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Abstract

ABSTRACT
The Carbon Cycle describes the circulation of carbon on Earth, moving from one reservoir to
another, in many different chemical and physical forms. For a very long time this process has
been stable. In the last decades, however, we have seen that the equilibrium in this natural
process has been disturbed. It has been concluded by most scientists that this is likely due to
human influences. It is important to understand and, if possible, mitigate human disruption to
the Carbon Cycle, because of the likely link with climate change.
We need to increase our knowledge of the Carbon Cycle to quantify and try to reduce any
disturbances in this important process on our planet. Team RE-FOCUS wants to contribute to
a better understanding of the Carbon Cycle through the identification of gaps in space-related
observation data when following carbon markers. These markers allow us to track, directly or
indirectly, the circulation of carbon in its many forms on Earth.
For each of the three global carbon reservoirs (oceans and sediments, the atmosphere, and the
terrestrial biosphere), we have identified areas where information gained through remote sensing
is inadequate for a detailed understanding of the Carbon Cycle. The reasons for these data gaps
can range from technical to geopolitical and economical. The response of humanity to
environmental issues such as climate change is largely determined by domestic and international
policy, law, and economics, which RE-FOCUS has also considered and evaluated.
In this report, the RE-FOCUS team offers recommendations on how to address the gaps in our
Carbon Cycle data through improved or increased space-based observations. Recommendations
on policy and international cooperation are also included.
As human influences are the main contributors to climate change and changes in the Carbon
Cycle, it is important to raise awareness among the general public. This report suggests an
attractive and novel outreach resource designed to engage the public and specifically young
people in taking up the challenge to better monitor the human impact on our planet.
Team RE-FOCUS believes the Carbon Cycle community can be helped using clear visualization
of carbon-related data. Examples of readily-understandable maps, created with the Giovanni
and ArcGIS software are presented in this report.
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Faculty Preface

FACULTY PREFACE
“It takes generosity to discover the whole through others.”
– Jacques Yves Cousteau (French Explorer, 1910-1997)

Since the dawn of humankind, myths and stories were passed down from one generation to the
next to explain the inexplicable and to understand the uncertainty - like weather or climate.
Today scientists investigating unknown phenomena to uncover the unexplored and to provide
results and facts, still seek to understand nature and its complexity.
The Carbon Cycle is a significant component in the study of climate change – being an
important element of Earth's physical, chemical and biological cycles. The Carbon Cycle and its
reservoirs – atmosphere, biosphere, oceans and sediments – is still far from being appreciated.
In particular the deep seas and their roles as carbon reservoirs are uncharted – ready to be
explored but still challenging for humans, in many ways like space. Space systems provide data
and information to uncover more and more of the unknown and hopefully will continue to
contribute to understanding nature and its complexity.
Thirty-nine dedicated and exceptional participants from seventeen countries and six continents,
with diverse professional backgrounds and personal experience, formed Team RE-FOCUS.
This truly international, intercultural and interdisciplinary group took the challenge of
investigating the Carbon Cycle and to improve its understanding and its public awareness. The
Team Project was part of the 2010 International Space University (ISU) Space Studies Program
(SSP) which took place during July and August at the ISU Central Campus in Strasbourg,
France. In the year of the 100th anniversary of Jacques Yves Cousteau's birth there might be no
better courtesy to the host country than connecting ocean and space exploration and
application.
We, the Team Project staff and faculty, had the pleasure and honor to guide, to support and
work, to celebrate and suffer, but finally succeed with such an impressive, talented and
motivated team. We highly recommend the findings and conclusions of the RE-FOCUS report
as well as the members of the team. May their personal journeys to all the undiscovered places
in their lives on Earth (and hopefully in space) be peaceful, successful and happy.

“However fragmented the world, however intense the national rivalries, it is an inexorable fact
that we become more interdependent every day.”
– Jacques Yves Cousteau

Strasbourg, Alsace, France, Summer 2010
René Laufer
TP Chair
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George Dyke
TP Supporting Faculty

Cesc Betorz
TP Emerging Chair

Joshua Nelson
TP Teaching Associate
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AUTHOR PREFACE
“I have been impressed with the urgency of doing. Knowing is not enough; we must apply.
Being willing is not enough; we must do.”
– Leonardo da Vinci (Italian artist and inventor, 1452 – 1519)

Thirty-nine participants from seventeen countries came together to form team RE-FOCUS –
Respect Earth: Future Opportunities for Carbon Understanding and Sustainability – at the
International Space University in Strasbourg, France. We collaborated on an ambitious project
to understand the importance of the global Carbon Cycle. The cultural diversity of the team
enabled its individuals to produce a substantial report that will inform and inspire people to
think about our place in the Carbon Cycle and act positively to influence our future. The scale
and importance of the topic pushed team RE-FOCUS to work intensively and harmoniously to
arrive at some valuable conclusions.
With enthusiasm and tenacity, team RE-FOCUS researched the scientific, technological and
political understanding of the Carbon Cycle. This was a huge challenge: the extensive Carbon
Cycle community of scientists and engineers has produced a large quantity of data on the topic,
but their conclusions are still debated hotly by policy makers and the general public around the
world. RE-FOCUS has identified a number of important technological and geopolitical gaps
related to the understanding of the Carbon Cycle and its impact on humanity. In this report, we
make recommendations for extra data to be provided to the public, and to allow for them to
make an informed decision on the science of the Carbon Cycle and its links to global climate
change. While many people still resist the idea that human actions are directly linked to climate
change, we believe that accurate information will empower people to make up their own minds
about their environmental responsibility.
The success of the Montreal Protocol in phasing out the harmful materials attributed to ozone
depletion shows the power of the international community when faced with a crisis. Our
research shows that most scientists believe that another crisis is imminent: the harmful
environmental impacts of changes in global temperature. If humans are indeed to blame for
disruption of the Carbon Cycle, leading to global change, we all must have the information to
understand how and why this is happening. Team RE-FOCUS suggests a way of reaching out to
the next generation with a new resource to encourage them to think about the science of the
Carbon Cycle and what can affect it, while still enjoying a childhood game.
RE-FOCUS has received generous support and guidance throughout this project from our
Chair René, Co-Chair George, Emerging Chair Cesc and TA Josh. Without their backing and
encouragement we would not have as much fun, or had the company of some cuddly toy TP
members. We wish to thank them for their timely advice and cheerful approach, and we hope
that our friendships are as successful as our report. We look forward to seeing each other at
future Space Studies Programs.

Team RE-FOCUS
International Space University, SSP 2010
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Introduction

1 INTRODUCTION
What is the Carbon Cycle? It is a fundamental process on Earth. All life forms on Earth are
carbon-based. The movement of carbon within the Earth’s environment is referred to as the
Carbon Cycle. The transit of carbon is characterized by Carbon Cycle markers, which are
variables used to monitor carbon exchange between reservoirs.
Since the industrial era began in the 18th century, humans have been rapidly transforming natural
resources for various types of consumption, in effect transforming large amounts of carbon
from one medium, such as fossil fuels, into another medium, such as the atmosphere. It is
estimated that humans have placed 38 percent more carbon dioxide into the atmosphere than
was present 150 years ago (Etheridge, 1998). Through the study of ice-cores, we know that there
is more carbon dioxide in the atmosphere than there has been in the last 800,000 years (Wolff,
2006). Figure 1-1 presents a graphical overview of the Carbon Cycle, showing the carbon
reservoirs on Earth: the oceans, the terrestrial biosphere, the atmosphere, and sediments (fossil
fuels).

Figure 1-1: The Carbon Cycle
(http://earthobservatory.nasa.gov/Features/CarbonCycle/carbon_cycle4.php)

The study of the Carbon Cycle necessitates the use of integrated terrestrial and satellite remote
sensing technologies because of the nature, diversity, and sheer size of the global carbon
reservoirs.

International Space University, SSP 2010
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1.1

Introduction

Team

The International Space University Space Studies Program team that undertook the Carbon
Cycle project is composed of thirty-nine individuals from seventeen different countries and took
an intercultural, interdisciplinary, and international approach.
The team is known as RE-FOCUS – Respect Earth: Future Opportunities for Carbon
Understanding and Sustainability. Our objectives were:
1. Provide recommendations on how existing space-based Earth observation missions and
tools can be better applied to Carbon Cycle observations (Section 2)
2. Identify where gaps exist in current space-based Earth observation missions and tools
and, if it is possible, to define missions or a program that may address those gaps
(Section 2)
3. Produce a comprehensive report with recommendations for future international
planning to implement space technologies for Carbon Cycle observations (Section 2)
4. Address potential issues of international cooperation, legal, philosophical, commercial
and outreach scope that may arise and other issues that may be identified. Develop
potential models of participation of developing countries and non-governmental
organizations in implementing such future space assets. Consider business and policy
related issues like carbon market dynamics (Section 4)
The requirements for the report are:
1. Briefly study and categorize the types of observations required to monitor the Carbon
Cycle based on requirements expressed by the scientific user community (Section 2).
Contrast with the data needs of the carbon policy community (Section 4)
2. Survey the current and planned satellite projects, systems, missions and programs taking
observations relevant to the study of the Carbon Cycle. Categorize sensors by required
Carbon Cycle observations, and include a review of sensors’ maturity by identifying
sensors that are currently providing operational data flows and those which show future
promise (Section 3)
3. Review the activities of international organizations that consider the Carbon Cycle and
climate change (Section 4)

1.2

Scope

The RE-FOCUS team used the following mission in this report to meet the project objectives:
Improve the use of Carbon Cycle Earth Observation data by evaluation and interpretation
and make recommendations to visualize and track Carbon Cycle markers to empower the
public and Carbon Cycle community.
This mission statement is the result of consultation with numerous experts in the field of
Carbon Cycle research. The RE-FOCUS team recommends the improvement of availability and
use of Earth Observation data, highlighting those areas where data are insufficient, due to
2
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technical or political reasons. It recommends methods to empower representatives from nations
throughout the world to promote an improved understanding of the global Carbon Cycle, and
also improve awareness among the general public about the Carbon Cycle.
The mission can be broken down into four specific objectives:
1. Research and understand the technical and geopolitical infrastructure of Earth
Observations for monitoring the global Carbon Cycle (Sections 2, 3, and 4)
2. Based on our understanding of the technical and geopolitical infrastructure recommend
new implementation techniques and policies to monitor Carbon Cycle climate variables
(Sections 2 and 4)
3. Develop the recommendations for a resource to empower the Carbon Cycle
Community (Section 5)
4. Develop the framework for an outreach resource to empower and create awareness of
the Carbon Cycle among the general public (Section 5)

1.3

Approach

RE-FOCUS considers the Carbon Cycle in terms of three main areas: science and technology,
policy, and education.

Figure 1-2: Interrelationships between domains

We decided to develop our review and ideas in terms of these three interrelated domains.
Science and technology allow us to gain the necessary knowledge and to drive policy decisions.
Education furthers the science but also informs the public which, in turn, influences policy
makers. Education involves detailing and effectively explaining the Carbon Cycle and its
markers while, science and technology explain the Carbon Cycle in terms of its markers, in the
oceans, the atmosphere, and the terrestrial biosphere.
The report catalogs and evaluates terrestrial and space-based remote sensing assets of nations
involved in the monitoring of the Carbon Cycle based on the following criteria:
International Space University, SSP 2010
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•
•
•
•

Introduction

Payload instrument capabilities (such as resolution)
Complementary functionality with other remote sensing assets
Overlap in technical capability between assets which are (or will be) operational
simultaneously
Underlying social and technical impetus for the development of these assets

The report also identifies deficiencies in international remote sensing capabilities. The report
includes an assessment of the level of international cooperation and collaboration in remote
sensing and environment monitoring programs. A framework is defined for improved
coordination of international remote sensing efforts to monitor the Carbon Cycle.
Finally, tools for visualization of the Carbon Cycle data are discussed, and an outreach resource
is proposed. This resource is a game proposal, which includes content, format, and marketing as
aspects.

4
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Science and Technology

2 SCIENCE AND TECHNOLOGY
In the late 1980s, widespread recognition that halogenated hydrocarbons were depleting the
stratospheric ozone layer led to the Montreal Protocol; a plan to eliminate the use of ozonedepleting substances (UNFCCC, 1987). This was an example of exceptional international
cooperation and a success for environmental stewardship. Today, uncertainties and lack of
understanding of the outcomes in elevated greenhouse gas levels inhibit decision and policy
action. To achieve success similar to the Montreal Protocol, a higher understanding of the global
Carbon Cycle is needed. This will lay the groundwork for well-informed, evidence-based policy
action (Ciais et al., 2010).
This section of the RE-FOCUS report identifies deficiencies of the Carbon Cycle community`s
ability to monitor and track the Carbon Cycle. Through an analysis of Carbon Cycle markers,
datasets, and literature, we have identified weaknesses of observing systems. Carbon markers
include direct measurements of carbon concentrations as well as essential climate variables.
Innovative concepts improving this ability will then be presented. Well-documented
improvements in monitoring the Carbon Cycle, such as a technology review, are included in
Section 3.
For the purposes of this report we have grouped the Carbon Cycle into three domains:
•

Atmosphere: Concentrations of carbon dioxide and methane in Earth’s atmosphere
are now at higher levels than at any other time in the past 20 million years (Ciais et al.,
2010). Nearly half of anthropogenic carbon dioxide emissions are released into the
atmosphere. Disturbing the natural balance of carbon dioxide and methane
concentrations leads to an amplification of the greenhouse effect. Effects resulting from
this change are uncertain

•

Oceans: The ocean is a large, complex and highly delicate environmental domain,
holding large amounts of carbon. Over the past 200 years, the oceans have absorbed an
estimated 40 percent of anthropogenic carbon dioxide (Ciais et al., 2010). Markers
within the ocean system including carbonates, bicarbonates, pH level and temperature
greatly influence the amount of methane and carbon dioxide oceans are able to absorb
and store. Variations from current values could have large implications within the
Carbon Cycle through positive feedback

•

Terrestrial Biosphere: Carbon reserves within the terrestrial biosphere are important
due to their high variability and unpredictability. Since carbon within the biosphere is
mainly stored in living organisms, carbon sinks can quickly become carbon sources

A thorough knowledge of the system and markers involved is critical to understand fluxes
within carbon reservoirs and feedbacks that are commonly associated with these fluxes. An
understanding and ability to forecast the future of this system is important due to its inherent
relation to the global climate system.
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Space Systems

Space systems are critically important technologies for our society. However, these ubiquitous
systems are largely transparent to the general public and therefore usually go unacknowledged.
Remote sensing of the Earth using satellites is an important contributor to global climate
observations. Over half of the 45 Essential Climate Variables recognized by the United Nations
Framework Convention on Climate Change (UNFCCC) are measured using remote sensing
technology (CEOS, 2008). Generally, remote sensing technologies can be broken into two
groups,- active and passive -, that provide different sensing capabilities.
Passive sensors rely on detection and characterization of the reflected or emitted energy from
the Earth. Typical spectral coverage ranges from the visible band to the infrared, with multiple
spectral measurements typically being combined to yield the final data product. Recently, with
the introduction of multi-spectral and hyperspectral technologies, the capabilities of passive
remote sensing instruments have been significantly expanded.
Active sensors use energy to illuminate the entity under study, and then measure the reflected
energy to create the final image. Through complex processing, active sensing enables the
analysis of complex environmental characteristics such as the density of forests, the relative
health of vegetation, and subsurface geology.
Demonstrating the wide range of instruments used from space, the following list shows
instruments in use on a variety of satellites (CEOS, 2008).
•
•
•
•
•
•
•
•
•
•
•
•
•

2.2

Atmospheric chemistry instruments
Atmospheric temperature and humidity sounders
Cloud profile and rain radars
Earth radiation budget radiometers
High-resolution optical imagers
Imaging multi-spectral radiometers (Vis/IR)
Imaging multi-spectral radiometers (passive microwave)
Imaging microwave radars
LIDARs (Light detection and ranging using lasers)
Multiple direction/polarization instruments
Ocean color instruments
Radar altimeters
Scatterometers

The Oceans and Sediments

The oceans cover more than 70 percent of Earth’s surface, and play many key roles in the
climate system and the consequent habitability of the planet. One of these roles is the capture of
a substantial portion of global carbon. This effect is still being studied and the scientific
community does not yet understand all of the mechanisms involved.
The role the oceans play in the Carbon Cycle is not well understood because we have little
6
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information about the oceans themselves. Approximately 90 percent of the ocean’s volume is
rarely accessed in the course of routine or even specialized human activity. The remoteness of
much of the ocean and its hostile environment make it exceedingly difficult to investigate. Some
major ocean systems are outlined broadly, yet there is very little continuous comprehensive indepth monitoring of ocean activity. There are only very recent global efforts to integrate existing
mechanisms and policy directives regulating ocean and global Carbon Cycle monitoring
technologies and data. In part, our lack of knowledge stems from the belief that a superficial
understanding of the oceans is sufficient: until recently it has been thought that the oceans are a
stable planetary mechanism. However, closer investigation indicates that the oceans are a highly
complex, delicate system that is exceptionally sensitive across many input domains and which
has been and remains extremely variable with substantial consequences for the planet.
Because of current technological limitations, most carbon monitoring occurs at the oceanatmosphere interface and thus remains inadequate for comprehensive analysis of the ocean’s
role in carbon cycling. Ocean-atmosphere interface sensing is extensively performed by remote
sensing satellites across key spectral bands, yet much satellite carbon detection is at least partially
dependent on in situ measuring technologies. Projections for technological development indicate
that deep-ocean carbon evaluation will remain as an in situ process engaging satellite technology
for data transfer.
We provide information about methane and pH-level and associated carbonates and
bicarbonates. We will describe two important ocean components, the Ocean Conveyor Belt and
the ocean sediments. We will finish the section by describing the current status of how
organizations and governments try to find information on the oceans and give our
recommendations on improving knowledge about the oceans on this subject.
2.2.1

Carbon Cycle Components in the Oceans

Methane

One of the most important components of the Carbon Cycle and of global warming is methane
(CH4). Microorganisms in decaying organic matter and human activities create methane by
natural means. The understanding and quantification of the methane cycle as part of the Carbon
Cycle is a fundamental aspect to be considered. Methane in oceans is present in multiple forms,
either captured in deep ocean sediments, in decaying organic matter, or trapped in ice masses.
Methane is an order of magnitude more potent as a green house gas than CO2. More than half
of methane emissions are anthropogenic (Frankenberg et al., 2005), but further understanding
of the methane global budget and influence on Carbon Cycle is needed. Emissions from
wetlands and rice cultivation, for example, positively feedback into climate change (Bloom,
2010).
About half of the methane emitted into the atmosphere from natural sources comes from ocean
sediments (Alperin and Hoehler, 2010). The ocean floor holds around 10 trillion tons of
methane (Zimmer, 2001). The methane cycle is complex, as there are whole microorganism
ecosystems in the deep ocean floor sediments which feed on methane (Zimmer, 2001). Under
the pressure of the deep, methane and water freeze into a solid crystalline state (clathrate
hydrate) to form methane hydrates where methane molecules are trapped in the ice lattice
formed by freezing water. At depths greater than 500 m, methane hydrates can be found in and
under marine sediments, on the sea floor and also in or under permafrost (Haq, 1999). This
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methane is largely derived from the decay of organic matter, and constitutes a volume almost
double that of the known carbon fossil fuel store. Subsea permafrost and sea surface ices are
supersaturated with methane, when compared with the atmosphere. The melting of polar ice
caps and of permafrost can lead to a massive release of CH4 into the Arctic atmosphere
(Shakhova et al., 2010).
Acidification

About 30 percent of the human production of CO2 in the last 200 years has been absorbed by
the oceans causing a slight acidification of its waters (Sabine et al., 2004). Dissolved CO2 reacts
with water forming carbonic acid, which in turn decomposes into bicarbonate and a free
hydrogen atom. The remaining hydrogen atom can also be released, leaving the carbonate ion
(CO32-), as shown in the following equilibrium equation:

Acidification, coupled with surface temperature rise (Cantin et al., 2010), has detrimental effects
on marine life (Kerr, 2010). The ocean is absorbing more CO2 from the atmosphere to maintain
the atmospheric equilibrium, which causes the aqueous CO2 concentration to rise, resulting in a
decrease in carbonate ion concentration (Orr et al., 2005). This decrease causes marine
organisms that use calcium in their structures – coral reefs and mollusks – to have difficulties in
forming and maintaining biogenic calcium carbonate (CaCO3), the building blocks of their
structure (Zeebe, 2008). It has been seen in the past that calcareous nanoplankton can adjust to
ocean acidification (Erba et al., 2010), and other experiments have shown that the long term
effects on marine life are unclear (Fabry, 2008).
The Ocean Conveyor Belt

The Ocean Conveyor Belt (OCB) is a global ocean circulation system that transfers cool
subsurface water to the surface and warm surface water to the deep ocean. One complete
circulation cycle of the OCB is believed to take approximately 1000 years, and its mechanism
has a profound effect on the Earth’s climate system. The OCB mixes the ocean and maintains
the balance of salinity, CO2, carbon, CH4, nitrogen and other key Carbon Cycle components
within the ocean. It is believed that the OCB operates as the main sequestration mechanism for
the ocean’s CO2 reservoir by transferring captured surface CO2 to the ocean depths. Warm
water is pulled to the ocean depths in the Norwegian Sea and cold water rises to the surface in
the Indian Ocean and northern Pacific Ocean (see Figure 2-2).
The surface of the ocean is the main connection with the atmosphere. This is where dissolved
compounds in the ocean are vaporized by lower pressure and higher temperature (Turco, 1997).
Vapor and rain in the atmosphere also transfer into the ocean at the surface (Turco, 1997).
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Figure 2-1: The Ocean Conveyor Belt
(http://www.nasa.gov/topics/earth/features/atlantic20100325.html)

2.2.2

Ocean Sediments

Sediments, especially in the oceans, represent long-term reservoirs for carbon. There are two
main sources for these sediments: the precipitation of the remains of oceanic animals and plants,
and rivers that transport sediments from inland to the coastal ocean.
Phytoplankton communities take up CO2 from the water to build their physical structures.
When they die, they can be recycled into the biological process (i.e., eaten by zooplankton) or
they can precipitate into the deep ocean, and because ocean circulation is so slow, that carbon
can be stored and sequestered for hundreds or thousands of years. This process is called a
biological pump, because it removes carbon from the ocean and atmosphere systems for long
periods of time.
Sediments can be returned to the surface in many forms, including as limestone and fossil fuels.
They may be brought to the surface through many ways, including geological processes (that is,
tectonic action), and human action. The carbon in these materials is then released to the
atmosphere, through mechanisms such as combustion of fossil fuels, and weathering of rocks.
Remote sensing of the ocean is limited by the opacity of water to electromagnetic radiation.
Only the ocean’s surface can be observed from space. In coastal areas such as estuaries and
deltas, the water constituents, such as chlorophyll can be mapped using remotely-sensed ocean
color data (Liu et al., 2009). This data, in conjunction with in situ correlation of deep ocean
techniques including ocean drilling and seismic reflection profiles, can be used to determine the
thickness of the sediments.
2.2.3

Status

The European Space Agency’s environmental research satellite, Envisat, includes the
SCIAMACHY instrument (SCanning Imaging Absorption spectroMeter for Atmospheric
CartograpHY), which measures CO2, CH4, and other gases. The JAXA GOSAT (Greenhouse
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gas Observing SATellite) is another satellite devoted to the remote measurement of CO2 and
CH4. In February 2010, GOSAT finished its calibration phase and it is now distributing data
products to users. Several other remote sensing programs to monitor atmospheric CO2 are
presently under development, and will become operational within the next decade (refer to
Appendix, Table 9-1 for more information).
The EU Integrated Project EPOCA (European Project on OCean Acidification) is devoted to
the study of ocean acidification and its consequences and comprises one hundred researchers
from nine countries. This project is also supported by non-EU agencies. However, no mention
of space-based measurements has been made in their reports. They have done some work on
estimating the sea surface alkalinity from temperature and salinity measurements (Lee et al.,
2006).
There are ongoing projects to study the deep ocean with automatic rovers and floaters. One of
these projects is called Argo: researchers use floaters to dive into the sea to a depth of 2,000 m
before returning to the surface and transmitting the signal using satellites for communication
(UCSD, 2010). This has proven to be an efficient way to gather information about the deep
ocean using automated systems. The Argo project has a network of 3,000 floaters spread around
the world.
2.2.4

Recommendations

The work of exploring the oceans is international, not simply because the oceans touch on many
shores, but because the oceans dominate the regulation of the entire planetary biological
domain. Contributions from every country are required to support an ongoing investigation of
both the oceans and their role in the global Carbon Cycle.
RE-FOCUS recommends a widespread and encompassing network of remote sensing devices
that are integrated into existing satellite communication systems. This would enable continuous
spatial and temporal sensing for all regions of the ocean at the surface-atmosphere interface to
the seabed some 10 kilometers beneath. Of major importance is determination and monitoring
of the deep ocean currents system (the OCB), the mechanisms of carbon transport across the
ocean realms, and the variety of carbon phenomena comprising the ocean Carbon Cycle. The
chief difficulty is the extreme environment: violent currents, intense pressures and vast volume,
making in situ and space-based system processing problematic. Furthermore, the forms of
carbon that are in the oceans necessitate measurement by indirect means, making data collection
difficult. Thus, instrumentation must be highly robust, must require low maintenance despite
the required high degree of calibration, and must be able to sense across a wide variety of
conditions to provide sufficient understanding of the oceanic Carbon Cycle.
Current deep-ocean explorations use unmanned ocean gliders. These gliders need to surface to
receive GPS signals and to send the telemetry data (Rudnick et al., 2004; O'Reilly et al., 2007).
Team RE-FOCUS proposes that the buoy network be enhanced with the capability to
determine their position using GPS signals and send an Underwater Acoustic Positioning
Systems (UAPS) signal through the water for submarine positioning. Autonomous deep-ocean
gliders could then use the UAPS to avoid the need for continuous surfacing and allow for
longer data acquisition periods (Figure 2-3). The ocean glider then can determine its position by
triangulation, as done in satellite navigation, and send it along with data to and from the closest
buoy. The buoys would in turn forward data to ground bases using a satellite link. These deep
10
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ocean gliders can contain a combination of space technology and materials as well as groundbased measurement devices that can withstand high pressure and great depths (Guay and
Bishop, 2002; OPTSENS, 2010). The deep ocean gliders will build upon the Argo project and
will provide new measurements at greater depths. This combination of space technology and
non-space-based measurement devices will enable the investigation of previously hidden parts
of the Carbon Cycle.

Figure 2-2: RE-FOCUS proposal for UAPS navigation

To advance data acquisition of the oceanic sources and sinks of the Carbon Cycle, a
combination of space technology and proven laboratory measurement techniques using
submarines, research and commercial surface vessels, and buoys, currently exist for terrestrial
monitoring of oceanic Carbon Cycle markers. Many of these are in their infancy and have not
been implemented or deployed. These technologies lack sufficient power sources and data
storage for the required long-duration missions. Developed space-based technologies are
specifically designed to be robust in terms of lifetime and redundancy when it comes to data
acquisition and transfer allowing for observation of ocean-based Carbon Cycle markers.
Incorporating new nodal based wireless data transfer technology (MIT, 2010) will promote
investigation into ocean depths that technical barriers have previously prevented access to.
Of the many potential sensor technologies we focus on optical properties of CaCO3 to observe
Particulate Inorganic Carbon (PIC) in seawater birefringence. This spectral technique uses the
properties of a mineral crystal to split an incident beam of linearly polarized light into two
beams of unequal velocities (Guay and Bishop, 2002). PIC is important to deep-ocean
observations and measurements because:
PIC formation results in a net reduction of total dissolved inorganic carbon
species and contributes to the flux of sinking particles that transport carbon
International Space University, SSP 2010
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from the surface to deep ocean (i.e., the biological pump). But PIC formation
also decreases alkalinity and increases pCO2 in surface marine waters, thereby
reducing the capacity of the ocean for taking up atmospheric CO2. While it is
clear that PIC plays an important role in marine carbon cycling, much remains
unknown about the processes governing its formation, transport and remineralization (Bishop, 1989; Milliman et al., 1999)
Satellite remote sensing techniques have been used to observe the occurrence of
coccolithophore blooms (e.g., Brown and Yoder, 1994), but these provide
information only about the surface layer of the ocean or are hampered by cloud
cover. Neither the onset nor the dissipation of coccolithophore bloom has been
observed (Guay and Bishop, 2002).
The development of a sensor system to monitor and record CaCO3 distribution and
concentration in the oceans is essential for reinforcing the present understanding of both the
oceans mechanisms for sequestering carbon, and of the Carbon Cycle as a whole.

2.3
2.3.1

Atmosphere
Background

Beginning with the appearance of the first plants two billion years ago, much of the primordial
atmospheric carbon dioxide (CO2) was converted into oxygen. This process continues today,
resulting in the present atmospheric composition of approximately 78 percent nitrogen and 21
percent oxygen. With the beginning of the industrial era (1750), the use of fossil fuels has
released about 300 gigatonnes of carbon (GtC), of which half has accumulated in the
atmosphere. Current estimates suggest that the atmosphere now contains 800 GtC, stored
mainly as CO2. Presently, it is believed that if human activity continues unabated, this level will
increase by 70 percent by the year 2100.
To illustrate this trend, we have generated images showing annual national CO2 output in 1966,
1986, and 2006 (Figure 2-3).
The major atmospheric Carbon Cycle components are carbon dioxide (CO2), carbon monoxide
(CO), and methane (CH4). Carbon dioxide and CH4 are the most important anthropogenic
greenhouse gases. Greenhouse gas emissions, including CO2, are slow to dissolve in the
atmosphere.
Concentrations of atmospheric CO2 and other greenhouse gases continue to increase at an
accelerated rate due to anthropogenic emissions. Present levels of CO2 and CH4 are likely higher
now that they have ever been over the last 20 million years (Ciais et al., 2010).
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A

B

C
Figure 2-3: CO2 emissions in the years 1966 (A), 1986 (B) and 2006 (C)
Created by team RE-FOCUS with Google Public Data

In support of standardization of Carbon Cycle research, the World Meteorological
Organization’s Global Climate Observing System, (GCOS) defined the Essential Climate
Variables (ECVs), representing a standardized series of biological, chemical, and physical metrics
through which changes in the environment can be monitored. There are 45 ECVs covering the
biosphere, hydrosphere, and atmosphere.
Significant ECVs related to atmospheric transport of carbon are temperature, pressure, wind
speed and direction, water vapor, and solar radiation. Careful monitoring of the uptake of
anthropogenic CO2 using these variables will enable the Carbon Cycle community to evaluate
the effectiveness of efforts and policies to reduce or sequester carbon emissions.
2.3.2

Mathematical Modeling of Atmospheric Carbon Transport

To decrease the effect of greenhouse gases, and to stabilize atmospheric CO2 and CH4
concentrations, it is essential to have a quantitative knowledge of the natural fluxes and human
influences on the Carbon Cycle. This knowledge is difficult to obtain because of the dynamic
nature of the underlying processes involved. Methods to directly identify carbon sources and
sinks at the surface of the Earth are limited by a lack of sufficient temporal and spatial
resolution in measurement techniques. To compensate for these limitations, mathematical
International Space University, SSP 2010
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models have been employed to reduce some of the difficulty in the detection and tracking of
carbon. One example of these modeling techniques is the inverse modeling of atmospheric
carbon transport.
Inverse modeling of atmospheric carbon transport requires that carbon researchers account for
observed carbon flux levels, known sources of measurement error, and carbon transport
mechanisms. Using these variables as inputs, the inverse modeling technique yields estimates of
atmospheric carbon concentrations that can be compared with the empirically measured levels.
Discrepancies between forecasted and measured carbon levels are used to identify areas for
further improvement of measurement techniques. Figure 2-4 presents a graphical overview of
the modeling process.

Measurement Data
(Non-Space &
Space observations)

Inverse
Model

Driver
Data

Forward
Model

Surface
Fluxes

Atmospheric
Transport

Model
Data

Figure 2-4: Interactions between research and measurement.

Since the inverse modeling technique is heavily reliant on accurate measurements of the
atmospheric carbon concentrations, the fidelity of the observational techniques used to perform
these measurements must be examined.
Current atmospheric observation types can be split in three major domains: ground-based,
aircraft observations, and satellite remote sensing.
2.3.3

Atmospheric Observations

Ground-based Measurements

One of the first ground-based atmospheric CO2 observatories to be established was the Mauna
Loa Observatory (MLO), in Hawaii. Since 1957, the MLO has grown to become the foremost
long-term atmospheric monitoring facility on Earth, and continues to monitor the everincreasing concentrations of global atmospheric CO2.
To provide a continuous measurement of atmospheric carbon dioxide, the MLO pioneered the
use of flask sampling where instrumentation is placed at ground level, or attached to a tall tower
at regular height intervals to obtain samples across a sizable atmospheric cross-section.
Flask sampling is still widely used, with more than 150 sites around the world, including the
Global Atmosphere Watch network, and the National Oceanic and Atmospheric Administration
14

International Space University, SSP 2010

RE-FOCUS

Science and Technology

(NOAA) Global Monitoring Directorate Flask Network, which accounts for 112 of the
monitoring locations (Figure 2-5).

Figure 2-5: Aircraft-based Flask Sampling
(http://www.geos.ed.ac.uk/abs/research/micromet/Current/airborne/instruments/)
Table 2-1: Summary of carbon observation networks and activities
(TREE-1098, 2009)

Network or activity
Global Atmosphere
Watch
Global Flask
Network
International Ocean
Carbon Coordination
Project
Fluxnet
Global Carbon
Project

Orbital Carbon
Observatory
Carbon Dioxide
Information Analysis
Center

Description
Atmospheric chemistry part of
the Global Climate Observing
System
Takes monthly air samples for
analysis by NOAA
Coordinates measurements of
the Carbon Cycle in the oceans
Network of terrestrial carbon
fluxes sites
Project of the Earth System
Science partnership to do
coordinated research on the
Carbon Cycle
Example of space-based carbon
observations
Data centre for carbon-related
data sets

Web address
http://www.wmo.int/pages/prog/are
p/gaw/gaw_home_en.html
http://www.esrl.noaaa.gov/gmd/ccgg
/flask.html
http://www.ioccp.org

http://www.fluxnet.ornl.gov
http://www.globalcarbonproject.org

http://www.oco.jpl.nasa.gov
http://www.cdiac.ornl.gov

Aircraft Observation

To obtain measurements at altitudes higher than those obtainable through the use of groundbased systems, aircraft-based measurement platforms have been developed.
Aircraft-based measurements of atmospheric carbon levels are made using one of two methods:
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Regular Flights of Small Aircraft Over Precise Locations
Since its inception in 1992, NOAA and its Earth System Research Laboratory (NOAA/ESRL)
Carbon Cycle Greenhouse Gases (CCGG) group's aircraft program has been dedicated to the
collection of air samples in vertical profiles over North America. The program's mission is to
capture seasonal and inter-annual changes in trace gas mixing ratios throughout the boundary
layer and free troposphere (up to 8000m). At present, most flights collect 12 flask samples at
different altitudes. These samples are stored in glass flasks for later analysis of atmospheric
levels of CO2, CO, N2O, CH4, H2, and other trace gases.

Commercial Flight Atmospheric Collection
To expand the range and frequency of aircraft-based sampling programs, instrumentation is
now being deployed on commercial aircraft.
The Integration of routine Aircraft measurements into a Global Observing System (IAGOSERI) project is one of several European Research programs launched in 2008. Expanding upon
the proven techniques developed during the MOZAIC project (1994-2007), IAGOS-ERI
performs measurements of ozone and water vapor using instrumentation carried within an
airliner (Airbus) in commercial service (shown in Figure 2-6). This program will establish and
operate a distributed infrastructure for long-term observations of atmospheric composition,
aerosol and cloud particles on a global scale from a fleet of initially 10-20 long-range in-service
aircraft of internationally operating airlines. The monitoring technique consists of small, fully
automatic measurement instrument aboard an A-340 long-range aircraft of the Deutsche
Lufthansa. The instrument is installed in the avionics bay below the cockpit next to a special
flange which carries the air inlets for the MOZAIC instruments. An avionic oxygen cylinder is
mounted under the instrument to collect the atmospheric chemistry components samples.

Figure 2-6: Monitoring Technologies for Commercial Aircraft
(http://www.fz-juelich.de)

Additional measurement techniques, such as Unmanned Aerial Vehicle (UAV) and
meteorological balloon payloads, may also be employed, but investigation of the capabilities of
these systems is beyond the scope of this report.
Satellite Remote Sensing

Satellite observation of CO₂ and CH₄ concentrations are pivotal to improving the spatial
coverage of the in situ networks, particularly where there are large gaps in coverage.
The SCIAMACHY instrument, operating on the European environmental satellite ENVISAT,
represents the first dedicated use of space technology to provide sensitive atmospheric CO₂ and
CH₄ measurements at all altitude levels. Future spacecraft, such as the US OCO-2, or the newlyoperational Japanese GOSAT, should provide total column CO2 concentrations on a monthly
timescale to an accuracy of one percent, at spatial resolutions of 1000 x 1000 km.
16
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Figure 2-7: Sample SCIAMACHY image for global methane concentration in 2005
(http://esamultimedia.esa.int/images/envisat/Symposium_Report_Hi.gif).

For comparison, global plots showing seasonal atmospheric methane concentrations (Figure 28) were generated.

A

B
Figure 2-8: Methane concentration in the atmosphere in summer (A) and winter (B)
Created by team RE-FOCUS using Giovanni
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Gap Identification

After reviewing the monitoring technologies used to track atmospheric carbon markers (Section
2.3.3), the RE-FOCUS team has identified some gaps in current monitoring techniques.
Numerical simulation

The development of additional mathematical modeling and simulation tools to improve our
understanding of the mechanisms underlying the Carbon Cycle is still required. Atmospheric
transport models based on inversion methods are insufficient to characterize the relationships
between different elements in the Carbon Cycle accurately (Heimann et al., 1998).
Limited Number of Reliable Measurements

The most serious limitation of the inversion methodology is the limited number of observations
available the World Meteorological Organization (WMO), recorded in its World Data Center for
Greenhouse Gases (WDCGG) Data Summary (WMO, 2009) a total of 193 and 177 submissions
from reliable observation sites of CO2 and CH4 concentrations respectively. High areas in the
world tend not to be covered by the current observation, especially in regions of South America,
Africa, Asia, the geographic poles, and mid-oceanic expanses.
Non-Space Observations Limitations

Terrestrial measurement techniques, such as the use of tall towers, enable continuous
atmospheric monitoring at different altitudes with high resolution, but are incapable of
providing coverage at significant altitudes in the upper part of the Planetary Boundary Layer
(PBL). Airborne research tools compensate for this to a limited extent, providing a means to
obtain high-altitude environmental data, but only over comparatively limited geographical
regions due to the infrastructure required to support such research (Watat et al., 2005).
A serious operational limitation is the calibration of the measurements for not only the tall
towers, but especially for very small urban sites, which can provide non-calibrated
measurements data (Wunch et al., 2010).
Space Observations Limitations

Although satellites offer global measurements of atmospheric composition and they can fill the
spatial gaps of the in situ and aircraft measurements, current satellite instruments have lower
resolution and accuracy than the non-space observations (Ciais et al., 2010).
Other limitations of remote sensing systems can be the comparatively low temporal resolution
for some types of measurements – which later affects historical data continuity – and the
inability of some passive systems to function effectively in the absence of sufficient solar
illumination (increased impact in mid and high latitudes) (Heaps and Goddard, 2010).
2.3.5

Recommendations

In response to the technological gaps identified in the monitoring of atmospheric carbon
markers, the RE-FOCUS team provides the following recommendations:
1. Resources required for the improvement of existing atmospheric models should be
augmented. This would improve understanding of atmospheric processes related to the
transport and storage of carbon. We recommend that this include the allocation of
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additional computational hardware and human resources (information technology
experts, software architects, scientific researchers, and field support personnel), to be
applied with a specific mandate to improve upon current atmospheric and climatic
models.
2. To compensate for the lack of high-resolution measurement data obtained at different
levels of the atmosphere, the following measures are recommended:
•
Increase the number of ground-based monitoring sites around the world that
provide high-resolution measurements of atmospheric climate variables, including
carbon concentrations. Preference should be given to locations where coverage is
presently lacking, such as South America, Africa, Asia, and Antarctica. At least 1000
measurement sites are required to provide comprehensive global coverage (GEO,
2010)
•
Equip new and existing communications towers (television, mobile
telecommunications, and radio broadcast) in both developed and developing
countries with passive monitoring instrumentation for atmospheric carbon
monitoring

Figure 2-9: Locations of communications antennas and central station
•

Increase the number of sites equipped with Fourier Transform Spectrometry (FTS)
around the world for total column carbon measurements

3. In regions subject to large seasonal thermal variations in the local atmospheric
environment, the PBL altitude increases beyond the nominal range of ground-based
measurement systems. In these regions the RE-FOCUS team recommends the
following:
•
Use sounding balloons to increase the number and temporal resolution of
atmospheric measurements (Reference of 200 radiosondes)
•
Develop a new observation system using small Unmanned Aerial Vehicles (UAV)
with Global Positioning System (GPS) navigation, capable of operating over
altitude ranges encompassing the entire PBL column
•
Establish a permanent atmospheric monitoring observation system using
commercial aircraft
4. To improve satellite remote sensing measurements, the RE-FOCUS team recommends
focusing efforts on the following activities:
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Improve the coordination between remote sensing and in situ data collection
systems through the creation of a Universal Access Index (UAI) that references the
different space-based and terrestrial observation data
Improve the coordination between the national space agencies and organizations
involved in Earth observation from space, for example NASA, NOAA, JAXA,
ESA and others, to aid in the development of a long-term international remote
sensing program for the monitoring of atmospheric carbon content
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Figure 2-10: Inputs and outputs to the Universal Access Index

5. We recommend that WMO standards, as defined by the GCOS ECV, be universally
adopted for atmospheric carbon and environmental measurements conducted using
space-based and terrestrial means, to improve the compatibility and exchange of data
between them.

2.4

Terrestrial Biosphere

The terrestrial biosphere is the sum of all ecosystems on land. It includes interactions between
living beings and elements of the earth’s crust, water bodies and atmosphere. Examples of the
main agents in the terrestrial part of the Carbon Cycle are forests, plant litter, biomass, humus,
grasslands, permafrost, and peat.
In support of standardization of Carbon Cycle-related research, the World Meteorological
Organization’s Global Climate Observing System, (GCOS) has published the Essential Climate
Variables (ECVs). There are 45 ECVs for the terrestrial biosphere, hydrosphere, and
atmosphere. The ECVs relating to the terrestrial biosphere are: river discharge, water use,
ground water, lake levels, snow cover, glaciers and ice caps, permafrost and seasonally-frozen
ground, albedo, land cover (including vegetation type), fraction of absorbed photosynthetically
active radiation (fAPAR), leaf area index (LAI), biomass, fire disturbance, and soil moisture.
To illustrate the variability of the biomass in the terrestrial domain, images of global vegetation
in summer and winter were generated with the ArcGIS visualization tool (Figure 2-11).
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A

B
Figure 2-11: Vegetation in Summer (A) and Winter (B)
Created by team RE-FOCUS using ArcGIS

Since the terrestrial domain absorbs the greatest proportion of global CO2 emissions (Ciais et al.,
2010), understanding the terrestrial carbon fluxes and reservoirs is crucial. Variations in
topography, densities of biomass, and difficulties in modeling the behavior of biological
processes are the main obstacles to this understanding.
International cooperation has led to an improved understanding of the interrelationships
between forests, deserts, fossil fuels and soils. This has allowed for the creation of resources
such as biosphere maps. Remote sensing techniques have also demonstrated a strong capability
for tracking and quantifying biomass and structural changes in biosphere systems.
Key information is still missing such as the terrestrial biomass data from developing nations
(including satellite coverage and terrestrial-based data sets, such as FluxNet) and faithful
correlation of ground-truthing to remote sensing data. Replacement satellites are needed for
aging systems, as well as greater use of new technologies such as Interferometric Synthetic
Aperture Radar (InSAR) and LIDAR.
2.4.1

Recommendations

To understand the movements of carbon within the terrestrial biosphere, we address the
following areas in remote sensing applications and space-based systems:
• Monitoring of the above-ground biomass through greater access to satellite-derived
data
• Methods to improve our understanding of the effects and magnitude of fire
• Methods to observe CO2, water vapor, methane and other greenhouse gases interacting
with the terrestrial biosphere
• Methods to quantify organic carbon pools (organic soil, crops and wood products)
Correlate Ground Data and Satellite Data Resolution

Approximately 10 percent of the Earth’s surface is covered by forest (Waring and Running,
1998). This relatively small percentage is nonetheless responsible for between 77 to 82 percent
of the total terrestrial carbon reserve (Houghton et al., 2001). Deforestation and forest
degradation account for up to 30 percent of anthropogenic carbon emissions (Goetz et al.,
2009). For this reason, accurate estimates of forested areas are essential to the understanding
and monitoring of the Carbon Cycle.
To track exchanged carbon on forestry areas we can choose different carbon markers, like
fraction of absorbed photosynthetically active radiation (fAPAR), leaf area index (LAI) or above
ground biomass (AGB). fAPAR provides information about the strength and location of
International Space University, SSP 2010
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terrestrial carbon sinks, but it cannot be measured directly. Instead it is estimated through
combining different models and remote sensing observations (GCOS 92, 2004). This makes the
use of this marker more complicated.
The Leaf Area Index is a direct measurement of the forest canopy area in an imaged region.
However, accurate measurement of this marker from space is complicated by ground reflectance
phenomena due to soil properties and localized climatic conditions (GCOS 92).
Due to the problems associated with fAPAR and LAI, AGB has become the standard carbon
marker for the observation of forested regions.
The principal difficulty with the use of AGB estimation is the incompatibility between in situ
measurements (ground inventories) and remote sensing data due to differences in spatial
resolution (Alexandridis, 2002). This lack of spatial resolution from remote sensing platforms
can result in an initial 5-10 percent error in the estimates of deforested land. When these are
later averaged over time, the initial error is compounded, resulting in a 25-50 percent error in
the estimated levels of CO2 and associated emissions.
The inability to monitor forest CO2 levels with accuracy has prevented the inclusion of
deforestation in international treaties like the Kyoto Protocol (Kintisch, 2007). Some
governments of developing countries have been working to include deforestation in the carbon
credit system after 2012 through the UN-REDD (UN - Reducing Emissions from
Deforestation and forest Degradation initiative described in Section 4.9. Issues that prevent the
accurate quantification of forest stocks and correlation to CO2 are discussed in Section 2.4.
The RE-FOCUS team has concluded that a significant proportion of the discrepancy between
remote sensing data and in situ measurements can be attributed to the difficulties associated with
the accurate sensing of the boundaries between different land use areas. These difficulties arise
due to the mismatch between physical boundary features and sensor resolution (30 m), as shown
in Figure 2-12. To resolve these discrepancies, the RE-FOCUS team recommends the use of
very high-resolution remote sensing systems (one meter) like Ikonos (USA) or SAR-Lupe
(Germany) to reconstruct the true location of forest boundaries. We recommend applying these
techniques first in critical forested areas of the tropical rainforest. Edge detection technologies
are straightforward to employ in this case.

Figure 2-12: Cumulative forest loss in Indonesia.
(http://images.wri.org/treecoverchange/treecoverchange_ia.jpg)
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Increase Frequency of Observations.

As we have noted previously, forests represent one of the principal terrestrial carbon sinks.
Tropical forests alone are responsible for the absorption of a fifth of the CO2 released by
burning fossil fuels (University of Leeds, 2009a).
The Amazon tropical forest accounts for half of the Earth’s rainforests (University of Leeds,
2009b). Continuous observation of this area is required to track changes in land use, fire
disturbance, or forest clearance. This tracking is conducted using high-resolution remote sensing
instruments in the visible and infrared range, such as Landsat or SPOT. However, the temporal
resolution of these systems is limited to 16 to 26 days (Irons, 2010), which is often further
reduced by the high incidence of cloud coverage in the Amazon basin. This prevents
observations for 70 percent of the year (Asner, 2001). In addition to tropical forest, arctic
regions, mainly those covered by permafrost, are responsible for between 10-15 percent of
Earth carbon stocks (McGuire et al., 2009) and are also frequently obscured by clouds (Figure 213).

A

B
Figure 2-13: Satellite image of the world without clouds (A) and with clouds (B)
Created by team RE-FOCUS using ArcGIS
International Space University, SSP 2010
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Most of the Earth observation satellites used to monitor land coverage are based on optical
detection technologies (Goetz, 2009). Optical detectors rely on electromagnetic radiation in the
visible and infrared wavebands, rendering these systems ineffective when the area to be imaged
is obscured by clouds.
Rapid changes in surface conditions due to phenomena such as fire can also result in
measurement inaccuracies if the changes occur between two consecutive cloud-free
observations (Goetz, 2009). To compensate for these events, an increase in the observation
frequency (temporal resolution) to a few days or lower is required.
Smoke and cloud cover do not obscure long wavelength radiation such as microwaves (Gibson
et al., 2000). Therefore, if active radar imaging systems are employed, land surfaces can be
monitored continuously, independent of weather or other environmental conditions. Although
radar systems have been widely used to monitor AGB (Goetz, 2009), radar backscattering
intensity is often insufficient to discriminate properly between forested and non-forested areas
(Askne, 1997). To resolve this issue, Synthetic Aperture Radar (SAR) interferometry is being
developed for land use applications (Askne, 1997) which can differentiate between different
forest canopy structural elements like leaves, branches and stems, vegetation height, and cleared
areas through the canopy.
Unfortunately, the number of commercially available SAR satellites for Earth observation is still
small, especially when compared with the total population of remote sensing spacecraft (Helz,
2003), and many of the high resolution SAR technologies are still under development (Kintisch,
2007).
Surface Deformation Measurement

Another method of monitoring AGB involves the use of carbon markers such as permafrost
and ice. Quantification of these markers is accomplished through the measurement of surface
deformation at polar geographic latitudes.
Permafrost is earth matter (such as soil and sediment) that has remained frozen below 0 °C for
more than two years. Roughly one quarter of the exposed landmass in the northern hemisphere
is estimated to be permafrost (Stieglitz et al., 2003). Permafrost is an important carbon marker
since it significantly affects surface water fluxes, and the atmosphere through the release of
trapped CO2 and methane (CH4). Current estimates suggest that permafrost accounts for 10-15
percent of the total global carbon stocks (McGuire, 2009). Consequently, thawing ice and
permafrost account for a high proportion of released methane to the atmosphere.
Analyses by groups such as GEOS provide only generic suggestions for addressing the problem
of accurately monitoring ice and permafrost levels, stating only that “Regions with ecosystems
that are particularly susceptible to climate change (i.e. melting permafrost) should be sampled.”
(Ciais et al., 2010). Since the Earth’s Polar Regions are often obscured by cloud cover,
monitoring of these carbon markers is limited to active sensor technologies such as SAR.
Recognizing the importance of monitoring these carbon markers, a spacecraft is presently being
developed for this purpose. The Deformation, Ecosystem Structure, and Dynamics of Ice
(DESDynI) satellite, scheduled for launch in 2017, carries an L-band SAR with multiple
polarizations, a multiple beam LIDAR, and an interferometric SAR (InSAR) for monitoring ice
distribution. DESDynI will measure forest height to within one meter, bare ground (including
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ice) to within three centimeters, and portray a three-dimensional construct of forests (JPL,
2010). This type of combined sensor satellite “will increase the amount of data on global forest
structure by orders of magnitude” (Blair and Ranson, 2008), and demonstrates that technology
in this area is ready to significantly improve our understanding of the Carbon Cycle.
Data Standardization

Although terrestrial biosphere observations are usually performed by a variety of international
agencies, different nations often use different measurement methods. In some areas of study,
there is inconsistency in the definitions, data types and quality because of these differences. The
lack of unified observations may frustrate implementation of Carbon Cycle applications in many
areas and impede effective monitoring of flux changes.
The RE-FOCUS team proposes the development of uniform standards encompassing
measurement techniques, data calibration, and validation. To achieve this, international
collaboration must be encouraged so as to achieve a consensus.

2.5

Conclusion

Our analysis of the Carbon Cycle indicates technological deficiencies in the measurement,
accuracy, and coordination of Carbon Cycle markers. Several of these tracking gaps occur
repeatedly across the monitoring processes in each of the environmental areas.
While there have been successful international efforts to integrate Carbon Cycle monitoring
globally, we have determined that there is a pronounced need for more space-based and in situ
measurements of carbon markers. The means to determine mechanisms of carbon transport in
the deep oceans is lacking and the understanding of water transport mechanisms in the oceans is
incomplete. Highly accurate in situ measurements in the atmosphere and at the atmosphereocean interface allow us to interpret fluxes much better in these areas than in the ocean domain.
This capability should be exploited to the maximum to aid in the understanding of the
mechanisms of carbon stock distribution and transfer between sinks and sources. We have
suggested that existing infrastructure could help in making measurements. This infrastructure
could include ocean-going vessels, buoys and commercial aircraft. Similarly, benefits would
result if sub-hectare measurements could be made within the terrestrial biosphere and
atmosphere. This would mean a better spatial resolution; a higher temporal resolution would
also help.
Another recurring issue throughout all geographical regions is a lack of international
coordination of data and measurement standards. Current international coordination
mechanisms need to be strengthened to achieve consensus on data validation. This would
establish a new quality assurance in the monitoring of carbon. Along with coordination of the
data between contributing countries, it is important that relevant data, tools and methodologies
are accessible by all countries.
As shown in Figure 1-2, knowledge of science benefits policy and education. An understanding
of the Carbon Cycle and its markers is required to enable policy makers to make decisions
founded on information that is of a high quality, accurate, and reliable. This can be
accomplished by minimizing uncertainties associated with the distributions and exchange
processes of the various forms of carbon.
International Space University, SSP 2010
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3 INTERNATIONAL REMOTE SENSING ACTIVITY
To understand the socioeconomic and technological factors which influence the study of the
Carbon Cycle, the RE-FOCUS team conducted an evaluation of current and planned
international space-based remote sensing activity. During this evaluation, the capabilities of
remote sensing assets were compared and contrasted to identify the following:
•
•
•
•
•

Payload instrument capabilities in radiometric, spatial, spectral, and temporal resolution
Complementary functionality with other remote sensing assets which have been
identified
Overlap in technical capabilities between assets which are, or are planned to be,
simultaneously operational in the next two decades
Deficits in remote sensing capabilities concerning the ability to observe and monitor
key Carbon Cycle markers
Level of international cooperation and collaboration on remote sensing programs
related to the study of environmental factors connected to the global Carbon Cycle

The results of this evaluation are summarized in the table found in the Appendix.

3.1

Analysis

Analysis of the results from the evaluation of international remote sensing assets reveals the
following:
•

•
•

•
•
•
•

•
•

Current international remote sensing activities and space-based assets provide a means
of monitoring the Earth’s environment in all relevant areas of the electromagnetic
spectrum
Ability to track significant carbon markers such as CO2, CH4, and global biomass is
already well established
Several nations in economic transition such as Singapore, Indonesia, and Thailand are
actively involved in remote sensing activities related to their national interests using data
obtained from other nations such as France and the United States. This may be seen as
a precursor to these nations developing their own dedicated remote sensing assets in
the near future
Access to some essential types of remote sensing data, particularly SAR, is not readily
available due to commercial or governmental restrictions
Space-based assets are presently incapable of providing comprehensive data on some
aspects of the Carbon Cycle, such as deep-ocean carbon sequestration
Policies dealing with the dissemination of remote sensing data vary widely between
nations
International collaboration is commonplace, perhaps even essential, at the individual
remote sensing program level, but these collaborative efforts do not extend to
dissemination of the data products resulting from these programs.
Better correlation between ground-based measurements and remote sensing data is
required
Dissemination of remote sensing data is hampered by the use of proprietary data

International Space University, SSP 2010

27

RE-FOCUS

International Remote Sensing Activity

formats and the lack of geo-registration in many of the post-processed data products.
These factors are compounded by the increasing size of the raw data sets being
generated by remote sensing assets. This can create difficulties for end-users depending
on their available computational power
During its evaluation of international remote sensing assets, the RE-FOCUS team examined the
basic programmatic and technical merits of several prominent international remote sensing
programs to ascertain what, if any, additional (unstated) rationale may have motivated their
development. The results of this examination suggest that some of the assets studied were likely
developed more for their socioeconomic, regulatory, or national security benefits than for the
scientific and ecological merits officially used to justify their development. Since the mandate of
the RE-FOCUS team is to further empower members of the Carbon Cycle community, it is
reasonable to suggest that an additional rationale for the study of the Carbon Cycle should
include the short-term benefits to the global economy in addition to the long-term benefits to
the environment.
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4 INTERNATIONAL AND NATIONAL POLICY
Law and policy dealing with the Carbon Cycle has focused on the issue of climate change.
Human beings have undoubtedly made changes to the face of the planet, but the scientific
evidence that this raises temperatures – with a range of foreseeable effects – is still debated
regularly at national and international level. Many countries have already agreed that human
activities have caused climate change. These countries face differing challenges if they are going
to change their actions.
Legal protection for the biosphere, arranged on an international level, was enshrined in the 1972
Declaration of the United Nations Conference on the Human Environment (Prieur in Bedjaoui
ed. 1991). This declaration states that people have a right to “freedom, equality and adequate
conditions of life, in an environment of quality that permits a life of dignity and well-being” and
that States have a responsibility to each other not to damage areas outside of their respective
jurisdictions (Stockholm Declaration, 1972).
The creation of a worldwide effort to combat climate change requires the use of global
governance (Baylis et al., 2008), a system of organization that equates to government on an
international level. It also involves the complex interaction between international treaties and
international customs (Danilenko, 1993). In these the activities of the United Nations and of
Non-Governmental Organizations have been vital.
The nature of international policies regarding climate change poses many questions. It has farreaching impacts on the economic and social structures of many nations, particularly by those
which are experiencing rapid economic growth.
This section presents the position and recommendations of a selection of countries and
international organizations. This illustrates the diversity in international attitudes and
requirements of different countries from the standpoint of Carbon Cycle policy. It reviews
protocols and treaties which influence international perceptions and action, including the Kyoto
Protocol (discussed in depth in 4.8.1) and other international initiatives.

4.1

United Nations

The Carbon Cycle works across borders. Every nation’s carbon emissions affect the cycle, and
can lead to global warming, changing carbon sink concentrations and changes in the ocean’s pH
and marine biota (Canadell et al., 2009). Every nation on the planet will feel the effects of
climate change, although some more than others. To make a significant impact on this
international issue, a global approach is needed and the United Nations (UN) makes this
international outreach possible.
The UN was first established in 1945 as an international organization that aimed to facilitate
cooperation in international law, international security, economic development, social progress,
human rights, and in achieving world peace (United Nations, 2010). There are 192 current
member states in the UN that range from developed nations to developing nations.
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The UN has a long-established role in reducing carbon emissions and has created initiatives
using a carbon market framework to influence policy. It kept the environment as a key priority
among the Eight Millennium Developmental Goals (United Nations Millennium Development
Goals, 2000) which it has set out to accomplish by 2015. The goal is to integrate responsible
development into the policies and programs of countries and to try to reverse the loss of
environmental resources (United Nations Millennium Development Goals, 2000) Deforestation,
climate change, and biodiversity loss were key areas it identified to address. The UN has also
organized many meetings, conventions, programs and agreements about carbon emissions and
Earth observations which include the Global Terrestrial Observing System (GTOS), Global
Climate Observing System (GCOS) and the Global Ocean Observing System (GOOS).
The UN is committed to helping the environment using space-based technologies. The draft
report of the 2010 UN Inter-Agency Meeting on Outer Space Activities indicated that the UN
contributed to protecting the environment through the operations of the global observing
systems that rely on space-based data (United Nations Office for Outer Space Affairs, 2010).
The UN has several agencies and subcommittees that cover various aspects of international
cooperation and development which have a direct or indirect impact on the Carbon Cycle. The
United Nations Environment Programme (UNEP) was established in 1972 to oversee all the
environmental activities of the UN (UNEP Organizational Profile and UNEP Booklet, 2006).
Among its most notable achievements was the Montreal Protocol of 1987 that phased out
ozone-depleting products.
UNEP along with the World Meteorological Organization (WMO) established the
Intergovernmental Panel on Climate Change (IPCC) in 1988. The IPCC’s mandate is to assess
scientific information on the risk of human-induced climate change (IPCC, 2006).
Participation in IPCC’s work is open to all members of UNEP and WMO and the chairman of
the IPCC sends out invitations to participate in the IPCC’s panels and workshops (IPCC, 2006).
The IPCC does not carry out its own research but it provides various reports that include
assessing the state of knowledge on climate change, methodology reports, technical papers and
supporting materials (IPCC Publications and Data, 2006). Its latest assessment report was
entitled Climate Change 2007, and concluded that human action is “very likely” to be causing
global climate change (IPCC, 2007).
One of the most widely ratified UN agreements on global change is the United Nations
Framework Convention on Climate Change (UNFCCC). The UNFCCC is a convention that
aims to stabilize greenhouse gas (GHG) concentrations at a level that prevents “dangerous
human interference with the climate system” (UNFCCC, 1992). Initially, the UNFCCC
established inventories of GHG emissions and removals and this formed the basis of
benchmark levels for the Kyoto Protocol, first adopted in 1997. Where the UNFCCC merely
encourages countries to manage emissions, the Kyoto Protocol has obligatory and legallybinding measures to lower emissions (UNFCCC Kyoto Protocol, 1997). The Protocol deals
with six greenhouse gases: carbon dioxide, methane, nitrous oxide, sulfur hexafluoride,
hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs). The overall average reduction of
carbon emissions set for 2012 was 5.2 percent from the carbon emission levels in 1990. The
individual targets per country differ, ranging from eight percent reductions for the European
Union to six percent for Canada, seven percent for USA and zero percent for Russia.
Developing nations do not have any set limits for the 2012 target. Countries that fail to meet
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their target by 2012 will then have to pay for additional carbon they produce and also pay a
penalty of thirty percent. These countries will also be forbidden from selling their credits (Kyoto
Protocol, 1997).
The UN has clear intentions for reducing carbon emissions but it has met the challenge of
developing a solution on which all countries will agree. The US has refused to ratify the Kyoto
Protocol for a number of economic and political reasons. Developing countries responsible for
considerable emissions, such as China and India, have ratified the Kyoto Protocol and are
attempting to reduce their emissions despite not being obligated to do so by the Protocol.
Another difficulty is that most of the UN's accords, protocols and treaties connected with
climate change (with the exception of the Kyoto Protocol) are not legally binding so there are
no consequences upon nations that do not adhere to them.

4.2

Africa

Countries in Africa have particular difficulties: poverty, slow economic development, and
agricultural systems prone to failure during frequent and persistent droughts. Africa is also home
to some rapidly-developing economies, tremendous natural resources and remarkable social and
ecological diversity. This suggests that Africa will become a key player in the Carbon Cycle of
the 21st century. However, in examining Africa’s role in the Carbon Cycle, it is clear that our
knowledge remains limited – we do not know whether Africa is a net sink or source of
atmospheric carbon.
Despite representing 20 percent of the global land mass, Africa has been largely neglected in
Carbon Cycle studies. Africa contributes a disproportionately small fraction of the global fossil
fuel carbon emissions. It has 14 percent of the global population, but only three percent of fossil
fuel emissions. In contrast, Africa has significant fire and land use carbon emissions (Williams et
al., 2007). Almost all African countries are signatories to the United Nations Framework
Convention on Climate Change (UNFCCC) and, are non-Annex 1 countries (developing
countries that are not subject to greenhouse gas emissions reduction commitments). They
participate in the Clean Development Mechanism (CDM) of the Kyoto Protocol, under which
developed countries that have accepted emission caps are authorized to implement projects that
reduce emissions or sequester carbon in developing countries.
Four countries are examined here in terms of policy, law and economics relevant to the Carbon
Cycle in Africa. These are Nigeria, Kenya, Egypt and South Africa. They represent the major
players (from West, East, North and South Africa) in the global Carbon Cycle.
4.2.1

Nigeria

Nigeria is situated in West Africa with a total area of 923,000 km2 (Adedoyin and Olanrewaju,
2006). Recent studies using remote sensing and GIS show that undisturbed forest covers only
about 1.3 percent of the country’s total land area. The forests of Nigeria contribute
substantially to the national GDP and livelihood of the people. The forest also provides critical
environmental and ecological services (FAO, 2003a).
These areas have also become a source of carbon emissions. Wildfires are a constant threat to
the Savannah bush-land and forests in Nigeria (Adedoyin and Olanrewaju, 2006). The
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conversion of the forest ecosystem to other uses has also increased tremendously (Eboh and
Ujah, 2005).
Nigeria has made several attempts at creating programs that would ensure the efficient
management of its forest resources. However, most of these initiatives have had limited impact
(FAO, 2003a). As of January 2005, only the draft Bill of National Forestry Act, 2003 and the
Draft National Forest Policy 2003 have been endorsed. Television, radio campaigns, and
warnings on the risks and danger of fire during dry season are also made by most states
(Adedoyin and Olanrewaju, 2006).
In addition to forest carbon, Nigeria also emits carbon from fossil fuels. The Nigerian economy
is heavily dependent on the oil sector. Natural gas associated with oil production is mostly flared
in the region (EIA, 2010), although there is no information on the amount of gas that is being
flared. In 1979, a decree banning gas flaring was promulgated. The deadline was postponed
twice. The Associated Gas Re-injection (Continued Flaring of Gas) Regulations of 1984 and the
Associated Gas Re-injection (Amendment) Act of 1984 were introduced, and these removed the
deadlines imposed by 1979 Decree, but provided circumstances under which gas flaring is
permissible. Another recommitment was made later and the deadline was fixed for 2008
(Duruigbo, 2004). Crucially, policy is driven by investment rather than regulation. On
13 January 2010, another legislative framework setting the deadline for gas flaring in Nigeria’s
petroleum sector at 31 December 2012 was made (This Day, 2010).
The National Space Research and Development Agency (NASRDA) of Nigeria, has put
satellites in orbit with great potential for monitoring forestry. This is a step toward using spaceacquired data for managing natural resources.
4.2.2

Kenya

Kenya, in East Africa, has a population of about 39 million. Kenya has long prided itself in the
conservation and responsible use of the natural environment. By ratifying the 1992 Framework
Convention on Climate Change, Kenya agreed to promote the conservation and enhancement,
as appropriate, of sinks and reservoirs of all greenhouse gases, including forests (Trouwborst,
2002). The forest sector is vital, through provision of forest related goods and services. The
management of forests is hampered by a number of factors, including inadequate financial
resources and the lack of enabling policy and legislation (Kenya Forest Service, 2010).
In many sectors, Kenya is already on a low-carbon pathway because it has significant renewable
resources – a low-carbon electricity generation system, widespread use of biomass and
significant forest resources holding carbon stocks. The apparent benefits of a low-carbon
growth path are firstly economic, but there are significant challenges including population
growth and rapid urbanization. These will increase demand on energy, food and water, leading
to projected increases in emissions (SEI, 2009).
4.2.3

Egypt

Egypt has more than 75 million inhabitants. Almost half of the population lives in urban areas,
and the rest in settlements surrounded by intensively cultivated irrigated land along the River
Nile. This inevitably puts more pressure on the country’s natural resources, environmental
quality and infrastructure, including the transport system. The transport sector is a major
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consumer of fossil fuels and contributes a significant share of the country’s emissions of
greenhouse gases (GHG). To mitigate the environmental and health impacts of the transport
sector, the government has implemented a number of policies. These include the
commercialization of alternative fuels such as Compressed Natural Gas (CNG), and the
demonstration of other technologies such as electric vehicles and fuel cell buses (Gelil, 2008).
Although developments are being made in transport, the energy sector is the main source of
GHG emissions. Egypt is 92 percent dependent on fossil fuels (oil and natural gas). Agriculture
is the second largest GHG source, mainly from enteric fermentation (the digestive processes of
cattle) and rice cultivation, followed by industrial emissions of CO2, mainly from the steel and
cement industries (EEAA, 1999). However, Egypt is a signatory to the agreements on
environment protection and preservation of natural resources internationally. It also attaches
great importance to afforestation activities (FAO, 2003b).
4.2.4

South Africa

South Africa has a population of about 49.3 million people, and has characteristics similar to
those of the other African countries already discussed. South Africa through its space agency
has put in place the South African National Antarctic Programme (SANAP). Its mission is to
increase understanding of the natural environment and life in the Antarctic and Southern Ocean
through appropriate science and technology. South Africa is also a co-chair of the Group on
Earth Observations (GEO) program. The GEO coordinates the strategies and systems for
Earth Observations and identifies ways to minimize data gaps. Its aim is to create a
comprehensive coordinated Earth Observation system.
The South African Environmental Observation Network (SAEON) is an information
management network that establishes research and education platforms for long-term studies of
ecosystems. It will provide for incremental advances in our understanding of ecosystems and
our ability to detect, forecast and react to environmental change (SA SP, 2010).
4.2.5

Summary

In terms of the Carbon Cycle, the countries in Africa are similar to each other. The continent
has sizable carbon stocks, and growing populations and levels of industrialization. Countries in
Africa lack policies and enforcement to reduce emissions. Areas of the continent will be highly
vulnerable to anticipated changes due to global warming. Countries on the continent will need
cooperation from the international community in the future, since it is likely that Africa’s carbon
emissions will increase.

4.3

Asia

Of the five greatest global contributors to GHG emissions, four are Asian countries: China
(responsible for 14.7 percent of the global GHG emissions), Russia (5.7 percent), India (5.6
percent) and Japan (3.9 percent)(World Bank, 2010). The GHG in these countries come from
different sources, depending on their economic activity level and population. Only China and
India will be analyzed in this report, due to their importance in terms of GHG emissions, their
large populations (more than one third of the world’s population), and the expected increase in
emissions caused by their economic growth. Russia and Japan are not considered, since their
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level of industrialization has been relatively constant since the end of World War II.
4.3.1

China

China’s government has been providing information about its GHG emissions on a regular
basis to the United Nations Framework Convention on Climate Change (UNFCCC). In its
latest report, the Information Office of the State Council of the People's Republic of China
(IOSC, 2008), recognized that, “in the phase of rapid economic development and with multiple
pressures of developing the economy, eliminating poverty and mitigating the emissions of
GHG, China is confronted with difficulties in its efforts to address climate change”. Despite its
difficulties, the government also states its commitment to control greenhouse gases and
continuously enhance its adaptation capability.
China has already suffered from the effects of global climate change. The government states that
“the average surface temperature in China has increased by 1.1 ºC over the last 100 years (19082007)” (IOSC, 2008). At coastal zones, “the sea surface temperature has increased by 0.9 ºC and
sea level risen by 90 mm over the past 30 years” (IOSC, 2008). The government points out in its
report that China’s population “reached 1.321 billion at the end of 2007, accounting for 20
percent of the world’s total. The large population also brings huge employment pressure. The
government needs to create over 10 million jobs for new urban labor force entrants every year.
The country is still troubled by poverty, with an impoverished rural population of 14.79 million
inadequately fed and clad” (IOSC, 2008). The Chinese government must reconcile economic
necessity and environmental policy.
According to China’s government, the approach and objectives for addressing climate change
are based on two principles. The first is to address climate change in the context of responsible
development, which indicates that policies and agreements in which China takes part cannot
interfere with China’s development and economic growth. The second principle, also held by
the UNFCCC and Kyoto Protocol, is known as “common but differentiated responsibilities”.
This principle is based on the concept that developed countries (where the industrialization
process took place since the beginning of the Industrial Revolution at the end of the 18th
century), should be responsible for their historically accumulated emissions and current high per
capita emissions. As a consequence, it is the developed countries that should take the lead in
reducing emissions, in addition to providing financial support and transferring of climatefriendly technologies to developing countries. Finally, China places equal emphasis on both
mitigation and adaptation as integral components of the plan for coping with climate change.
4.3.2

India

India’s economy has been growing quickly in the last decades. The country has also been
adopting a clear position with the UNFCCC regarding its approach and objectives for
addressing climate change.
In a paper published by the Current Science Journal, the Indian Minister of Environment and
Forests, Subodh Sharma, states that “the compounded annual growth rate of CO2 equivalent
emissions from India between 1990 an 2000 (preliminary estimates made by authors) show an
overall increase by 4.2 percent per annum” (Sharma et al., 2006) and “are projected to grow
further to meet the national development needs” (Sharma et al., 2006).
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In addition to a significant increase in India's emissions from the industrial process sector, an
increase of CH4 emissions was also observed. This was attributed to an increase in quantity of
waste generated due to the large influx of population from villages to cities in 2000, compared
with 1990. Waste disposal practices created anaerobic decomposition conditions leading to CH4
emissions. The close relation between GHG emissions of a country and its urban infrastructure
is evident.
4.3.3

Summary

Although these countries show a high level of GHG emissions, both China and India have a
relatively small per capita level of CO2 equivalent emissions (3.3 and 1.5 tonnes per capita,
respectively, in 2000), when compared with the US (23 tonnes per capita) or even with Japan (10
tonnes per capita) (Sharma et al., 2006).
Actions to minimize GHG emissions are not always in accordance with interests of
environmentalists. One mitigating measure adopted by China is to extend the construction of
nuclear power plants, causing environmental concerns about waste and the risk of accidents. To
combat the effects of droughts, China has developed water-diversion projects, to improve water
supply for certain regions. The adoption of these measures means a compromise between
reducing emissions and reducing environmental impacts.
Finally, it is clear that there is a close relationship between GHG emissions from developing
countries and poverty. The lack of infrastructure in big cities and improper waste disposal in
rivers contribute to increased GHG emissions, especially methane. The funding of infrastructure
projects in developing countries by developed countries may represent an important mitigating
action for addressing climate change. These could be done under current UN schemes.

4.4

Europe

When discussing Europe we have decided to focus upon the European Union which represents
27 nations. Although there is wide variety within the European Union with different levels of
economic standing, usage of renewable energy and emissions levels, it is enforcing overall
policies to address its climate change commitments.
4.4.1

General Policy

The European Union has 27 member states with a combined population of nearly half a billion
people. Its annual greenhouse gas emissions in 2005 amounted to 13.35 percent of the global
total (Climate Analysis Indicator Tool, 2009). The EU sees itself as leading the world in the
effort to reduce carbon emissions, and wishes to stop its reliance on imported fuels to improve
energy security. It is committed to the Kyoto Protocol, under which it was obliged to reduce
carbon emissions by eight percent. The Member States of the European Union were given
individual targets within this greater eight percent (Council Decision 2002/358/EC of 25 April
2002).
In December 2008, the EU made a unilateral announcement that it would seek to reduce carbon
emissions by 20 percent compared with 1990 levels by the year 2020. It added that it would be
willing to increase this commitment to 30 percent if international support was forthcoming.
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However, no international commitment was received. The Copenhagen climate conference –
15th meeting of the Conference of Parties under the UNFCCC (COP15) of 2009 was a
disappointment for Europe, which says it is willing to enter into a new legally binding deal by
the climate conference in Cancun in November 2010. This would be a successor to Kyoto, but
Europe says that other “key players” seem unlikely to be ready to do a deal in 2010 (Connie
Hedegaard, European Commissioner for Climate Action, Reducing greenhouse gas emissions: a
central plank of Europe's climate policy, 2010). Europe has committed to reducing energy
consumption by increased efficiency and by getting 20 percent of its energy from renewable
sources. It is also interested in carbon capture as a way of reducing emissions until alternative
energies and efficiency targets are met.
4.4.2

Energy

The European Union has adopted the Strategic Energy Technology Plan (SET-plan) to reflect
its policy on future energy use. It focuses strongly on decarbonization, as well as carbon capture
and sequestration.
Each of the options has been costed over a ten-year period. The initiatives include use of
bioenergy, solar energy, Generation 4 nuclear power, and new fuel cell and hydrogen
technologies. Some of the intiatives involve working with business in public-private
partnerships. The European Union also recognizes that substantial investment will be needed in
electricity infrastructure to allow for the uninterrupted delivery of power from new sources.
Other energy policies include:
Emissions Trading Scheme

The EU Emissions Trading Scheme is being re-organized for the next set of allowances to be
handed down in 2013. The first trading period lasted from 2005-2007, with the second being
active from 2008-2012 (European Union Environment Commission). There is a free market in
the trade of emissions allowances. Member states have a particular number of allowances which
they can distribute to their energy-intensive companies (Questions & Answers on Emissions
Trading and National Allocation Plans, European Union). The recent economic recession has
led to a decrease in emissions generally and a fall in the price of carbon on the Emissions
Trading Schemes (ETS) markets (Communication from the Commission: Analysis of options to
move beyond 20% greenhouse gas emission reductions and assessing the risk of carbon leakage,
2010).
Carbon Leakage

Carbon leakage is a term used to describe the risk that businesses producing carbon will move
overseas or will import their components from overseas where carbon policy is less strigent, to
avoid European controls. This is a risk both economically to the EU, and to its hopes of
reducing carbon emissions globally. The EU would like to see greater international cooperation
to counteract the possible economic and environmental effects of Carbon Leakage
(Communication from the Commission: Analysis of options to move beyond 20% greenhouse
gas emission reductions and assessing the risk of carbon leakage, 2010).
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Carbon Capture and Sequestration

Under the SET-Plan, the European Union would like to see Carbon Capture and Sequestration
used to reduce emission from what it calls “carbon intensive industrial sectors”. It wants to
make carbon capture commercially viable (Communication from the Commission “Investing in
the Development of Low Carbon Technologies (SET-Plan)”, 2009)
4.4.3

Transport

Early in the 1990s transport overtook the energy industries as the sector with the greatest GHG
emissions (European Union Transport Commission, 2009). The European Union is working on
a new transport White Paper, due for publication in autumn 2010 which will set out plans to
work towards the decarbonization of transport – both passenger and freight. Transport is
heavily dependent on fossil fuels, leading both to carbon emissions and to reliance on imported
fuel. The EU has committed to a “10 percent share of renewable energy sources in transport by
2020” (European Union Transport Commission, 2009).
4.4.4

Summary

The European Union is unequivocal in its belief that climate change is being caused by carbon
emissions. It wants to accelerate the cutting of emissions. The EU has identified key areas which
may lead to the 30 percent reduction on 1990 carbon emissions levels to which it aspires. These
include changing the ETS, improved technology and carbon taxes.

4.5

North America

Of all the continents, North America is the second largest carbon dioxide emitter worldwide
(Boden et al., 2010). Ninety percent of the emissions are from the United States. Canada’s lower
emissions rate is due largely to the social and political differences between the two countries.
Carbon emissions for both countries have continued to rise dramatically over the past ten years,
and projections from environmental scientists forecast continual increase (Boden et al., 2010).
4.5.1

Economic Implications Affecting Both Nations

Developing policies to reduce carbon emissions is a slow process because of the risk of negative
effects on the economies of both countries. Any collective climate policy these countries enact
will affect how the public, industry, and corporations conduct their day-to-day business.
4.5.2

The United States

The United States (US) is a major contributor in global GHG emission and chose not to ratify
the Kyoto Protocol (UNFCCC, 2009). An agreement to a reduction in carbon emissions would
have negative consequences to the country’s industry and transportation sector, and the whole
economy. In recent years, hydroelectric production has declined resulting in a shift towards
fossil fuels and increase in carbon emissions. Carbon emissions from power plants fuelled with
natural gas are on the rise, as are emissions from coal-burning power plants (Boden et al., 2010).
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Burning fossil fuels accounts for approximately 94 percent of the US’s annual carbon emissions
and is the main reason for the country’s international role in GHG emissions (USEPA, 2010).
There are also other sources of US carbon emissions.
The United States is making an effort to decrease its emissions. Many local and state
governments have adopted their own policies to reduce GHG. Several states in the Northeast
have implemented the Regional Greenhouse Gas Initiative, a program that establishes cap and
trade limits (RGGI, 2010). In the west, California, for example, under direction of Governor
Arnold Schwarzenegger, has demonstrated success with energy efficient communities with
renewable energy resources (California, 2010).
New national legislation in 2010 has aimed to cut GHG emissions significantly without
damaging the country’s economy. In January 2010, President Obama pledged to reduce
greenhouse gas emissions by 28 percent by 2020 (White House, 2010a). However, since US
emissions have increased 15 percent since 1990 this reduction is smaller than it appears. It
would still not allow the country to meet Kyoto targets. President Obama has begun working
with Congress to pass legislation that would include comprehensive energy and climate laws to
protect the environment and prevent economic problems.
The BP Gulf of Mexico disaster in 2010 accidentally leaked billions of gallons of oil into the
Gulf waters. It has exposed the nation’s desire to use more clean and renewable energy sources
(White House, 2010b). The Recovery Act of 2009, passed by the government, has already made
positive steps in decreasing GHG. Along with the government’s aim to stimulate the economy,
the Recovery Act outlines job creation through investing in clean and renewable energy. It
includes a commitment to support additional wind, solar, geothermal and other renewable
energy sources. Government investments of USD80 billion for clean energy are projected to
yield as much as USD150 billion in clean and renewable energy projects. These investments will
allow the United States to be a leader in the worldwide clean and renewable energy economy,
and create millions of jobs for American citizens. It illustrates the balance between economic
strength and carbon emissions policy common to most governments worldwide.
4.5.3

Canada

Canada ranks seventh globally for carbon emissions, emitting approximately two percent of the
planet’s total. Canada ratified the Kyoto Protocol in 2002, four years after signing. Despite
ratifying the Protocol, Canada has not reduced its greenhouse gas emissions to a significant
degree. Among the countries that are members of the Organisation for Economic Cooperation
and Development, Canada ranks sixteenth out of seventeen countries on GHG and emits 22.6
tonnes per capita (EIA, 2010).
Eighty-two percent of Canada’s contribution to worldwide GHG emissions is due to production
in the energy sector. Transportation and industrial processes including the chemical industry, the
waste industry, and agriculture all contribute to overall emissions (CBC, 2010).
Canada has agreed to implement a national plan to reduce its carbon emissions. This plan sets a
target of a 20 percent reduction in greenhouse gases by 2020, compared with 2010 levels, by
imposing strict targets on industry. In January of 2010, the Canadian government announced
that it would fulfill targets set out in the Copenhagen Accord of 2009. Although these targets
include reducing greenhouse gases by 17 percent from the 2005 level by 2020, this target is
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above the Kyoto Protocol’s target of reducing emissions based on 1990 levels. Even with this
new Canadian target, greenhouse gas levels would still be 2.5 percent higher than 1990 levels
(I4cense, 2009).
4.5.4

Summary

The US and Canada are trying to reduce emissions, but with very cautious measures designed
not to upset their economies. As both countries had increasing emissions from 1990-2005, their
commitments to 2020 targets fall short of Kyoto Protocol requirements. The US, in particular,
will be important in the next round of climate-related negotiations that will try to create a
successor to the Kyoto Protocol. The recent economic recession may change the government’s
view.
4.6

South America

South America is vital in the Carbon Cycle because the Amazon rainforest is a carbon sink, and
because South America has large, emerging economies. The Amazon rainforest is the largest on
Earth, covering about 40 percent of South America’s land mass. The Amazon hosts over 30
million people in nine nations: Brazil, Bolivia, Peru, Ecuador, Colombia, Venezuela, Guyana,
French Guiana and Suriname. Two thirds of the Amazon habitants are Brazilians, and more
than half live in urban centers (Pontificio Instituto Missões Exteriores, 2008). The total forest
area in these countries ranges from 45.7 percent (Ecuador) to 94.3 percent (French Guiana) of
their territory. Any policy to restrict land use for environmental reasons affects the economic
development of these countries. The main cause of Amazon deforestation is the production of
agricultural commodities: soybean, wood, and livestock. Because 60 percent of the forest is in
Brazilian territory and Brazil is the only country in South America on the list of 20 biggest
greenhouse gas producers, this study will focus on Brazil.
4.6.1

Brazil

Approximately one quarter of the world’s tropical forests are located in Brazil and the carbon
contained in the Brazilian Amazon amounts to 14 percent of all carbon contained in terrestrial
systems (Carvalho et al., 1998 cited in Vianna, 2004).
Deforestation destroys thousands of square kilometers of forest each year. In 1980,
deforestation in the region totaled some 300,000 km2, equivalent to six percent of the Amazon
territory. That pace intensified in the following decades, reaching 700,000 km2 in August 2005,
representing 14 percent of the total area of Amazon rainforest.
The tropical forest is being lost to make land for agriculture and livestock. This land use change
is caused by economic and social pressures to provide food, fuel and wood products, for
subsistence, commercial uses, or export (IPCC, 1997 and 2001, cited in Vianna, 2004).
International Policies

Brazil signed and ratified the Montreal Protocol in 1987 and is committed to the disposal of
HCFC substances. It is also a party to UNFCCC – United Framework Convention on Climate
Change. Brazil was one of the first countries to sign the Kyoto Protocol in 1997 and
participated in the Copenhagen Conference in 2009, defending the proposed opening of patents
for “green technologies”, with the support of the G77 (group of developing countries). The
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Brazilian proposal is to replicate a principle already applied in health, where breaking patents is
allowed in cases of societal benefit (Science and Technology Ministry of Brazil; Environment
Ministry of Brazil, 2010). However, Brazil has had difficulty in reducing activity responsible for
75 percent of its domestic GHG emissions: the clearing of forests and other inappropriate uses
of the land.
Despite its substantial role in carbon emissions, deforestation was not included in the Kyoto
Protocol. However, there are international initiatives to address this. The treatment of forests
under the Montreal Protocol and under the UNFCCC mitigates the issue, and during the 11th
meeting of the Conference of Parties under the UNFCCC (COP11) in 2005, the issue of
reducing emissions from deforestation formally entered the convention agenda. Discussions
have been held outlining the methodology to include deforestation in the negotiations. In 2005,
discussions began on the issue of conservation of carbon stocks in forests under the UNs
Reducing Emissions from Deforestations and Forest Degradation (UN-REDD) program, to
help developing countries monitor their forest stocks (Krug, 2010). Brazil participates actively in
the UN-REDD both as a country that needs help and as a leader helping other countries.
Policy, Law and Economic Aspects

Energy Policy – Forty-four percent of the electricity produced in Brazil comes from renewable
sources, while the world average is 14 percent. Because of its natural water resources,
hydroelectricity is the cheapest way to generate power in the country. Brazil postponed the use
of sources like wind and solar energy due to the availability of hydroelectricity. Brazil uses
renewable automotive fuel additives above the world average. More than half of the gasoline
consumed in Brazil is 15 percent ethanol. Another important fuel is biodiesel (from sugar cane
and biomass), that is used to reduce the emission of pollutants from automobiles, buses and
trucks. Brazil is developing ethanol fuel for aviation and hydrogen conversion systems for public
bus transportation (Biodiesel.com, 2006; Energy Ministry of Brazil; Sergipetec, 2010).

Combating Deforestation in Amazonia – Space activities in Brazil play an important role in
combating deforestation in the Amazon rainforest. There are two big programs performed by
the National Institute of Space Research (INPE):
• Assessment Program Deforestation in the Amazon (PRODES), to measure
deforestation of the Amazon (which covers more than 70 percent of the total area of
the Amazon rainforest)
• Detection of Deforestation in Real Time (DETER), an early warning system to support
surveillance and control of deforestation. Its results are sent biweekly to Brazilian
Institute of Environment (IBAMA), responsible for oversight
INPE has two other programs related to the Amazon: DEGRAD, a new system to map areas
where deforestation is happening but forest cover has not been fully removed; and, Selective
Detection of Exploration (DETEX) a system for remote sensing by satellite to monitor forest
areas where selective logging is permitted. This program aims to verify that logging is in
compliance with the plans approved by the government.
Through space activities, Brazil intends to become a global leader in monitoring tropical
rainforests. In 2004 Brazil was the first country in the world to provide free global distribution
of images as a policy initiative, an action which has encouraged other countries such as the USA,
through their Landsat program, to do the same. Brazil has distributed more than a million
images from the CBERS Program (China - Brazil Environmental Resources Satellite). These
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images are used by non-governmental organizations, scientists and others to study Carbon Cycle
issues and to propose solutions.
South American countries are the primary beneficiaries of this Brazilian policy, though a
Memorandum of Cooperation between Brazil, China, Canary Islands, Egypt, and some African
states allows distribution of free images of their territories. The installation of ground-stations in
sub-Saharan Africa is under negotiation to provide sub-tropical monitoring of forests (INPE,
2010).
4.6.2

Summary

Brazil is making efforts to control emissions despite economic pressure. It has sought
international help to prevent deforestation and also offers international help by distributing
information about the rainforest.

4.7

Oceania

Countries like Australia, New Zealand, Melanesia, Micronesia and Polynesia have coastal
characteristics that influence the Carbon Cycle, such as long coastlines and distinct fauna.
Australia will be the focus of this section because the country has special characteristics that
influence political, economic and legal aspects of Carbon Cycle. Australia is included on the list
of 20 biggest greenhouse gases producers and is the sixth largest country in the world (ABS,
2010; The World Bank, 2010). Australia’s emissions from electricity generation across all sectors
of the economy have increased sharply – 57.8 percent since 1990 (DCCEE, 2010).
4.7.1

Australia

The Australian Government has many “green” initiatives. The Department of the Environment,
Water, Heritage and the Arts (DEWHA) has several functions in developing and implementing
national policy to protect and conserve Australia’s environment (DEWHA, 2010), such as: the
National Carbon Accounting System (NCAS), a system that accounts for greenhouse gas
emissions from land-based activities; the Carbon Pollution Reduction Scheme, a main driver of
the Government’s plan to reduce Australia’s greenhouse gas emissions; and, the International
Forest Carbon Initiative, a contribution to global action on deforestation and forest degradation
in developing countries, such as REDD (DCCEE, 2010).
Other government initiatives include:
•

On 1 March 2010, Australia and Indonesia announced a partnership to reduce
greenhouse gases due to deforestation, under the mandate of the International Forest
Carbon Initiative (MFRI, 2010)

•

The Department of Innovation, Industry, Science and Research has a division called
AusIndustry. This division has several climate change programs including the Green
Building Fund which aims to reduce the impact of Australia’s urban environment on
greenhouse gas emissions, by reducing the energy consumed in the operation of existing
commercial office buildings (AusIndustry, 2010)
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•

The Commonwealth Scientific and Industrial Research Organization (CSIRO) is
Australia’s national science agency. The Department of Climate Change (formerly the
Australian Greenhouse Office) has a partnership with CSIRO to develop technologies
for transforming large archives of data from Landsat satellites into information which
can be used as a basis for the National Carbon Accounting System (NCAS) (CSIRO,
2008)

•

The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) is an
Australian research organization with a focus on carbon dioxide capture and geological
sequestration. It is a joint venture between universities, government and industry
partners (CO2CRC, 2010)

•

The Australian Conservation Foundation (ACF) is an Australian non-profit
environmental organization focused on advocacy, policy research and community
outreach. ACF has worked within community, business and government to protect,
restore and maintain the Australian environment (ACF, 2010)

•

Australia ratified the Montreal Protocol on 19 May 1989 and the United Nations
Framework Convention on Climate Change (UNFCCC) on 30 December 1992. On 12
December 2007, Australia ratified the Kyoto Protocol. It was permitted an eight
percent increase above 1990 levels during the Kyoto period (2008-2012)(DCCEE,
2010)

•

Reducing large emissions due to electricity generation: Australia has a target to reduce
these emissions by 20 percent by 2020 using renewable energy (DCCEE, 2010)

4.7.2

Summary

Australia, the leading nation of Oceania, is strongly committed to reducing GHG. It has many
climate change initiatives from departments of government and national organizations. The
Carbon Cycle has worldwide impact, so Australia should share its initiatives with developed
countries and with developing countries, increasing international cooperation, because
Australian targets could serve as an example for other nations.

4.8

Discussion and Conclusion

RE-FOCUS has identified that politics plays a fundamental role in decision-making on
international agreements, and that there is a lack of legally-binding policies and treaties. It is
difficult to balance obligations and compromises between developed and developing nations
which have conflicting interests. Countries are reluctant to implement actions which impede
their economic development. RE-FOCUS recommends the improvement of cooperation from
both developed and developing nations; a greater outreach towards businesses; substantial
policies considering the difference of needs and concerns between countries and regions;
enforceable consequences to non-compliant nations; and enhancing the role of other
international organizations.
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Since the establishment of the Kyoto Protocol, there have been improvements in the
monitoring of carbon and GHG emissions around the world, but there are still some gaps such
as in Africa. To make the carbon credits system viable, it is important to improve the terrestrial
and space-based remote sensing assets. These assets should be used to monitor emissions and
deforestation and compliance to treaties.
RE-FOCUS identifies a lack of a coordinated effort in international collaboration at the
institutional level and governmental level in terms of Carbon Cycle observation methods and
technologies, as well as in the development of “green technologies”. These activities must be
coordinated to avoid redundancy and to achieve the requisite observations for comprehensive,
accurate measurements of the underlying processes of the Carbon Cycle. The UN could play a
significant role in establishing cooperative programs towards this end.
4.8.1

Main Concerns Identified and Recommendations

Developed and developing countries affect the Carbon Cycle in different ways, but all are
equally important. Table 4-1 identifies the main concerns and recommended policies.
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Table 4-1: Main concerns identified and recommended policies

Main
Concerns

Deforesta
-tion

Economic
growth

Large
population

Energy

Transportation

Lack of
policies/
lack of
data
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Description

Policies recommendations

• Economic use of forests: soybean
production, livestock, illegal
logging, coca (narcotics),
agriculture

• Improve mechanisms in REDD and
include it in a legally binding post2012 international agreement
• Further explore the Carbon Market
framework
• Improve cooperation and ties to help
developing countries to monitor
deforestation
• Further cooperation needed between
developed and developing countries
to share “green technologies”
• Developed nations required to make
a positive change regardless of the
status of other countries.

• Enhance infrastructure – cement
and steel production
• Old plants (energy inefficient)
• Countries not willing to discuss
GHG emissions
• Countries refusing to ratify Kyoto
Protocol
• Emphasis on economic
development instead of climate
policy
• Poverty;
• Need to create new jobs
• Large waste production without
infrastructure (disposal in
anaerobic conditions)
• Electricity production using fossil
fuels
• Domestic coal burning
• Increases in GHG emissions
• Developing countries defend the
idea of opened patent to “green
technologies”, but developed
countries want to protect their
economic advantage
• Fossil fuel combustion

• Lack of policies and enforcement
of policies on responsible
development and use of natural
resources
• Lack of remote sensing data in
some countries

• Meeting the 2015 targets of the UN
Millennium Development Goals
(including ending poverty, hunger,
ensuring environmental stability,
education and global partnership)
• Production of and investing in clean
and renewable energy – wind, solar
and geothermal – and improve
energy efficiency methods
• Greater participation and assistance
by developed countries in furthering
renewable energy in developing
countries.
• Improve fuel quality and renewable
energy sources
• Reduce energy consumption by
increasing efficiency.
• International cooperation
• Complement the monitoring made
by land-based activities with space
systems
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Financial Framework of the Carbon Cycle

The Kyoto Protocol has created a new commodities market category for GHG so that a
financial market trading capacity can develop for emissions exchange. This is not to allow a
‘business as usual’ approach but to aim for carbon emission reduction to levels stipulated within
the Protocol. Known as the carbon market, it functions by trading carbon credits which reflect
offsets between emissions and reductions. This reduces the impact of costs and difficulties
associated with emission reductions. It is a means to balance social and economic disparities
between developed and developing countries, and between players within those regions (Kyoto
Protocol, 1997).
Within the carbon market framework, the developing countries do not have any current
emission limits. This allows developing nations’ economies to grow in concert with the demands
of an expanding population, while increasing their quality of life despite limited access to
technology. However, those developed nations which ratified the Kyoto Protocol have certain
emission limits to meet by 2012. If a nation has emissions beyond its set limit then it has two
options: it can pursue greener initiatives and cut back on emissions to meet its targets or it can
pay for its actions by buying credits from low-emission countries at the rate of approximately
USD35 per ton (US measure) of carbon. Countries that have low emissions can make money by
selling their carbon credits. Since the emission reductions, offsets, and the buying and selling of
carbon credits are within the established overall carbon emission limit, global emissions remain
the same.
The carbon market has had a significant impact since the Kyoto Protocol became international
law in 2005. It has grown steadily and is valued at around USD120 billion per year. Graciela
Chichilnisky, one of the designers of the carbon market as drafted into the Kyoto Protocol,
indicates that the carbon market could become the largest traded commodity in the world with
the market reaching USD3 trillion (Chichilnisky, 2010)
The Kyoto Protocol also involves an innovation named the Clean Development Mechanism
(CDM). Rather than buying carbon credits, high-emission countries can offset their carbon
emissions by investing in emission-reduction projects in developing countries (Kyoto Protocol,
1997). These could include projects in developing countries creating solar panels or other
energy-efficient systems (Kyoto Protocol, 1997).
A third mechanism to offset the requirements within the Kyoto Protocol is joint
implementation (Kyoto Protocol, 1997). Through this mechanism, countries that have set limits
can invest in emission-reduction or sequestration projects in another developed country that has
similar status within the Kyoto Protocol. The investing country can earn Emission Reduction
Units (ERU). The country hosting the project receives benefit of the reduction and removal
program as well as benefiting from technology transfer and international investment (Kyoto
Protocol, 1997).
One major concern with the Kyoto Protocol was that its measures would not prevent
deforestation. Estimates indicate that ten countries and one French territory would gain no
profit by maintaining their tropical rain forests which accounted for twenty percent of the
Earth's intact tropical rain forests (da Fonseca et al., 2007). A new addition within the Carbon
Market framework will address deforestation: REDD was proposed as a result of discussions
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during the UNFCCC. It involves developed countries providing financial incentives to
developing countries to conserve their forests and to reduce carbon emissions due to the
deforestation and degradation of the forests (Chichilnisky, 2010; Madeira, 2008). Some
challenges facing REDD include providing assurances to the contributing developed countries
that targets are being met, assigning liability, and ensuring the developing countries are able to
stop the deforestation. This is an example of an area where space technology could play a role
such as, regular surveillance and monitoring of the world’s forests.
4.8.3

Framework for International Collaboration on Carbon Cycle Studies

The RE-FOCUS team has identified a lack of international collaboration at the institutional level
as one of the significant factors limiting progress of the global scientific community to monitor
and study the underlying processes of the Carbon Cycle.
During the past decade, both ESA and NASA have recognized that no individual space-based
remote sensing or terrestrial research facility can accurately monitor all aspects of environmental
dynamics and change. This has led to the separate development of large, multidisciplinary,
remote sensing programs such as the European GMES and the Franco-American A-Train
constellation, involving multiple spacecraft and terrestrial research stations to monitor several
aspects of the environment simultaneously. These satellite constellations are extremely capable,
but also represent large investments of capital and resources, limiting future development of
such systems to augment or replace the existing constellations at the end of their service lives.
Consequently, recognizing the value of these multi-disciplinary remote sensing constellation
systems, the RE-FOCUS team recommends the adoption of a new international data-sharing
agreement which would permit members of the Carbon Cycle community (policy makers and
scientists) to access, and subsequently combine, data from available international remote sensing
assets.
While it is beyond the scope of this report to fully define the detailed infrastructure necessary to
support a new international collaborative agreement, the RE-FOCUS team has identified the
following seven items as essential requirements of a preliminary framework:
1. An infrastructure for the free exchange of international remote sensing and terrestrial
research data relevant to the study of the Carbon Cycle should be established.
2. A key element in the development of the required infrastructure includes the creation of
a linked repository and centralized catalog of existing data products from all nonmilitary international sources. Through the catalog, a member of the Carbon Cycle
community could be either directed or linked to the source data repositories of various
remote sensing service providers. The repositories themselves would remain under the
administration of the data providers.
Data products available through the catalog should, by default, include the processed
data products from all the remote sensing resources identified in Section 3. Optional
access to the raw (unprocessed) data from these resources should also be available upon
specific request.
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Existing systems, such as the NASA Technical Reports Server (NTRS) (NASA, NTRS
2010), can be used as a model for the development of the catalog.
3.

To facilitate international access to the catalog, high-level resources should be
maintained in the six official languages of the United Nations and Administration and
maintenance of the catalog should be coordinated through a non-partisan international
organization such as GEO, UNEP, or the Committee On SPAce Research, COSPAR.
This administrative structure would also have the benefit of ensuring that international
and national policies regarding issues of sovereignty, national security, and economics
are respected.

4. To provide compatibility with existing international guidelines governing remote
sensing, the proposed data distribution policy must respect the articles set forth in the
United Nations Principles on Remote Sensing (von der Dunk, 2002).
5. To address the issue of incompatible data formats and the lack of georegistration in
some post-processed data products, a “middle-ware” software solution will be required,
and must be included as part of the data-sharing infrastructure. This software should be
developed under the auspices of a recognized geodesy and remote sensing authority
such as the International Association of Geodesy (IAG).
6. To address issues related to making commercial data products (such as SAR images and
the supporting raw data) freely available to the international community, the following
approach is proposed:
• Access to commercial data products should be granted in response to specific
requests only
• Contracts governing the acquisition and distribution of the data products should be
updated to include a “guaranty” on the confidentiality of the data. For example,
access to a SAR image can be restricted to the original purchaser for a negotiable
period of time (one month, six months, one year, and so on), after which the data
may be released into the public domain and accessible upon request from a
member of the Carbon Cycle community
• Requests for access to commercial data products by members of the Carbon Cycle
community should be coordinated by the data provider in a manner compatible
with the operational policies and practices of the provider
• Commercial data product providers should be indemnified for making their
products available. This could be accomplished through changes in the economic
policies of nation states to entitle data service providers to claim taxation
deductions or exemptions on revenue generated from data products which are
subsequently redistributed to the international Carbon Cycle community. As an
example, commercial data providers could be entitled to:
o 90 percent deduction for new data products
o 50 percent deduction for data products aged less than 2 months
o 25 percent deduction for data products aged less than 1 year
o 10 percent deduction for products aged between 1 and 5 years
o For data products older than 5 years in age, no deduction can be claimed
• Alternatively, an access fee structure could be applied for access to commercial data
products. Here a member of the Carbon Cycle community would be charged a
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nominal fixed fee for access to the commercial product section of the centralized
catalog plus an additional fee proportional to the relative value of the data product
being requested. Implementation of this approach may however result in the
limited adoption of the catalog as a standard resource in the Carbon Cycle
community, and it is therefore suggested that other options first be examined
before a fee-based structure is given further consideration
7. The infrastructure described should be linked to the educational outreach resources
proposed in Section 5.
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5 VISUALIZATION AND EMPOWERMENT
As discussed above, science, technology, and policy function together to monitor and explain
the Carbon Cycle. However, education is also vital. The Carbon Cycle community, people
involved in science, technology, and policy surrounding the Carbon Cycle, as well as the general
public, need reliable information about the Carbon Cycle. Without education, it is harder for
policy makers to understand the science and technology involved in the measurements of
Carbon Cycle markers. Science guides policy through provision of information, but education is
necessary to explain scientific findings and to inspire the scientists of tomorrow. After focusing
on policy and science of the Carbon Cycle there was a natural progression to consider
education. The best way to educate people is through visualization. The ability of people to
visualize complicated information increases their understanding. With education, people can be
empowered to make decisions and to take action.
To empower the general public we envisioned an outreach resource for them, a game appealing
to a wide variety of ages. We wanted to make it clear enough for a six year old to understand. It
is important to educate children because they will grow up to be scientists, policy makers and
the voters of the next decades. Children can also exert influence over their parents and relatives,
encouraging them to be aware of the Carbon Cycle.
In addition to the outreach resource, we decided to develop ideas in parallel that focused on the
needs of the Carbon Cycle community.

Figure 5-1: Interrelationships between domains

5.1

Visualizing Carbon Data to Empower the Scientific Community

To enforce the importance of Carbon Cycle markers and to show the discovery of gaps within
the current analysis of the Carbon Cycle, the task was to provide significant images to serve the
scientific community and empower the public. Following the motto “a picture says a thousand
words” RE-FOCUS has investigated images that show carbon marker data.

International Space University, SSP 2010

49

RE-FOCUS

Visualization and Empowerment

To accomplish this task, we searched for publicly available databases providing remote sensing
data, and for appropriate software to illustrate it. Through this exercise we realized that raw data
are less frequently available in public databases. The Giovanni software and its related databases
is the product that would fulfill these requirements best.
5.1.1

Giovanni Software

Giovanni is a web-based NASA program that provides recent atmospheric and ocean remote
sensing data. Various types of plots can be created without the need to download software.
Comprehensive data sets are available for carbon monoxide (CO), black carbon (a particular
form of air pollution), methane, and aerosols.
Using Giovanni, it was possible to generate a global map of key Carbon Cycle markers over a
specified period of time. These types of plots are very significant and informative for both
researchers and the general public. For example, members of the public who want to know
about local GHG emissions to avoid living in areas with air pollution can utilize plots created in
Giovanni.
Giovanni has its limitations, including a resolution limit that prevents zooming into cities and a
global coverage limit, because Earth observation satellites require a few days to cover the whole
globe. Giovanni does not provide functions for the production of 3D images that would be
useful for ocean and atmospheric vertical measurements.
For scientists, the benefit of interpreting data through the Giovanni software is the possibility to
follow the data processing from raw data to a finalized product. It also provides scientists with a
very simple and clear tool for visualizing scientific data that is easily understood by the general
public see Figure 2-8.
Importantly, the data provided within Giovanni is also readily available through the NASA
website however much of it has already been processed into images or graphs.
In summary, Giovanni is a very powerful tool for basic visualization but to create more
complex images we need to combine our Giovanni images with a program such as ArcGIS.
5.1.2

RE-FOCUS-Generated Data Images

Team RE-FOCUS has created images using sample data from ArcGIS and Public Google Date
that have been used to illustrate key concepts in this report, such as in Figures 2-3, 2-8, 2-11,
2-13.

5.2
5.2.1

Visualizing Carbon Data to Empower the Public
Outreach Resource Format

The format selected for our outreach resource dictates whether children will think a product is
useful and fun, regardless of the content. The format must have a strong influence on children
and policy makers. Various formats were evaluated to determine their advantages and
disadvantages, with the goal of identifying a format that could be distributed widely. For
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example, an electronic copy would be easy to distribute. However, it could be technically
difficult for children and there could be limited access in the developing counties. We looked at
formats from three main areas: hard copy, electronic copy and web-based games. We chose the
best format for visualization and education about the Carbon Cycle and explained how we could
implement the key content.
Hard Copy Format

Hard copy format is the oldest and the most familiar. In many countries, there are a lot of
different hard copy formats. We chose a card game. Card games have been popular for many
years, in many countries around the world. For example, card games have evolved from fortunetellers to the latest animation card games; card games reflect the culture of the era. A card game
associated with the environment called “My Earth” already exists in Japan, and is very popular.
It has been distributed free of charge to three thousand Japanese schools. In addition, card game
competitions have been held on all levels, from local to international. Another advantage of card
games is that you can easily add additional cards when new information and knowledge is
discovered.
One disadvantage is that the rules for some card games are complicated. The information
included could also be limited compared with other formats. We assessed these difficulties in
developing our game and decided that a card game is the best hard copy format for the outreach
resource.
Electronic Copy Format

In this context “electronic copy” refers to the whole process of data or information
management that is in an electronic state. This can include: acquisition, storage, analysis,
distribution and review or replay.
Digital formats include video games, CD/DVD-ROM, multimedia such as pictures, music, and
film. A television program can also be regarded as an electronic copy. Any electronic copy has
limitations because it needs a device to show the information. This limits the breadth of the
audience, particularly for those in developing countries. The pace at which the information is
displayed must also be appropriate for the audience.
The format only delivers the content. When deciding which format to use, we had to consider
the technology, but also whether the content would be presented in the best way. The hard copy
might be less engaging, but conversely, the more attractive electronic format can be misleading –
something that it was vital to avoid, considering that the Carbon Cycle is a serious topic. We
wanted to exploit the potential of both electronic and hard copy format.

5.2.2

Web-based Format

The advantage of a Web-based format is its flexibility and distribution. We can update
information quickly when required. Web-based formats include home pages, online games,
cartoon films, and Youtube.com.
We can put a lot of information into home pages and have links to numerous other sites. The
online game is fun for children and it can include a lot of information, but it is also necessary to
have access to the Internet. Youtube.com has a lot of hits, but it fairly inflexible for updating
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content. Animation films are fun for small children, but again are difficult to update – a brand
new animation would be required.
Table 5-1: Discussion of formats for the resource

Format
card game

Hard copy

paper craft

board game

Electronic
copy

video game
DVD
home pages

Web-based

online game
YouTube
animation
cartoon film

published
matter

book/
brochure

Pros
easy to increase
variety,
long history
hands-on
3D visualization
fun,
a lot of information,
no need for computer
or internet
fun, exciting
easy to watch
a lot of information
easy to update
flexible
fun,
a lot of information
easy to update
flexible
many viewers
fun fun fun!
common
many formats

Cons
complicated rules for small children
limited distribution and information
one time use
high cost of production
limited distribution

high cost to purchase
limited distribution
inflexible to new data
requires computer and internet
access
requires computer and internet
access

needs a lot of time to update
inflexible
needs a lot of time to update
limited distribution
inflexible to new data
not carbon-footprint conscious

Chosen Outreach Resource Format

From those options, team RE-FOCUS combined the three formats into two comprehensive
formats that will inform and empower the general public while they are having fun. We
determined the best format for an outreach resource about the Carbon Cycle would be a board
game. The board game should be deployed in two ways: a hard copy version and an online
version. While playing either version of the game, the general public can learn about many
different aspects of the Carbon Cycle.
"The Game of Life" has been a famous Japanese board game for many years. You can play both
online and hard copy versions. In the online version, it is possible to play with multiple people
around the world at the same time.
Cards will be used to support the hard copy board game to engage children in understanding the
Carbon Cycle and to illustrate how it functions in nature. Many aspects of the Carbon Cycle
information are described on the cards. In the online format of the board game, animations will
be used instead of cards. Animations are attractive elements incorporating vivid colors, simple
stories and lively music that can help children to understand what the Carbon Cycle is and why
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it is important. Cards and animations can be updated easily without changing the basic style of
the game (My Earth, 2010). The different ages and education levels of potential players can be
managed by designing several levels for the cards and the online animations. A cartoon
character could be developed to act as a guide to the online game.
Language is another important element in the design of both the hard copy and online versions
of the board game. The cards for the hard copy game can be produced in different languages
based on the country of distribution. In the online format, it is easy to create links to change to
any language depending on where the player is accessing the game.
In conclusion, a board game has relatively more information than the other formats evaluated.
By playing a board game the general public will begin thinking about how carbon moves and
changes around the world.
5.2.3

Outreach Resource Content

Complete development of an educational outreach resource for the public requires an
understanding of the potential market. In the course of our research, we discovered that
resources similar to the one we envisioned did not fully explore content on satellite remote
sensing, which Carbon Cycle markers are investigated, or how humans have been disrupting the
Carbon Cycle. With this knowledge, team RE-FOCUS decided to develop a resource to create
awareness in the public about the Carbon Cycle, and to inform them on the importance of the
Carbon Cycle in everyday life. We formed a message for our outreach resource based on this
research.
We decided to create a complete, well-rounded outreach resource illustrating the importance of
the Carbon Cycle, particularly in everyday life. The key messages illustrated by the resource are:
(1) the carbon reservoirs on Earth, (2) the carbon exchange processes, (3) the Carbon Cycle
markers, (4) tools for tracking the markers, (5) Space-based technologies for tracking markers,
and (6) human influences on the Carbon Cycle. Each of the core messages of the resource is
broken down into subsidiary messages, as illustrated by Table 5-2.
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Table 5-2: Core messages of the outreach resource

Core Message
Carbon reservoirs on
Earth
Process of carbon
exchange between
reservoirs

Key Carbon Cycle
markers
Tools for tracking
Carbon Cycle
markers
Space-based
monitoring of Carbon
Cycle markers
Human influences on
the Carbon Cycle

Subsidiary Message
Atmosphere
Terrestrial biosphere
Oceans and sediments
Chemical
Physical
Geological
Biological
CO2
CH4
Cellular carbon in the above ground
biomass
Carbonates in the ocean
Space-based (satellites)
Non-space-based
(tall towers, buoys, balloons, and aircraft)
Passive light collection
LIDAR
Radar
Emission of greenhouse gases
Deforestation
Waste byproducts

The Carbon Cycle Game

Once we identified the key information, we developed ways to present the information in the
outreach resource. As explained, one format is the hard copy board game and the other is the
online board game. Both formats have the same rules, but the hard copy board game uses game
cards to relay content where the online board game uses animations.
The object of the game is for the player to make his way around the board through the three
carbon reservoirs. The winner is the player with the lowest number of carbon points once every
player has made it to the end.
The map on the board consists of three different areas: the land area, the oceans area and the
atmosphere area. Each area has different event cards about Carbon Cycle topics related to those
specific areas. The cards cover topics such as Carbon Cycle markers, remote sensing satellites,
terrestrial observations, and human influences and impacts on the Carbon Cycle.
To begin the game, players must choose a character. The characters are A, B, C, and D. Each
character starts the game with a different number of carbon points. This reflects the difficulty
that different industrial countries might have in reducing their carbon emissions shown by the
carbon markers. Initially character A has 5,000 carbon points, B has 4,000 carbon points, C has
2,500 carbon points, and D has 1,500 carbon points.
Following the choice of characters, the order of play is chosen by a roll of the six-sided die. The
player with the lowest number goes first and play continues clockwise around the board. To
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move on the board players roll the die and move the number of squares indicated. After landing
on a square the player picks up an event card for that area of the map. The event card will
provide information, describe an event that either increases (carbon plus event) or decreases
(carbon minus event) your carbon points, or will be carbon-neutral. Examples of carbon plus
and minus events follow:
Carbon plus event cards:
In the land area,
A forest fire occurs:
If you are A +100 points, B +200 points, C +300 points, D +400 points
You transform forest to crop:
If you are A +150 points, B +400 points, C +600 points, D +1,500 points
You transform forest to houses:
If you are A +100 points, B +250 points, C +1,000 points, D +600 points
Break down of limestone with water:
If you are A +500 points, B +200 points, C +200 points, D +400 points
In the oceans area,
Algal and bacterial blooms in ocean increase methane release:
If you are A +300 points, B +500 points, C +250 points, D +700 points
CO2 release from the ocean increases:
If you are A +100 points, B +600 points, C +300 points, D +450 points
Your satellite indicates a decrease in photosynthesis for ocean plants:
If you are A +100 points, B +500 points, C +700 points, D +500 points
In the atmosphere area,
Increasing CO2 in atmosphere due to deforestation:
If you are A +100 points, B +400 points, C +400 points, D +400 points
A massive volcano explodes and releases CO2 and methane:
If you are A +300 points, B +250 points, C +300 points, D +300 points
A natural gas pipeline explodes:
If you are A+400 points, B +400 points, C +400 points, D +400 points
Carbon minus event cards:
In the land area,
A reforestation effort begins:
If you are A -400 points, B -400 points, C -200 points, D -300 points
You develop a new technology to capture renewable form of energy (solar, water, wind power):
If you are A -550 points, B -250 points, C -250 points, D -400 points
You increase your wind power generator return to the main power grid:
If you are A-500 points, B -200 points, C -200 points, D -150 points
In the sea area,
The sea absorption of methane increases:
If you are A -400 points, B -450 points, C -200 points, D -200 points
Your satellite indicates an increase in photosynthesis in ocean plants:
If you are A -450 points, B -300 points, C -100 points, D -100 points
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In the atmosphere area,
Purchase of improved factory machines decreases CO2 emissions:
If you are A 0 points, B -100 points, C -150 points, D -200 points
Satellite monitors greenhouse gases:
If you are A -300 points, B -350 points, C -150 points, D -150 points
Satellite monitors deforestation:
If you are A -350 points, B -250 points, C -200 points, D -200 points

Figure 5-2: Images of playing cards, supporting hard copy version of game

Figure 5-3: RE-FOCUS Board Game
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Marketing and Outreach Plan

The success of this outreach resource will depend on its effective distribution and subsequent
promotion of the product. Distribution of the product can be ensured through commercial
partnerships or collaborative partnerships with stakeholders such as the space agencies. By
choosing a well-established stakeholder we can benefit from their existing distribution channels.
These channels can vary from online newsletters, alerts, teachers’ workshops to participation in
educational or environmental fairs.
We have studied the educational resources already offered by our stakeholders (space agencies,
research institutions, governments and educational institutions). Many of them touch the subject
of climate change, the Carbon Cycle, and space-based observations. This demonstrates the
importance given by the stakeholders to increased awareness among a younger audience. These
existing tools are very often limited to a brief description of the Carbon Cycle or lack some
form of interaction with its audience. We believe that our resource – combining interaction, and
linking the Carbon Cycle, the human influences and the consequent impact on our daily lives,
and emphasizing the use of space-based observations for the monitoring of the Carbon Cycle –
can be a valuable complement to these existing materials.
Partnerships can be formed for the creation of each format: the online and hard copy board
game, the online animations, and the cards. The actual implementation of the outreach resource
can be included in these partnerships or can be organized through a separate collaboration.
Commercialization

Commercialization concerns the use of commercial identities that could turn our outreach
resource from a proposal to a real product.
We suggest choosing a well-established commercial partner, with experience in this market or
similar markets, which will help to ensure quality and longevity of our outreach resource.
The total project can be split into three parts, namely the online board game, the online
animations, and the hard copy board game. We are looking for commercial partners that can
create one of these three or combine them and also provide implementation and hosting.
We recommend approaching the following entities for establishing a commercial or
collaborative partnership for the creation or implementation of the online or hard copy board
game on the Carbon Cycle.

Partner companies to develop the product
To create our outreach resource we suggest someone who has expertise in developing online
electronic resources, and games. If they are not developed to a professional standard then the
outreach resource will very likely fail. For the development of the online format we suggest
choosing companies that offer a wide range of distribution and promotion channels. Especially
social media or the latest technological gadgets could be used to support the promotion of the
online board game.
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Both of the following companies are examples of enterprises that specialize in creating
interactive animation. They are ideal candidates for creating animation for our outreach
resource.
•
•

The company PlanetNemo (www.planetnemoanimation.com) is known for producing
and distributing animation series and interactive gaming content for the youth market
CONGIN (www.congin.com) has created the Climate Mystery game, a game focusing
on climate change made for the COP15 conference (see Section 4.4.1)

Partner companies to host the product
A good host for our outreach resource would facilitate success. It could also be possible to find
a host who would be responsible for the updating of the information within the outreach
resource.
•

Brain Pop (www.brainpop.fr) is a company that has an in-house team of educators,
animators, and writers, who produce and continually improve BrainPOP

Partner companies to distribute the product
The unique selling point of our product is accessibility; this means that we could have numerous
distributors. A particular example might be an organization like the United Nations Educational,
Scientific and Cultural Organization (UNESCO), which is constantly engaged in efforts to
inform and to promote scientific and cultural awareness. Another potential partner might be
Education City (http://www.educationcity.com/) a commercial company that offers a range of
web-based learning resources.

Partner companies with multiple aspects
There are some companies that are vertically integrated so that they can cater for all aspects
from development to hosting to distribution. Making use of this direct chain within a single
company could allow our product to be more successful, as it means the product only requires
implementation by a single company. This could also allow for greater focus to be put on
distributing the outreach resource across different demographics, rather than just creating the
product.
•
•

Nathan (www.nathan.fr)
La main à la pâte (www.lamap.fr).

As a demonstration of our commitment, and as a marketing tool, RE-FOCUS is trying to
reduce its own carbon footprint. Members of the team ride bicycles or use public transport
rather than private cars, as well as participate in recycling paper and plastic.
Collaboration

We have identified six space agencies (CNES, CSA, DLR, ESA, JAXA, and NASA) that already
have an online platform for a younger audience about climate change. The Carbon Cycle is
mentioned in some of these. Most of these platforms use animations or games. We suggest
approaching them for a collaborative partnership on the creation and the hosting of our online
board game.
Below is a list of these six space agencies, with the relevant division or department and the part
of their online platform where our outreach resource could complement their existing material.
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•

The Climate Kids – NASA’s eyes on the Earth online platform, part of the NASA
Global Climate Change website, produced by the Earth Science Communications Team
at NASA's Jet Propulsion Laboratory/California Institute of Technology
(http://climate.nasa.gov/kids/)

•

The Climate Change theme in the Earth section of ESA’s Kids website (available in 6
languages), produced by ESA’s Education Office
(http://www.esa.int/esaKIDSen/Climatechange.html)

•

The For Kids online platform produced by JAXA’s Space Application Missions
Directorate (www.satnavi.jaxa.jp/kids/index.html)

•

The Games (Jeux) web pages, part of the online platform Kids (Jeunes) produced by
CNES (www.cnes-jeunes.fr/web/CNES-Jeunes-fr/7947-jeux.php)

•

The educational pages of the ASI website where resources such as A scuola di scienza
(science school) are found (www.asi.it/it/educational/scuole)

•

The School Program of the DLR (www.dlr.de/desktopdefault.aspx/tabid4741/7888_read-12419/)

One way of ensuring a wide distribution of our outreach resource is looking for existing
platforms where various outreach and education resources are being listed or described. Priority
should be given to organizations or entities with a clear interest in the Carbon Cycle, in creating
awareness on climate change and in using space-based observations for monitoring the Carbon
Cycle.
The possible partners for the distribution and promotion of the online or hard copy game have
been identified. Adding our Carbon Cycle resource to their list of educational material would be
an important step in increasing the distribution of the online or hard copy game.
We suggest considering them also as possible third or fourth partner in the creation and
implementation of the online board game, the animations or the hard copy board game.
Below is a list of outreach resources overview pages where our material could be advertised.
•

The Education and Outreach web pages of the Global Monitoring Division of
NOAA’s Earth System Research Laboratory (www.esrl.noaa.gov/gmd/education/)

•

The Education Materials webpage in the Teachers’ Corner of ESA’s Education portal
(www.esa.int/educationmaterials)

•

The Games section in the For Kids Only web pages of NASA’s Earth Science
Enterprise as well as the How NASA studies water – SeaWiFS Project – the Wild Blue
Wonder web pages in For Kids Only (kids.earth.nasa.gov/water.htm)

•

The Education and Outreach web pages in NASA’s Carbon Cycle and Ecosystems
research website (cce.nasa.gov/cce/edu.htm)
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•

The JAXA Earth Observation and Satellite Applications for Kids website
(www.eorc.jaxa.jp/kids/index.html)

•

The List of material web page in the JAXA For Kids website
(www.jaxa.jp/kids/index_j.html)

•

The Kids website (Tout l’espace juniors) of the CNES portal (www.cnesjeunes.fr/web/CNES-Jeunes-fr/7950-juniors.php)

Promotion

We propose the following outreach or promotion events where our resource could be
presented. These outreach events will allow policy makers, the general public, teachers and
younger students to engage with and explore the Carbon Cycle through our online or hard copy
board game.
The Space Education and Outreach Symposium of the annual International
Astronautical Congress’ Technical program
(www.iafastro.org/index.html?title=Activities)
New space related outreach resources are regularly presented in this yearly international
symposium.
•

Events organized within the Space education program of UNESCO
(portal.unesco.org/science/en/ev.phpURL_ID=6252&URL_DO=DO_TOPIC&URL_SECTION=201.html)
This UNESCO program focuses on developing countries and provides educators with
opportunities to strengthen their knowledge and skills by providing them with educational
material.
•

The newsletter on Climate Change of the Food and Agricultural Organization’s
National Resources and Environment (www.fao.org/docrep/012/al245e/al245e00.pdf)
Events, reports and other material linked to Climate Change are promoted though this
newsletter.
•

The Vancouver Model United Nations event and the Rome Model United Nations
2011 event that form part of the UN International Year of Youth (August 2010-August
2011) (social.un.org/absolutewc/?e=170&c=0)
These events simulate the workings of the United Nations, thus exposing youth to important
global issues such as climate change.
•

The Student Climate Research Campaign: Engaging Youth to Understand Climate
project of the Global Learning and Observations to Benefit the Environment
(GLOBE) program (launch in September 2011 - classic.globe.gov/projects)
GLOBE projects allow students to explore and learn about Earth through research experiences.
The GLOBE projects work through a network of students, teachers, and scientists.
•

•
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Canadian teachers.
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•

The Space Education and Outreach Symposium of the annual International
Astronautical Congress’ Technical program
(www.iafastro.org/index.html?title=Activities)

•

Events organized within the Space education program of UNESCO
(portal.unesco.org/science/en/ev.phpURL_ID=6252&URL_DO=DO_TOPIC&URL_SECTION=201.html)

•

The newsletter on Climate Change of the Food and Agricultural Organization’s
National Resources and Environment (www.fao.org/docrep/012/al245e/al245e00.pdf)

•

The Vancouver Model United Nations event and the Rome Model United Nations
2011 event that form part of the UN International Year of Youth (August 2010-August
2011) (social.un.org/absolutewc/?e=170&c=0)

•

The annual Educator’s Space Conference of the Canadian Space Agency (www.asccsa.gc.ca/eng/educators/default.asp)

Additionally, we propose promotion at UNFCCC – COP and Subsidiary Body for Scientific and
Technological Advice (SBSTA) events to reach key policy makers. Also, events like OceanOps
and forestry conferences would be excellent venues for promotion.
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6 CONCLUSIONS AND RECOMMENDATIONS
It was the intention of the RE-FOCUS team to improve the use of Carbon Cycle Earth
Observation data by evaluating, interpreting, and making recommendations for tracking Carbon
Cycle markers, as well as producing visuals to empower the public and the Carbon Cycle
community. In addressing our mission statement we have come to some overall conclusions.
Throughout this report, we demonstrated that the Carbon Cycle represents a complex system of
interrelated natural processes that define or influence nearly all aspects of the global
environment. With the development of humanity’s emergence, expansion, and rapid
industrialization, we have made ourselves an integral part of this system. Humanity must ensure
that we understand and maintain the delicate balance within the system.

6.1

Overall Conclusions

The RE-FOCUS team undertook its investigation of society’s ability to comprehend and study
the Carbon Cycle with the following mandate:
1.
2.
3.

Research and understand the technical and geopolitical infrastructure of Earth
Observations for monitoring the global Carbon Cycle
Based on our understanding of the technical and geopolitical infrastructure, recommend
new implementation techniques and policies to monitor Carbon Cycle markers
Develop the framework for an outreach resource to empower and create awareness of
the Carbon Cycle in the public and Carbon Cycle community

In the process of achieving the mandated objectives, it was discovered that significant gaps still
exist in our ability to monitor and understand the Carbon Cycle.
The results of our investigation have led us to the conclusion that a thorough understanding of
the Carbon Cycle and the Carbon Cycle markers, used to characterize it, is essential to enable
policy makers to render decisions founded upon high-quality, accurate, and reliable information.
This can be accomplished through the reduction of measurement uncertainties associated with
the monitoring of the carbon exchange processes comprising the Carbon Cycle. It is also
accomplished through improvements in the global network of remote sensing assets used to
monitor it. These improvements are essential for addressing the existing gaps in the network,
particularly in regions of rapid economic and industrial growth such as Africa, China, and South
America.
We also identified a lack of coordinated effort between countries in terms of remote sensing
activities as well as “green technology” development. To correct this, future policy and technical
initiatives relating to the study of the Carbon Cycle must be structured upon collaborative
agreements between nations. These agreements can focus effort and resources more effectively,
foster global economic growth, and avoid unnecessary redundancy in technology development.
The United Nations could play a significant role in fostering such a collaborative infrastructure,
and in the process establish the basis for a more stable and productive geopolitical environment.
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Recommendations

To improve our knowledge of oceanic carbon sequestration and transport, we offer the
following recommendations:
1. The development of a global network of remote sensing devices that can be integrated
with existing satellite communication systems to enable continuous spatial and temporal
sensing in all regions of the ocean
2. Increased collaboration within the international scientific community to study deep
ocean carbon concentration levels
3. The development of a sensor system to monitor calcium carbonate distribution and
concentration levels in the oceans. This is essential for reinforcing the present
understanding of both the ocean mechanisms for sequestration of carbon and the
Carbon Cycle as a whole
Similarly, to further our understanding of the atmospheric processes contributing to the Carbon
Cycle, our recommendations are:
1. That additional resources be allocated to support the creation of higher-fidelity
mathematical models
2. To improve the temporal resolution of data from ground-based atmospheric
monitoring stations, we propose that new and existing communications towers
(television, mobile telecommunication, broadcast radio), in both developed and
emerging countries, should be augmented to serve in a dual-capacity by equipping them
with passive monitoring instrumentation for atmospheric carbon level measurements
To improve our ability to monitor and understand the terrestrial biosphere, we recommend:
1. The use of very high-resolution remote sensing systems (one meter) like Ikonos (USA)
or SAR-Lupe (Germany) to reconstruct the true location of forest boundaries to resolve
the discrepancy between remote sensing data and in situ measurements of the
boundaries between different land use areas
2. Increased use of Synthetic Aperture Radar (SAR) interferometry for monitoring land
use and its impact on key carbon markers such as Above Ground Biomass
3. Development and implementation of remote sensing assets equipped with LIDAR, and
interferometric SAR to monitor high-latitude ice and permafrost levels
4. Development of uniform, internationally recognized, standards encompassing
measurement techniques, data calibration, and validation to foster increased
international collaboration
With regard to improvements in socioeconomic and legal policies influencing our understanding
of the Carbon Cycle, we recommend:
1. International collaboration should be encouraged between nation states actively
engaged in the monitoring and study of the Carbon Cycle or related environmental
processes
2. Improvement in the economic outreach towards private industry to promote and
encourage the adoption of carbon-friendly operational policies and practices
3. A substantial increase in domestic and international policies which differentiate between
the needs and concerns of countries verses those of regions
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4. Adoption of enforceable penalties against nations willfully engaged in detrimental
environmental practices
5. Adoption of a new international data sharing agreement which would permit members
of the Carbon Cycle community to access, and subsequently combine, data from
available international remote sensing assets
6.3

Educational Outreach Initiative

To enforce the importance of Carbon Cycle markers and highlight the gaps in our knowledge of
the Carbon Cycle, we undertook the task of identifying methods to provide informative images
to serve the scientific community and empower the public.
We utilized Giovanni and Geographical Information System (GIS) software tools to create an
informative series of images to illustrate seasonal variations in energy consumption, atmospheric
carbon monoxide, methane concentrations, and black carbon concentration levels from forest
fires.
During the process of creating these images, we also identified significant limitations in the
availability of GIS data accessible to members of the Carbon Cycle community. As a result, we
suggest a framework for the establishment of an international remote sensing data sharing
system that could resolve the limitations we encountered.
Having identified the information pertaining to the Carbon Cycle that is important to members
of the general public, we investigated methods for the development of an outreach resource to
present this information in an accessible way.
Our suggested format identified for the outreach resource is that of a board game, which could
be offered in both a hard copy and an internet-based format. The objective of the game would
require a player to traverse the game board through the three carbon reservoirs. The winner at
the end of the game is the player with the lowest number of carbon points of all the players after
every player has made it to the end. The map on the board consists of three different areas; the
land area, the oceans area and the atmosphere area. Each area has different event cards about
Carbon Cycle topics related to those specific areas. The cards cover topics such as Carbon
Cycle markers, remote sensing satellites, non-space based observations, and human influences
and impacts on the Carbon Cycle.
6.4

Closing Thoughts

During the RE-FOCUS project we have examined the interrelationship between policy, science
and technology, and education in the context of the Carbon Cycle. We have learned that the
scientific community has substantial knowledge of the cycle and the underlying processes which
drive it. However, as our global society continues to expand, our influence on the environment
will continue to disrupt the Carbon Cycle’s equilibrium.
Only through continued improvement in our knowledge and understanding of the Carbon
Cycle will we be able to manage our environment, our planet, and our future.
We are proud to have educated ourselves in the hopes of educating others.
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9 APPENDIX
Table 9-1: Summary of international remote sensing programs
References: (CSA, 2010), (CEOS, 2009), (Bolide, 2007), (CNSA, 2008), (NASA GSFC, 2002),
(CBERS), (CEOS, 2009), (CEOS/ESA, 2009), (NRC, 2007), (TBOC, 2006), (CSA, 2006), (CSA,
2007), (CSA, 2010)
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Operational

Partners

Primary Payload

PP Resolution

Cost

Purpose / Motivation

N/A

Agriculture, water, forestry, water, oil resources, crop
protection, management of disasters, and land planning

N/A

Agriculture, water resources, vegetation, environmental
modeling and assessment, and desertification

Algeria

Alsat-2A
1
Australia
No indigenous remote sensing assets.
Egypt

N/A

2010 - Present

FRA

Four (4) channel color imager

2.5 m in
panchromatic, and
10 m in each color

EgyptSat-1
1
Australia
No indigenous remote sensing assets.
Brazil

N/A

2007 - Present

RUS

Four (4) channel and infrared camera

8m

5 m / 10 m
20 m
40 / 80 m
5 m / 10 m
20 m
40 / 80 m
70 m
12 m
40 m

AMAZONIA

1

4 year

2011+

GBR

Panoramic multi-spectral camera
Multi-spectral imager
Scanning medium resolution IR camera
Panaramic multi-spectral camera
Multi-spectral imager
Scanning medium resolution IR camera
Wide-field (visible) imaging camera
RAL-CAM
Optical Imager

MAPSAR
Canada

1

4 year

2011+

DEU

L-Band SAR

3, 10, 20 m

Spectroradiometer
Broad band Radiometer
IR Imagers
Ka-band Communications Package

0.5 to 1 km Visible
2 km IR

CBERS - 3

1

3 years

2009 - Present

CHN

CBERS - 4

1

3 years

2011+

CHN

Environmental monitoring
Technology Demonstration
>US$ 300 M Establishment of technical capacity
Environmental monitoring
Technology Demonstration
Establishment of technical capacity
>US$ 300 M Provide access to advanced technical facilities
Environmental monitoring
N/A
Natural resource tracking
Environmental monitoring
Amazon region vegetation characterization
N/A

2

7 year

2017+

EU, USA

Radarsat 1

1

5 year

1996 - Present

N/A

C-Band SAR

8 to 100 meter

Radarsat 2

1

7 year

2008 - Present

N/A

C-Band SAR

3 to 100 meter

RCM
China

3

7 year

2014+

N/A

C-Band SAR

5 to 50 meter

>CAN$ 521 M Identical to Radarsat - 1
National security
Resource management (ecosystem monitoring)
Sustainable development
>CAN$ 500 M Transportation

FY-2F

1

5 year

2011+

N/A

Imaging multi-spectral radiometers

5 km

Meteorology and environmental monitoring
REM 2000+M Data collection and redistribution

FY-3D

1

4 year

2014+

N/A

Atmospheric temperature and humidity
sounders
Imaging multi-spectral radiometers (passive
microwave)
Imaging multi-spectral radiometers (vis/IR) 250 m

FY-4M/C

1

5 year

2022+

N/A

Optical or HyperSpectral (TBD)

80

20 m

N/A

Communications
Meteorology
Ice Monitoring
Marine surveillance
Disaster management
Hydrology
Mapping
Geology
Agriculture
Forestry

PCW

CAN$ 620 M

Meteorology and environmental monitoring
REM 2800+M Data collection and redistribution
Meteorology and environmental monitoring
REM 3500+M Data collection and redistribution
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Partners

Primary Payload

PP Resolution

Cost

Purpose / Motivation

European Union
Micro-satellite with the aim of characterization of the clouds and
aerosols microphysical and irradiative properties, needed to
understand and model the irradiative impact of clouds and
aerosols.
5.5kmX5.5km
N/A
To determine fluctuations in the mass of the Earth’s major land
N/A
and marine
ice fields.
Range resolution 45cm,alongtrack
resolution
250m
Providing continuity of C-band SAR data for operational
applications notably: Marine Core services, Land Monitoring and
5m
N/A
Emergency Services
10 to 60 m
N/A
Supporting land monitoring related services

1(A-Train
Constellation)

5 year(design
life is 2 year)

2004 - Present

N/A

Multiple direction/polarization radiometers

1

3 year

2010+

N/A

Radar altimeters, Laser retroreflector

Sentinel 1
Sentinel 2

3 [GMES]
3 [GMES]

7 year
7 year

2011+
2012+

N/A
N/A

Sentinel 3

3 [GMES]

7 year

2012+

N/A

Sentinel 4

2 [GMES]

9 year

2018+

N/A

C-Band SAR
High-resolution optical imagers
Imaging multi-spectral radiometers (passive
microwave) ;Radar altimeters
30 to 500 m
N/A
Supporting global land and ocean monitoring services
Atmospheric temperature and humidity
Supporting European atmospheric composition and air quality
sounders
N/A
monitoring services
Horizontal: 4 km at SSP, Vertical:
1 km

Sentinel 5

1 [GMES]

5 year

2019+

N/A

1

11 year

2002 - Present

PARASOL
CRYOSAT-2

EnviSat

MetOP - A

MetOP - B

1 [EUMETSAT Polar
System]

1 [EUMETSAT Polar
System]

6 year

2006- Present

5 year

2012+

N/A

Atmospheric temperature and humidity
sounders
Imaging multi-spectral radiometers (vis/IR)
Imaging multi-spectral radiometers
Atmospheric temperature and humidity
sounders
Radar altimeters

1 x 1 km;30 m

N/A

Atmospheric temperature and humidity
sounders
Imaging multi-spectral radiometers (vis/IR)

1.1 km

N/A

Meteorology, climatology

N/A

Atmospheric temperature and humidity
sounders
Imaging multi-spectral radiometers (vis/IR)

1.1 km

N/A

Meteorology, climatology

N/A

Meteorology, climatology

N/A

Meteorology, climatology, Atmospheric dynamics/water and
energy cycles

N/A

Meteorology, climatology, Atmospheric dynamics/water and
energy cycles

N/A

Meteorology, climatology, Atmospheric dynamics/water and
energy cycles

250 to 500 m

N/A

Physical oceanography, land surface, ice and snow, atmospheric
chemistry, atmospheric dynamics/water and energy cycles

1 [EUMETSAT Polar
System]

5 year

2016+

N/A

Atmospheric temperature and humidity
sounders
Imaging multi-spectral radiometers (vis/IR)

MTG-l1

1

9 year

2016+

N/A

Imaging multi-spectral radiometers (vis/IR)
Lightning imager

MTG-l2

1

8 year

2021+

N/A

Imaging multi-spectral radiometers (vis/IR)
Lightning imager

MTG-l3

1

8 year

2025+

N/A

Imaging multi-spectral radiometers (vis/IR)
Lightning imager

MTG-l4

1

8 year

2029+

N/A

Imaging multi-spectral radiometers (vis/IR)
Lightning imager

1.1 km
vis/IR: 1.0 km
Lightning imager:
10 km at 45°N
vis/IR: 1.0 km
Lightning imager:
10 km at 45°N
vis/IR: 1.0 km
Lightning imager:
10 km at 45°N
vis/IR: 1.0 km
Lightning imager:
10 km at 45°N

Pleiades 1

1

5 year

2010+

N/A

High-resolution optical imagers

0.70m

N/A

Pleiades 2

1

5 year

2011+

N/A

High-resolution optical imagers

0.70m

N/A

MetOP - C
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In early stages of mission definition. Other payloads will be
added

<

<

<

<
N/A

Meteorology, climatology, Atmospheric dynamics/water and
energy cycles
Cartography, land use, risk, agriculture and forestry, civil
planning and mapping, digital terrain models, defense
Cartography, land use, risk, agriculture and forestry, civil
planning and mapping, digital terrain models, defense
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France

CALIPSO

1

5 year

2006 - Present

USA

Lidars;Imaging multi-spectral radiometers
(vis/IR)

SPOT-4

1

14 year

1998 - Present

N/A

High-resolution optical imagers;
Imaging multi-spectral radiometers (vis/IR)

10 m

5m

N/A

SPOT-5
Germany
GEOEYE

1

11 year

2002 - Present

N/A

High-resolution optical imagers;
Imaging multi-spectral radiometers (vis/IR)

30 to 125 m

N/A

490 M Euro

Measurements of aerosol & cloud properties for climate
predictions, using a 3 channel lidar and passive instruments in
formation with Aqua and CloudSat for coincident observations of
radiative fluxes and atmospheric state.
Cartography, land surface, agriculture and forestry, civil
planning and mapping, digital terrain models, environmental
monitoring
Cartography, land surface, agriculture and forestry, civil
planning and mapping, digital terrain models, environmental
monitoring

USA company

TERASAR - X

1

6 year

2007 - Present

N/A

Atmospheric temperature and humidity
sounders;X-Band SAR

4m

130 M Euro

TANDEM - X
India

1

5 year

2009 - Present

N/A

X-Band SAR

4m

130 M Euro

Cartography, land surface, civil planning and mapping, digital
terrain models, environmental monitoring.
Cartography, land surface, civil planning and mapping, digital
terrain models, environmental monitoring.

Cartosat 1

1 5 years

2005 - Present

N/A

Panchromatic imager

2.5 m

N/A

N/A

Cartosat 2

1 5 years

2007 - Present

N/A

Panchromatic imager

< 1m

N/A

Mapping, infrastructure development and management, and GIS

Cartosat 2A

1 5 years

2008 - Present

N/A

Panchromatic imager

< 1m

N/A

Mapping, infrastructure development and management, and GIS

IMS-1

1 2 years

2008 - Present

N/A

Multispectral imager

N/A

N/A

Oceansat-2

1 5 years

2009 - Present

ITA

Eight (8) channel in Visible to NIR

360 m

N/A

N/A
study surface winds and ocean surface strata, observation of
chlorophyll concentrations, monitoring of phytoplankton blooms,
study of atmospheric aerosols and suspended sediments in the
water

Cartosat 2B
Korea

1 5 years

2010 - Present

N/A

Panchromatic imager in 500-850[nm]

< 1m

N/A

N/A

Kompsat - 2

1 3 years

2006 – Present

FRA

RGB, IR, and 500-900nm imager

4 m in RGB and IR,
1 m in 500-900nm

2011+

JPN

N/A

< 1m

2006 - Present

N/A

N/A

70 cm

Commercial. Agriculture, Urban Planning
Environmental monitoring, surveillance and risk management
applications, environmental resources management, maritime
management, earth topographic mapping, law enforcement,
informative / science applications
Land surface, agriculture and forestry, regional geology, land
use studies, water resources, vegetation studies, coastal studies
and soils

Kompsat – 3
1 4 years
Indonesia
Applications using LANDSAT, Spot, ERS-1, and JERS-1
Israel
Eros B
Italy

Cosmo Skymed

Prisma

82

1 N/A

4

1

7 year

5 year

2007 - Present

2011+

USD 200
million

GIS (Geographic Information System) and other environmental,
agricultural, and oceanographic monitoring applications

N/A

GIS (Geographic Information System) and other environmental,
agricultural, and oceanographic monitoring applications

EU

X-Band SAR

1m

N/A

N/A

Imaging multi-spectral radiometers (vis/IR)
;High-resolution optical imagers

5 to 30 m

N/A
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1

5 years

2009 – Present

N/A

Primary Payload

PP Resolution

Cost

Purpose / Motivation

Japan

1

>3 years

1997 – Present

USA

ALOS

1

>3 years

2006 – Present

BRA

CO2, CH4, water vapor, O2 sensor
Aerosol sensor
rainfall radar
cloud, rainfall, sea temperature, sea wind
sensor
RGB and IR imager
L-band SAR

GCOM-C1
Nigeria

1

5 years

2013+

N/A

cloud, aerosol, ocean color, vegetation, ice

N/A

N/A

2003 - Present

GBR

red, green, and infrared imager

32 m , 4 m
panchromatic

N/A

Agriculture, water resources, vegetation
(One of DMC by SSTL)

Determining vegetation in South Africa

GOSAT

TRMM

NigeriaSat-1
1
Singapore
Applications using ENVISAT and EO-1
South Africa

180 km
0.5 km
4.3 km
4 – 38 km
2.5 m x 5 m
10 m

JPY 18 billion Observing greenhouse effect gases
US$ 650
million
JPY 29.2
billion

Observing tropical rainfall
Global mapping, observing afflicted area

JPY 18 billion Global climate change observation

SUNSAT-1
Spain

1

4-5 years

2001 - Present

EU

Stereo three band spectral imager

15 m

N/A

Inginio

1

7 year

2012+

EU

High-resolution optical imagers

1 to 2.5 m

N/A

PAZ
Thailand
Applications using ALOS
United States

1

5 year

2011+

N/A

Imaging microwave radars

1m

N/A

Cartography, land use, urban management, water management,
environmental monitoring, risk management and security
Security, land use, urban management, environmental
monitoring, risk management

1 deg. K over 1 km
40 km at nadir
13.5 km at nadir
6 x 4 km to 75 x 43
km

N/A

Atmospheric temperature
Global humidity monitoring
Global precipitation measurement
Atmospheric Composition
Carbon Cycle, Ecosystems, and Biogeochemistry
Climate Variability and Change
Water and Energy Cycles

1 x 10 x 300 km
5 x 500 x 3 km
1.0 - 0.45 nm full
width @ half
maximum
0.53 x 5.3 km

N/A

Aqua

Aura

OCO-2

1 [A-Train]

1 [A-Train]

1 [A-Train]

6 years

6 years

2002 - Present

2004 - Present

5 years

International Space University, SSP 2010

2013+

BRA, JPN

GBR, FIN,
NLD

N/A

Multispectral infrared sounder
Passive multi-channel microwave radiometer
Multi-channel passive radiometer (humidity)
Passive microwave radiometer
Visible & IR spectroradiometer
3-channel scaning radiometer for albedo
High-resolution Dynamics Limb Sounder (IR
imager) (failed)
Microwave Limb Sounder
Ozone Monitoring Instrument (Visible and UV
imager)
Tropospheric Emission Spectrometer (IR
imager)

High-resolution grating near-infrared
spectrometers

3 sqm @ 1ppm
sensitivity

N/A

Atmospheric chemistry and dynamics
Pollution monitoring
Improve our understanding of the geographic distribution of CO2
sources and sinks (surface fluxes) and the processes controlling
their variability on seasonal time scales.
Validate a passive spectroscopic measurement approach and
analysis concept that is well suited for future systematic CO2
monitoring missions.
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United States (Cont'd)

Orbview2/SeaWiFS

1

Active

1997 – Present

Landsat

2

Active

1984 - Present
1999 - Present

Quik
Scatterometer

1

Active

1999 - Present

Terra

Jason-1
Ice, Cloud, and
land Elevation
Satellite
(ICESat)

Ocean Surface
Topography
Mission (OSTM)

84

N/A

SeaWiFS (Sea-viewing Wide Field-of-view
Sensor)

1.1 km LAC, 4.5 km
GAC

N/A

Multispectral Scanner System (MSS)
Thematic Mapper (TM) instruments
Enhanced Thematic Mapper Plus (ETM+),

15 to 90 m

N/A

1 [A-Train]

Active

1999 - Present

CAN

1

Active

2001 - Present

N/A

1

1

Active

Active

2003 - Present

2008 - Present

N/A

FRA

SeaWinds (Microwave Radar Instrument)
Advanced Spaceborne Thermal Emission and
Reflection Radiometer
Clouds and Earth's Radiant Energy System
Multiangle Imaging Spectroradiometer
Moderate-Resolution Imaging
Spectroradiometer
Measurements of Pollution in the
Troposphere
DORIS (Doppler Orbitography and Radiopositining Integrated by Satellite)
GPSP (Global Positioning System
Payload))/TRSR (Turbo Rogue Space
Receiver)
JMR (Jason Microwave Radiometer)
LRA (Laser Retroreflector Array)
Poseidon-2 altimeter

GLAS (Geoscience Laser Altimeter System)
GPSP (Global Positioning System Payload)
AMR (Advanced Microwave Radiometer)
Carmen-2 (The Environment
Characterization and Modelisation-2)
DORIS (Doppler Orbitography and Radiopositining Integrated by Satellite)
GPSP (Global Positioning System
Payload)/TRSR (Turbo Rogue Space
Receiver)
LPT (Light Particle Telescope)
LRA (Laser Retroreflector Array)
Poseidon-3 Altimeter
T2L2 (Time Transfer by Laser Link)

20 deg. FOV @ 2
m/s resolution

Carbon Cycle, Ecosystems, and Biogeochemistry
Climate Variability and Change
Water and Energy Cycles

Carbon Cycle, Ecosystems, and Biogeochemistry
Earth Surface and Interior

N/A

Climate Variability and Change
Weather
Atmospheric Composition
Carbon Cycle, Ecosystems, and Biogeochemistry
Climate Variability and Change
Earth Surface and Interior
Water and Energy Cycles
Weather

15 m
30 m
90 m

N/A

CERES: 20-km
resolution.

N/A

Climate Variability and Change
Water and Energy Cycles
Climate Variability and Change
Earth Surface and Interior
Water and Energy Cycles
N/A

MISR: 275 m, 550
m, or 1.1 km

N/A

Climate Variability and Change
Monitor ocean circulation and change
Water and Energy Cycles
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[Constellation]
United States (Cont'd)

GLORY

Landsat Data
Continuity
Mission(LDCM)

1

1

Mission
Duration

Years
Operational

3 years

2010+

5 year

Partners

N/A

2012+

N/A

2013+

N/A

Primary Payload

PP Resolution

APS (Aerosol Polarimetry Sensor)
CC (Cloud Camera)
TIM (Total Irradiance Monitor)

Operational Land Imager (OLI) and the
Thermal InfraRed Sensor (TIRS)

Cost

N/A
MODIS: Two of the
bands=250-m
resolution, Five
bands=500-m
resolution,twentynine=1-km
resolution.

N/A

Tier 2--Active
Sensing of CO2
Emissions over
Nights, Days,
and Seasons
(ASCENDS)
1

1

Future

2011+

N/A

Multifrequency laser
ATMS (Advanced Technology Microwave
Sounder)
CERES (Clouds and Earth's Radiant Energy
System)
CrIS (Cross-Track Infrared Sounder)
OMPS (Ozone Mapping and Profiler Suite)
VIIRS (Visible/Infrared Imager/Radiometer
Suite)

1 [A-Train]

Active

2004 - Present

FRA

POLDER (Polarization and Directionality of
the Earth's Reflectance)

NPOESS
Preparatory
Project (NPP)

N/A

650-2550 1/cm
IR (0.3-14 um)
0.3 to 50
micrometer
N/A

10, 20 and 40 nm
Parasol

International Space University, SSP 2010

N/A

Purpose / Motivation
Measure total solar irradiance for long-term climate studies
Atmospheric Composition
Carbon Cycle, Ecosystems, and Biogeochemistry
Climate Variability and Change
Water and Energy Cycles
In addition to widespread routine use for land use planning and
monitoring on regional to local scales, support of disaster
response and evaluations, and water use monitoring, LDCM
measurements directly serve NASA research in the focus areas
of climate, carbon cycle, ecosystems, water cycle,
biogeochemistry, and Earth surface/interior.
Global atmospheric column carbon dioxide (CO2) Ambient air
pressure and temperature
Quantify global spatial distributions of atmospheric CO2
Quantify the current global spatial distribution of terrestrial and
oceanic sources and sinks of CO2
Provide a scientific basis for future projections of CO2 sources
and sinks through data-driven enhancements of Earth system
process modeling

Atmospheric Composition
Carbon Cycle, Ecosystems, and Biogeochemistry
Climate Variability and Change
Water and Energy Cycles
Relevant Science Focus Areas
Atmospheric Composition
Carbon Cycle, Ecosystems, and Biogeochemistry
Climate Variability and Change
Water and Energy Cycles
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