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1A Russian proverb famously and frequently used by U.S. President Ronald Reagan when discussing U.S. relations
with the Soviet Union that, partly, motivated the present study.
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Executive Summary

Current GHG-mitigating regimes, whether internationally agreed or self-imposed, rely on the
aggregation of self-reported data, with limited checks for consistency and accuracy, for
monitoring. As nations commit to more stringent GHG emissions-mitigation actions and as
economic rewards or penalties are attached to emission levels, self-reported data will require
independent confirmation that they are accurate and reliable, if they are to provide the basis for
critical choices and actions that may be required.

Supporting emissions-mitigation efforts and agreements, as well as monitoring energy- and
fossil-fuel intensive national and global activities would be best achieved by a process of

1. monitoring of emissions and emission-mitigation actions, based, in part, on,
2. (self-) reporting of pertinent bottom-up inventory data,

3. verification that reported data derive from and are consistent with agreed-upon processes
and procedures, and

4. validation that reported emissions and emissions-mitigation action data are correct, based
on independent measurements (top-down) derived from a suite of sensors in space, air,
land, and, possibly, sea, used to deduce and attribute anthropogenic emissions.

These data would be assessed and used to deduce and attribute measured GHG concentrations to
anthropogenic emissions, attributed geographically and, to the extent possible, by economic
sector. The validation element is needed to provide independent assurance that emissions are in
accord with reported values, and should be considered as an important addition to the accepted
MRY process, leading to a MRV &V process.

This study and report focus on attributes of a greenhouse-gas information system (GHGIS)
needed to support MRV&YV needs. These needs set the function of such a system apart from
scientific/research monitoring of GHGs and carbon-cycle systems, and include (not exclusively):
the need for a GHGIS that is operational, as required for decision-support; the need for a system
that meets specifications derived from imposed requirements; the need for rigorous calibration,
verification, and validation (CV&V) standards, processes, and records for all measurement and
modeling/data-inversion data; the need to develop and adopt an uncertainty-quantification (UQ)
regimen for all measurement and modeling data; and the requirement that GHGIS products can
be subjected to third-party questioning and scientific scrutiny.

This report examines and assesses presently available capabilities that could contribute to a
future GHGIS. These capabilities include sensors and measurement technologies; data analysis
and data uncertainty quantification (UQ) practices and methods; and model-based data-inversion
practices, methods, and their associated UQ. The report further examines the need for traceable
calibration, verification, and validation processes and attached metadata; differences between
present science-/research-oriented needs and those that would be required for an operational
GHGIS; the development, operation, and maintenance of a GHGIS missions-operations center
(GMOC); and the complex systems engineering and integration that would be required to
develop, operate, and evolve a future GHGIS.
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Present monitoring systems would be heavily relied on in any GHGIS implementation at the
outset and would likely continue to provide valuable future contributions to GHGIS. However,
present monitoring systems were developed to serve science/research purposes. This study
concludes that no component or capability presently available is at the level of technological
maturity and readiness required for implementation in an operational GHGIS today. However,
purpose-designed and -built components could be developed and implemented in support of a
future GHGIS.

The study concludes that it is possible to develop and provide a capability-driven prototype
GHGIS, as part of a Phase-1 effort, within three years from project-funding start, that would
make use of and integrate existing sensing and system capabilities. As part of a Phase-2 effort, a
requirements-driven, operational GHGIS could be developed, within ten years from project-
funding start. That schedule is driven by the development and long lead-times for some system
components. The two efforts would be focused on different deliverables but could commence
concurrently, to save time, if that was deemed desirable. We note that, developing and supporting
an operational GHGIS will require a new approach and management, sustained funding and
other support, as well as technical advances and development of purpose-built components that
meet the requisite specifications.

A functioning GHGIS will provide the basis for reasoned choices on how best to respond to
rising GHG levels, especially when proposed U.S. actions are compared with or conditioned on
the actions of other nations. GHGIS will also allow for the independent assessment of the claims
of others so that the United States can participate fairly and equitably in any process aimed at
reducing GHG emissions.

The envisaged GHGIS will yield a host of benefits that extend beyond those of its primary intent.
From a fundamental-research perspective, GHGIS will also provide an unprecedented wealth of
Earth-science information. In addition, it will provide monitoring with new sources and methods
that will yield country-level, regional, and sectoral information of value in a variety of contexts.
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A Greenhouse-Gas Information System

Preface

The national laboratories participating in this report maintain research and technology-
development activities on observational capabilities from space, air, and land, as well as on
modeling and data analysis of such data aimed at greenhouse-gas top-down measurements. Some
serve as centers of bottom-up inventory reporting repositories. Collectively, these activities
pertain to monitoring, reporting, and verification (MRV) goals that augment other national and
international efforts.

Each laboratory accepted the larger problem that motivated this study as more complex than any
one laboratory or agency could manage alone. Starting in 2008, the Laboratories began a
partnership in Global Change & Energy (GC&E) aimed at cooperatively contributing their
experience, skills, and capabilities towards a national program. A greenhouse-gas information
system (GHGIS) emerged as an important goal of the larger activity.

In order to better understand broader national needs and obtain insights from science leaders, two
workshops on GHGIS were hosted. The first was on the Caltech campus (15-16 October 2008)
and organized by NASA/IPL.! The second was held at DOE/SNL (20-22 May 2009).” These
workshops brought together government, academic, and national-laboratory experts from many
organizations and agencies to address issues related to the understanding, operational monitoring,
and tracking of greenhouse-gas emissions and carbon offsets. Proceedings and findings from
these workshops are available at the sites indicated in the respective footnotes.

On 1 September 2009, the Directors of the four partner Laboratories at the time: Charles Elachi
[JPL], Thomas O. Hunter [SNL], Michael R. Anatasio [LANL], and George H. Miller [LLNL]
met with DOE Undersecretary for Science, Steven E. Koonin, and staff at JPL, to discuss a path
forward. The need for a scoping study was identified that would focus on critical emissions-
monitoring means and needs, and would develop a set of recommendations to deliver an
operational GHGIS system, should it be decided that one should be developed. This led to a
proposal to DOE and the support that yielded this report.

These workshops and meetings were followed by discussions at national and international
meetings, and a one-day meeting at DOE Headquarters on 3 February 2010 on monitoring,
reporting, and verification (MRV), hosted by Undersecretary of Science Steven Koonin for DOE
and Sherburne (Shere) Abbott for OSTP. Speakers, participants, and invitees in those workshops
included representatives from the CEQ, DOE, EPA, NEC, NASA, NIST, NOAA, NSF, USDA,
US Navy, US State Department, US Treasury, other agencies, representatives from academic
institutions, and representatives of the partner Laboratories. Many subtleties and complexities
relevant to MRV emerged from this valuable exchange, pointing the way to issues that will need
to be addressed in due course.

' http://climate.nasa.gov/Documents/GHG_workshop_report_final_revA.pdf
2 http://climate.nasa.gov/Documents/GHGIS_Workshop2_Report_final-CL09-3451.pdf
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The present study is an outgrowth of those discussions. It was undertaken by the four national
laboratories who submitted a proposal (13 April 2010) to the DOE Office of Science for a
scoping study on GHGIS.?

e Jet Propulsion Laboratory, California Institute of Technology [JPL/Caltech], of NASA,
with Paul Dimotakis as the Caltech/JPL study Co-PI and senior representative to the
GC&E partnership;*

e Sandia National Laboratories [SNL] of DOE, with Bruce Walker as the SNL study Co-PI
and senior representative to the GC&E partnership;5

e Los Alamos National Laboratory [LANL] of DOE, with Karl Jonietz as the LANL study
Co-PI and senior representative to the GC&E partnership; and

e Lawrence Livermore National Laboratory [LLNL] of DOE, with Douglas Rotman as the
LLNL study Co-PI and senior representative to the GC&E partnership.

The proposal was accepted and the study was commissioned by US DOE Deputy Secretary,
Daniel B. Poneman, and Undersecretary for Science, Steven E. Koonin. It was executed by Nick
Woodward of the Office of Science, who also served as Program Manager. W. Randall Bell of
DOE/NNSA provided program management assistance throughout the study, aided by Donna
Smith. The four proposing laboratories are the signatories on the title page of this report and bear
full responsibility for its contents.

In this study and effort, they were assisted by three other DOE national laboratories that have
since joined as partners in the greater GC&E effort and are listed below.’

e Lawrence Berkeley National Laboratory [LBL] of DOE, with Marc Fischer as the senior
LBL representative to the partnership;

e (Oak Ridge National Laboratory [ORNL] of DOE, with Gary Jacobs as the senior ORNL
representative to the partnership; and

e Pacific Northwest National Laboratory [PNNL] of DOE, with Charlette Geffen as the
senior PNNL representative to the partnership.
In addition, assistance to various parts of the study and report was rendered by

e FEarth Science Research Laboratory [ESRL] of NOAA, with James Butler as the ESRL
point of contact.

The listing of the national laboratories here, as well as on the cover and title pages, is in order of accession to the
partnership that was formed. PNNL and ORNL acceded on the same day and are listed alphabetically.
JPL/Caltech participated in the DOE-OSC study as a subcontractor to SNL through an agreement with the
National Aeronautics and Space Administration. Paul Dimotakis, who served as JPL’s Chief Technologist at the
beginning of this effort, has since returned as a full-time member of the Caltech faculty, continuing his association
with JPL as a Senior Research Scientist. Valerie Duval of JPL served as Manager for the JPL contribution to this
study. Initially, Michael Gunson served as GC&E and GHGIS Program Manager at JPL, and interface to NASA.
Anthony Freeman of JPL has since taken over responsibility for GHGIS.

The senior SNL representative to the GC&E partnership was, initially, James Peery, whose leadership and
guidance in the initial stages of this effort are hereby gratefully acknowledged. Robert Huelskamp of SNL recently
replaced Bruce Walker as the senior SNL representative and as SNL Co-PI to this study. In his SNL representation
to this study and report, he has been aided by Ethan Blansett of SNL.
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This study and report could not have been completed without the support of and assistance by all
participants throughout, and their contributions, as acknowledged below and in sections of the
report.

To frame the present study, it should be noted that significant on-going work is in progress on
global carbon and GHG emissions monitoring by national and international monitoring,
archiving, and reporting agencies, scientific programs and efforts, and frameworks that, for the
most part, rely on bottom-up inventory reporting. These include (not an exclusive list):

A. For the US:
a. the Energy Information Administration (EIA) of the DOE,

b. the Environmental Protection Agency (EPA),

c. the Carbon Dioxide Information Analysis Center (CDIAC), operated by ORNL for
the US DOE that includes the World Data Center for Atmospheric Trace Gases,

and others.

B. For Europe:

a. the European Environmental Agency (EEA) that also maintains the Emissions
Database for Global Atmospheric Research (EDGAR),

b. as part of activities in support of the European Union Greenhouse Gas Emissions
Trading Scheme (EU ETS),

and others.

C. Internationally:
a. the United Nations Framework Convention on Climate Change (UNFCCC),
b. the International Energy Agency (IEA),

and others, including scientific-research institutions and organizations.

Further, the present study and report on GHG monitoring and a proposed greenhouse-gas
information system (GHGIS) comes in the wake of and has benefited from a considerable body
of previous related work and studies, by various agencies, groups, and scientific programs and
research. These include recent related and relevant work, compilations, reports, studies and
publications in the last 15 years, or so, by the IPCC (e.g., 1996, 2007, and other work), the
National Academy of Sciences (e.g., NRC 2004, 2007, 2008, 2010a, 2010c, and 2010d), the
UNFCCC (2005), Gurney et al. (2008, 2009), Prather et al. (2008), EDGAR (2009), Gregg et al.
(2009), Marland et al. (2009), periodic reports and postings on emissions by the US DOE (2010),
the US EPA (e.g., 2011), the IEA (2010), the World Meteorological Organization in support of
the UNFCC (WMO 2010), Boden et al. (2010), Ciais et al. (2009, 2010), GCP (2010), the US
OSTP (2010), the UNFCCC (2010), the JASON group (2011), and many others cited throughout
the report.
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This study derives from the discussions and exchanges in the workshops listed, and others, and
draws on the collective experience and expertise offered by the partner national labs. It focuses
on GHGIS attributes that set it apart from other GHG and carbon-cycle monitoring systems, such
as (not an exclusive list):

e the need for a GHGIS that must be operational, as required for decision-support, and

e designed and implemented as a system that meets specifications derived from imposed
requirements;

e the need to adopt and maintain rigorous calibration, verification, and validation (CV&V)
standards and records for all measurement and modeling/data-inversion data; and

e the need for the GHGIS to adopt a rigorous uncertainty-quantification (UQ) regimen
imposed on all measurement and modeling data to allow GHGIS products to be subjected
to third-party questioning, as well as scientific and other scrutiny.

Representatives from partner laboratories contributed material for, and edited, all sections. A
complete list of contributors is included after the Executive Summary. Lead chapter-authorship
responsibilities are as listed below:

Chapter 1. Introduction. Lead authoring responsibility by Paul Dimotakis [JPL/Caltech],
with contributions by Douglas Rotman [LLNL] on the section on SFs top-down
measurements, Gregg Marland [ORNL] on inventories, and other material by Tony
Freeman [JPL/Caltech].

Chapter 2. Requirements Framework. Lead authoring responsibility by Joshuah Stolaroff
[LLNL].

Chapter 3. Spaceborne Sensing. Lead authoring responsibility by Paul Dimotakis and Tony
Freeman [JPL/Caltech].

Chapter 4. Airborne Sensing. Lead authoring responsibility by Jared Dreicer [LANL].

Chapter 5. Ground-Based Sensing. Lead authoring responsibility by Tom Guilderson
[LLNL].

Chapter 6. Measurement Data and Uncertainty Quantification. Lead authoring responsibility
by David Higdon [LANL].

Chapter 7. Modeling and Modeling Uncertainty Quantification. Lead authoring
responsibility by Philip Cameron-Smith [LLNL].

Chapter 8. GHGIS Mission Operations Center (GMOC). Lead authoring responsibility by
Marcus Chang and David Gallegos [SNL].

Chapter 9. Systems Engineering and Integration. Lead authoring responsibility by Ethan
Blansett [SNL], with material on the Observation Systems Simulation Experiment
(OSSE) approach contributed by Kevin W. Bowman [JPL/Caltech] and material on
Sensor Network Reliability Modeling and Analysis by Jaideep Ray [SNL].

Chapter 10. Conclusions. Lead authoring responsibility by Paul Dimotakis [JPL/Caltech].
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Appendix authors are as indicated in each one.

Editing for content and reconciliation across the report was the lead responsibility of Paul
Dimotakis [JPL/Caltech]. Copy editing and document integration was the lead responsibility of
Ethan Blansett [SNL], with extensive support from Barbara Haschke [Ktech] and Leona Van
Ostrand [Ktech].

The participating Laboratories, authors of, and contributors to this report would like to thank the
DOE Office of Science for providing the opportunity and support to undertake this work.
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Chapter 1. Introduction

This is a report on the interagency scoping study commissioned by the Department of Energy
(DOE) Office of Science, for an initial design framework of a greenhouse-gas information
system (GHGIS) that will:

1. support monitoring of national emissions-reductions and the efficacy of renewable-
energy programs;

2. provide information on compliance with existing emissions agreements;

3. assist in the negotiation of and provide actionable information on compliance with
possible future emissions and climate agreements;

4. provide Earth-science data presently not available at adequate space and time scales, on a
sustained and traceable basis; and

5. provide monitoring and other data, and analysis for many other purposes.

The intended product of the proposed GHGIS is a set of reliable validated estimates of
anthropogenic GHG emissions, reconciling top-down (GHG measurement) data with bottom-up
(fossil-fuel inventory) data. Borrowing from Appendix A that discusses inventory data:

Disturbance of the natural, global cycling of carbon among the atmosphere, biosphere, and
hydrosphere has been driven by human activities that release carbon from geologic deposits
of fossil fuels and that change the amount of carbon contained in plants, plant debris, and
soils. Carbon is released to the atmosphere in both cases, principally as carbon dioxide (CO,)
but also as methane (CH,). While it remains a scientific challenge to understand and quantify
the impact of human actions on the carbon stores of the biosphere, it seems straightforward
in principle, if not in fact, to inventory the amount of carbon released from the oxidation of
fossil fuels.

The proposed GHGIS, if successful, will be seen as a gold-standard for the world and an
important projection of US soft power in the coming decades. It will provide a vehicle for further
international collaboration on Earth-system monitoring; anthropogenic GHG emissions and
emissions-mitigation actions, and climate change; and a monitoring, analysis, and information
tool for global economic and energy- and industrial-production activity for both decision and
policy support, as well as for science.

The main customers of the proposed GHGIS are likely to be US decision and policy makers.
They may elect to contribute some or all of the GHGIS data and analysis in support of scientific
research and international GHG monitoring efforts.

As noted in the 2010 Office of Science and Technology Policy report (OSTP 2010) and as this
document discusses, there is a need for an authoritative source for greenhouse-gas (GHG)
emissions and their dynamics, for both the decision- and policy-support, and science
communities. Today, uncertainties that are sometimes significant accompany GHG data both in
information extracted from bottom-up (reporting) activities (cf. Appendix A), proxy methods
(JASON 2011), and top-down measurements. These are the consequence of the complexity of
processes from which they derive, the diversity and disparity of data sources and methods, the
incomplete understanding of the amount of carbon sequestered in terrestrial ecosystems,
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unregulated activities in certain economic sectors, and a host of science and other issues with
measurement, reporting, and verification (MRV), or, perhaps, as the discussion below suggests,
what should more appropriately be termed as MRV&V (& validation) efforts. If and when GHG
emissions are subjected to significant regulation, possibly associated with penalties for emissions
above agreed limits, strong economic motivations for under- or over-reporting will likely further
complicate the MRV &V process.

As stated in the National Academy of Sciences (NAS)/National Research Council (NRC)
committee report (NRC 2010a):

The committee’s recommendations fall into three broad categories: (1) strengthening national
greenhouse gas inventories, which will likely remain the core of a global monitoring and
verification system; (2) improving the ability to independently and remotely estimate
national, annual fossil-fuel CO, emissions and to monitor emission trends; and (3)
developing the capability to make accurate estimates of national CO,, N,O, and CHy
emissions and CO, removals from sinks from agriculture, forestry, and other land uses, and
to independently check self-reported estimates of CO, emissions from deforestation,
reforestation, and forest degradation.

The need for measurements and monitoring is also noted in the OSTP report (2010, p. 4) that
states,

If the nations of the world were to limit the use of fossil fuels, the right to emit carbon
dioxide could become an increasingly valuable traded commodity. In such a world,
observations of the location, amount, and rate of carbon dioxide emission into the air, as well
as the stock and flow of all forms of carbon on land and in the oceans, will be needed to
manage a global carbon market fairly and efficiently. Finally, we need observations to
characterize the location, magnitude, and rate of climate change impacts to strike an ongoing
balance between investments in adaptation, and building the new energy infrastructure and
systems for a sustainable future.

Similar points are made in the World Meteorological Organization (WMO) (2010, Executive
Summary) report for the United Nations Framework Convention on Climate Change (UNFCCC)
that also notes the need for an open global forum for such data:

Observations need to be recognized as essential public goods, where the benefits of global
availability of data exceed any economic or strategic value to individual countries from
withholding national data. In short, observations underpin all efforts by Parties to the United
Nations Framework Convention on Climate Change (UNFCCC) to mitigate, and adapt to,
climate change.

The proposed GHGIS products will include decision-, policy-, and science-relevant GHG and
related monitoring information and will be developed relying on integrating data derived from
the implementation of the first and third recommendations in the NRC (2010a) report. GHGIS
will be releasing products that can be used to monitor the success and compliance with existing
agreements; help formulate and negotiate future collaborative efforts to reduce emissions, as well
as agreements and treaties, assess and verify future treaty compliance; deliver science
information to researchers to improve understanding of carbon-cycle dynamics; and advance
predictive large-scale-modeling capabilities.
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Users of GHGIS data will include policy makers and those charged with treaty negotiation and
verification; scientists, agencies, and administrators for climate-change analysis, adaptation
strategies and planning; and for monitoring energy infrastructure, energy-intensive, and fossil-
fuel-use, and related economic activities. The science need for such an observing system is also
identified by the WMO (2010, Executive Summary) report:

Full implementation of the WMO/IOC-UNESCO/UNEP/ICSU3-sponsored Global Climate
Observing System (GCOS)—and the evolving climate information services it supports—is
required to ensure that countries are able to understand, predict, and manage their response to
climate and climate change over the 21st century and beyond. This Plan, if fully implemented
by the Parties, will provide observations of the Essential Climate Variables (ECVs) needed to
make significant progress in the generation of global climate products and derived
information; it will also provide support for the research, modeling, analysis, and capacity-
building activities required by all Parties to the UNFCCC, as well as underpin most of the
data and information needs of the “Acting on Climate Change: The UN System Delivering as
One” initiative. The Plan also addresses the need for observational records to improve
seasonal-to-interannual climate predictions.

The proposed GHGIS will fuse traceable data from multiple sources and observation sensors
with attached quality control (QC), quality assurance (QA), and data-integrity parameters and
metadata, and perform sensitivity analysis (SA) and uncertainty quantification (UQ) on
processed data. This compilation will be used to compare with bottom-up inventory data
(Appendix A) that at present are characterized by a considerable level of maturity, even if with
uncertainties that vary with the country to which reports apply.

GHGIS will aim to reconcile and assimilate such data with state-of-the-art present and future
modeling capabilities to produce reports relevant to decision and policy support, Earth science,
and for other US national and international purposes. These include, but are not limited to,
environmental and energy security, adaption planning and monitoring, and economic activity.

1.1 The GHGIS Environment and lts Elements

One effect of GHGs can be characterized in terms of their global-warming potential (GWP) that
is referenced to that of carbon dioxide (CO,), the primary GHG. Table 1-1 lists the significant
GHGs of interest and their relative GWP, per molecule, relative to CO, for the stated time
period.1 When these values are multiplied by the mass fractions of each GHG in the atmosphere,
the global-warming contribution over the stated period of that gas can be estimated. The last
column in Table 1-1 normalizes the third column to produce the estimated relative contributions
listed from each GHG in the 2009 US emissions. The IPCC (2007) produced a similar
compilation from global GHG emissions, by GHG species, based on 2004 data. These are plotted
in Fig. 1-1.

' The GWP is a measure of how much a unit mass of a GHG is estimated to contribute to global warming. It is a
relative scale that compares the radiative-trapping of the gas to that of the same unit mass of carbon dioxide,
which is chosen as a reference and whose GWP, as a consequence, is equal to unity. A particular GWP is
calculated over a specific time interval, as indicated in Table 1-1, and takes the gas molecule lifetime in the
atmosphere into account.
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Table 1-1. Global Warming Potential (GWP) for greenhouse gases, 2009 US emissions, and their relative
contributions of the respective emissions. Numbers derive from the US Environmental Protection Agency

(EPA) (2011), with GWP values based on Intergovernmental Panel on Climate Change (IPCC) (1996)
values.

2009 US emissions Fractional contribution
Gas 100-year GWP (TgCOLeq) to global warming
gLaeq (weighted %)

Total 6640 100.0

CO, 1 5508 83.0

CH, 21 687 10.3

N,O 310 300 4.5
HFCs 140 - 11,700 125 1.9
PFCs 6,500 — 9,200 6 0.1

SFs 23,900 15 0.2

F-gases
N2O 119
7.9% _

CO, fossil
fuel use
56.6%

decay of

biomass, etc)

17:3% /
CO, (other)
2.8%

Figure 1-1. Anthropogenic emissions contribution to GWP by GHG gas, based
on 2004 data (IPCC 2007, Fig. TS.1b and 1.1b. Copyright by IPCC Secretariat,
World Meteorological Organization, Geneva, Switzerland).

CO:; from fossil-fuel use, deforestation, decay of biomass, and other causes is responsible for the
overwhelming contribution (~77%). This provides the reason why this study and report, and
other reports cited, primarily focus on a system that will detect and attribute sources (natural and
anthropogenic) and storage/sequestration of this gas, or other forms of carbon, in general, that
can be oxidized to form CO,. While not close to CO; in importance, methane (CHy) is the next
highest contributor by that metric (cf. Table 1-1 and Fig. 1-1) with projections that indicate an

14
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increasing future role for this GHG. Methane is a more powerful greenhouse gas than CO, than
its GWP in Table 1-1 (IPCC 1996) may suggest. More recently, its 100-yr GWP was increased to
25 and its 20-year GWP to 72 (IPCC 2007, Table 2—14).2

A useful graphical representation that illustrates the dominant role of CO; is offered by the US
World Resources Institute and tracks use/end-use activities. It is reproduced in Fig. 1-2.%

S fIPCC Reporling Ci y End Use/Activily Gas

WORLD RESOURCES INSTITUTE

Figure 1-2. US GHG emissions flow chart, from sectors to emissions by GHG, scaled by the GWP
of each gas (CO.eq). Data based on 2003 values by the US EPA (2005). From
http://www.wri.org/chart/us-greenhouse-gas-emissions-flow-chart.

Figure 1-2 helps illustrate two important points. First, it enforces the previous data and their
depictions as regards the dominance of CO; in its global-warming potential. Second, it highlights

2 Methane is oxidized in the atmosphere (CH,4 + 30, — CO, + 2H,0; this is the composite reaction equation — the
primary oxidation path in the atmosphere is via OH radicals and involves a large number of chemical reactions)
adding to GHG mass by contributing 44/16 = 2.75 tons of CO, per ton of CH, (e.g., Smith 2009). While the
product CO, GWP is of course lower, this factor is not taken into account in the current GWP calculation.

? The following commentary derives from http://www.wri.org/chart/us-greenhouse-gas-emissions-flow-chart, where
Fig. 1-2 is posted: Emissions data in Fig. 1-2 derive from the U.S. EPA (2005) Inventory of U.S. Greenhouse Gas
Emissions and Sinks: 1990-2003. Allocations from “Electricity & Heat” and “Industry” to end uses are WRI
estimates based on energy use data from the International Energy Agency (downloaded 2005). All data are for
2003. Calculations are based on CO, equivalents, using 100-year global GWP from IPCC (1996), based on total
U.S. emissions of 6,978 MtCO,eq. Emissions from fuels in international bunkers are included under
Transportation. Emissions from solvents are included under Industrial Processes. Emissions and sinks from land-
use change and forestry (LUCF), which account for a sink of 821.6 MtCO,eq, and flows less than 0.1% of total
emissions are not shown.
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the complexity of attributing emissions to economic sectors, which GHGIS may be asked to
deliver as part of its goals. Attributing to country, or sub-country, regions is equivalent to
geographic attribution, i.e., attribution to the location of surface fluxes, for which data-/model-
inversion techniques are best suited. Attribution to economic and other activity sectors, however,
would require unraveling the intertwining of emissions from the same, or neighboring, locations
by other criteria. This may well require the combination of top-down (measurement data) and
bottom-up (reporting data) to succeed.

Other gases are also important in fossil-fuel combustion and GHG emissions, such as carbon
monoxide (CO), which even though is not itself a GHG, accompanies (is co-emitted with) fossil-
fuel and forest-fire emissions. It can be used to help distinguish between natural and
anthropogenic fluxes and attribute atmospheric CO, concentration measurements to
anthropogenic sources.

An important motivation for the proposed GHGIS is the augmentation of present monitoring,
reporting, and verification (MRV) environments and methodologies in support of actions that
mitigate climate change and anthropogenic greenhouse-gas (GHG) emissions. It is proposed that
GHGIS support this environment by reliance on (top-down) measurement data to allow an
independent assessment and validation of bottom-up reported inventory data. This need is
illustrated by a case study of emissions of sulfur hexafluoride (SF¢), an important, accumulating
(increasing-concentration) greenhouse-gas discussed below.

The value of an independent GHGIS system is demonstrated through monitoring, reporting, and
verification (MRV) activities surrounding international agreements via the Kyoto Protocol to
reduce the emissions of SF¢ (sulfur hexafluoride). As noted in Table 1-1, SF¢ is an important gas
within the suite of gases addressed by the Kyoto Protocol because of its extremely high Global
Warming Potential (GWP) estimated as 23,900 (cf. Table 1-1, IPCC 2007, and Forster et al.
2007). Natural emissions of SFe are negligible (e.g., Harnisch and Eisenhauer 1998) with the vast
majority of the SF¢ atmospheric burden caused by its use as an insulation gas in high-voltage
installations and various manufacturing processes (Ko et al. 1993, Maiss and Brenninkmeijer
1998, and Olivier et al. 2005). The wide use of SFe in energy and industrial processes and its
function that is difficult to replace with other materials, provide a motivation for under-reporting
its emissions.

Because SFs emissions are anthropogenic and because of its long mean lifetime in the
atmosphere (~3200 years, Forster et al. 2007), direct inferences of its global anthropogenic
emissions from measurements of SFs concentration and accumulation in the atmosphere are
possible (Maiss and Levin 1994).

Figure 1-3 depicts observational data of global concentration measurements of atmospheric SF.
These display increasing growth of its concentration and, therefore, emissions during the most-
recent 8-year period, following a period of reduced growth after passage of the 1997
International Kyoto Protocol. The difference between the North-Hemisphere (NH) measurements
and those in the Southern Hemisphere (SH, labeled as CGO for the Cape Grim Observatory) is
the result of the combined effect of the NH contribution that comprises the vast majority of SFs
emissions and the one-year inter-hemispherical transport rate. Figure 1-4 shows inferred global
SFs emissions based on atmospheric observations, along with SFs emissions reported by the
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ANNEX-1 nations to the UNFCCC. Also shown are global emissions from the Emissions
Database for Global Atmospheric Research (EDGAR) emission database (Version 4, EDGAR
2009) and the EDGAR emissions attributable only to ANNEX-1 countries. EDGAR emissions
are determined by combining bottom-up accounting with inferred emissions from global
observations (P. Tans [ESRL], personal communication).
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Figure 1-3. Global observations of tropospheric SFs concentration and inferred
growth/emission rate (Rigby et al. 2010).

Comparing observation-inferred emissions to those reported to the UNFCCC indicates that by
2005, 2/3 of all SFs emissions are “non-reported” (Levin et al. 2010). This is partly because only
developed (UNFCCC Annex-1) countries report in the current system. However, estimates of the
relative distribution of emissions by country (through the EDGAR database) and atmospheric
observations both suggest that SFs emissions estimates for the countries that do report are also
too low, by about a factor of 2.

The top-down measurements in this example constrain the global picture in an important way. As
discussed in this report, atmospheric-transport models, coupled with regionally resolved global
observations, can enable assessments not only of global emissions, but also of their regional
distribution. Such a capability would allow the inversion of observational GHG concentration
data and their attribution to surface GHG-emission sources.
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Figure 1-4. Observation-inferred global SFs emissions (solid black, 1o uncertainty range),
compared to (dashed red) total EDGAR estimated emissions, ANNEX-1 only (green dash-dot)
EDGAR emissions, and (blue diamond) UNFCCC reported emissions (Rigby et al. 2010).

As noted above and discussed in Chapter 5, SFs emissions are almost exclusively anthropogenic,
and SFs emission sources are fairly well understood. Yet under-reporting of this substance is
significant, possibly because:

1. of uncertainties in emission sources (Maiss and Brenninkmeijer 1998),

2. emissions from non-ANNEX-1 countries that are not required to report their emissions
may be rapidly increasing (RHGDP 2008, Levin et al. 2010), and

3. SF¢ leakage from electrical/power/industrial installations and use that may be
underestimated.

Because of the near-indestructability of this gas, its very low solubility in water (negligible
absorption by oceans), and the fact that it is not produced naturally,” it mostly accumulates in the
atmosphere. The large discrepancy between SF¢ emissions reported to international-agreement
bodies and atmospheric measurements demonstrates, by way of example, the need for a
coordinated, independent, global- and regional-scale top-down observation and monitoring
system, capable of reporting reliable GHG data to validate bottom-up inventory reporting, or
highlight variances.

As discussed in Chapter 5, fluorocarbons, such as sulfur hexafluoride (SFs), perfluorocarbons (PFCs), and
hydrofluorocarbons (HFCs), listed in Table 1-1, have virtually no natural sources. So much so that, if detected in
atmospheric absorption spectra of distant planets, when the atmospheric limb of those planets cross the line of
sight between Earth and their star, for example, the detection would be accepted as strong evidence of a human-
like technological civilization there. These gases are (almost) inert chemically and (mostly) accumulate in the
atmosphere when released, hence the need to regulate their production and use.
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At present, no economic penalties are associated with the continued emission of SFe. Further
complications and discrepancies with self-reporting can be anticipated once/if economic
advantage can be derived from emissions under- or over-reporting.

1.1.1 The GHGIS Concept and Goals

The GHGIS concept is in response to broad requirements that would need to be met to monitor,
verify, and validate anthropogenic emissions and emissions-mitigation actions, as well as the
need for improved Earth-system monitoring. Verified and validated monitoring would be of
value to track compliance with the Montreal Protocol of 1989, compliance with the Kyoto
Protocol that came in force in 2005,° quantifying contributions of anthropogenic GHG emissions,
supporting negotiations, implementation, and compliance-monitoring of future agreements, and
for scientific and other monitoring purposes.

Comparisons of bottom-up and top-down estimates of ozone-depleting species are illustrated in
Fig. 1-5 (Kim et al. 2010). Three regimes are indicated by these data:

1. Top-down and bottom-up emissions estimates for some ozone-depleting species can be in
substantial agreement, i.e., within their respective uncertainty bounds.

2. Bottom-up emissions estimates for some gases can be significantly lower than those
indicated by top-down measurements, e.g., HFC-152a, HFC-32, HFC-125, HFC-143a,
and C3F8.

3. Bottom-up estimates for some gases may not be available at all.

Experience with international agreements indicates that effective implementation and compliance
is enhanced if a reliable monitoring system is available. Specifically, agreements whose
compliance is monitored and the monitoring results shared are found to be more likely to
succeed. The operational monitoring system developed and implemented in support of the
Comprehensive Nuclear-Test-Ban Treaty (CTBT) provides a useful example and template, and is
discussed elsewhere in this report.

> The Montreal Protocol on Substances That Deplete the Ozone Layer (a protocol to the Vienna Convention for the
Protection of the Ozone Layer), an international treaty designed to protect the ozone layer by phasing out the
production of numerous substances believed to be responsible for ozone depletion. The treaty was opened for
signature on 16 September 1987 and entered into force on 1 January 1989.

% The Kyoto Protocol is an international agreement linked to the United Nations Framework Convention on Climate
Change (UNFCCC). The Kyoto Protocol sets binding targets for 37 industrialized countries and the European
community for reducing greenhouse gas (GHG) emissions. The targets average 5%/yr against 1990 levels over the
five-year period, 2008-2012. The major distinction between the Protocol and the Convention is that while the
Convention encouraged industrialized countries to stabilize GHG emissions, the Protocol commits them to do so.
Recognizing that developed countries are principally responsible for the current high levels of GHG emissions in
the atmosphere as a result of more than 150 years of industrial activity, the Protocol places a heavier burden on
developed nations under the principle of “common but differentiated responsibilities.” The Kyoto Protocol was
adopted in Kyoto, Japan, on 11 December 1997 and entered into force on 16 February 2005. The detailed rules for
the implementation of the Protocol were adopted at COP 7 in Marrakesh in 2001, and are called the “Marrakesh
Accords.” Material in this footnote derives from http://unfccc.int/kyoto_protocol/items/2830.php (downloaded on
31 March 2011).
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Measurements and monitoring in support of GHGIS activities, analyses, and reports would
bestow other benefits, as well, both to the international community, in general, and the US
government and economy, in particular. To cite an example, GHGIS monitoring can target
information useful to gauge the effectiveness of adaptation measures in response to a changing
climate, such as the adoption of dry-land farming practices and energy use and efficiency of
various economic sectors, not only for the US but also globally.
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Figure 1-5. Top plot: Chinese emissions from the Kim et al. (2010) study, referred to as "this study" in the
top legend, and other studies are shown in the top plot. Results from Vollmer et al. (2009) are mostly
higher than from the Wan et al. (2009) and Kim et al. (2010) studies. Differences between Yokouchi et al.
(2006) and Kim et al. (2010) reflect increases in emissions since 2005. Emissions estimated by EDGAR
(2009) are mostly lower. Bottom plot: Chinese emissions as percent of global emissions. Figure from
Kim et al. (2010, Fig. 2).

Important side benefits of the proposed GHGIS are scientific. Their value is difficult to gauge in
its absence,” much as the International Monitoring System (IMS) and its scientific extensions
yielded for solid-Earth dynamics, seismic analysis, improved understanding of intense seismic
events, etc. However, as discussed throughout this report, GHGIS does not target a science
product, even though its value to science is manifest and will be considerable. A scientific system
will have different goals and requirements. By way of example and as discussed in Appendix A,

7 The aphorism that one cannot gauge the future success of a bridge by counting people swimming across a river
seems apt here.
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a large uncertainty at one point may be of great importance for monitoring some future treaty
compliance, but may be of little importance if it represents a small spatial error in the global
carbon-cycle and scientific-modeling framework.

As alluded to above, reliance to date on estimates of GHG emissions has primarily been on
reported inventories, i.e., bottom-up or proxy data, as discussed in Appendix A. The value of the
proposed GHGIS would be a validation of, at best, otherwise verified reports (the distinction will
be discussed below), with extractable information derived from variances between the two, in
excess of their relative uncertainty bounds. For example, assume that Country A, or Region B, or
Sector C emissions levels Ey,, derived from bottom-up estimates, are reported and regarded to be
reliable to within Xy, %, i.e., Evy £ Xpu%. A future GHGIS system based on top-down (direct)
measurements reports emissions levels, Ey, with quantified uncertainties Xq%, 1.e., Ewg £ X%.
Information can be derived if variances in Eyq - Ep, exceed a compounded uncertainty, such as
(Xtd2 + Xbuz)” 2 %, if the processes that lead to the two estimates are independent and
characterized by errors approximately described by Gaussian statistics, for example.

Anticipated needs lead to a vision for the proposed GHGIS concept depicted in Fig. 1-6, as
described in the proposal that led to this study and discussed throughout this report. As indicated
in Fig. 1-6, the proposed GHGIS is a requirements-driven system. A challenge at this writing is
that requirements are difficult to set and depend on the intended use of the GHGIS products, their
accuracy (uncertainty) bounds, and, not least, the cost and schedule of the proposed GHGIS
project development, along with projected operations and maintenance (O&M) costs. Thus,
needs along with feasibility, cost, and other considerations will define a future GHGIS, should
the decision be made to implement it. JASON (2011) recommended an overall accuracy target of
+20% for the larger emitting nations, acknowledging differences that would arise between
cooperative and non-cooperative countries and complications such as the fact that emission
levels per unit land area span a wide range, and an accuracy target for CO, emissions from fossil-
fuel use better than +20% at the 90% confidence level. A requirements framework for the
proposed GHGIS that would provide decision support and consequences of particular accuracy
choices is discussed below and in detail in Chapter 2.

Major technical challenges for the proposed GHGIS derive from the need for the GHGIS project-
development and management of:

1. the complexity, inhomogeneity in measurement density and quality, and disparity of
sensors and their platforms;

2. the diversity of (types of) data and their sources;
the need for measurement data uncertainty quantification (UQ);

4. the need to discriminate anthropogenic from the larger-amplitude natural/biogenic GHG
emissions sources (as illustrated in Fig. 1-7);8

¥ Natural/biogenic carbon fluxes are (or were) in quasi-equilibrium (in the pre-industrial era), i.e., are positive and
negative and balance in the mean. The anthropogenic fluxes of interest in the GHGIS context are much smaller
(~5%), posing a CO, measurement challenge, for example, but are (mostly) of one sign (positive). Altering the
balance of the much larger natural fluxes, even by small fractional amounts, e.g., through feedbacks, can lead to
large changes in atmospheric GHG accumulation rates, posing a second major challenge emissions monitoring
and to the proposed GHGIS, as well as to national and international emissions policies.
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5. reliance on imperfect models whose results must also be accompanied by UQ); and, as
documented in this report;

the operational, as opposed to a science/research, nature of the proposed GHGIS;

the development of and adherence to calibration, verification, and validation processes
leading to reliable, acceptable GHGIS products and reports that can stand up to scrutiny;
and

8. the system engineering and integration of a GHGIS that meets these requirements.
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Figure 1-6. The proposed GHGIS concept.

An important, perhaps the most important, technical challenge of the proposed GHGIS derives
from the environment in which quantitative assessments of GHG concentrations and
anthropogenic-emissions estimates must be made, in the presence of natural processes
characterized by much larger natural (bidirectional) fluxes. This environment presents not only
signal-to-noise ratio (SNR) measurement challenges, but more difficult signal-to-“clutter” ratio
(SCR) challenges that derive from the magnitude of the natural background levels and fluxes in
the presence of which the assessments must be made. The issue is also noted in JASON (2011).
An assessment can be gauged in the fluxes depicted in Fig. 1-7, derived from a graphic in
Houghton (2007), with numbers estimated based on 2005 data.
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The partition between natural/biogenic and anthropogenic emissions is complex. For example,
coal-seam/coal-mine fires are underground smoulderings of a coal deposit, often in a coal mine.
Such fires, once started, are difficult to extinguish. When a coal seam reaches the surface, such
fires can be started by natural causes, such as lightning, grass, forest fires. They can also be
started by human actions, such as accidents during mining operations. Because they burn
underground, they are extremely difficult and costly to extinguish, and are unlikely to be
suppressed by rainfall.’
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Figure 1-7. Terrestrial carbon flux estimates. Numbers are in Pg (Gt) or Pg/yr (Gt/yr). Net uptake
estimates are differences of large numbers that can change (positive feedbacks): the green (bottom,
left) and blue rectangles (bottom, right) indicate net absorption by the land and oceans. The red inserts
(top right) provide rough 2009 updates of the indicated numbers. Graphic based on Houghton (2007,
Fig. 1), with annotations for updated numbers and net uptakes by land and oceans.

Internationally, thousands of underground coal fires are burning now. Global coal-fire emissions
are thought to comprise 3% of annual CO, emissions, with estimates as high as 7-14% of annual
Chinese emissions, for example (Litschke 2005). Hundreds of such fires are burning in the US,
with more than 100 burning beneath nine states, most of them in Colorado, Kentucky,
Pennsylvania, Utah and West Virginia, with many that go unreported (e.g., Cray 2010).
Attribution of coal seam fires to purely natural or anthropogenic causes would be incorrect, yet

° Some of the material on coal seam fires here derives from http://en.wikipedia.org/wiki/Coal_seam_fire, where
more details and references are available.
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they must be tallied, one way or another, and are important considering the fraction of total CO,
and other (e.g., mercury) emissions they are responsible for.

An important issue that will almost certainly influence future mitigation agreements and, hence,
monitoring-system requirements, can be appreciated in terms of global carbon movements as a
result of international trade. Figure 1-8 from Davis and Caldeira (2010) depicts estimates of the
largest interregional fluxes of emissions embodied in trade from dominant net exporting
countries (blue) to the dominant net importing countries (red). Fluxes to and from Western
Europe are aggregated to include the United Kingdom, France, Germany, Switzerland, Italy,
Spain, Luxembourg, The Netherlands, and Sweden. As Peters et al. (2011) note:

A challenge with a territorial-based emission accounting system in the context of a mitigation
architecture is that connections between economies are not directly considered. In particular,
international trade and investment flows provide a link between production and consumption
in different countries. Ignoring these connections might result in a misleading analysis of the
underlying driving forces of global, regional, and national emission trends and mitigation
policies.

As these analyses indicate, tools and means exist to estimate such movements, albeit perhaps not
by top-down means. Should it prove necessary, such information would be incorporated as one
of the bottom-up data streams that GHGIS will likely need to take into account in support of
future agreements. Alternatively and probably preferably, exporting/importing countries could be
responsible for emissions from their territories, regardless, with any related cost/onus that is
attached to their products. Such a regime would obviate tracking emissions as they “move” by
trade across national boundaries.

Figure 1-8. The largest interregional emissions fluxes as a result of international trade (MtCO./yr).
From Davis and Caldeira (2010).

Further complications arise from Mt e isotope-ratio analysis of CO, samples. These rely on
the fact that '*C is added to surface carbon stocks (primarily) by conversion of N, in the
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atmosphere through cosmic-ray action. The '*C half-life of ~ 5700 years implies that carbon
deep underground, e.g., from mined fossil fuels, is depleted of it (cf. discussion in Chapter 5 and
Chapter 7). However, volcanic CO, can also be depleted of "C so the 'C:'*C ratio is not as
definitive if volcanic plume gases contribute to samples.

While an initial prototype GHGIS implementation would likely be capability-driven, i.e., rely on
the collation, reconciliation, and integration of data derived from existing sources and methods,
and, perhaps, the fielding of additional presently available sensors, this study and report
concludes that the top-down (measurement) elements available today that were developed for
other, e.g., primarily science, purposes are insufficient for the task. New purpose-built sensors
and systems will be needed to meet anticipated operational GHGIS goals and requirements, with
accuracy and precision that meet specifications stemming from the system requirements, if they
are to be of value.

In view of this reality, the present study concluded that a GHGIS development effort
could/should be undertaken in two phases that are focused on different deliverables. A Phase 1
effort would deliver a prototype capability-driven GHGIS that integrates available data sources
and analysis methods to produce the best reports based on such data. It is estimated that this
phase could be completed within three years from initiation of adequate funding and the
beginning of this development effort. A Phase 2 effort would deliver an operational
requirements-driven GHGIS, within an estimated ten years after initiation and sustainment of
adequate funding. As the Phase 1 and Phase 2 deliverables are different, the two efforts could
start concurrently, with the Phase 2 effort benefitting from experience gained by the Phase 1
effort, as discussed in further detail in this report.

Estimates of the necessary funding levels to achieve these deliverables depend on requirements
agreed upon by GHGIS developers and its customers. Absent such agreements, meaningful
estimates cannot be arrived at. Studies that would estimate such costs parametrically are
possible, e.g., cost vs. performance, but such analyses are complex and beyond the scope of the
present study and report.

1.1.2 Estimating Surface Fluxes from Concentration Measurements

While it is possible to measure a local GHG species flux directly, e.g., by simultaneous
measurement of its concentration (or mass fraction) and the three-dimensional velocity field at
the same location, what are (and will be) typically measured are GHG concentrations in the
atmosphere, even though what are sought are (anthropogenic) emissions from Earth’s surface.
The deduction of the latter from the former makes use of the species transport equation,
augmented by the equations of motion of atmospheric flow.

As discussed in the proposal that led to this study, further in this chapter, and throughout this
report, the total uncertainty in the final estimates is a composite of errors and uncertainties in
measurement data as well as errors and uncertainties introduced by the data-inversion process
that makes use of atmospheric-transport and other modeling. Quoting from the JASON (2011)
report that also brings this issue to attention (square brackets ours),
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... the performance of a measurement system for CO, emissions (fluxes) depends both on the
[quality of the] concentration measurements themselves and on what is called the “model
inversion” [used] to go from the measured concentrations to the derived emissions.

The theory for performing this estimation is described in Appendix B. The calibration,
verification, and validation processes, as applied to the methodology that provides these
estimates, are described below and in Appendix C. As also discussed below and throughout this
report, UQ must accompany all quantities that contribute to these estimates, ranging from UQ of
measurement data (cf. Chapter 6) to UQ of the results of models used for these inversions (cf.
Chapter 7). Appendix B also describes an approach that can be used to infer surface fluxes with
an uncertainty that can be quantified and is traceable to that of the measurement data accuracy
(and spatio-temporal resolution) and that of the wind field, albeit requiring a high measurement
density in areas of significant interest.

1.1.3 Top-Down Data and Modeling

The vision for the GHGIS sensing system is to rely on a suite of sensors whose output
measurement data are fused and reconciled, and acquire attached estimated UQ metadata as part
of the data-analysis step in the process. These data are provided as inputs to the modeling and
data-inversion part of the process that combines these with other data and prior models of surface
emissions to infer surface emissions sources, as discussed above and in Chapter 7.
Distinguishing the anthropogenic from the natural/biogenic portions occurs largely in this step.

1.1.4 Bottom-Up Data

As discussed in Appendix A, bottom-up data derive from a large variety of sources and estimates
of emissions on the basis of inventories of direct and indirect indicators, such as fossil-fuels
used, night lights, population density, reporting by countries and economic sectors, etc. These
data can exhibit small or large inconsistencies and uncertainties that lead to uncertainty estimates
of £5%, for country-level reports for some of the more developed countries, but perhaps as high
as £16%, or more, for local emissions estimates (cf. Appendix A). Uncertainties can be as large
as £15-20% for some large emitters, such as China (e.g., Gregg et al. 2008), and possibly larger,
especially for some smaller emitters (G. Marland [ORNL], private communication).

Bottom-up data compilations have been proceeding for some time, in support of international
reporting agreements and for other reasons. However, estimated uncertainties in these figures are
primarily the result of reconciliation between different reporting estimates and verification of the
adherence to reporting standards and methods, and while perhaps providing the best emissions
estimates available today, they are characterized by large variances in their estimated uncertainty
levels depending on country, sector, year, etc.

A complication that arises is how one counts and where the separatrix between bottom-up and
top-down data lies. By way of example, bottom-up inventory data can take into account
measurements from sensors installed on power-plant stacks to improve estimates. For the
purposes of GHGIS and as an operational definition, top-down data will be assumed to derive
from GHG and other gas measurements taken after discharge into the atmosphere, i.e., some
distance from exhaust stacks, for example.
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Should a given country agree to reduce its GHG emissions, it may consider itself free to pick the
base year against which to judge progress, even though the Kyoto Protocol prescribes the base
year. Since reliable data on anthropogenic emissions for prior years is lacking, such a baseline
will itself need to be estimated and will therefore be potentially subject to inaccuracy or
manipulation. Furthermore, some nations declared their intent to reduce emissions on a per-
capita or per-unit-GDP (Gross Domestic Product) basis relative to a baseline year. Since
population and GDP are at best estimates (even US quarterly GDP figures are subject to
significant revision in later quarters), these and additional uncertainties will complicate the
analysis task.

1.1.5 Top-Down/Bottom-Up Data Reconciliation

An important part of the GHGIS function is to reconcile bottom-up and top-down emissions
data. As the SF¢ emissions example illustrates above, there can be surprises that while almost
certainly will not be as large for fossil-fuel emissions from developed countries as in that
example, economic stakes of over- or under-reporting can be very large if future emissions
agreements come in force, as the OSTP (2010) report notes and as discussed above. For the
bottom-up/top-down reconciliation and comparison to be meaningful, uncertainty estimates
between the two data streams must become comparable, placing a lower bound on requirements
for the top-down-based GHGIS product. See also Chapter 2.

1.2 Requirements Framework

No requirements for the quantification of anthropogenic emissions were set for this study and,
perhaps, none can be set at this time. As a consequence, this study was conducted targeting, in
part, the definition of a requirements framework. The actual framework would be defined as
requirements are dictated by agreements, or for other monitoring purposes, from which
specifications would flow.

Chapter 2 discusses a requirements framework that would be dictated by the need to detect,
monitor, and ascertain changes in anthropogenic emissions over time. As intimated in parts of
the discussion above and also throughout the report, this is somewhat less challenging than
determining absolute emission levels. The weather and change in the weather are indicated by
changes in barometric pressure, rather than absolute barometric pressure, which may be high, or
low, for a variety of reasons.

Three important issues arise as regards requirements and derived specifications, which in
combination will challenge a future GHGIS further.

Barring unforeseen circumstances such as global catastrophes, CO, concentrations may well rise
to twice their pre-industrial values, i.e., to values as high as 560-580 ppmv. Anthropogenic
emissions at present add, approximately, 2 ppmv of CO, per year. The annual increase may rise
further before emission-mitigation measures, if not fossil-fuel costs/shortages and the
development of alternative energy sources, improved energy efficiency, and new legal/regulatory
environments start to bring new energy technologies within economic competitive reach, and
start decreasing emissions. At present, annual CO, emissions add about 2/380 = 0.5%/yr to
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global background concentrations. Even if the addition of 2 ppmv per year continues until the
560-580 ppmv levels are reached, fractional annual anthropogenic additions will drop to
2/570 = 0.35%/yr, rendering the top-down signal-to-background challenge even greater.

Second, however, if emissions-mitigation measures succeed, and anthropogenic emissions
decrease by 80% of present levels, as some are suggesting, i.e., if they drop to 20% of present
levels by the time a 570 ppmv level is reached, they will comprise 0.07% of background. While
sensing technologies, modeling methodologies, and system integration would also evolve in
parallel, such a signal-to-background ratio would render the goals of GHGIS daunting.

Third, GHG emissions may decrease over time. This may happen for any of a number of reasons,
such as increasing cost/scarcity of fossil fuels, increasing cost-competiveness of
alternative/renewable energy sources, a changing legal/regulatory environment, because climatic
changes render this imperative at some time in the future, or for any combination of these (not
mutually exclusive causes). If anthropogenic GHG emissions decrease by something like 80%,
as some have called for, while accumulation has increased to the values above, then the
anthropogenic signal will be even harder to discern amidst the background concentration levels.
This makes the top-down challenge truly daunting and the requirements needed for a future
GHGIS are not addressable any time soon. Most likely, then, there would be time to respond to
evolving requirements. This issue was not addressed in our study and this report.

1.3 Measurement Data

The proposed GHGIS relies on measurement data from a suite of sensor subsystems to provide
the top-down information, as described above (cf. Fig. 1-6, for example). These differ in the
platforms that carry them, which determine many of their sampling characteristics, as well as the
measurement instrument types (e.g., grating vs. Fourier-transform spectrometers for remote
sensing) and technologies employed. The observational mix and the need and challenge for data
fusion is noted in the OSTP (2010) report that states,

Observations are taken from space, and within the Earth system (in situ), from the air, in the
water, and on and below the land and the oceans. They are measured by sensors and by
people. The data they provide are interpreted, interpolated, and integrated. The myriad of
observations taken today vary widely in purpose and scope and are appropriately distributed
among hundreds of programs under the purview of Federal agencies and other institutions
and individuals. To a large degree, these observations have been only loosely coupled,
coordinated, and integrated, although there are notable exceptions such as the Global Energy
and Water Cycle Experiment (GE WEX). GE WEX successfully integrates activities both
nationally and internationally to better observe, understand, and model the hydrological cycle
and energy fluxes in the Earth’s atmosphere and at the surface, providing a great example of
what can be done. The leap forward can only be achieved with a synergy between remotely
sensed and in situ observations supported by robust, interoperable data systems that allow for
long-term access and archive as well as the opportunity for long-term monitoring and
assessment of status and trends. Increasingly, this promise is being realized, and seemingly
disparate observations are combined in new ways to produce benefits ac