areas: mid-latitudes, tropical forest

2) Earliest feasible starting date; thus reprocessing of suitable archived data also required 

3) FAO compatible 

4) Faster updates are preferred

4.2.3 Annual growth cycle and disturbances

These data products are necessary to quantify the impact of current-year weather on carbon uptake and release by terrestrial ecosystems. 

Table 4. Annual growth cycle Input products

	Product

Type/name
	Spatial extent
	TCO variables represented
	Spatial resolution
	Start year/date1 
	Update frequency2
	Data

Source
	Data provider
	Product provider/supporter

	LAI
	Global
	LAI
	( 1 km
	2001
	~10 days
	MODIS, VIIRS,

GLI
	NASA, NASDA
	NASA,

NASDA

	Biomass burning- hot spots
	Global
	GHG emission history
	( 1 km
	2002
	1 day
	MODIS, VIIRS,

GLI, geostationary
	NASA, NASDA, NOAA, ESA, ISRO
	NASA, NASDA, NOAA, ESA, ISRO

	Biomass burning - burned area
	Global
	GHG emissions
	( 1 km
	2002
	1 year
	MODIS, VIIRS;

GLI
	NASA, NASDA
	NASA,

NASDA

	Solar radiation
	Global 
	PAR

Rnet
	TBD
	2001
	Daily
	CERES,

+geostationary
	NASA
	NASA

	Atmospheric data 
	Global 
	Precipitation (liquid, solid)

Air temperature Relative humidity

Wind speed
	<1 degree3
	2001
	~Daily
	Countries
	Countries
	Various5

	
	Regional (campaigns)
	a) Precipitation (liquid, solid)

b) Air temperature c) Relative humidity

d) Wind speed
	Variable4
	Variable4
	Variable4
	Variable4
	Various4
	Various4


1) Earliest feasible starting date; thus reprocessing of suitable archived data also required 

2) Faster updates are preferred

3) Highest feasible spatial resolution, especially for precipitation

4) Depending on the campaign/region

5) Depending on variable, spatial and temporal resolution: WMO, WDCs, NWP agencies, reanalysed data sets

4.2.4 Gridded carbon stocks

Gridded estimates of above- and below- ground biomass, when converted to carbon stocks, provide fundamental information on the size of the terrestrial carbon pool as land use and associated land management practices change. Changes in stocks combined with estimates of carbon transfers through international trade and lateral movement are essential to estimate global carbon fluxes.

Table 5. Carbon inventory Input products

	Product

Type
	Spatial extent
	TCO variables represented
	Spatial resolution/

attributes
	Start year/date1 
	Update frequency2
	Data

source
	Data provider
	Product provider/funder

	Above ground biomass
	Regional3
	Above ground biomass
	≤10 km
	2002
	One time
	National inventory agencies
	Countries
	IGBP/

TBD

	
	Global 
	Above ground biomass
	≤1 km
	2005
	1 year
	VCL
	NASA
	NASA

	Soil carbon stocks 


	Global
	Carbon content
	≤10km grid
	2003-4
	One-time
	FAO soil map, SOTER
	FAO, SOTER
	IGBP/

TBD

	
	Regional2
	Carbon content
	≤10 km
	2003
	One-time
	National inventory agencies
	Countries
	

	C trade
	
	Lateral C transfer
	≤10 km
	2003
	Annual
	FAO
	FAO
	FAO

	C erosion
	
	Lateral C transfer
	≤10 km
	TBD
	Annual
	Various
	TBD
	TBD

	C trade
	
	Lateral C transfer
	TBD
	TBD
	Annual
	Various
	Countries, others
	FAO


1) Earliest feasible starting date; thus processing of suitable archived data also required 

2) More frequent updates are desired

3) Or national, for mid-latitude countries with good inventories (US, Canada, Europe, Russia, China; Cihlar, Heimann, Olson, 2002).


4.2.5 Validation and other Input products 

The following table summarises in situ data needed for the validation of models and output products, and soil-related gridded databases. Details regarding the requirements and data sets are in Appendix A.1. 

Table 6. Validation and other Input products

	Product

Type
	Spatial extent
	TCO variables represented
	Spatial resolution/

attributes
	Start year/date1 
	Update frequency2
	Data

source
	Data provider
	Product provider/supporter

	FLUXNET data set
	Global
	Validation data for models and products 
	Sites (<~1 km)
	<2001
	Continuous
	National flux networks
	FLUXNET
	FLUXNET2)

	Ecosystem attributes 
	Global
	Validation data for models and products 
	Sites (<~1 km)
	<2001
	Annual
	ILTER2);

GTNet2)
	National, regional networks
	GT-Net; ORNL

	Soil map
	Global
	Soil texture

Soil water holding capacity

Soil carbon

Soil nitrogen 
	1:5M map
	Existing
	Note3
	FAO, countries, campaigns
	FAO, SOTER, countries
	FAO, IGBP, campaigns

	DEM
	Global
	Topography
	≤0.1km
	Existing
	N/A
	Various
	USGS
	USGS


1) Earliest starting date; previous data also valuable

2) Encompasses national or regional networks

3) Needed: improvements in detail, incorporation of soil profile data and of regional products (SOTER; Nachtergaele, 2001) 


4.2.6 Research products

Although the initial versions of most products and algorithms needed for TCO have been developed, they continue to evolve and other new products are being generated through research efforts. Among the improved observation requirements identified by the TCO theme report (TCO Theme Team, 2001), several should reach fruition or make significant progress over the next 5 years: (i) above ground biomass estimation from space; (ii) GHG emissions (CO, CH4) from fossil fuel, biomass burning, and wetlands; (iii) cheaper, low maintenance, continuous CO2 analyser measurements; and (iv) soil moisture; (v) experimental column CO2 products derived from satellite data (down to middle to higher troposphere from AIRS, column from SCIAMACHY); and others. The need for information on species composition of plant communities will grow as well. These developments will contribute significantly to improving the quality of the TCO Output products. Other observation issues are not presently pursued in a systematic way (e.g., tropospheric profile measurements, continuous atmospheric CO2 concentration monitoring), and TCO will need to work with partners to achieve progress in these areas. The most important new data sets are listed in Table 7.

Table 7. Research Input products

	Product

Type
	Spatial extent
	TCO variables represented
	Spatial resolution/

attributes
	Start year/date 
	Update frequency2)
	Data

source
	Data provider
	Product provider/funder

	Atmospheric column total
	Global
	CH4, CO, CO2
	~10km
	2001-2005
	~3 days
	MOPITT, TES, SCIAMACHY
	NASA, ESA
	NASA, ESA

	Above ground biomass
	Global
	Biomass
	<1km
	2005
	1 year
	VCL, ALOS SAR
	NASA, NASDA
	NASA, NASDA

	Soil moisture
	Global 
	Soil water content
	~1 km
	2003
	1 day
	SMOS

GLDAS
	CNES/ESA,

NASA
	CNES/ESA,

NASA


4.3 Observations, and processing and analysis methods


4.3.1 Observations 

Systematic data collection and processing underpins the success of TCO and its products. The required data fall into three partly overlapping categories: in situ ecosystem data, atmospheric data, and satellite observations. The continuing availability of these data products fully depends on the existence and functioning of the corresponding observing components: satellite programs and platforms with the appropriate sensors, and several types of in situ/near surface measurement networks. Most of the elements are operated and funded by national agencies, yet need to function as coherent parts of a global system. 

The detailed observation requirements, existing systems and needed improvements have been established at earlier TCO meetings and can be found in the relevant reports (TCO Theme Team, 2001; Cihlar, Denning, Gosz, 2000; Cihlar, Heimann, Olson, 2002). The plan for ensuring that the required data are available is outlined in Appendix A.1 by data type. For each type, Appendix A.1 provides a list of major data sources and potential providers; input products required and potential providers of these; the processing and analysis methodology to be employed; and major issues regarding the quality or continuity of the data as well as approaches to their resolution. 

The primary atmospheric data sources are the international flask sampling network, continuous ground level stations, aircraft data from regional studies as well as from other programs, observations at tall towers, and national emissions data sets (Section A.1.1.1- A.1.1.4).

The key in situ observations are those provided by eddy correlation measurements (FLUXNET), data from ecological networks, and carbon stocks from resource inventories or national statistical reports (Section A.1.2.1- A.1.2.3).

Satellite observations provide measurements for a wide range of input data products (TCO Theme Team, 2001). They are described in two categories, atmospheric variables (A.1.3.1) and surface properties (A.1.3.2). 

The approach to be followed by TCO in ensuring access to these data depends on data type and source. In general, TCO will work through international coordination mechanisms provided by IGOS Partners (CEOS for satellite data; WMO, FAO, UNEP, GTOS, GCOS, IGBP for surface observations) as well as directly with regional studies and national programs to ensure continuing acquisition and access to the required data. 


4.3.2 Models and algorithms 

Models validated through rigorous tests and fed by observations are a critical element of TCO strategy. Models permit the use of imperfect or proxy measurements, the use of diverse measurements in an objective ‘fusion’ process and the quantification of errors, among others. They enable spanning the wide range of spatial and temporal scales which must be encompassed to quantify terrestrial carbon sources and sinks, and are the means to maximising cost-effectiveness of TCO through optimum use of various measurement techniques.

TCO requires a variety of models and algorithms, developed by different communities. Here they are discussed under two subheadings, those needed for generating TCO Input products, and those for Output products. This distinction is somewhat arbitrary and will disappear over time, as direct data assimilation becomes the preferred approach. However, at this stage further research is required on various algorithms and models or model components. 

4.3.2.1 From data to Input products

Satellite sensors measure instantaneous reflected or emitted electromagnetic radiation that carries information about surface or atmospheric characteristics. Once calibrated, the measurements need to be transformed into variables of interest to TCO such as land cover, LAI, or CO2 in the atmospheric column. Accurate and robust algorithms have been developed by researchers in various programs and countries, and coordinated international activities have been undertaken with the sponsorship of organisations such as IGBP, CEOS, and national space agencies. While much progress has been achieved, this process needs to continue with vigour if TCO accuracy objectives are to be met. Through IGOS Partners (CEOS, IGBP, WCRP), national earth observation agencies (especially those launching key sensors for TCO objectives) and related projects, TCO will promote further development and testing of the algorithms needed and their adjustment over time for new sensors, and will collaborate with initiatives aimed at acquiring and implementing community consensus algorithms.

Regarding in situ measurements and data products, the problems are conceptually similar to those for satellite sensors in most cases: calibration of raw data, and transformation of calibrated data into Input products. The solutions vary with measurement technique and require specialist knowledge to yield accurate results. The consensus algorithms are typically defined by participants in the measurement networks such as FLUXNET or the flask sampling network (Section A.2). These networks continually strive to improve the quality and utility of their products. TCO will assist such efforts by ensuring the effective use of measurements and by promoting the importance of the measurements with the funding agencies that support these networks.

To meet the TCO objectives, in situ measurements from a variety of sources will be combined with remote-sensing products and models. A major challenge will be to process and harmonize data from various sources. The issues include inconsistent parameter definitions; incomplete data; differing spatial and temporal scales; and sampling bias in measurements. Climate and other environmental drivers may provide a way to bring together diverse collections of data by exploiting relationships in “environmental space” as defined by climate, plant functional types, and soil conditions. TCO will strive for consensus on such processing methods by forming panels of experts and using workshops to conduct synthesis and assimilation activities. 

4.3.2.2 From Input to Output products

TCO Input products (Section 4.2) are currently ingested by mechanistic process models of two basic types: ecosystem models simulating the processes of carbon uptake and release, and atmospheric transport processes mimicking the modification of the surface carbon source/sink ‘signal’ by the atmosphere. Initially, these models were developed by different communities. However, the existing atmospheric models are increasingly more sophisticated in their treatment of surface processes, and the two modelling streams are converging. Since no model can be a prefect representation of reality, an intercomparison of various models (among themselves and against measurements) is a critical step in obtaining credible output results. Model intercomparisons have been carried out by various research programs, several sponsored internationally by IGBP/GAIM. TCO will work with such programs and the carbon modelling community to improve the performance of the models, their ability to effectively use the available satellite and in situ observations and data products, and to accelerate their evolution towards a comprehensive data assimilation system. 
4.4 Data and information management


4.4.1 Data acquisition

TCO will require data that in practice are acquired by several distinct groups: space agencies, international in situ networks, national (government) sources, and in some cases individual researchers or the scientific literature. TCO strategy regarding data acquisition will vary depending on data source. 

a) Arrangements for acquiring satellite measurements and derived products will be made with the space agencies, through CEOS or individually. 

b) Data products from international in situ networks are generally available, within constraints defined by the network members or their sponsors. TCO will work with these networks to ensure that the measurements made and are accessible in a timely way to meet TCO needs. This should also include TCO support at the national level where most of the funding is provided. In the longer term, TCO will work towards converting in situ networks from research-based to systematic, long-term operation. 

c) Access to national data will require agreements with national resource inventory organizations, either directly or through international agreements such as FCCC and the associated Kyoto Protocol. Through GTOS, FAO, GCOS, WMO and other IGOS Partners, TCO will employ these mechanisms to facilitate access to various national data sources. These may concern carbon inventories (e.g., biomass) but also key ancillary data sets such as higher quality soil databases that may be available in individual countries. Through the above mechanisms, TCO also will promote improving the inventory procedures to yield data more appropriate for TCO application at the national to global levels. 

d) Other required data sets (e.g., precipitation and other data describing the atmospheric state) will be obtained from data centres generating these products at the global or continental levels (e.g., GPCC, ECMWF, etc.)

e) Access to data products from regional studies (Section 4.1.3) will be obtained by involving the research teams in the development of global Input and Output products. 

The TCO in situ workshop (Cihlar, Heimann, Olson, 2002) analyzed the current situation regarding b) and c) and identified a number of specific actions to be taken.

4.4.2 Product generation and archiving

To a significant extent, the success of TCO will depend upon its ability to gain timely access to quality data and information and to manage this process in an efficient way. One important by-product arising from the TCO initiative will be the organization and establishment of the means by which scientists and policy analysts can gain access datasets related to terrestrial carbon. There is already some experience in this regard in regional initiatives such as the Mercury system at Oak Ridge National Laboratories in the USA (http://mercury.ornl.gov/) and other sources. The ORNL Mercury system contains metadata and links to over 120 regional and global data sets, many of which may be useful for TCO. There are also initiatives and mechanisms developed to assemble and make available data products with a particular focus, e.g. the International Land Surface Climatology Project (ISLSCP). TCO will take advantage of such capabilities and programs to ensure ready availability of global and regional carbon data products. In collaboration with partners, TCO will take advantage of web tools to provide a ‘one-stop shopping’ for terrestrial carbon-related data, Input, and Output products. 

4.4.3 Data Information Systems and Services

Data Information System and Services (DISS) have a very important role in achieving TCO objectives. They are also important to IGOS-P who agreed on a set of guidelines to be followed. Based on the recommendations of the in situ workshop (Cihlar, Heimann and Olson, 2002), TCO data- related functions will be handled through a distributed system. In this arrangement, TCO input data sets will reside with the agencies that generated these data, although the agencies will also be encouraged to archive copies at World Data Centers or at TCO- designated data centers. Appropriate arrangements will be made with the collaborating agencies to ensure that the needs of TCO are met.

The distributed system will be coordinated by TCO DISS personnel to be established at GTOS/FAO (see also Section 4.4). Its principal functions will be ensuring the smooth functioning of the distributed system, ensuring that the information on terrestrial carbon products and programs is current and comprehensive, providing support to TCO data product users, and ensuring compliance with IGOS-P DISS guidelines.

In addition to the DISS support, TCO also has a requirement for one or more centres whose principal function will be to produce TCO Output and other synthesis products. These centers should have access to the data and scientific expertise needed to use TCO Input products and the appropriate models to generate quality Output products. The centers will also work closely with the scientific community engaged in these activities (e.g., the regional studies), and should facilitate participation of scientists in working with TCO data. The Carbon Dioxide Information and Analysis Centre at Oak Ridge National Laboratories (CDIAC, US) is an example of a centre that is well suited to meet this need.

TCO will define conventions for data products, metadata and the DISS operation as called for by the IGOS-P guidelines. Wherever possible, existing consensus practices and conventions will be adopted or adapted to minimize the need for new development or overhead costs.

5 Implementation schedule and resources


5.1 Program schedule 

In recognition of the external drivers and the status of the observation and modeling methods, the TCO initiative will be implemented in three phases (Figure 2):

Phase 1: Preparatory (1999-2003): 

This initial phase includes: the development and approval of the TCO concept and the implementation plan; improved coordination among existing programs and components; improvements in observation methods and observations, data products, and models; beginning convergence of current regional studies to a coordinated program; use of current satellite data to derive initial column CO2 gridded products; studies of improved networks designs; observing technology development; and DISS development. 

Phase 2: ‘Coordinated Carbon Observation Period’ (CCOP; 2004-2009):

This phase is divided into two parts, depending on whether or not spatially dense atmospheric CO2 data are available from satellite measurements. This is because the availability of such data will have strong impact on the modeling of CO2 fluxes. During Phase 2A, the column CO2 estimates will have unknown accuracy or comparability with in situ measurements. Both aspects will improve once satellite sensors specifically designed for CO2 estimation become available; this is presently expected to be in ~2008.

Phase 2A: CCOP pre-satellite CO2 (2004-2007): 

Better coordinated (current and new) regional programs, increasingly systematic satellite coverage and products, improving density/distribution of in situ observations, improved Output flux products (in accuracy and spatial resolution); addition of satellite data (e.g., for above ground biomass, CO, etc.; for CO2 concentrations, use existing sensors – AIRS, SCIAMACHY); continued modeling studies with existing satellite- based column CO2 estimates; flux estimates meeting TCO accuracy and spatial resolution objectives for 2005 (Section 2).

Phase 2B: CCOP with satellite CO2 (2008-2009): 

Addition of improved satellite-derived atmospheric CO2 data sets from dedicated missions, resulting in better flux Output products; gradual improvements of Input data products (point and gridded) and of models; improving networks; new inventory data; otherwise like phase 2A); flux estimates meeting TCO accuracy and spatial resolution objectives for 2008 (Section 2); progress in data assimilation.

Phase 3: Pre-operational (2010-2015): 

Improving quality (spatial resolution, accuracy) and reducing costs; further model improvements (focus on improved data assimilation within comprehensive earth system models); reprocessing and evaluating time series; trimming down the observation and modeling strategy to its essential elements and latest techniques; specifying configuration for ongoing observations.

It should be noted that the CCOP observation period referred to above has not so far been defined. However, a Coordinated Enhanced Observation Period (CEOP; http://www.msc-smc.ec.gc.ca/GEWEX/GHP/ceop.html) is planned. It is a WCRP project in cooperation with WMO and IGOS/CEOS. Initially (2001-03), CEOP focuses mainly on water and energy fluxes and reservoirs of six continental-scale experiments as well as on oceanic areas linked with monsoonal circulations. CEOP anticipated that more elaborate efforts will be developed later on in the decade. Since CEOP must exert considerable efforts to implement elements of the observing systems; given the similarity in satellite observations required for energy/water and for carbon studies; given WCRP interest in the global carbon cycle; and considering the similarities in sponsoring agencies for CEOP and TCO, it is desirable that the two initiatives be coordinated to the extent possible. Since CEOP preparations are much more advanced compared to TCO, the initial collaboration may be somewhat limited but the prospects for closer coordination during later part of Phase 1 and Phase 2 are much better. 

Other major partners in TCO evolution are regional studies aimed at quantifying the terrestrial carbon cycle. They are now underway in Europe, Siberia, the Amazon and Australia, and at initial planning stages in North America. From the methodological viewpoint, these campaigns are small-scale prototypes of TCO and are thus of major importance to the evolution of an effective global observing system. Close coordination with these regional studies will be a key mechanism for a rapid evolution of the global TCO. 
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Figure 2. Major phases of TCO

The following specific milestones are identified for the initial TCO evolution.

TO DATE:

1999/02
Identify, synthesize observation requirements and on going observational efforts (GTOS, IGBP);

1999/10
Report to UNFCCC COP (GCOS);

2000/06
Review observational requirement (IGBP, GTOS);

2000/06
Integration of observational requirements with carbon research plan (IGBP);

2000/11
Presentation and discussion of TCO concept (IGOS-P, CEOS);

2001/06
TCO endorsement given (IGOS-P);

2001/06
In situ observations, data products workshop completed (GTOS, IGBP).

NEXT 4 YEARS:

2002/04
Response to satellite observation requirements (CEOS/SIT);

2002/02
Forest definitions workshop (FAO);

2002/03
Completing TCO implementation plan;

2002/05
Establishing TCOP, Partners Group, DISS, secretariat for TCO;

2002/06
High resolution land cover products workshop (GOFC/GOLD, FAO/GTOS/UNEP);

2002/09
Synthesis/ prototype development (US/NASA/UCAR, GTOS, IGBP);

2002/11
Presentation to IGFA, follow-up with national programs;

2003
Carbon trade products (workshop);

2003
TCO methods review and documentation (workshop and report);

2003
Begin the preparation of coordinated observation period (CCOP);

2003
Continue the preparation of global and key regional data products (led by various agencies and programs, and both satellite and in situ- derived data sets); to include land cover classifications and continuous field products; a workshop on the preparation of improved biomass data sets; begin preparation of higher resolution regional land cover products

2003
Assessment of current observation capabilities and Input products; identify key changes to be made, and pursue improvements with partners;

2003
Workshop involving data holders and modelers that will define the methodologies, consider synergistic use of satellite and other databases;

2003 Assembly and distribution of key data products for use in TCO; 

2003

Begin generation of improved Output products;

2004
Enhanced coordinated carbon observation period for carbon (CCOP) in collaboration with CEOP, regional studies and others; initial processing and regional carbon source-sink maps;

2004
Continue preparation of improved Input products, including biomass burning series from multisource data and leaf area index; and begin generation of improved Output products;

2004
Assessment of progress in observations, methods, and outputs for TCO (scientific conference, in coordination with regional studies);

2004
Assemble and make available required Input data products to the TCO community (version 1);

2005
Continue enhanced observations, data ingest and generation of outputs, with the goal of global carbon source – sink maps for 2005 to be produced by mid-2006.



ONGOING: 

· Liaison with key clients (UNFCCC, IPCC, UNEP, FAO, national, science users);

· Development of observation techniques (satellite and surface) and models;

· Coordination with regional studies;

· Coordination with related global observation and modeling programs, especially those concerned with weather/climate (NWP,..), the energy or water cycles (GEWEX, CEOP, IGBP), and integrated carbon cycle modeling (GCP, IGCO);

· Coordination among networks, data providers and data users, leading to closer linkages and data product improvements;

· Network design studies and improvement initiatives.



5.2 Financial resources required

Reliable global and continental estimates of carbon fluxes and stock will not be achieved without a significant contribution of time, expertise and finance from a wide variety of partners. There is need for a mechanism that provides support for ongoing observations, new efforts (field campaigns, focused studies, etc.) to fill key gaps in data and understanding, and, especially, the synthesis of what is already known about the carbon cycle. 

To a large extent this will require new human and technological resources for coordination, facilitation of data flows, support for synthesis and assimilation activities. It is anticipated that new financing will come from a variety of sources in different time periods. In the TCO structure, the Partners Group and IGOS-P will be the main mechanisms through which resource issues will be dealt with.
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Appendices

Appendix 1: Observations, and processing and analysis methods

Systematic data collection and processing underpins the success of TCO and its products. The required data may be grouped into three partly overlapping categories: in situ ecosystem data, atmospheric measurements, and satellite observations. The strategy for ensuring that the required data are available is outlined below for the main observation components. The observation requirements, existing systems and needed improvements discussed here have been established at earlier TCO meetings and can be found in the relevant reports (TCO Theme Team, 2001; Cihlar, Denning, Gosz, 2000; Cihlar, Heimann, Olson, 2002).

A.1.1 Atmospheric composition measurements 

A.1.1.1 Flask sampling network

a) Data sources and potential providers.

An overview of the global measurement networks for CO2 is provided at http://www.cmdl.noaa.gov/ccgg/globalview/index.html. GLOBALVIEW-CO2 is a data construct presently involving 17 organizations from 13 countries. An internally consistent, 21-year global time series has been compiled so far. Actual data from most of the individual laboratories are available via the WMO World Data Center for Greenhouse Gases, Tokyo (Japan) and the Carbon Dioxide Information Analysis Center, Oak Ridge (US). Most of the data comes from flask samples collected from marine boundary layer air, typically at weekly intervals. Many laboratories analyse the flask air for significant greenhouse gas species (e.g. CH4, N2O) in addition to CO2 or provide information on carbon exchange (isotopes, CO, etc.).
b) Input products and potential providers.
Data from the above networks and other sites are compiled under the GLOBALVIEW-CO2 collaboration (http://www.cmdl.noaa.gov/ccgg/globalview/co2/default.html). Internationally, the coordination of these efforts is ensured through the Global Atmospheric Watch program of WMO.

c) Processing and analysis methodology.
An analysis of air samples in laboratories with carefully controlled standards and inter-calibration procedures. This is handled internationally through GAW scientific groups and GLOBALVIEW CO2.

d) Major issues and approaches to resolution.
(i) Long-term continuity. The current sampling system is operated from research funds. Individual sites are thus subject to uncertainty or elimination due to unstable funding, and issues of methodological consistency and calibration make the use of the data difficult at the global scale. Furthermore, as the observations become more routine they are often difficult to sustain in a research environment. TCO needs to achieve commitments to the long-term continuity, quality, and stability of the global atmospheric sampling programme. Technically, this may be accomplished by continuing the operation of the current networks and expanding these where feasible as part of research programmes, while seeking ongoing support and funding through agencies with observational mandates. Methodological developments (instrumentation, data assimilation in models) will also be an important addition to the configuration of the systematic, ongoing measurements in the future. Long-term commitments by national institutes continue to be a crucial factor in implementing recommendations from the atmospheric observation community.

(ii) Calibration and accuracy. Target precision for merging CO2 data from different sampling networks has been recommended by the WMO Experts group at 0.05 ppm and 0.10 ppm for the Southern and Northern Hemispheres, respectively (WMO, 1993, 1981). CO2 measurements are used to determine CO2 differences in space or time that in turn provide air-surface fluxes of CO2. In round-robin laboratory calibrations it has been found that at best only ~50% of cylinder air measurements achieve the target precisions for merging data, and there is little consistency from one circulation to the next. Stricter adherence to WMO guidelines, by way of maintaining regular calibration of high-pressure cylinder air in the WMO-endorsed central calibration laboratory, would make a significant impact. However, it is now clear that this is not a complete answer. In particular, within advanced laboratories there are examples of systematic differences between methods greater than the target precisions for inter-laboratory data merging; in less advanced laboratories the effectiveness and cost of maintaining and propagating the link to primary standards has proven to be a limiting factor. Recent WMO (mainly for CO2) and International Atomic Energy Agency (mainly for 13C) expert forums have promoted a global intercomparison strategy for greenhouse gas measurements called GLOBALHUBS. GLOBALHUBS would establish much more frequent, comprehensive, and transparent intercomparisons than currently possible, and incorporation of this information into GLOBALVIEW for CO2 and other gas species. The GLOBALHUBS programme requires initial set-up funding to obtain the needed hardware, to maintain or strengthen the links to primary standards, and to fund significant communications and processing development efforts. 

(iii) Expansion of the observing network. Estimation of carbon sources and sinks at continental or ocean-basin scales by atmospheric transport inversions is strongly data-limited. The main opportunities to add substantial data constraints to the mass-balance of atmospheric CO2 include: 

· Calibration of flux tower measurements: in principle, it is feasible to measure CO2 concentrations with precision and calibration needed for the global monitoring, but at increased cost and with less accurate estimates of tropospheric concentrations. 
· Increased frequency of measurements in the global monitoring network: significant reduction in regional flux uncertainties is possible with continuous CO2 concentration measurements, and such technology is now being developed for possible wider deployment. Recent improvements in CO2 measurement technology have achieved effectively unattended, continuous, high-precision (~0.01 ppm) CO2 monitoring at a remote location for periods of >5 months. Such instruments are now under development for possible wider deployment. Continuous high-frequency atmospheric composition data in the vicinity of regional sources provides the additional opportunity to directly constrain process models which will eventually be linked to atmospheric levels via multiple-constraint approaches.

· Increased range of gas species measured: a range of long-lived gas species may be measured with existing methods to better identify the sources of GHG emission for inversion modeling. The useful tracer include 13C and 18O in CO2 (reflecting terrestrial processes); O2/N2 (similar usefulness for oceans); CO and 14C (contribution from fossil fuels); CO, CH4, H2, N2O, VOC’s (to distinguish biomass burning from photosynthesis/respiration); SF6 and others (transport contribution).
Most of these expansion possibilities require new investments, and in some cases further development of the measurement methods. TCO needs to support initiatives of the networks and scientific groups involved in developing and implementing these tools, and to provide feedback on their effectiveness. 

Other atmospheric composition data sources are discussed in Section A.3.1.2 and A.3.1.3.

A.1.1.2 Aircraft data

a) Data sources and potential providers.

These data are collected as part of flask sampling networks on a systematic basis at a sub-monthly frequency. Additional aircraft data are collected during regional studies and in some cases in cooperation with commercial aircraft companies.

b) Input products and potential providers.
The major potential providers are regional studies or nationally sponsored research or monitoring programs (e.g., http://www.aerocarb.cnrs-gif.fr).

c) Processing and analysis methodology.
Continental lower troposphere profiling by aircraft: improved vertical profiling of trace gases through the boundary layer and above, with flasks or continuous analysers. The feasibility and effectiveness of obtaining such measurements from aircraft platforms has been demonstrated in long-term monitoring programs and in regional studies. The main issues relate to broader implementation and increased sampling frequency, involving both instrumentation and a practically feasible sampling program.

d) Major issues and approaches to resolution.
The vertical profile of CO2 concentration (from the surface to the middle troposphere) provides the connection between surface processes and larger scale atmospheric CO2 concentrations. Airborne sampling thus helps bridge the gap between the flux estimates at local/site and global scales. The feasibility and effectiveness of obtaining such measurements from aircraft platforms has been demonstrated in long-term monitoring programmes (Cihlar, Heimann, Olson, 2002). In the context of TCO, the main issues relate to broader implementation, involving both instrumentation and a practically feasible sampling programme. From an operational perspective, these accurate measurements are difficult and expensive to sustain. However, some programmes are establishing similar capabilities. For example, a pilot project has been underway in France to develop a prototype CO2 and CO measurement system for installation on ~5 regional aircraft (http://sedac.ciesin.org/ozone/WMO/france.html/). It should be noted that aircraft observations can only be made under favourable flying conditions. Aircraft profiling measurements will continue to be important in the suite of observation tools, and the regional campaign programs will yield much improved approaches to making and using airborne platforms for this purpose. Aircraft measurements might also be an efficient way to collect data over remote areas where it is logistically difficult to install ground stations (e.g., Siberia, tropical forests).

A.1.1.3 Ground stations and continuous tall tower records

a) Data sources and potential providers.

Tall towers instrumented for continuous measurement of CO2 concentration currently include US NOAA (two towers; WLEF-TV transmission tower in Wisconsin since 1994, and 8 years of continuous data at WITN in North Carolina until 2001), US DOE (one 60m tower in Oklahoma), and the Hungarian Meteorological Service (one tower). NOAA plans at least one more tower (in Texas), which should be online in 2002. The Hungarian tower measures CO2 at five levels up to 115 m. The European-Siberian Carbon Project (http://www.bgc-jena.mpg.de/public/carboeur/projects/eus.html) is setting up a very tall tower near Zotino in central Siberia. A project is also funded in Europe to install 7 tall towers for continuous CO2 measurements.

There has been interest in the use of continuous measurements of CO2 from eddy covariance flux towers to estimate mixed-layer CO2 (“virtual tall towers”), together with an adequate sampling strategy to minimise local sources effects. There are now over 130 such towers around the world (section A.1.2.1), with good coverage over some mid-latitude continental areas (http://www-eosdis.ornl.gov/FLUXNET/). They offer the potential for using measured heat, momentum, and CO2 fluxes to “correct” for the local offset produced by vegetation and soils, thus obtaining reasonable estimates of mixed-layer concentration under convective conditions. This capability needs to be developed and the concept needs to be proven on a campaign basis, but it provides an attractive alternative for more extensive, systematic observation of tropospheric CO2 profiles (section A.1.1.2). In addition, better-calibrated CO2 profiles on flux towers might also help to improve the determination of storage terms that contribute to the NEP, and thereby also augment the value of FLUXNET data, especially for nighttime respiration estimates.

b) Input products and potential providers.
As above.

c) Processing and analysis methodology.
Continuous measurements above the continents may be used in high time-resolution inversion studies to improve estimates of CO2 sources and sinks over regions that are currently very poorly sampled using weekly flask samples. It is imperative that these measurements be made to the highest degree of accuracy and precision possible to avoid introducing artefacts into the numerical solution. The idea is to obtain measurements above the immediate influence of surface sources and sinks, which requires very tall towers or aircraft platforms. 

d) Major issues and approaches to resolution.

· The main issue is the very low number of tall tower measurement sites worldwide. While literally hundreds of TV and radio transmission towers are available in e.g. the US alone, permission from operators is not guaranteed and substantial resources are required to instrument the towers, maintain calibrations, collect and analyse data. Under the proposed regional campaign in North America (North American Carbon Program, http://www.carboncyclescience.gov/), several more tall towers would be instrumented in the US. 

· It is likely that upgrading instrumentation and ensuring absolute calibration of continuous measurements at eddy flux towers would provide substantial improvement in the mass-balance constraint over continental areas at much less cost per site than tall towers (perhaps US$10K/year increment above the existing flux measurement costs). Detailed optimisation studies of the relative costs and benefits of continuous measurements from tall towers and flux towers would aid in resource allocation questions. The major technical issues are purchase of large quantities of calibration standards traceable to the WMO primary standard, installation of equipment for frequent automatic calibration of gas analysers, and training of personnel at each site.

A.1.1.4 National emissions data

a) Data sources and potential providers.

Detailed knowledge of combustion sources is necessary to provide useful constraints on process-based models of surface CO2 exchange from atmospheric data. These emissions are currently reported on a national and annual basis, and have been spatially interpolated by using population within each country as a proxy. 

b) Input products and potential providers.
Emission data are assembled nationally and reported for the country as a whole. The needed temporal variation of the combustion sources has so far been determined only for the United States. However, reliable regional mass-balance analyses require detailed emission estimates by location (city) and date.

c) Processing and analysis methodology.
Methodological issues have been addressed by the IGBP GEIA (Global Emissions Inventory Activity (GEIA;  http://weather.engin.umich.edu/geia/index.html). Andres et al. (1996) used a procedure for spatial interpolation based on population. 

d) Major issues and approaches to resolution.

Specific information is required on the timing and location of the emissions, their measurement uncertainties and, where gridded/generalized data are provided, the horizontal resolution and possible spatial and temporal covariances of the uncertainties (e.g., by reporting both detailed systematic and random uncertainties of the source estimates). More spatially and temporally detailed emission data products should also be prepared based on statistical reports within countries and by making more extensive use of econometric data. Such products may be possible by working with international agencies to a) encourage communication of cross-disciplinary requirements and limitations between sectors of the carbon cycle community; b) change the international reporting requirements; c) solicit access to more detailed data already collected but not processed; and d) encourage new and better measurements.

A.1.2 In situ fluxes and ecosystem observations

A.1.2.1 Flux network data

a) Data sources and potential providers.

Although some flux towers have been in operation for many years, 1996 marked the start of a community effort to collect continuous measurements. In 1997 the FLUXNET project was established to compile the long-term measurements of carbon dioxide, water vapour, and energy exchange from the regional networks into consistent, quality assured, documented data sets for a variety of ecosystems worldwide. FLUXNET is a "partnership of partnerships", formed by linking existing sites and networks. More than 130 flux towers are presently in FLUXNET, typically funded from national sources (one or more source per country). 

b) Input products and potential providers.
The core FLUXNET measurements include both meteorological model-driving inputs (photosynthetic active radiation, air temperature, precipitation, relative humidity, wind speed and direction above the canopy, barometric pressure, soil temperature, CO2 concentration) and flux model output variables (net ecosystem CO2 exchange), sensible heat, and latent heat from eddy correlation; net radiation; and soil heat flux). In addition, the associated site vegetation, length of growing season, stand density, stand age, leaf area index, leaf nitrogen, soil, and hydrologic characteristics are compiled. These data are initially processed and quality- checked by the team(s) operating individual sites, and then provided to FLUXNET for compilation and distribution.

c) Processing and analysis methodology.
Measurements and terminology from existing but disparate sites and networks are brought together and harmonised into a common framework techniques under FLUXNET (http://www-eosdis.ornl.gov/FLUXNET/fluxnet.html). This also addresses issues of intercalibration, nighttime fluxes, resolution of data gaps, and others related to the generation of consistent data sets.

d) Major issues and approaches to resolution.

· Continuity of observations. This is perhaps the greatest challenge from TCO perspective as all sites are funded from research budgets, against periodical proposals (every ~3 years). TCO needs to work with international and national science programs to help ensure continuity of these measurements. TCO should also make contacts at national levels with agencies that have ongoing need for carbon information for reporting or other policy reasons, thus both helping to maintain continuity and to strengthen the case for long-term operation. 

· Representativeness of sites. There are gaps in the present distribution of flux towers, most notably in savannah and desert biomes, in urban areas, in all successional states, and in managed ecosystems. Funding for new flux towers is needed to fill these gaps.

· Remaining methodological issues: nighttime fluxes at low wind speed, complex terrain measurements, dealing with incomplete measurement series, spatial characterization of the footprint area. The research communities involved in FLUXNET are addressing these.
A.1.2.2 Ecosystem networks data

a) Data sources and potential providers.

Most countries of the world, and many research organisations, universities and private entities fund and operate sites at which information pertinent to the global carbon cycle is collected, although that is generally not their intended purpose. Examples are agricultural research stations (where yield and soil carbon are routinely measured), forestry plots (aboveground biomass and mean annual growth increment), ecological research sites (litterfall, NPP, fire) and river water quality stations (dissolved organic carbon). The data vary greatly in quality and coverage, and while often technically in the public domain, are extremely difficult to obtain in a systematic and ongoing way. In many cases, sites with similar objectives are regionally networked. This provides single-point access to clusters of sites, and helps promote methodological consistency. A few global special-interest networks are beginning to appear (FLUXNET and ILTER are examples). GTOS has established, and partially populated, a database of ecological sites (TEMS), their location, contact details and variables collected (http://www.fao.org/gtos/). The ORNL DAAC is collating, archiving and distributing in situ data from extant sites, such as NPP, LAI, rooting depth and biomass, litter, respiration, and other terrestrial components of the carbon cycle (http://daac.ornl.gov/). 

b) Input products and potential providers.
There are no standard products now being generated across sites, although information from individual sites may be available through various means. There are two points of leverage with other providers:

· Many ecosystem sites could be associated with GCOS Ground Station Network sites. Climate data is essential in the interpretation of carbon cycle data, and data from the ecological networks contribute to the interpretation of climate dynamics; 

· Preferential access to remotely sensed data products is an important motivation for the site operators to be involved in a TCO network.

c) Processing and analysis methodology.
No single standard field or data analysis methodology is sufficient for the vast array of conditions covered by these sites. The most viable approach is to: 

· Define a small number of variables precisely in terms of reporting units; 

· Specify the target accuracy, frequency and spatial resolution;

· Insist on metadata which points to methods descriptions, geolocations, time stamps and uncertainty ranges.

For the same reasons, a rigid data structure is not appropriate. An approach based on metadata standards and non-proprietary exchange formats is preferable.

d) Major issues and approaches to resolution.
In situ ecosystem data cover relatively small areas (a few hectares to a few square kilometers) which, from a global perspective, can be considered to be ‘point data’. There are currently many hundreds of such sites active around the world. There are three major issues to be addressed in making these data useful and available:

· Standardisation and harmonisation. Each site and network was founded for specific purposes and has its own approach to which variables are collected. The preferred strategy is twofold: a tight definition of desired variables, but an open approach to how they are collected; and a proactive stance in setting up methods guidelines, in the hope that they will become common practice. TCO will work within such a framework to improve access to terrestrial carbon- related data. 

· Access. Apart from the significant issues of data ownership and perceived national security, there has been a great difficulty in finding out where the ecosystem sites are, who operates them, what they observe and who holds the data. TCO can take advantage of the progress made by GTOS TEMS to improve access. TCO should also strengthen contacts at the national level, using the climate observation and reporting requirements under FCCC. 

· Representativeness. An in situ network, even if fully populated, is necessarily too sparse to be a statistically valid sample of the world’s ecosystems. Therefore global inferences based on the sites require upscaling by allocating the sites through a classification of ecosystems and by extensive use of satellite- derived products. This requires improvements in the representation of many important ecosystems (especially in the tropics) and further development of upscaling data integration methodologies.

A.1.2.3 Carbon stock and lateral flow data

a) Data sources and potential providers.

Inventories of the harvesting of food, fibre, lumber, and other agricultural products provide the primary measurements to estimate harvested biomass that can be converted to carbon stocks. FAO is the major provider of rolled-up (country level) inventory data. FAO along with other organizations (e.g., World Resource Institute, WRI) provide derived products based on the FAO inventory data (such as gridded biomass). Another source is the 1983 world map of carbon in live vegetation, produced by combining literature-derived measurements of biomass and productivity with maps of land cover (Olson et al., 1983). 

Streamflow and water quality monitoring data provide estimates of the transport of carbon in ground water to rivers and estuaries. Data sources in this case are limited.
b) Input products and potential providers.
Because of the uncertainty in estimates of individual biomass components, the input products consist of a series of gridded maps of the total carbon plus individual components, such as land cover type, soil carbon, belowground biomass or fine roots, annual litterfall, crop yields, and forest growing stock volumes. Maps typically reflect current land use conditions and contain provisions for periodic updates. Potential providers include the GOFC/GOLD (Global Observation of Landcover Dynamics) project, the ISLSCP (International Satellite Land Surface Climatology Project), WRI, projects assimilating thematic data (litterfall, rooting depth, etc.), and ecosystem modelling groups. The GTOS GOFC/GOLD will provide space-based and in situ- based products representing forests and other ecosystem types to obtain an accurate, reliable, quantitative understanding of the terrestrial carbon budget.
c) Processing and analysis methodology.
Processing based on the point measurements and country-level statistics of components of the carbon budget will be used, to provide estimates of carbon stocks for <1km2 grid cells and by accounting for all major components in the carbon budget. An example of combining in situ data with remote sensing products are the WRI estimates of carbon stored in aboveground live vegetation (PAGE, 2000), which employ in situ and satellite-derived land cover information. 
d) Major issues and approaches to resolution.
The major issues associated with existing inventory data are 1) incomplete measurements (focussing primarily on commercially important components), 2) coarse spatial resolution of measurements (often state or country level), 3) differences in inventory procedures among agencies and countries, 4) lack of access to inventory data, and 5) lack of information to estimate lateral transfers of carbon.

A.1.3 Satellite data 

A.1.3.1 Atmospheric observations

a) Data sources and potential providers.

US NASA will launch EOS-Aqua in 2002, including the Atmospheric Infrared Sounder (AIRS). Thermal infrared spectra from AIRS will be processed by NASA to produce a CO2 product weighted to the mid-troposphere. ESA will launch SCHIAMACHY in 2002, enabling CO2 retrievals from near-infrared spectroscopy of reflected sunlight. These estimates will be density-weighted column CO2 mass during daylight. The quality and utility of these products will require a vigorous R&D effort. Additional atmospheric data (radiation, physical or chemical variables) useful for TCO will be provided by MOPITT (CO and CH4), TES, IASI, and future CO2 missions.

b) Input products and potential providers.
Independent information on the atmospheric temperature profile is necessary for CO2 retrievals. To this end, AMSU data could be paired with AIRS. Combustion emission inventories may be obtained from econometric data (Section A.1.1.4). For flux estimation from trace gas retrievals, one needs assimilated meteorology at the highest possible resolution in both space and time. Early products will likely use ECMWF and DAO transport fields on a 1º x 1º grid. By 2006, 50- km global transport products are anticipated, including archives of all subgrid-scale vertical mass fluxes at hourly intervals. By 2010, the grid size is expected to decrease to 25 km globally. These types of data will be obtained from NWP agencies such as ECMWF, DAO, and JMA that also extensively use various types of satellite data.

c) Processing and analysis methodology.
Early products are expected to be analysed using Bayesian synthesis techniques. Emission inventories will be prescribed from an analysis based on econometric data. Land and ocean surface fluxes will be employed as corrections, derived from priors through models that use remotely sensed imagery. A possible additional constraint may be obtained from CO data to reduce uncertainties in combustion sources. Rapid development of variational and Kalman filter assimilation methods is expected to provide direct source/sink and uncertainty estimates at the resolution of the transport model (100 km by 2004, 50 km by 2006, 25 km by 2010). These estimates should use all available satellite concentration data, flask sample data, data from continuous analysers, and available aircraft measurements. By 2010, coupled carbon data assimilation models are expected that will use atmospheric composition data with other available information (land surface and sea-surface products, emission inventories, sea surface temperature, winds, other meteorological data) to optimise both CO2 fluxes and the parameters of the ecosystem process models describing the fluxes.

d) Major issues and approaches to resolution.
· Satellite sensing techniques urgently need further development. AIRS/AMSU and other products based on thermal emission spectrometry techniques will measure predominantly mid- to upper-tropospheric CO2 variations; these are weak, far from sources, and dependent on modelled vertical transports in which we have less confidence than in horizontal advective transports. SCIAMACHY will have a very coarse resolution and will rarely be free of cloud contamination, so the quality of retrievals is uncertain. Other instruments exist only in concept form; major issues here are technical design and cost. 

· Meteorological transport models required for assimilating sources and sinks are still fairly coarse and may have difficulty with parameterised transport by cumulus clouds, frontal lifting, turbulence, and planetary boundary layer (PBL) entrainment. Numerical weather prediction models are evolving rapidly and need to be evaluated very carefully for trace gas transport characteristics. 

· Variational data assimilation of spatially dense concentration measurements is a major research issue. There is strong need for theoretical and methodological work using pseudodata, preferably before the products appear. Assimilation into fully coupled land-ocean-atmosphere carbon cycle models, anticipated by 2010, is a vision that will take a major focused research effort to achieve. This is likely to require near-term competed research by multiple teams and eventual implementation at a major operational centre (e.g., ECMWF, NCEP, NASA DAO) with sufficient infrastructure to carry it out.

A.1.3.2 Surface observations

a) Data sources and potential providers. The world's space agencies, space research institutes, and data archive centers are the potential providers of satellite remote sensing data. NASA, NOAA, and USGS in the U.S.; ESA, the European Commission, and the national space programs of Europe; NASDA in Japan, and CSA and CCRS in Canada are major providers. The Committee on Earth Observing Satellites (CEOS), including its Working Groups on Information Systems and Services (WGISS) and on Calibration and Validation (CalVal), and IGOS-P provide effective forums for coordinating activities and access to data as well as for developing strategies for obtaining needed observations and data products. TCO plans to work with CEOS and IGOS-P to provide clear priorities concerning needed data and activities to make those data useful as well as options for accessing needed data.

b) Input products and potential providers. For the most part, input products derived from satellite data come from the same providers as the primary satellite data and access is gained in the same ways. The satellite data and data products required for analysis of carbon sources and sinks typically come from different satellites and data centres with differing missions:  land cover data products; supporting climatic, meteorological, and topographic data products; and biophysical data on the annual growth cycle and disturbances (e.g., LAI, biomass burning hot spots and burned areas) are typically processed and archived separately and often in formats, map projections, or spatial and temporal resolutions that are not compatible for fully integrated data analysis. TCO plans to work through CEOS and IGOS-P to encourage timely access to input data from these varied sources, and to set priorities for the research and development work needed to integrate and adapt these input data sets for carbon source and sink analyses.

c) Processing and analysis methodology. Processing to Level 1 (geolocated and radiometrically calibrated products) of most satellite data collected over the Earth's surface is fairly straightforward. However, insufficient attention has been paid to cross-comparing and inter-calibrating similar observations taken from different sensors (e.g., NOAA AVHRR, Terra MODIS and SPOT-4 VEGETATION). Where necessary to assure the required spatial and temporal coverage of quality input data, TCO will encourage such new work, following the example of the Sensor Intercomparison and Merger for Biological and Interdisciplinary Ocean Studies (SIMBIOS) project. At present, there are no consensus algorithms for deriving such basic TCO Input products as LAI or land cover (Level 2 and higher), nor is there full consensus on the land cover classes to be derived that would meet the needs of various communities. TCO will encourage research to study the optimal algorithms to produce input data products for carbon source and sink analyses and promote the adoption of consensus methodologies through community workshops and data product intercomparisons (analogous to the process employed by IGBP GAIM model intercomparisons). This will be done in ways that recognize the possibility that multiple algorithms and variant data products may be needed to fully address the analytical needs for carbon dynamics. 

TCO also will encourage research on analysis methods 1) to explore the utility of current satellite sensors, particularly radar and multi-angle optical, to estimate aboveground biomass (and hence carbon stocks) in low to medium biomass land cover types and 2) to make use of canopy height and vegetation canopy profile data from lidar sensors for medium- to high- biomass forest cover types. This is in anticipation of input data products needed for global carbon sink analyses that could be obtained from new satellite missions once the methods are well proven. Such new data products may well be within reach with data from NASDA's ALOS mission carrying POLSAR, possibly in combination with other satellite sensors.

d) Major issues and approaches to resolution. 
The most significant issues yet to be addressed for satellite observations of the Earth's surface involve achieving agreement on common methodologies and desired data product attributes, developing new observational capabilities to fill key data gaps, gaining affordable access to certain existing data sets, and establishing ongoing observation capabilities. 

· Cooperative programs to cross-compare and merge regional mosaics and time series of similar data types, in particular, vegetation biophysical properties like LAI, fire occurrence and burned area, and land cover type are needed. TCO will encourage the development of protocols and methodologies that advance carbon cycle scientists and remote sensing specialists toward this end and will use its influence with CEOS and IGOS-P to promote data merging and intercomparison projects that harmonize differing approaches and objectives. TCO will also strive to develop community consensus on the essential attributes of input data products for carbon source/sink analyses; for example, harmonized classification systems for land cover (including wetlands) and land use. Also, additional studies are needed to assess trade-offs between spatial resolution and information obtained from coarse vs. medium resolution satellite data for global land cover, fires, and biophysical parameter extraction.

· Above ground biomass. New satellite-based methods offer great promise for improved quantification of aboveground biomass and its changes at high spatial resolution. Lidar, bidirectional reflectance, and radar techniques need to be developed and tested for sensitivity and accuracy. Research is needed to explore how measured canopy height and canopy volume or profile information can best be used to estimate aboveground biomass and carbon dynamics over a wide range of land cover types, including low biomass deserts and grasslands and high biomass tropical forests. Studies that explore data fusion from two or more sensors (e.g., lidar and radar or lidar and multi-angle) to improve accuracy or expand the range of biomass covered are needed. TCO will work with the IGOS-P to promote such research, encourage the needed trade-off studies, and help CEOS members set priorities for obtaining the best possible global biomass data products. 

· Access to data is a continuing challenge and while most satellite data products needed for carbon cycle studies are available, there are still obstacles to be overcome. Open data policies must be a priority. Costs for data must be reasonable and ideally, for scientific research and applied work that benefits the general public, minimal. TCO will promote open data policies and work with CEOS to encourage their adoption worldwide. TCO will work with CEOS agencies to secure affordable access to existing data through various options, including low-cost data purchase of commercial data sets. Some needed data products have been viewed as potentially sensitive due to national security concerns (e.g., high resolution digital topography); TCO will work with CEOS and its member nations to encourage analysis methods and/or explore strategies for scientific use and interpretation that may alleviate these concerns and permit data of acceptable quality to become available. 

· Integrated analysis of global data sets at high spatial or temporal resolution. Another challenge for TCO and the nations supporting it are the costs of integrated analysis of global data sets at high spatial or temporal resolution. TCO will encourage integrated analyses that make efficient use of existing data, facilities, and national infrastructures; and will result in appropriate cost-sharing and clear priorities for activities and capability enhancements so that the most important work gets done first. TCO will aim to ensure that the data products to be created are of the highest quality and meet the most pressing needs including, where feasible, the requirements of those of end users interested in issues and questions that are not strictly related to carbon sources and sinks.

Appendix 2. Input data and products

A.2.1 Land cover coarse resolution

Product definition and description 

Land cover products at a spatial resolution of 1 km are needed and if feasible products at resolutions approaching 500m should be a goal. They should be made available globally at least every 5 years with yearly regional updates where change is especially rapid. Initially a classification according to the scheme suggested by IGBP-DIS or by ISLSCP will provide important depiction of the main variations in carbon within vegetation canopies. Improved classification schemes should be developed allowing some 40-50 classes representing woody vegetation and from ~10 classes for other cover types (GOFC Design Team, 1999). Forest canopy cover and density should also be provided to develop continuous attribute products similar to the tree density product of DeFries et al. (2000). Characterization in terms of density, leaf type and leaf longevity is needed, with the same spatial and temporal resolutions as for the classification products. 

Role in TCO 

A primary characterization of land cover, and monitoring its changes, is fundamental for carbon cycle observation and assessment, but also to nearly every aspect of land management. Because of the need to span a range of spatial and temporal scales, land cover and use are ideally suited to satellite-based observation with various sensors. Many years of experience have clearly demonstrated the capability of data from moderate- and fine- resolution earth observation satellites to be classified into a wide range of products that have been highly valuable in providing a synoptic view of the Earth, paving the way for a more sustainable use of earth resources. The above land cover products are critically important for use in biophysical/biogeochemical models, through parameterization or as direct inputs.

Accuracy required 

Current accuracies using AVHRR data appear to be no better than ~50-75% and are inadequate, whereas the goal should be 90% accuracy or higher (overall and for individual classes). For continuous land cover attribute products, the goal should be to estimate the fraction of each to within +/-5% with 90% confidence limits. 

Status 

Global scale land cover classifications have been produced using AVHRR data (themselves available since 1983). Data from ATSR/ERS-2 (since 1996) and VEGETATION (since 1998) have been used successfully to map land cover at continental scales and detailed plans are in place for their use globally. AVHRR data have also been employed to estimate vegetation cover characteristics that are important to full carbon accounting, including leaf type (broadleaf vs. needleleaf), leaf longevity (evergreen vs. deciduous) and canopy cover. The improved data now available from MODIS, MISR, MERIS and AATSR are expected to yield improvements in classification accuracy, detail and characterization. In the longer term, the planned NPP, ADEOS-II/GLI, GCOM-B1/SGLI and NPOESS missions will provide follow-on medium resolution calibrated optical data. The spatial resolution will improve from the recent ~1000 m to ~ 300 m but the continuation of such spatial resolution capability is not ensured, nor has its necessity been conclusively established (see Section 4.2.2/land cover). In the microwave domain, satellite SARs on Japanese (JERS, ALOS), European (ERS, Envisat) and Canadian (Radarsat) platforms provide land cover information in perennially clouded areas. 

Implementation tasks 

The major programs presently underway are based on SPOT-4/VGT data (Global Land Cover project; http://www.gvm.sai.jrc.it/glc2000/defaultGLC2000.htm) and Terra MODIS data (http://edcdaac.usgs.gov/modis/mod12q1_large.html). Both will result in global land cover maps, but with somewhat different classification legends and methodologies. An assessment and intercomparison of these products is the most important near-term task for TCO and should be carried out through involvement of GOFC/GOLD as well as scientific teams producing these maps. This effort will also yield progress in methods for generating and evaluating such maps in the future.

A.2.2 Land cover fine resolution

Product definition and description 

A land cover and land cover change product is required with a spatial resolution of  ~30m. The change products should be generated approximately once every 5 years, and more frequently for areas with especially high rates of land cover conversion. The most important conversions needing to be detected are between forest and non-forest cover types including deforestation and regrowth (GOFC Design Team, 1999). As capabilities improve, conversions between more detailed classes should be attempted, and direct monitoring of changes in forest or tree density should be implemented at resolutions of ~30m to ensure that changes associated with heterogeneous environments are captured. 

Role in TCO 

Fine resolution products are necessary for reliable detection and quantification of changes in land cover, in particular those affecting carbon stocks and fluxes. Thus, conversions of forest cover to other cover types, regrowth following deforestation, growth of trees on non-forest lands, and changes in wetlands all need to be monitored. Many of the most important changes are anthropogenic and local in scale, thus requiring fine resolution data to detect them. Experiments have demonstrated that random sampling of Landsat data can lead to major errors and that wall-to-wall coverage is required to achieve accurate estimates of change (Tucker and Townshend, 2000).

Accuracy required

Initial accuracies should be to achieve forest to non-forest conversions to an accuracy of within 20% and the goal should be 5-10%.

Status

At regional to landscape scales, Landsat (since 1973), SPOT (since 1986) and similar sensors provide land cover information with the necessary spatial detail. The spatial coverage of high resolution mapping applications is rapidly growing, and the production of continental and global maps is to be generated in the next few years (GOFC Design Team, 1999). Regarding classification schemes, an agreement has been reached on the highest (most general) level classes of land classification schemes. Initiatives such as the FAO's land cover classification system (Di Gregorio and Jansen, 2000) offer a hierarchical approach that potentially allows upscaling of detailed land cover classifications from sub- national to global. Similarly, a strategy has evolved to produce intermediate products that can be easily converted into a land cover classification scheme by a particular user (GOFC Design Team, 1999). Much experience has also been gained on the use of coarse resolution land cover classifications for stratification supporting statistical samples of high resolution images subsequently used to quantify rates of change. A global Landsat data set has been compiled for 1990, and one for 2000 is in preparation.

Implementation tasks

Generation of fine resolution land cover products is likely to be challenging and resource- intensive in any case, but the exact costs and feasibility also depend on the specific product(s) and methodology employed. There is no present consensus on the product characteristics, the main issue being whether discrete classes (the current norm) or continuous fields (e.g., leaf type, % canopy cover) should be the goal. The choice will strongly affect the expertise and resources required, and thereby also the product generation strategy. After examining various aspects of the problem and extensive user consultation, GOFC/GOLD proposed a two-step approach, first generate continuous fields and then construct discrete classes depending on the use of the land cover information. TCO will work closely with GOFC/GOLD to resolve these issues and to obtain the required products. 

A.2.3 Land use

Product definition and description 

Land use refers to the exploitation by man of the biospheric resources immediately above or below the surface including water (shallow lakes, rivers, marshes, and swamps), the near-surface sedimentary layers and associated groundwater reserves, the plant and animal populations, the human settlement pattern, and physical results of past and present human activity (terracing, water storage or drainage structures, roads, buildings, etc.). The linkages between water and land are close at the management level and in the carbon cycle, so both terrestrial and aquatic components need to be considered. Land use is related to, but different from, land cover. In some cases, land cover is a direct indicator of land use, e.g. cropland vs. agriculture while in others the links are much more tenuous since a human activity cannot be directly established through observations over large areas. In the latter instances, indirect indices of land use may be employed or land use quantified primarily in relation to land cover (i.e., the level of detail reduced; Cihlar and Jansen, 2001). From TCO perspective, land use affects the cycling of carbon directly as well as indirectly. The present net carbon uptake is affected by the current biophysical conditions and carbon stocks; both of these in turn depend on the type of present land use and the history of land use for that land parcel (i.e., the biogeochemical 'memory' of the ecosystem). 

Role in TCO 

Land use is a critical carbon cycle parameter. The knowledge of present and historical (decades to centuries) land use is essential to properly represent carbon exchanges in models. 

Accuracy required

Insofar as possible, land use information should accurately reflect the type of land use over the last 100-200 years. Such information is difficult to obtain globally in a consistent way but may be available at national or regional levels. 

Status

Present land use can be obtained by combining satellite-derived land cover and in situ observations such as statistical reports, vegetation maps, etc. Ancillary evidence from satellite images can provide supporting evidence as well; for example, the appearance of logging roads provides a strong indication of particular forms of land use. FAO has estimated that given sufficient resources, global land uses map at the 1:1million scale could be produced in 3-5 years. Historical land use may be derived from existing land use records, alone or in combination with satellite- derived products. Some gridded global products have been completed (Thompson, 2000; Ramankutty and Foley, 1999) but only at coarse resolution or for shorter time periods. The process of convergence on consistent land use mapping methodology is advanced but not completed and, while the observations required for land use products are well understood, community consensus on classification approaches is lacking. The major challenge for land use maps over large areas is effective use of land cover maps and ancillary data sets, which are related to land use (Cihlar and Jansen, 2001).

Implementation tasks

To a fair degree, the raw data required to better assessing the links between the carbon cycle and land use are currently available, either as processed information in the scientific literature, or as raw data in the satellite data archives. There is continuing interest by the research community in improved global and regional land use products. TCO will work with these groups and producers of global land cover data sets to improve the quality of the next generation of land use products. The involvement of carbon cycle modelers in this process will be essential.


A.2.4 Leaf area index

Product definition and description 

Gridded, satellite derived products of leaf area distribution and its temporal evolution. Leaf area index is defined as one-half of the all- sided green leaf surface area per unit ground surface area projected on the horizontal datum. Spatial resolution is ~1 km2, determined by the resolution of the input satellite data. Temporal resolution is <~15 days (preferred <10 days), also determined by the satellite data used. 

Role in TCO

Seasonal growth characteristics such as leaf area, growing season duration, and timing of growth (onset and senescence) provide strong constraints on carbon sequestration (Cramer and Field, 1999). Many ecological/carbon models require leaf area index (LAI) and, more recently, information on vertical and horizontal leaf distribution to account for different light use efficiencies of sunlit and shaded leaves. LAI is typically obtained from passive optical measurements, using empirical or model-based estimates calibrated by ground measurements. Satellite-based LAI products have been generated globally as well as for specific regions from AVHRR data, and they are planned to be produced globally from Terra data. A co-ordinated LAI validation program has been initiated under CEOS WGCV. 
Accuracy required

As high as feasible. Initially, +/- 1.0 rms is achievable, later should be decreased to <0.5. Knowing the uncertainty associated with specific products is also important. 

Status

Simple indices from passive remote sensing (e.g. NDVI), while giving reasonable first order estimates, tend to saturate at LAI(4 depending on canopy type, structure, and leaf state. Adjustments have been developed but intelligent methods are required to extend the maximum estimable range of LAI. Multi-angular measurements from sensors such as MISR, POLDER and EPIC offer strong potential in this respect even though the latter two are limited by their spatial resolution (~10 km). Although further development needs to be undertaken (Section 4.2.3), the evidence of the importance of multi-angle measurements (Knyazikhin et al., 1998) is sufficiently strong to justify the requirement for their continuity in support of LAI products.

Depending on the biome, the growing season is limited by temperature (temperate and boreal) or moisture (tropical). In addition, the onset of both green-up and senescence varies with species within plant assemblages. Satellite observations have shown the ability to detect green-up and senescence in ecosystems. While such observations are valuable, reliable determination of growth season duration, whose inter-annual variation is on the order of days, requires calibration and cross-comparison of methods from ground-based meteorology and space. For temperature-limited ecosystems, it has been shown (Frolking et al., 1999) that SAR measurements are a sensitive indicator of freeze-thaw transitions.

Implementation tasks

Ongoing generation of LAI products from current and planned satellite sensors (MODIS/MISR, GLI, VIIRS) needs to be ensured. This will be implemented with the involvement of space agencies launching these satellites, with input from the in situ (e.g., FLUXNET) and product validation (e.g., CEOS CalVal/LPV activities, and it includes:

· Generation of LAI time series through the lifetime of EOS Terra MODIS/MISR;

· Incorporation of LAI product generation plans in follow-on missions (GLI, VIIRS), and ensuring consistency of LAI products among the individual missions;

· Ensuring the availability of in situ data through product validation activities, web sites, and GTN-E to support LAI product generation and quality assessment;

The major issues are:

(i) Commitment by space agencies to ongoing generation of quality products and continuity between missions. This will be addressed through CEOS.

(ii) Availability of in situ data for quality assessment. This will be approached by working with in situ networks to ensure collection of LAI measurements and making these available for the generation of satellite-derived products.

A.2.5 Biomass burning

Product definition and description 

1.
Active fire detection: 1-km grid cells, daily products;

2.
Burned area mapping: 250 m-1 km grid cells, monthly to annual products.

Role in TCO

In some biomes such as boreal forest and tropical savanna, fire represents the dominant disturbance to vegetation. Fire has multiple impacts on the terrestrial carbon budget, both direct (e.g., conversion of biomass to GHG) and indirect (modifying vegetation age distribution and carbon storage). Fire is also a very important factor influencing ecosystem succession and land use. Information about the fire timing, areal extent, intensity, and trace gas emissions has many societal and land use implications beyond the carbon cycle (Ahern et al., 2001; FAO, 2001). Among these are health implications of major fire events; the effects on timber and range resources; and the risk to lives, valuable economic infrastructure, and private property. To quantify these impacts, continental and global scale information on fire distribution can be derived using remotely sensed inputs. The primary satellite-based product required for estimating GHG emissions from vegetation fires is burned area mapped at monthly or annual intervals. Daily active fire detection products contributes to determining fire emissions by: (1) providing inputs or validation to burned area mapping algorithms, (2) quantifying the precise timing of burning, which can then be related to weather-based fire behaviour models, and (3) estimating the intensity of a fire event, which can be linked to fuel consumption and the chemical composition of the emitted GHGs.

Accuracy required

Uncertainty in quantifying GHG emissions from vegetation fires will depend on the combined accuracy of estimates for burned area, fuel loading, fuel consumption, and emission factors for the various carbon species. Considering these multiple inputs, the desired +/- 30% accuracy in emissions estimates by 2005 will be achieved only if satellite burned area is estimated with a significantly smaller error (e.g., < 15%). 

Status

The status and needs for global biomass burning were determined in a 1999 GOFC workshop (Ahern et al., 2001) and further reviewed in 2001 at a GOFC fire validation workshop in Lisbon. Large fires in forests and grasslands, which are most important for the carbon cycle, can be detected using satellite-based thermal and optical sensors. Clouds and limited diurnal sampling prevent detection of a significant fraction of fires, but statistical corrections can be applied to obtain reliable estimates of the location and timing of fires. Recent work with SAR shows considerable promise for burnt area detection. The area burned in large fires can be mapped with good accuracy using coarse resolution optical sensors, notably ATSR on ERS-1 and -2, VEGETATION on SPOT-4, and MODIS on Terra. Global burned area products are currently being produced using these sensors by ESA/ESRIN (GLOBSCAR and GLOBCARBON projects), the Joint Research Centre and co-investigators (Global Burned Area 2000 Initiative), and the MODIS Land Group. Smaller fires can be mapped, when needed, using higher resolution sensors such as Landsat TM/ETM and SPOT. These sensors can provide more accurate burned area estimates at a regional scale, and also allow validation and calibration of coarser resolution burned area maps through a double sampling approach. Historical information on area burned is important for tracking interannual trends in fire frequency. The most promising approach is through re-processing of the AVHRR archive (1982-2000). 

A network of receiving and processing facilities, the World Fire Web led by the Joint Research Centre of the European Commission, has been completed, and now provides near global coverage of daily fire activity. However, this has been a demonstration project and there is no assurance that this capability will be maintained into the future. Data from Terra MODIS are now being used to produce daily, 8-day, and monthly global fire detection products. An important international outlet for fire information is the Global Fire Monitoring Centre, operated for the United Nations by the University of Freiburg (http://www.ruf.uni-freiburg.de/fireglobe/). It collects fire information world-wide and provides it in a consistent format, as well as providing critical analyses to help national and international agencies develop more effective approaches to fire management.

Implementation tasks 

The mapping of fires from satellite platforms has advanced substantially in the last few years. From TCO perspective, the important tasks are: 

· Complete and validate the first series of global burned area products (GLOBSCAR, GBA2000, MODIS);

· Ensure ongoing production of daily and annual burned area products worldwide;

· Pursue vigorous research in improving estimates of annual fire emissions, with emphasis on the use of information derived from satellite data;

· Process historical data in AVHRR and VGT archives to obtain time trajectories of global biomass burning.

A.2.6 Solar radiation

Product definition and description 

Global solar radiation (shortwave, SW) and its photosynthetically active radiation component (PAR, 400-700 nanometres) over a defined time period (daily desirable, longer time periods also useful at present). For carbon up-take modeling, daily PAR estimates are needed at a resolution of 50 km (minimum) to 10 km (preferred).

Role in TCO

Global solar radiation (shortwave, SW) and its photosynthetically active radiation (PAR) component are major drivers of surface processes such as photosynthesis and evapotranspiration. Global long term monitoring is required for providing inputs to terrestrial photosynthesis models (Cramer and Field, 1999), and for a variety of agrometeorological applications. 

Accuracy required

For carbon up-take modeling, daily PAR estimates are needed at a resolution of 50 km (minimum) to 10 km (preferred).

Status

Several methods have been developed to derive SW from satellite radiance measurements. Global data set of monthly averages of SW have been produced from ERBE data for climate purposes by the NASA Langley Research Center for the GEWEX Surface Radiation Budget Project (SRB). The products generated so far are the result of various research programs. Estimates of PAR averages at weekly and monthly time scales can be derived as a constant fraction of SW. The limitations of these products are coarse spatial and temporal resolution, and their availability for a limited period only (to 1995).

Implementation tasks

· Ensuring commitment to the development and routine production of daily to monthly SW products for the period beyond 1995 and ongoing for the future, at the highest feasible spatial resolution.

A.2.7 Soil and below ground carbon products 

Product definition and description 

1. Pedon database of about 5000 pedons, well distributed globally, climatically and ecoregionally. A ‘pedon’ is a small area (few m2) of a more-or-less homogeneous soil, and consists of a number of vertical layers (horizons), to a depth of at least 1 m or to an impervious layer, whichever is encountered first. Well-documented pedons characterised through compatible analytical methods are required, as is traceability and geolocation to within <1 km. The key soil variables for TCO are:

· Soil organic carbon content (g/kg dry soil sieved to 2 mm), referenced to an absolute method such as dry combustion, per horizon;

· Horizon thickness (mm), per horizon;

· Bulk density (Mg/m3), per horizon;

· Gravel content of whole soil (g/g dry soil).

The following additional variables are indispensable for interpretive purposes:

· % clay, silt and sand according to an international standard, per horizon.

The following variables are very useful for modeling:

· soil moisture retention curve parameters, per horizon;

· soil total nitrogen, per horizon.

This database would serve as the reference source for the spatial products (see below) but would also be a resource in its own right, principally for the calibration and application of global carbon cycle models.

2. Spatial products. Gridded data covering the entire terrestrial land surface with a fundamental resolution of 5 km, for the above variables, plus some derived ones such as carbon density (MgC/m3) to 1 m and 0.3 m, fraction of carbon rapidly lost following disturbance. 

In addition, gridded products for below ground carbon stocks are required which portray the distribution of live roots, dead roots and dead organic matter at and below the soil surface. The needed spatial resolution is 1 km or finer at regional scales to capture the spatially heterogeneous of soil properties; the optimum temporal resolution is decadal.

Role in TCO

Over half of the terrestrial carbon stock is in the soil. In addition, most of the carbon released from the land following changes in land use (e.g., deforestation or tillage) originates in the soil. The dynamics of soil carbon under climate change and human disturbance depends on soil texture (and mineralogy), its water and temperature regime, and the additions of carbon and nitrogen to the profile. Reliable estimation of this stock requires methodologically consistent measurements of soil organic carbon, by depth horizon, along with measurements of soil bulk density and horizon thickness. These can be obtained at individual sites, but global coverage requires the use of models. The models are driven by monthly climate data, soil properties (e.g., texture), land cover and use information. Soil data is also necessary for many NPP models, and for all hydrological and climate models. The gridded soil carbon products are needed as input into the models and for validation purposes. The knowledge of carbon stock is also very important to help constrain models of changes in soil carbon stock.

Accuracy required

The achievable accuracy is constrained by the fact that most field data that may be used have already been collected. The desired spatial resolution of gridded products is 1 km (finer at regional scales to capture the spatially heterogeneous of soil properties). Temporal resolution is decadal.

Status

Current. IGBP Global Soil Data Task (GSDT), which shares a quality-assured and documented pedon database of 1200 records with the World Inventory of Soil Emissions (WISE) can be effectively rasterized down to a resolution of 5’ x 5’. The spatial mapping is based on the FAO Soil Map of the World (1:15M). The variables available include carbon and nitrogen content, bulk density, texture (% sand, silt, and clay), depth, water retention, pH and several others of lesser interest to the carbon cycle. The pedon database size and geographic distribution are inadequate for a robust product at regional scales and for smaller areas.

FAO supports a number of soil databases, such as soil carbon content and texture (some of which are included with the IGBP-GSDT; Global Soil Data Task, 2000), with the same basic resolution, and a partly shared pedon database.

The USDA Soil Conservation Service has a very large pedon database (>22000 records) in the public domain. The data quality is high and consistent, but the overwhelming majority of records are for the USA. They also have produced several global products (including soil carbon), based on the reclassification of the FAO Soil Map into the USDA soil taxonomy.

Some data sets have resulted from individual research efforts (e.g., the Zobler dataset, Emanuel and Post datasets; both are available through ORNL). The global coverage is patchy and the internal methodological consistency is unclear. Soil carbon content and texture classes are available. 

Prospects for evolution. The International Soil Science Society has been promoting a much-improved approach to mapping of the world’s soils, known as the Soil and Terrain Database (SOTER) project. The principal implementing agency is ISRIC, in collaboration with FAO and national governments. The coverage, originally intended to be at 1:1Million but now mostly at 1:5Million, is proceeding slowly but steadily. About half of the world has been remapped in a way that permits much more reliable association of soil attributes (such as carbon content and texture) to locations, in principle down to a resolution of approximately 5 km. Much of the world will probably have been mapped by 2008, but some significant areas (for example, tropical Africa) may not benefit from remapping in that timeframe.

The FAO/UNESCO soil map of the world (based on soil surveys carried out during 1960s; FAO, 1995) remains the only global inventory of soil information to date. Several regional updates of the global map have been undertaken using the SOTER approach. These updates contain georeferenced, analyzed soil profile information with quantitative soil characteristics, including soil carbon. Under preparation are SOTER products for Southern Africa and for Western Europe. The global update is expected to be completed by 2006, subject to resources being available for West Africa and Southeast Asia segments. In addition, ISRIC and FAO have compiled ~4000 georeferenced soil profiles that include carbon data and have been used to provide the best estimates to use for soil properties including soil carbon for each mapping unit. National holdings of georeferenced soil profile information are of variable quantity and quality, and some are difficult to access given stringent copyright rules. There are very few examples of monitored soil characteristics, except for some regional baseline studies. Detailed information on the current status of global soil data sets is provided by Nachtergaele (2001).

Implementation tasks

· Using the IGBP/WISE database as a starting point, pedon data sets should be solicited for undersampled areas of the globe (especially West Africa and Southeast Asia);

· Improvement of global soil maps, using SOTER methodology: FAO and ISRIC, in collaboration with national and regional partners, and with assistance from space agencies regarding recent high-resolution imagery and digital elevation models, should spearhead an examination of options in this regard.

· New soil carbon measurement and estimation techniques need to be developed and soil surveys specifically for soil carbon need to be promoted. 
· Based on the improved data sets, higher quality gridded products need to be generated.

· The application of the methodology linking SOTER units with land use and soil degradation status and conservation technologies in an integrated approach should be further tested nationally and regionally.

A.2.8 Above ground carbon products

Product definition and description 

Above ground carbon stocks, in gridded form. The required spatial resolution required is 1 km or finer at regional scales to capture the spatially heterogeneous of changing land cover and land use. Temporal resolution should be annual to decadal.

Role in TCO

Estimates of above and below ground biomass provide fundamental information on the size and changes of the terrestrial carbon pool as land use and associated land management practices change. Carbon cycle science and policy decisions depend on observations from research studies, from inventories framed by commercial interests such as forest inventory or crop yield surveys, and from broader surveys or compilations, e.g. country-level statistics assembled by FAO. There has been little change in estimates of global NPP or biomass, although tropical grasslands are now thought to be more productive and therefore play a larger role than previously, even though standing biomass estimates have not changed (Parton et al., 1993). On the other hand, tropical forests are now thought to have lower standing biomass on average than previous estimates (Brown et al., 1991). The key to reducing uncertainties in these estimates and providing increased spatial resolution will be using in situ measurements with satellite-derived fine resolution biome/vegetation maps. 

Accuracy required

The accuracy should be as high as feasible with the existing data. The major potential improvements are increased use of national inventories, and synergistic use of satellite and in situ observations.

For Kyoto reporting requirements, there will be a need for repeated measurements of biomass/carbon with high degree of accuracy and for small forest parcels. Traditional forest survey methods are generally too expensive to meet this need. Fine resolution satellite land cover maps combined with Vegetation Canopy Lidar (VCL) will contribute useful data to meeting this survey need. 

Status

Most of the in situ (plot) data are not readily available or are only available as highly aggregated summaries. There are large gaps in these data in terms of (i) complete above and below ground components, (ii) spatial and temporal consistency, and (iii) completeness of an adequate spatial and temporal coverage. National forest inventories, available in recent decades for many temperate and boreal countries, provide a potentially rich data source but their use requires careful analysis and interpretation. Inventories of biomass are often poorly characterized for unique forests such as woodlands/savannahs, urban forests (human managed), and crops (especially in the tropics). Data for these ecosystems are often available from research studies, but are not compiled or archived systematically.

The existing inventory data, although limited in scope and completeness, have an important role to play. In case of forests, with careful interpretation inventory data may provide estimates of the total forest sink or source, rates of deforestation and regrowth, and losses to disturbance and harvesting. They can yield direct estimates of carbon changes associated with forest area or age structure but only partial information on effects of growth rate due to climate change, nitrogen deposition, etc. Since many countries have conducted forest inventories since the 1930s or even earlier, the inventories provide an important link between current and past environmental effects (Cihlar, Heimann, Olson, 2002).

At the present, remote sensing provides high resolution global coverage of land cover and cover changes which are also relevant to the estimation of above ground biomass, but there is no satellite-based capability to estimate biomass directly. Future satellite measurements, e.g. from lidar (ESSP VCL, ICESat), will provide information on forest height and structure, thus allowing detailed and robust biomass estimates globally. 

Implementation tasks

A three-prong approach is required to improve estimates of biomass/carbon pools: (i) increase access to quality forest biomass data; (ii) develop methods for using the existing forest data and inventories to improve estimates of carbon fluxes; and (iii) pursue the development of satellite- based methods. Some options are:

· Determine availability of the Food and Agriculture Organisation (FAO) forest and other carbon-related statistics at the sub-national scale as part of Forest Resources Assessment (FRA) 2000 and other ongoing programs. Such data are often collected but are mostly not centrally available in a country, even in the form of metadata;

· Request relevant national forest inventory organizations to prepare rasterized biomass distribution data products (grid cell size ~100 km2). As conversion factors between biomass components are region- and plant species- specific, local expertise is critical to the success of achieving quality products. TCO should ensure that a consistent methodology is developed for this conversion process, so that the results from different countries are comparable, preferably globally but at least regionally. Forests and other cover types such as shrubland should also be included. The feasibility of acquiring and using long-term mensurational data at sub-national scales should be explored with various country programs. A similar approach should be used to obtain gridded annual crop yield data and convert it to biomass, supported by a rigorous review and documentation of conversion factors to estimate biomass volume from yield data;

· Assemble available digital soil information database and possible soil polygon maps to extract or derive soil total soil carbon information and rasterize it (grid ~100 km2). All ecosystems, including forest, crop, grass, tundra, shrub, etc. should be included;

· Contact existing data collection agencies and institutions responsible for critical global or regional data sets, develop a framework for data access and manipulation, and establish collaborative efforts for data analysis, carbon exchange calculations, inversion analyses, and model verification;

· Explore use of the data in combination with models based on land use, remote sensing, or other approaches to downscale national level inventory data to finer resolution.

A.2.9 Fossil fuel emissions

Product definition and description 

Detailed characterization of emissions, both fossil/anthropogenic and natural, is required for multiple gas species (e.g., source isotopic or stoichiometric ratios for fuels and for terrestrial ecosystem sites). Specific information is required on the timing and location of the emissions, their measurement uncertainties and, where gridded/generalized data are provided, the horizontal resolution and possible spatial and temporal covariances of the uncertainties (e.g., by reporting both detailed systematic and random uncertainties of the source estimates). More spatially and temporally detailed emission data products should also be prepared based on statistical reports within countries. 

Role in TCO

Detailed knowledge of combustion sources is necessary for atmospheric inversion modeling, to provide a constraint on process-based estimates of surface CO2 exchange. Reliable regional mass-balance constraints require more detailed emission estimates by location (city) and date. Atmospheric tracer transport inversions also require detailed information about winds, turbulence, and convective transport by clouds at high spatial and temporal resolution. 

Accuracy required

The spatial and temporal resolutions should be as high as possible but at present, only aggregated summaries are available.

Status

GHG emissions are currently reported on a national and annual basis. The spatial distribution required by inversion models has been achieved by using population distribution as a proxy variable (e.g., Andres et al., 1996). Global emission inventories for some gas species have been compiled by the Global Emission Inventory Activity (GEIA; http://weather.engin.umich.edu/geia/) based on the work of different researchers and over various time periods. The needed temporal variation of the combustion sources has so far been determined only for the U.S. However, reliable regional mass-balance constraints will require more detailed emission estimates by location (city) and date. 

Fossil fuel emission data are typically available from operational forecast centres, but frequent changes in forecast models and the high costs of obtaining these data have precluded consistent and accurate real-time analysis. Trace gas transport by unresolved vertical motions (e.g., in thunderstorms) is an important control on concentrations, yet these transports are generally not archived by forecast centres and are therefore unavailable for inverse modeling. As more concentration data become available at higher spatial and temporal resolution in the future, these data will become much more important for analysis of sources and sinks at regional scales. 

Implementation tasks

There is a need for improved access to more detailed data on emissions, in both spatial and temporal dimensions. This may be possible by working with international agencies to a) encourage communication of cross-disciplinary requirements and limitations between sectors of the carbon cycle community, b) change the international reporting requirements, c) solicit access to more detailed data already collected but not processed, and d) encourage new and better measurements.

A.2.10 Carbon trade

Product definition and description 

A gridded data sets showing translocation of biomass products through trade (carbon absorbed at one location and released elsewhere). The desired spatial resolution is as high as feasible but at least sub-national, and temporal resolution is least annual. 

Role in TCO

Carbon trade in agricultural and wood products is significant enough to be taken into consideration in carbon cycle studies, and is particularly important for atmospheric inversion modeling. Carbon is assimilated by crops where they are grown (sink), and released at the location where the biomass products decompose (source). This imbalance is reflected in the distribution of atmospheric CO2 and must be taken into consideration when applying atmospheric inversion modeling methods. The same argument applies at a national level albeit to a lesser degree, except for the few large countries with differences in geographic distribution of centers of carbon accumulation (rural areas) and centers of carbon emissions (urban areas). Based on the following table, the amount of carbon stored annually in the food (cereals, pulses, roots and tubers) and wood products amounts to about 6 GT; this excludes other statistical categories like fibres. There are also uncertainties deriving from the fact that raw products may be imported, processed locally then re-exported, as with many wood products.

Carbon in food crops and forest products, by continent (in Megatons of carbon)1
	Continent
	Production
	Imports
	Exports
	Net

	Africa
	295
	23
	6
	17

	America North and Central
	1826
	65
	119
	-54

	America South
	309
	14
	22
	-8

	Asia
	2112
	115
	41
	74

	Europe
	1439
	121
	131
	-10

	Oceania
	109
	2
	21
	-19

	World
	6090
	340
	340
	0


1) Derived from FAO statistics assuming that dry biomass is made up by 50% of carbon, and that harvest indices amount to 50% and to 30% for forest and for agricultural products. Courtesy of R. Gommes.

While there are likely errors in the above estimates, it is worth noting that the 6.09 GT of carbon represents ~1% of the total carbon in living biomass and ~10% of the annual photosynthesis. It is also about 3- 6 times larger than the current net terrestrial sink (1.2 to 2 GT C/annum). Import and exports amount to about 340 MT each. While relatively small, this amount remains significant when compared with the terrestrial carbon sinks or the emissions due to fossil fuels (also about 6 GT per year). 
Accuracy required

The accuracy of agricultural statistics lies in the range from 1 to 50 %, depending on country, commodity, and other factors. In general, the errors affecting the main agricultural products, i.e. those most relevant for the carbon balance, tend to be smaller. The accuracy of statistics will propagate into derived products.

Status

The current trend toward georeferencing agricultural and forest trade statistics should support improved accuracy of carbon trade products, although large disparities will remain among countries. For the time being, disaggregation of national, regional, or provincial statistics is bound to remain a major source of the carbon trade data. Appropriate models and spatialization geostatistics methods should help in this regard. 

Implementation tasks

The following tasks may be addressed by FAO and the scientific community: 

· Data sets quantifying harvest transfers of carbon stock from managed ecosystems, their relocation to other geographic regions, and the fate of the translocated carbon (timing of release into the atmosphere) need to be developed. 
· There is a need to develop methods for estimating carbon content from trade statistics as a function of farming and forest practices, climate, and crop type; 

· There is a need to define consensus methodologies for transforming existing trade information. This includes methods for estimating carbon release, taking into consideration the source as well as the use of the biomass product. 

· National agricultural statistical data remain the main source for carbon trade data. Techniques to disaggregate national statistics are required.

The above tasks may be accomplished by compiling detailed trans-national import-export statistics of traded products, their carbon content and lifetimes. FAO and national reporting agencies will be an important partner in the generation of the required products. Assessment of carbon product flows within large countries also needs to be considered, as does the fate of carbon in products (wood and fibre).

A.2.11 Other lateral carbon transfers

Product definition and description 

The main carbon transfer mechanisms (other than trade, section A.2.10) are runoff and river transport (carbon assimilated into plants or soil, then transported by leaching and runoff/rivers to closed reservoirs (on land, artificial dams on rivers, ocean); and burial (carbon assimilated by plants, deposited into surface soil, this soil later moved and buried as sediment). Different methods of estimation are needed to quantify the three types of transfer. There are no such global products at present; approximate national estimates have been made in some cases (e.g., Pacala et al., 2001).

Role in TCO

Lateral transfer information is required to account for all components of the carbon budget in the landscape. Unless these transfers are accounted for, the rates of change of some carbon pools will be incorrectly determined.   

Accuracy required

The initial challenge is to generate the best possible estimates, with the accuracy limited by presently available data. 

Status

Lateral carbon transfers have not been well quantified to date. Their magnitude varies with the type of transfer and geographic region. Globally, carbon trade is most important, but on a regional or landscape basis the others may be significant. There are no accepted methods to estimate the magnitude and temporal trends in these transfers, and the area is subject of current research. 

Implementation tasks

· Carbon flow into coastal ocean: Compilation and update of existing global database riverine dissolved inorganic and organic carbon transport. 

· Transfer at landscape level: There is a need for developing gridded erosion model to spatially allocate the source of the riverine DOC, and to account for sediment burial in reservoirs and coastal shelves (TCO should link with IGBP-LOICZ). Quantification of erosion losses into sediments and landscape positions also needs to be expanded. 

TCO will work with the scientific community to develop consensus procedures and then produce the required products.

A.2.12 Trace gas data

Product definition and description 

The basic product is a time series of measurements of trace gases in air samples acquired at selected sites around the world and analyzed using consistent procedures. At the present time, CO2 concentrations are determined for all sites (usually flask sampling at weekly-to-monthly intervals), and other gases are measured at selected sites and less frequently. The data are processed using community consensus procedures as part of the GLOBALVIEW CO2 cooperative activities.

Role in TCO

Trace gas measurements are an essential input to the atmospheric inversion modeling required to generate TCO Integrated flux Output product (Table 1). 

Accuracy required

Target precision for merging CO2 data from different sampling networks has been recommended by the WMO Experts group at 0.05 ppm and 0.10 ppm for the Southern and Northern Hemispheres, respectively. 
Status

Refer to Section 4.1.1 and A.1.1.
Implementation tasks

The air flask sampling network has been operating for a number of years, and the data series are available for modeling studies. The main issues concern the ongoing availability, quality and completeness of the trace gas data, and these were elaborated on in a previous report (Cihlar, Heimann, Olson, 2002). In summary form, they are:

· Continuity of the measurements, given that the current sampling system is operated from research funds;

· Ensuring that calibration and accuracy requirements are met, necessitating improvements in equipment and procedures;

· Expansion of the observation network by adding sites, more frequent (to continuous) sampling, and new techniques (profiling by aircraft, direct measurements of concentrations at tall or low towers, and increase in the number of trace gas species monitored);

The specific steps to be taken are elaborated on in other reports (TCO Theme Team, 2001; Cihlar, Heimann, Olson, 2002). TCO will work with the air flask network and scientific teams involved to support their efforts at ensuring continuity and improved effectiveness of the measurements for atmospheric inversion modeling.

A.2.13 Site flux data 

Product definition and description 

Biospheric flux data are available as point measurements representative of biome- specific processes integrating an area of the order of 50-100 ha with a time resolution of ~30 minutes. Data are available both with high temporal resolution and as synthesized data products (annual carbon budgets, climate response relationships, etc.) through the FLUXNET coordination office. Meteorological and ecological observations are required to understand and use flux measurements.

Role in TCO

Ecosystem flux measurements are a critical element of a terrestrial carbon observing system. The data provide essential input to process studies, the development and testing of models, and to upscaling from sites to regions (Cihlar, Denning and Gosz, 2000). 

Accuracy required

The typical uncertainty for half-hour data of carbon, water and energy exchanges is <10% on average depending on site characteristics and atmospheric stability. Annual carbon budgets can be measured to within ~ 20% at 95% confidence level. Increasing accuracy to within 5% is desirable and achievable under the ongoing new research regarding nighttime fluxes by 2005.

Status

Fluxes of carbon, water and energy are continuously measured with sub-hourly time steps at ~130 stations worldwide (30 of which have data for >3 years) encompassing a range of terrestrial ecosystems and climate. Data are collected in regional networks (CarboEuroflux - Europe, Ameriflux and Fluxnet Canada  – North America, LBA – South America, Asiaflux - Japan, Thailand, Ozflux- Australia) and analyzed as synthesis products within the framework of FLUXNET. The current network design provides useful data for model and remote sensing products validation at the scale of 1km as well as insights on biome-specific responses to environmental factors and their temporal and spatial variability. Maintenance of the existing monitoring capability until 2012 is of paramount importance for validation of products and understanding key processes of carbon sequestration in the biosphere. An expansion of monitoring capabilities with new stations in Africa is also an important improvement for biome specific parameterization. Satellite communication and open-line transfer of CarboEuroflux data will begin in 2002 and should be pursued at all FLUXNET sites. On-line transmitted data can be incorporated into data assimilation products of carbon exchanges models (Papale and Valentini, 2002; also refer to Section A.1.2).

Implementation tasks

· Production of consolidated data series in the form of synthesis products. Data are collected continuously and different agencies are funding the collection and analysis of data. The FLUXNET office trough a direct link with the TCO infrastructure can be responsible of data products and synthesis. A post-doctoral type position is required to perform quality checks and assemble the synthesis products.

· On-line data transmission and use in data assimilation models. Currently, CARBOEUROPE is expanding research in the area of data assimilation from flux towers, but also more generally with multiple- source data products. During 2002 flux towers in Europe will be equipped with satellite communication system that will provide on-line data transfer to a central database with a daily time step. Recent analysis (Valentini and Papale, 2001) shows that a nowcasting system for carbon is possible with the existing infrastructure in Europe, and accuracy can be further increased by a combination of data from multiple sources. TCO can provide the framework for expanding this prototype to the global scale.

· Maintenance of longterm operation of flux sites. Flux tower sites have been already created worldwide with investment funds provided by different agencies. The cost of maintenance can now become low with respect to monitoring. The maintenance of longterm monitoring system is also critical for analyses of the dynamical response of terrestrial biosphere to climate and to provide assessment of the vulnerability of the current terrestrial carbon sink. These considerations highlight the importance of continuing all FLUXNET network elements until at least 2012.

· Expansion of flux sites into poorly represented areas. Additional flux stations in Africa and in non-forest ecosystems (grasslands, peatlands, tundra, savannahs) are necessary to improve modeling and monitoring capabilities. In parallel, sampling design studies are needed in conjunction with atmospheric measurement and modeling efforts. This could be organized as a task force with expertise ranging from site ecology to continental observations.

A.2.14 Other ecosystem point data

Product definition and description 

Products characterizing components of the carbon cycle: net primary productivity, leaf area index, litterfall, decomposition, fine root turnover, rooting depth, soil respiration, vegetation composition.

Role in TCO

Ecosystem flux measurements are a critical element of a terrestrial carbon observing system. The ecosystem in situ measurements provide essential input to process studies, for the development and testing of models, and for upscaling from sites to regions (Cihlar, Denning, Gosz, 2000). The site information on species composition (typically unavailable from satellite-based land cover products) will help to produce more accurate flux estimates in areas undergoing rapid land use change.

There are numerous networks of sites that are relevant to the TCO objectives. The existing observing networks provide sets of sites measuring carbon dynamics (i.e., productivity and respiration), such as the International Long Term Ecological Research (ILTER) network where comprehensive studies of ecosystem productivity are conducted. The most valuable networks are ones that obtain all the critical measurements in a way that enables understanding the key ecosystem processes. One such set of sites is the intensive integrated field campaigns such as FIFE, BOREAS, SAFARI, and LBA. Although they provide a wealth of in situ and remote sensing data, the campaigns are typically short in duration (one to several years). 

Accuracy required

Compiling useful ecosystem data of acceptable accuracy depends on harmonizing measurements from a variety of sources and methods, evaluating sampling bias, outlier detection, filling gaps and incomplete components, etc. A key component will be associating the bioclimatic and spatial information with each site to be used in scaling point data to grids at regional and global extents. 

Status

Extensive collections of ecosystem measurements have been assembled and used to examine processes and patterns (see table below). The tasks for the next few years will be to update these collections as new data become available, to combine the separate components into an overall synthesis of controls on the carbon budget, and to use this information to reduce the uncertainties in TCO products.

At present, the collection of sites in networks is not fully representative, either in terms of ecosystems or of climatic zones. Except for Amazon, emphasis to date has been on temperate forest ecosystems. Consequently, there is a very important role for collections of measurements of single variables per site measured over many sites along the most important bioclimatic, temporal, and spatial axes of carbon dynamics variability. Under-represented ecosystems include agricultural areas and savannahs, along with several types that occur over more limited areas: areas undergoing rapid shrub/forest encroachment, wetlands (critical for estimating methane flux), dry tropical forests, woodland and poorly vegetated/desert environments, tundra). In addition to ecosystem gaps, certain geographic regions (e.g., Southeast Asia) are poorly represented. 

Implementation tasks

Approaches to using in situ data were addressed in the Cihlar, Heimann, Olson (2002) report and are summarized below:

· Register existing in situ data and sources in a system with search capabilities and acquire or establish links to key data;

· Develop inventories of the sites within networks, and arrange the sites within a multi-dimensional environmental framework;

· Conduct a thorough assessment of data needs and data availability from sites within the existing networks, in the context of the important dimensions of terrestrial carbon dynamics. From that evaluation, identify gaps in coverage that need to be filled;

· Develop or adopt guidelines on sampling design, measurements, and point scaling to a minimum spatial extent of 3 x 3 km;

· Consider ways to synthesize (data fusion/assimilation process) the data for TCO needs that incorporate methods to fill gaps and reduce uncertainty in estimates;

· Develop specific strategies to address issues identified above, such as for estimating forest biomass at regional and sub-national scales. Explore use of the data in combination with models based on land use, remote sensing, or other approaches to downscale national level inventory data to finer resolution.

Carbon cycle components and status of in situ data compilations.

	Component
	Number of Unique Observations, Sites
	Selected Publications

	NPP
	>2500 observations (obs), >1500 sites
	Esser et al. (2000); Clark et al. (2001); Gill et al. (2001); Gower et al. (2001); Olson et al. (2001); Ni et al. (2001); Zheng et al. (2002)

	LAI 
	>1000 obs, >400 sites
	Scurlock et al. (2001)

	Litter (stocks, flux, litter nutrients)
	~800 obs, ~600 sites
	Sulzman et al. (2000); Holland et al. (2002)

	Forest biomass and production
	>100,000 plots in USA, ~1000 plots in Latin America, Asia
	Brown et al. (1991,1992, 1999); Jenkins et al. (2001)

	Fine root turnover
	>800 obs
	Gill and Jackson (2000)

	Soil rooting depth 
	520 obs, ~300 sites
	Schenk and Jackson (2001); Schenk and Jackson (2002) 

	Fine root nutrients
	56 studies
	Gordon and Jackson (2000)

	Soil carbon 
	~1200 pedons with global mapping method
	Global Soils Data Task (2001)

	Soil carbon
	>2000 pedons
	Jobbagy and Jackson (2000, 2001)

	Decomposition rates
	108 CWD sites, 28 LIDET sites
	Harmon et al. (2000)

	Soil Respiration
	183 sites
	Davidson et al. (2000); Raich and Schlesinger (1992)


Appendix 3. Initial satellite products specifications

This Appendix contains specifications for key initial land cover products of TCO to be derived from satellite data. The specifications as shown were produced by the GOFC/GOLD project (GOFC Design Team, 1999). They are derived from, and consistent with, those of GTOS as a whole (TOPC, 1998) and when applied to all land cover types, the products are expected to meet the initial needs of TCO. It is also anticipated that both product requirements and product characteristics will evolve with changing data sources and the growing experience in making and using satellite measurements. 
LAND COVER1 

	Categories
	
	
	
	
	

	Water
	
	
	
	
	

	Snow and ice
	
	
	
	
	

	Barren or sparsely vegetated
	
	
	
	
	

	Built-up
	
	
	
	
	

	Croplands
	
	
	
	
	

	Forest
	Leaf type
	Needle
	Broadleaf
	Mixed
	

	
	Leaf longevity
	Evergreen
	Deciduous
	Mixed
	

	
	Canopy cover
	10-25%
	25-40%
	40-60%
	60-100%

	
	Canopy height
	0-1 m
	1-2 m
	>2 m
	

	
	
	(low shrub)
	(tall shrub)
	(trees)
	

	Forest special theme: flooded forest
	
	
	
	
	

	Spatial resolution: 1 km (coarse) and 25 m (fine)
	
	
	
	
	

	Update cycle 5 years (coarse and fine)
	
	
	
	
	


LAND COVER CHANGE1
	Specification
	Coarse
	Fine

	Resolution
	1 km initially 

250 m as soon as possible
	25 m

	Cycle
	Annual wall-to-wall
	5 year wall-to-wall

20% - 30% annual

	Classes
	No change

Forest ( non-forest

Non-forest( forest
	No change

Forest ( non-forest

Non-forest( forest

	Special products
	Burned forest
	Forest fragmentation

Forest change occurrence


FIRE1
	Purpose
	Spatial resolution
	Revisit cycle
	Data delivery
	Source(s) of data

	Fire monitoring
	250-1 km
	12 h
	12 h
	Coarse resolution optical (thermal)

	Mapping burned area
	25 m-1 km
	Annual
	3 months
	Coarse and fine resolution optical with SAR backup

	Modeling
	250 m- 1 km
	Annual 
	6 months
	Coarse resolution optical plus land cover plus biomass, emission factors, etc.


BIOPHYSICAL PARAMATERS1
	Variable
	Units
	Accuracy needed
	Spatial resolution
	Temporal cycle
	Source of data

	LAI
	m2m-2
	±0.2-1.0
	1 km
	7 days
	Coarse resolution optical

	PAR
	Wm-2
	±2-5%
	1 km
	30 min- 1 day
	Coarse resolution optical

	FPAR
	dimensionless
	±5-10%
	1 km
	7 days
	Coarse resolution optical

	Above ground biomass
	gm-2
	±10-25%
	1 km
	5 years
	Inferred from land cover until spaceborne measurements are available

	NPP
	gCm-2yr-1
	±20-30%
	1 km
	1 year
	Above products plus ground and spaceborne meteorological data



  Source: GOFC Design Team 1999. A strategy for global observation of forest cover. 58 p. (available from http://www.gofc.org/gofc/docs/strategy.pdf). 

Appendix 4. List of acronyms

AATSR
Advanced Along-Track Scanning Radiometer

ADEOS-II
Advanced Earth Observation Satellite

AIRS

Atmospheric Infrared Sounder

ALOS

Advanced Land Observing Satellite

AMSU

Advanced Microwave Sounding Unit

ATSR

Along Track Scanning Radiometer

AVHRR
Advanced Very High Resolution Radiometer

BOREAS
Boreal Ecosystem – Atmosphere Study

CalVal

Calibration and Validation

CARBOEUROPE
A cluster of projects to understand and quantify the carbon balance of Europe

BDC

BioDiversity Convention

CCD

Convention to Combat Desertification

CCOP

Coordinated Carbon Observation Period

CDIAC

Carbon Dioxide Information Analysis Centre

CEOP

Coordinated Enhanced Observation Period

CEOS

Committee on Earth Observing Satellites

CERES

Clouds and Earth’s Radiant Energy System

CH4

Methane

CNES

Centre National d’Etudes Spatiales

CO

Carbon monoxide

CO2

Carbon dioxide

COP

Conference of parties

DAAC

Distributed Active Archive Centre

DAO

Data Assimilation Office


DISS

Data and Information System and Services

DOE

Department of Energy

ECMWF
European Centre for Medium-Range Weather Forecasts

EOS-Aqua
Earth Observation Satellite - Water

ERBE

Earth Radiant Budget Experiment

ERS

European Research Satellite

ESA

European Space Agency

ESSP

Earth System Science Pathfinder

ETM

Enhanced Thematic Mapper

EUMETSAT
European Organization for the Exploitation of Meteorological Satellites

FAO

Food and Agriculture Organization of the UN

FCCC

Framework Convention on Climate Change

FIFE

First ISLSCP Field Experiment

FLUXNET
Flux Network

FRA

Forest Resources Assessment

FTE

Full Time Equivalent

GAW

Global Atmospheric Watch

GBA

Global Burned Area

GCOM-B1
Global Change Observation Mission

GCOS

Global Climate Observing System

GCP

Global Carbon Project

GEIA

Global Emissions Inventory Activity

GEWEX
Global Energy and Water Cycle Experiment

GHP

GEWEX Hydrometeorological Panel

GLAS

Geoscience Laser Altimeter System (formerly GLRS-A)

GLDAS
Global Land Data Assimilation System

GLI

Global Land Imager

GLOBSCAR
World Burn Scar Atlas from ATSR-2

GOFC

Global Observation of Forest Cover

GOLD

Global Observation of Landcover Dynamics

GOOS

Global Ocean Observing System

GPCC

Global Precipitation Climatology Centre

GSDT

Global Soil data Task

GSR

Global solar radiation

GT-Net

Global Terrestrial Observing Network

GTOS

Global Terrestrial Observing System

HRVIR

High Resolution Visible and Infrared Sensor

IASI

Improved Atmospheric Sounding Interferometer

ICESAT
Ice, Cloud, and Land Elevation Satellite

IGBP

International Geosphere- Biosphere Program

IGBP-DIS
IGBP Data and Information System

IGCO

Integrated Global Carbon Observation 

IGFA

International Group of Funding Agencies

IGOS-P

Integrated Global Observing Strategy Partnership

IHDP

International Human Dimensions Program

ILTER

International Long Term Ecological Research

IPCC

Intergovernmental Panel on Climate Change

ISLSCP
International Satellite Land Surface Climatology Project

ISRIC

International Soil Reference and Information Centre

ISRO

Indian Space Research Organization

JERS

Japanese Earth Resources Satellite

JMA

Japan Meteorological Agency

LAI

Leaf Area Index

LBA

Large Scale Biosphere-Atmosphere Experiment in Amazonia

LIDET

Long-Term Decomposition Experiment Team

LOICZ

Land Ocean Interaction in the Coastal Zone

LTER

Long Term Ecological Research

LUCC

Land Use and Cover Change

MERIS

Medium Resolution Imaging Spectrometer

MISR

Multi-angle Imaging  Spectro-Radiometer

MODIS

Moderate Resolution Imaging Spectroradiometer

MODLAND
MODIS Land Group

MOPITT
Measurements of Pollution In The Troposphere

NACP

North American Carbon Program

NASA

National Aeronautics and Space Administration (US)

NASDA
National Space Development Agency (Japan)

NBP

Net biome productivity 

NDVI

Normalized Difference Vegetation Index

NEP

Net Ecosystem Productivity

NOAA

National Oceanic and Atmospheric Administration (US)

NPOESS
NOAA Polar Orbiting Environmental Satellite System

NPP

Net Primary Productivity

NWP

Numerical Weather Prediction

ORNL

Oak Ridge National Laboratory (US)

PALSAR
Phased-Array L-Band synthetic Aperture Radar

PAR

Photosynthetically Active Radiation

PBL

Planetary Boundary Layer

POLDER
Polarisation and Directionality of Reflectances

SAFARI
South African Regional Science Initiative

SAR

Synthetic Aperture Radar

SCIAMACHY
Scanning Imaging Absorption Spectrometer for Atmospheric Cartography

SGLI

Second Generation Global Land Imager

SIMBIOS
Sensor Intercomparison and Merger for Biological and Interdisciplinary Ocean Studies

SIT

Strategic Implementation Team

SMOS

Soil Moisture and Ocean Salinity

SOTER

Soil and Terrain Database

SPOT

Systeme pour l’Observation de la Terre

SRB

Surface Radiation Budget

SW

Shortwave

TCO

Terrestrial Carbon Observation

TCOP

Terrestrial Carbon Observation Panel

TEMS

Terrestrial  Ecosystem Monitoring Sites

TES

Tropospheric Emission Spectrometer

TM

Thematic Mapper

UCAR

University Center for Atmospheric Research

UN

United Nations

UNEP

UN Environmental Program

UNESCO
UN Educational, Scientific and Cultural Organization

UNFCCC
United Nations Framework Convention on Climate Change

US

United States

VCL

Vegetation Canopy Lidar mission

VGT

SPOT-4 VEGETATION instrument (France)

VIIRS

Visible/Infrared Imager/Radiometer Suite

WCRP

World Climate Research Program

WDC

World Data Centre

WGCV

CEOS Working Group on Information Systems and Services

WGISS

Working Groups on Information Systems and Services

WISE

World Inventory of Soil Emissions

WMO

World Meteorological Organization

WRI

World Resource Institute



























� The Integrated Global Observing Strategy (IGOS) is a partnership of national space agencies, UN organizations, the global observing systems, and members of the international science community. For more information, see: � HYPERLINK http://www.igospartners.org/ ��http://www.igospartners.org/�
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