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Executive Summary

"I think a strong case can be made that the [Orbiting Carbon Observatory] should be
reproduced as soon as possible. Here we are, on the verge of new international agreements,
without thinking about how to monitor them. We are neglecting climate as an element of
national security. We're not getting the information we need. Where are [climate] changes
happening, and where are they going to happen?"

-Ralph Cicerone, President of the National Academy of Sciences

Speaking to Congress, 4 March 2009

Human activities now emit more than 32 billion tons of carbon dioxide (CO;) into the
atmosphere each year, and the annual emissions rate has increased steadily since the dawn of the
Industrial Age. Over half of this CO, has been absorbed by natural sinks on land and in the
ocean; the remainder stays in the atmosphere. Measurements made by the international carbon
cycle science community have substantially improved our understanding of CO, sources and
sinks, and their relationship to climate change. Despite this progress, knowledge of the nature
and location of CO; sources and sinks, as well as the processes that will affect their future
evolution, continues to be limited by a lack of high precision global measurements of
atmospheric CO,. This knowledge is needed to accurately predict how CO, sinks will change,
how this change will affect the rate of CO, buildup in the atmosphere, the impact on climate, and
to measure the effects of low carbon energy policy.

In 2002, NASA selected the Orbiting Carbon Observatory (OCO) to return space-based
measurements of atmospheric CO, with the sensitivity and spatial and temporal sampling
required to quantify CO, sources and sinks. This is the most challenging atmospheric trace gas
measurement ever attempted from space. The OCO team devised several innovations to realize
this measurement. While there have been advances in space-based CO, measurement capabilities
since 2002, including the recent launch of the Japanese Greenhouse gases Observing Satellite
(GOSAT), no existing or confirmed satellite sensor can provide the measurements needed to
quantify both CO, sources and sinks. Pre-flight tests of the OCO instrument, retrieval
algorithms, and data validation network indicate that OCO, combined with other ground- and
space-based assets, would have met these stringent requirements. If OCO launched successfully,
it would have also demonstrated a technology ideal for future long-term monitoring of CO,.

Advances in carbon cycle science have intensified the need for accurate global
observations of CO, from space. The unfortunate loss of OCO delays delivery of these critical
data. The OCO mission was conceived to address a fundamental carbon cycle and climate
science question with policy relevance. The science question is still unanswered, and OCO
measurements had become widely viewed as essential to provide the scientific basis for
greenhouse gas policies currently under consideration. Meeting the science and policy
imperatives on the needed time scale can only be accomplished by launching an OCO rebuild on
a fast-track schedule that capitalizes on the project’s assets and innovations and adds value to
other missions.

The OCO Project has developed a rebuild schedule starting in June 2009 that would lead

to launch as early as Fall 2011 and delivery of exploratory atmospheric CO, data products as
soon as early 2012.

v
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1. OCO’s Contributions to Earth Science

OCO was designed to revolutionize our understanding of the global carbon cycle by returning
space-based measurements of atmospheric carbon dioxide (CO,) with the sensitivity and
sampling density required quantify regional scale carbon sources and sinks and characterize
their interannual variability.

1.1. Carbon Source/Sink Uncertainties

Since the beginning of the Industrial Age, fossil fuel combustion and cement
manufacturing have emitted 304 + 30 billion tons of carbon (GtC) into the atmosphere as carbon
dioxide (CO;) [Marland and Rotty, 1984; Andres et al., 1999; Marland et al., 2008]. Since 1850,
an additional 162 + 160 GtC has been added by deforestation and land use change [DeFries etal,,
1999; Houghton 1999]. In response to these emissions, the atmospheric CO, concentration has
increased by 37%, from ~280 parts per million by volume (ppm) in the 1750’°s to more than 385
ppm today. For more than 50 years, precise atmospheric CO, measurements have been collected
from a sparse network of surface stations. These measurements indicate that, on average, less
than half of the CO, emitted into the atmosphere by human activities remains there. The balance
is apparently being absorbed by the ocean and by plants and soils on land (Figure 1).

Fossil Fuel Emissions of CO2 and Atmospheric Buildup, 1958-2008
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Figure 1. Global average atmospheric carbon
emissions from fossil fuel combustion (green) are
compared to year-to-year changes in the
atmospheric carbon buildup measured at Mauna
Loa Observatory, Hawaii (blue). Fossil fuel
emissions from 1958-2005 are from Marland et al.,
[2008]. Values for 2006-2008 are extrapolated
assuming a growth rate of 3.5% per year.
Emissions for land use practices and other human
activities add an additional ~1.5 GtC/year. The
atmospheric buildup rates at Mauna Loa are taken
from the NOAA ESRL, Cooperative Air Sampling
Network [Tans, 2009]. Globally averaged values
since 1980 are similar. The area in green
represents the carbon absorbed by the terrestrial
biosphere and ocean. The dramatic year-to-year
variations in atmospheric CO, growth rates are
poorly understood.

While estimates of the ocean sink for anthropogenic carbon are converging on average values
near 2 GtC/year [Manning and Keeling, 2006; Gruber et al., 2009], the carbon fluxes over the
Southern Ocean are still poorly quantified. In addition, we lack a quantitative understanding of
the strength and geographic distribution of carbon fluxes from the terrestrial biosphere. The
processes responsible for the dramatic year-to-year variations in the atmospheric CO,
accumulation are also largely unknown. An improved understanding of these sinks, the
underlying processes that control their efficiency, and their possible evolution in response to
climate change, is essential to enable accurate predictions of future increases in atmospheric CO,
and its impact on the climate [Fung et al., 2005; Houghton, 2007; IPCC 2007].
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Measurements of atmospheric CO, provide a powerful integral constraint on surface
sources and sinks. It is also possible to infer the distribution of the carbon sources and sinks
from small gradients in CO; concentration. These gradients are subtle (1 — 3 ppm) and must be
discerned against a relatively large background signal (~385 ppm) as well as diurnal (5 — 25
ppm), synoptic (2 — 40 ppm), seasonal (2-10 ppm) and interannual (1 — 4 ppm) variations, [Olsen
and Randerson, 2004], and sporadic sources, such as fires, whose signals become severely
damped by atmospheric diffusion in times as short as one week [Dufour and Breon, 2003].
Therefore, there is a strong need for accurate, global atmospheric CO, measurements with dense
coverage in space and time. The primary supplier of atmospheric CO, measurements is the
Cooperative Air Sampling Network, managed by the NOAA Earth Systems Research Laboratory
(NOAA ESRL). This network has expanded continuously over the past 50 years, and now
provides the precision and sampling densities needed to define global CO, trends. However, it
still lacks the coverage or resolution to map sources and sinks on regional scales over the globe.
The network is particularly sparse in the tropics and over the oceans.

NASA selected the Orbiting Carbon Observatory (OCO) in 2002 to address these issues.
OCO was designed to make space-based measurements of atmospheric CO, with the precision,
resolution, and coverage needed to characterize CO, sources and sinks on regional scales and
quantify their variability over the seasonal cycle. This is a particularly challenging space-based
measurement because the surface sources and sinks of CO, must be inferred from subtle spatial
and temporal variations in the column averaged CO, dry air mole fraction, Xcoz. Existing
measurements and modeling studies indicate that Xcoy variations rarely exceed 2% (8 ppm
against an ambient ~385 ppm background) on regional scales (1000 km by 1000 km). Modeling
studies indicate that Xco2 measurements with accuracies near 0.3 to 0.5 % (1 to 2 ppm) on
regional-to-continental scales are needed to identify surface CO, sources and sinks at these
spatial resolutions and characterize their variability over the seasonal cycle [Miller et al., 2007].

To meet these stringent measurement requirements, OCO carried a 3-channel imaging
grating spectrometer designed to measure the absorption of sunlight by CO, and molecular
oxygen (O,) with unprecedented sensitivity and resolution over the sunlit hemisphere. This
instrument recorded high spectral resolution (A/AA > 24,000) measurements of CO, absorption at
near infrared wavelengths near 1.61 and 2.06 microns (um), to yield estimates of the column
integrated CO, abundance with their greatest sensitivity near the surface, where most of the
sources and sinks are located. These data were to be combined with measurements of O,
absorption in the 0.765 um A-band to eliminate biases introduced by uncertainties in the surface
pressure, scattering by thin clouds and aerosols, and pointing errors. To maximize the sensitivity
and sampling rate, the instrument combined a fast (f/1.8), efficient optical system with state-of-
the-art diffraction gratings and focal plane arrays pioneered for use in the next generation Hubble
Space Telescope and James Webb Space Telescope instruments. With these assets, the OCO
instrument could record up to 24 soundings per second, yielding estimates of Xco2 with single-
sounding precisions between 0.5 and 3 ppm over 95% of the range of latitudes on the sunlit
hemisphere (even latitudes as high as Moscow on clear days in the winter). It could record up to
10° soundings every day, with measurement footprints small enough (< 3 km” at nadir) to ensure
that some cloud free soundings are collected even in partially cloudy regions. Extensive
independent reviews of the results from pre-launch testing of the instrument, calibration
algorithms, and Xcoy retrieval algorithms indicated that the instrument met or exceeded its
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performance requirements. A few minor flaws identified during pre-launch tests (weak residual
image in two channels and a 70 arc-second misalignment between the bore-sights) will be fixed
in hardware in any OCO rebuild. To ensure that OCO could also meet its stringent requirements
in space, a comprehensive ground-based validation network was built, calibrated, and deployed.

The failure of the OCO launch has prompted a reevaluation of the needs for space based
CO, measurements. Much has been learned about the global carbon cycle since OCO was
selected in 2002. New insights from measurements by ground-based networks, ocean monitoring
campaigns, aircraft, and satellite observations are reviewed in Section 1.2. This review focuses
primarily on improvements in our understanding of carbon cycle interactions with the
atmosphere, since this is the scientific area most affected by the loss of OCO. These new
measurements and modeling studies reinforce the urgent need for the precise, high resolution,
global, space-based measurements of atmospheric CO, that OCO was designed to provide.

In addition, since the selection of the OCO mission, other space based instruments have
started to return measurements of atmospheric CO,. For example, thermal infrared sounders
including the Atmospheric Infrared Sounder (AIRS) on the Earth Observing System (EOS) Aqua
platform, the Tropospheric Emission Spectrometer (TES) on the EOS Aura platform, and the
European Space Agency (ESA) Infrared Atmospheric Sounding Interferometer (IASI) on its
operational meteorological platform, MetOp, can make CO, measurements with accuracies of
~1% (4 ppm) at altitudes between 5 and 15 km. While these measurements have improved our
understanding of the CO, distribution at these altitudes, they have very limited sensitivity near
the surface, where the CO, sources and sinks are located. Other instruments such as the TANSO-
FTS on the Japanese Greenhouse Gases Observing Satellite (nicknamed, IBUKI) can make
global measurements of CO, near the surface, but with substantially lower sensitivity and spatial
resolution than OCO. In short, while simultaneous observations from these satellites will yield
much additional insight into our understanding of CO; sources and sinks, none of these sensors
provide the sensitivity and resolution needed to replace OCO.

Specific innovations developed by the OCO team to meet its stringent requirements are
summarized in Section 2. The OCO measurement capabilities are compared to those of the other
space-based atmospheric CO, measurements in Section 3. Section 4 describes the OCO mission
in the context of the National Research Council’s Decadal Survey for Earth Sciences, which
identifies this mission as a critical pathfinder for the Active Sensing of CO, Emissions over
Nights, Days, and Seasons (ASCENDS) mission. Section 5 describes the increasing importance
of data like that to be collected by OCO to policy makers.

1.2. Advances in Carbon Cycle Science since the Selection of OCO

Since OCO was selected in 2002, the international carbon cycle science community has
made substantial progress in observing and understanding CO, sources and sinks, and their
relationship to climate change. Much of this work was motivated by the anticipation of OCO
measurements. Carbon cycle science is a uniquely interdisciplinary field that requires
coordinated advances in oceanography, terrestrial ecology, and atmospheric science.
Anticipation of the OCO mission prompted advances in observing and understanding of all three
“spheres” (atmosphere, ocean, and land biosphere) over the past 8 years (see below).
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The observational network for atmospheric CO, was initially designed to document the
slow rise (less than 1%/year increase) of the mixing ratio of CO; throughout the world. In 2002,
it consisted of about 100 cooperative sampling stations in remote “background” locations far
from large sources or sinks (Figure 2). Flasks of air were collected about once a week at these
remote sites and sent to the NOAA ESRL (formerly, the Climate Monitoring and Diagnostics
Laboratory, CMDL) for analysis. These data were averaged into monthly or annual means, and
were used to estimate carbon sources and sinks at continental to global scales by comparing
time-averaged spatial variations in CO; [e.g., Gurney et al., 2002, Baker et al., 2006a].
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Flgure 2. Comparison of the global network of surface (red filled circles) tower (green triangles) and
aircraft (blue stars) observations of atmospheric CO, in 2002 (left) and 2008 (right) [see
http://www.esrl.noaa.gov]. Open circles indicate inactive sites. Several new stations have been established
in North America and Europe since the selection of OCO in 2002. Yet the network remains extremely
sparse throughout the tropics, Africa, South America, and Australia (and indeed throughout the entire
Southern Hemisphere). As a result, the empirical determination of CO, sources and sinks for much of the
world is accompanied by large uncertainties.

Measured annual-mean, CO, concentration differences from the Arctic to the Antarctic
were on the order of 4 ppm (~1%) at the surface and east-west variations were typically smaller
than 0.5 ppm (~0.1%) between some North American stations. Consequently, extremely precise
long-term measurements are crucial for interpretation of sources and sinks on a broad geographic
scale. When OCO was selected in 2002, the state-of-the-art for CO, source-sink interpretation
was represented by the Atmospheric Tracer Transport Model Intercomparison Project
(TransCom), which attempted to diagnose annual mean and seasonal sources and sinks for 11
land and 11 ocean regions using near-surface measurements of monthly mean CO, from a few
dozen remote locations [Gurney et al., 2002]. They found that ~25% of the CO, emissions from
fossil fuel combustion were absorbed by the ocean and another ~25% of these emissions were
taken up by poorly quantified terrestrial processes.

Despite significant advances in our understanding of the global carbon cycle and the
expansion of the in situ CO, network since 2002, large regions of the world (tropical continents
and the Southern Ocean poleward of 58°S) remain so sparsely observed that the uncertainty
ranges do not allow us to determine whether these regions are sources or sinks [Gurney et al.,
2008; Gruber et al., 2009]. The processes governing variations and trends in carbon exchanges
are even less well-quantified. We need to understand these controlling processes to predict the
future carbon balance of the land and ocean [Fung et al., 2005; Friedlingstein et al., 2006].
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1.2.1. Oceans

Arguably the most important new ocean carbon constraints over the last eight years were
based on analysis and synthesis of two in-situ sampling programs: full-depth water column
measurements made by ship surveys in the 1990’s through the World Ocean Circulation
Experiment (WOCE) and Joint Global Ocean Flux Study (JGOFS) programs [Sabine et al.,
2004] and a rapidly growing archive of surface water CO, partial pressure (pCO;) measurements
from volunteer observing ships (both commercial and research vessels) [Takahashi et al., 2002;
Takahashi et al., 2009]. The high-quality WOCE/JGOFS data provide the first comprehensive
global assessment for ocean concentrations of dissolved inorganic carbon and the partial pressure
of dissolved CO,, allowing the partitioning of the cumulative anthropogenic CO, signature from
the background (preindustrial) carbon chemistry in the oceans [Sabine et al., 2004].
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Figure 3. Air-sea CO, fluxes retrieved for 10 ocean regions, using Ocean Inversion, pCQO,, Atmospheric
Inversion, and ocean forward models [from Gruber et al., 2009]. The improving convergence of the
results from these methods is encouraging, and shows that the ocean is both a source and a sink of CO,,
with fluxes characterized by emissions in the tropics, uptake in mid-latitudes, and comparatively small
fluxes at high latitude of both hemispheres. These flux results provide important constraints on the time-
averaged response of the ocean to the current climate and atmospheric CO, inputs, but provide little
insight into how the ocean will change in response to changes in the climate or further increases in
atmospheric CO,.

These data have been used to estimate the time-averaged regional CO, budgets of the
oceans quite precisely [Gloor et al., 2003, Mikaloff-Fletcher et al., 2007, Gruber et al., 2009].
The total oceanic uptake of CO, for 1995 to 2002 was estimated to be 2.2 + 0.3 GtC/yr based on
the inversion method and 1.9 + 0.3 GtC/yr based on the pCO, method, which agrees remarkably
well with the oceanic uptake rate of 1.9 + 0.6 GtC/yr for 1990 to 2000 estimated from the decline
in atmospheric O,/N, [Manning and Keeling, 2006]. The large ranges previously reported for
the annual mean, Southern Ocean air-sea CO, flux are now converging, although, as noted in
Section 1.1, the uptake of carbon by the Southern Ocean poleward of 58°S remains highly
uncertain [Gruber et al., 2009] (Figure 3).
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Over much of the ocean, particularly in the southern hemisphere, atmospheric CO,
variability reflects air-sea CO, fluxes [Nevison et al., 2008]. Unfortunately, the current in situ
CO; network is far too sparse to characterize the processes controlling these fluxes. Gruber et al.
[2009] state: “our analysis is by design limited to the long-term mean state and does not provide
insight on how strong and fast the ocean carbon cycle will respond to changes in external
forcing”. A number of studies indicate decreasing effectiveness of the ocean carbon sinks in the
Southern Ocean [Le Quere et al., 2007; Lovenduski et al., 2008] and North Atlantic [Schuster
and Watson, 2007]. Significant controversy surrounds these findings and in particular whether
climate induced trends have actually been detected [Boning et al., 2008; Thomas et al., 2008].

Future projections of oceanic carbon uptake depend in part on establishing the response
of the Southern Ocean to climate change and in particular whether increases in wind speed over
this region of the world either reduces (as suggested by Le Quere et al. [2008]) or increases (as
suggested by Law et al. [2007]) carbon uptake by the Southern Oceans. Space-borne
observations of atmospheric CO, with sufficient accuracy, precision, and spatial resolution over
the Southern Oceans would have contributed to assessing whether this region is a net source or
sink of carbon to the atmosphere under present-day conditions. Establishing the direction of the
net flux of carbon, particularly for the region poleward of 58°S, is a prerequisite for assessing the
ability of models to accurately simulate the response of the Southern Ocean to climate change.

The largest source of interannual variability in the ocean carbon system is in the
Equatorial Pacific, associated with the El Nifio/Southern Oscillation (ENSO). This region is
reasonably well constrained by oceanic observations. However, for most of the rest of the globe,
in situ ocean sampling is grossly inadequate for resolving interannual variability in air-sea CO,
fluxes, and even the seasonal cycle is poorly known in many regions [Doney et al., 2009b;
Doney et al., 2009c]. Again, space-based observations from OCO, acquired using its glint
observing mode, were expected to have the unprecedented sensitivity and spatial resolution
needed to assess these oceanic carbon fluxes.

The past eight years also have seen the emergence of ocean acidification as a major
science issue in global change [Feeley et al., 2004; Orr et al., 2005; Doney et al., 2009a]. While
the ocean can sequester carbon for centuries to millennia because of the long lifetime of carbon
in this reservoir, this process is expected to lead to a considerable increase in ocean acidification,
resulting in profoundly negative consequences for oceanic ecosystems [e.g., Orr et al., 2005;
Doney, 2006]. Organisms that make their hard shells from aragonite, a form of calcium
carbonate, are most vulnerable. Projections suggest their shells may be unable to form
throughout much of the Southern Ocean by the middle of this century. While this problem has
been known for many years, it has not received the same attention as many other consequences
of climate change. Ken Caldeira told the March 2009 Copenhagen conference:

The choice to continue emitting carbon dioxide means that we will be an agent of
biological change of a force and magnitude exceeded only by the causes of the great
mass extinction events. If we do not cut CO, emissions deeply and soon, the
consequences of ocean acidification will stand out against the broad reaches of geologic
time. Those consequences will remain embedded in the geologic record as testimony from
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a civilization that had the wisdom to develop high technology, but did not develop the
wisdom to use it wisely.
http://www.guardian.co.uk/environment/2009/mar/10/carbon-emissions-oceans-copenhagen

The recent determination that the ocean solubility and biological pumps are indeed
sequestering carbon at a rate of ~2 GtC/yr [Gruber et al., 2009] establishes the seriousness of
potential future increases in ocean acidity. OCO measurements would have provided additional
insight into the spatial distribution of oceanic CO, sources and sinks. This information is critical
for understanding the underlying mechanisms and deducing trends associated with climate
change. This information would be particularly valuable over the huge expanse of the Southern
Ocean. Baker et al. [2008] drew attention to the possibility that data from OCO would contribute
to improved understanding of carbon uptake by the Southern Ocean, particularly if the satellite
could collect measurements through relatively clear patches in the pervasive cloud fields. The
small measurement footprint and high sensitivity of OCO provided the best hope for reducing the
uncertainty in the Southern Ocean sink using space-based observations of column CO,.

1.2.2. Land

Advances in 3 areas have dominated the development of our understanding of the
terrestrial carbon cycle over since 2002: (1) the role of land management, fires (both wildfire and
intentional burning) and other disturbances on the current land sink; (2) the integration of image-
based remote sensing and continental-scale in situ flux networks to characterize the interannual
variability in terrestrial carbon fluxes; and (3) improved understanding of the role of carbon-
climate feedbacks in predictions of the future atmospheric CO, growth rate.

It has become clear from a decade of ecosystem manipulations (especially Free Air
Carbon Enrichment Experiments — FACE) that “CO, fertilization” can account for only a
fraction of the historical terrestrial sink [DeLucia et al., 2005]. Other mechanisms are tied to
human land management [Hurtt et al., 2006]: forest regrowth in the developed world, forest fire
suppression, woody encroachment; or inadvertent modification of ecosystems. Nitrogen
deposition and lengthening boreal growing seasons account for much of the current land sink
[King and Dilling, 2007]. Quantitative understanding of spatial, seasonal, and interannual
variations in terrestrial carbon budgets for various ecosystems has benefited tremendously from
data collected by a network of over 300 ecosystem-level measurement studies conducted from
eddy covariance towers around the world [Baldocchi, 2008]. However, these measurements are
at the scale of individual ecosystems (a few hectares) and require substantial upscaling to be
linked to regional and global budgets. The role of climate fluctuations has been confirmed by
detailed interdisciplinary data sets from coordinated field campaigns and in situ measurements in
Europe following the heat wave and drought of 2003 [Ciais et al., 2005], and the role of fire as a
major driver of interannual variations has been confirmed by analysis of combustion gases
[Langenfelds et al., 2002] and land remote sensing and modeling [van der Werf et al., 2006].

Remote sensing measurements from instruments such as the NASA Moderate Resolution
Imaging Spectroradiometer (MODIS) on Terra and Aqua and the Advanced Land Imager (ALI)
on Landsat have provided key information to understand variability in ecosystem dynamics
across space and time [e.g., Potter et al., 2007]. A decade ago, terrestrial carbon cycle
researchers struggled to explain the nature and location of sinks. As noted above, numerous
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hypotheses to explain the terrestrial carbon sink have now been put forward and we have a much
better understanding of how various processes interact to enhance or diminish terrestrial carbon
uptake. Remote sensing of land use change has documented the extent of global deforestation
and the impact of deforestation on the global carbon cycle [e.g., DeFries et al., 2008; Hansen et
al., 2008; IPCC, 2007 (Chapter 7)].
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Figure 4. Estimates of net ecosystem production (NEP) derived using the CASA model driven by MODIS
enhanced vegetation index (EVI) inputs for the 48 contiguous United States from 2000-2004. NEP is
expressed in Pg C per year, with red shading indicating annual carbon sinks and blue shading as annual
carbon sources [Potter et al., 2007]. Climate patterns, such as the lower annual mean temperatures and
increased precipitation in the eastern U.S. in 2003 increased the strength of the predicted sinks there.
Comparisons between modeling results and measurements from CO, flux towers show good agreement
over much of the U.S. However, there are still areas of substantial disagreement, such as over the
Canadian boreal forests (not shown here), where the models overestimate the observed sink strength.

For example, as part of the North American Carbon Program (NACP), regional model
results are being synthesized to estimate net fluxes of carbon, expressed as the net ecosystem
exchange (NEE) from terrestrial ecosystems across North America. These studies were designed
to determine the magnitudes and spatial distributions of carbon sources and sinks, and their
uncertainties during 2000-2005, and whether inverse (atmospheric) and forward (ecosystem)
model results show consistent spatial patterns in response to the 2002 drought [Potter et al.,
2007]. The CASA (Carnegie-Ames-Stanford Approach) forward simulation model was used in
this study, driven with satellite observations of monthly vegetation cover (Vegetation Index, VI)
from MODIS to simulate ecosystem variations in both time and space. Regional climate patterns
were reflected in the predicted annual NEE flux from the CASA model, which showed extensive
carbon sinks in ecosystems of the southern and eastern regions in 2003—2004, and major carbon
source fluxes from ecosystems in the Rocky Mountain and Pacific Northwest regions in 2003—
2004 (Figure 4). Annually summed NEE results confirmed that the drought year of 2002 stood
out from the other years 2000-2004 with relatively large CO, source fluxes in ecosystems of the
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northeastern and north-central regions of the contiguous U.S. Similar results have been seen in
Europe, where the severe heat wave during the summer of 2003 was associated with the release
of about 2 Gt of CO, into the atmosphere, negating five years of CO, uptake by European
ecosystems [Ciais et al., 2005]. Unfortunately, this event could not be analyzed in detail due to
the lack of sufficiently dense atmospheric CO, measurements at that time.

Preliminary synthesis results presented at the February 2009 NACP Investigators
Meeting highlighted several modeling and data inputs uncertainties that a sensor like OCO could
have reduced. First, the bottom-up ecosystem carbon models are in closer agreement with one-
another than with the top-down inversion approaches for total annual net sink fluxes over North
America and the major geographic patterns in these predicted NEE fluxes. Furthermore, some of
the top-down inversion models predict large annual CO; sink fluxes over extensive areas of
western boreal Canada that are comparable in magnitude to regional sink fluxes in the southeast
United States, whereas few (if any) of the bottom-up ecosystem carbon models predict these
types of large annual CO, sink fluxes over extensive areas of the boreal forest region. Without
regular measurements of atmospheric CO, from a sensor like OCO, the top-down models will
continue to generate high uncertainties in distinguishing regions from one another in terms of
annual NEE fluxes.

Other carbon cycle research focuses on quantifying the persistence and saturation of
terrestrial sinks and the potential to turn land ecosystems that are currently sequestering carbon
into future powerful sources of CO,. Nearly every mechanism proposed to explain the current
land carbon budget contains the expectation of a “built-in” saturation process. Once forest
regrowth is complete, or nitrogen demand has been satisfied, or forest fires burn protected lands,
the carbon sink disappears. A particular concern has emerged over the fate of the tropical forests
under climate change that induces drought [Cox et al., 2000, 2004]. Transient droughts have
been shown to enhance photosynthesis, which is light limited in tropical rainforests [Saleska et
al., 2003; Huete et al., 2006], while permanent droughts are expected to cause dieback of forests.
In some coupled simulations of climate and the carbon cycle, changes in precipitation forced by
changes in ocean circulation lead to catastrophic loss of forests (and their stored carbon) across
South America, and the release of many Gt of nonfossil CO; into the atmosphere. Warming
boreal climate can allow shrub encroachment into formerly tundra-dominated ecosystems
(sequestering carbon), but continued warming could lead to melting of permafrost, exposing
organic matter fixed over thousands of years to microbial decomposition and dramatically
increasing the loading of atmospheric CO, [Zimov et al., 2006]. Future projections indicate that
a flux as large as 1 billion tons of CO, each year could be released to the atmosphere by the

irreversible melting of permafrost and decomposition of frozen carbon stores [Khvorostyanov et
al., 2008].

One of the most important scientific results in carbon cycle science since OCO was
selected was the realization that uncertainty in the projection of climate for the 21% century is
driven as much by our inability to quantify the feedback between biogeochemical cycles and
climate change as it is by uncertainty in the physical modeling of the cloud and water vapor
feedback or economic projections of CO, emissions from fossil fuels. Given identical fossil fuel
emissions, models that represent the coupling of climate and the carbon cycle project a range of
almost 300 ppm for atmospheric CO, concentrations by 2100 (Figure 5).
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Figure 5. Intercomparison of 250 years of simulated carbon uptake by land and oceans, and the
resulting atmospheric CO,, by 11 coupled models of climate and the carbon cycle, using identical fossil
fuel emissions (Friedlingstein et al., 2006).

This range for atmospheric CO, is comparable to the difference between high and low
emission scenarios for non-interactive models, and leads to differences in future physical climate
commensurate with the range predicted by variations in the physical modeling of the cloud and
water vapor feedback for models with prescribed future CO; [Friedlingstein et al., 2006]. It is
well-known that the physics of clouds and aerosol limit the ability of climate models to predict
how much warming will arise from a given change in CO,. Similarly, it would be a serious
oversimplification to assume that the amount of CO, in the atmosphere in the future is
predictable for a given level of fossil fuel emissions. The lesson from these simulations is that
even for a prescribed fossil fuel emission scenario, current coupled carbon-climate models are
unable to predict CO, levels in 2100 to within 300 ppm, which is equivalent to about 40 years of
present anthropogenic CO, emission levels.

While space based imaging observations of land use change provide indirect evidence for
carbon release and sequestration by a variety of ecosystems, measurements of atmospheric CO,
have not yet been made on the same scale, so we cannot determine how these land use changes
affect the carbon balance. For instance, the community has not been able to ascertain the impact
of reforestation on the global carbon cycle, particularly during the early stages of forest re-
growth [IPCC 2007, section 7.3.3.1.6]. The lack of precision for the impact of reforestation on
the carbon cycle contributes, in large part, to the overall uncertainty in the effect of land use
change on the abundance of atmospheric CO..
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It is easy to imagine the remarkable scientific advances that could have been realized by
combining net carbon fluxes inferred from OCO measurements of Xcoz with the understanding
of terrestrial ecosystems afforded by remote sensing measurements by instruments such as
MODIS and Landsat. OCO observations would have closed the loop by providing direct
measurements of the CO, fluxes associated with land use changes, fires, and other disturbances.
Without OCO Xcoz data, the terrestrial imaging measurements will not attain their full potential.
While much of the community will now focus on synergies between terrestrial biosphere data
and measurements from GOSAT, these results will have to be averaged over larger areas and
longer time scales than those anticipated from OCO. One compelling rationale for a near
immediate replacement OCO is to obtain overlap with the long-term data sets from MODIS and
Landsat sensors, in advance of their replacements with the Visible/Infrared Imager/Radiometer
System (VIIRS) on the National Polar Orbiter Environmental Satellite System (NOPESS) and
the Advanced Land Imager (ALI) on the Landsat Data Continuity Mission (LDCM).

1.2.3. Atmosphere

Advances in atmospheric CO, observations since the selection of OCO in 2002 include:
e cxpansion of the surface in situ monitoring network onto continents, where the CO,
mixing ratio varies with high frequency and requires accurate continuous monitoring;
e acquisition of regular aircraft profiles of CO, from multiple locations;
e measurements of Xcoy from several Fourier Transform Spectrometer (FTS) stations
installed for studies of the global carbon cycle and validation of OCO and GOSAT data.

Building on the foundations of the Cooperative Air Sampling Network, there are now
emerging networks of continuous in situ atmospheric CO, analyzers deployed on towers in North
America and Europe, and smaller networks in Japan, Brazil, and Australia. Aircraft profiles of
CO, are routinely obtained at a number of extra-tropical northern hemisphere (NH) locations.
Measurements of the total column mixing ratio of CO; from a network of upward-looking FTS
stations have offered new insights into the seasonal and spatial distribution of carbon sources and
sinks and provided confidence that space-borne measurements of column CO; can be properly
validated [Washenfelder et al., 2006; Yang et al., 2007]. These data also suggest that our
understanding of the terrestrial carbon cycle might be considerably revised in the light of
widespread column-integrated measurements.

The regular measurement of atmospheric CO, from aircraft has allowed quantitative
characterization of vertical variations and the seasonal cycle aloft [Stephens et al., 2007;
Crevoisier et al., 2006; Miyazaki et al., 2009]. Stephens et al. [2007] reported that models that
correctly simulate measured altitude and seasonal variations of atmospheric CO; for the extra-
tropical NH, exhibit much more terrestrial carbon uptake in the tropics, and much less uptake in
the extra-tropical NH, than is commonly believed to occur. This study challenges pre-conceived
notions regarding the efficiency of the tropical and extra-tropical NH terrestrial sinks and
establishes the need for additional measurements, particularly in the tropics, to test their
hypothesis (they presented no tropical measurements of CO,). Interestingly, when inversion
models based on measurements of atmospheric CO, are “forced” towards the values for ocean
carbon uptake inferred from the cruise data (section 1.2.1), the location of the terrestrial land
carbon sink shifts from the tropics to the extra-tropical north [Jacobson et al., 2007; Baker,
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2007]. Clearly, the location of the terrestrial carbon sink remains highly uncertain, both as a
function of latitude (i.e., tropics Vs. extra-tropical NH) and longitude.
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Figure 6: Modeling studies performed with the PCTM/GEOS-4 (top left; from Randy Kawa, GSFC) illustrate
the spatial gradients in CO, that have come to be known as “carbon weather.” While these CO, variations are
still small (< 8 ppm), the spatial gradients, and their correlation with local weather systems is substantially
more pronounced than anticipated from earlier measurements from isolated ground based sites. To assess
the impact of these variations on the accuracy of the Xco; fields retrieved by OCO, the time dependent fields
are first sampled along the OCO orbit tracks. Scenes that are sufficiently cloud and aerosol free for Xco,
retrievals are then identified using optical depth measurements from CALIPSO (bottom left). Observation
noise, based on results from pre-flight testing of the OCO instrument, is then added, (top right) to simulate
the Xco, field sampled by OCO. Geostatistical methods are used to process the sampled Xco, field and fill
gaps and create maps (bottom right) that can be used to assess the information content of the OCO sampling
approach. While some of the carbon weather features are lost over the 16-day ground track repeat cycle,
OCO, with its high sampling rates, will still capture the primary features of the Xco, field [Anna Michalak
and Alanood Alkhaled, U. Michigan]. Instruments with a larger measurement footprint, and greater

The salient new finding from the continuous observation of atmospheric CO; is the much
greater variation of surface concentrations on synoptic (“weather”) time scales relative to the
subtle variations of CO, previously inferred from measurements at remote locations [e.g., Geels
et al., 2004; Wang et al., 2007; Parazoo et al., 2008]. The near-surface atmosphere in continental
areas exhibits an order of magnitude more “signal” than we had previously been trying to
interpret (Figure 6). These new measurements reveal that “CO, weather” is characterized by
strong gradients (>10 ppm on regional scales) over a day or two, organized along synoptic
systems. Previously, the “CO; climate” observed at Mauna Loa or the South Pole was based on
the interpretation of differences in CO, as small as tenths of a ppm. The emergence of “CO,
weather” has dictated the need to observe atmospheric CO, much more densely. Just as weather
satellites have advanced numerical weather prediction and our understanding of atmospheric
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dynamics, the atmospheric carbon community understands that accurate, precise, high spatial
resolution space-borne measurements of CO, are now needed to quantitatively advance our
understanding of the processes that drive fluctuations in the global carbon cycle.

The OCO instrument was optimized to yield individual soundings with Xcoz precisions
near | ppm, within measurement footprints no larger than 3 km? at nadir so that it could collect
some cloud-free data even in partially cloudy regions. In addition, it was designed to collect
large numbers of soundings (> 500,000) over the sunlit hemisphere each day. Simulations with
realistic cloud fields show that these features are essential for resolving spatially contiguous
sources and sinks and capturing the spatial structures associated with CO, weather (Figure 6).
With the loss of OCO, the atmospheric carbon cycle community must now focus on the use of
GOSAT observations to complement ground based, tower, and aircraft data. The reduced single-
sounding precision combined with the larger surface footprint (85 km?) and lower sampling rate
(~18,700 soundings/day) [Hamazaki et al., 2007; Shomi et al., 2007] will increase the
probability of hitting clouds and pose additional challenges for resolving CO, weather.

1.2.4. Source/Sink Modeling Tools

The quantitative tools used to calculate surface sources and sinks from atmospheric CO,
data have advanced dramatically since 2002. When OCO was selected, models estimated fluxes
for continent- or ocean basin-sized regions with monthly mean flask samples at a few dozen
locations, using simple techniques based on multiple regression [e.g., Gurney et al., 2002]. Since
that time, the community has developed a rich suite of variational [e.g., Baker et al., 2006b;
Chevalier et al., 2005, 2006, 2007a,b] and ensemble methods [e.g., Peters et al., 2005, 2007;
Zupanski et al., 2007; Lokupitiya et al., 2008; Feng et al., 2008] capable of assimilating the huge
Xcoz data vectors that will be generated by satellites. Atmospheric trace gas transport simulations
during this era developed from using 4x5 degree grid cells to grid cells as small as 0.5 degrees
globally or even 1 km for limited areas [Corbin et al., 2008]. In addition, correlations between
CO;, and CO could be exploited to improve the inverse modeling of carbon fluxes
[Suntharalingam et al., 2004; Palmer et al., 2006]. While CO is not measured by either GOSAT
or OCO, SCTAMACHY measures column CO [Buchwitz et al., 2007a] and measurements above
the middle troposphere are currently being made by MOPITT [Deeter et al., 2003], TES [Luo et
al., 2007], and AIRS [McMillan et al., 2005].

The community will undoubtedly benefit from the use of GOSAT measurements of Xco>.
However, the complementary nature of OCO and GOSAT would have provided unique
information on the proper use of orbital and sub-orbital observations of atmospheric CO, for
constraining the magnitude and location of diffuse carbon sinks. The glimpse of “CO, weather”
obtained by the atmospheric global carbon cycle community since the original selection of OCO
has created strong incentive to push for a re-build and re-launch of OCO to enable overlap with
GOSAT, so that the issues such as the finer spatial resolution of OCO (which increases the
probability of seeing the surface through scattered clouds) versus the across-track sampling
strategy of GOSAT (which allows neighboring air masses to be sampled more frequently) can be
properly evaluated. Finally, a near future launch of OCO will likely provide overlap with CO
observations obtained by one or more of the A-train instruments that measure this species, which
will improve the accuracy of the inferred carbon fluxes.
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1.2.5. Human Impacts

Since 2002, there has been a realization that people manage the global carbon cycle in
many ways (both intentionally and inadvertently), such that an understanding of energy
economics, fossil fuel emissions processes, and land use practices is required to isolate
anthropogenic fluxes from the natural background. We have seen greatly improved
quantification of fossil fuel emissions at high space/time resolution, over the U.S., with projects
like Project Vulcan: (http://www.purdue.edu/eas/carbon/vulcan/GEarth/index.html). Similar
advances have been made for European emissions.

However, over this same period, China and other rapidly developing countries have taken
the lead in CO, emissions from fossil fuels. A preliminary analysis by the Netherlands
Environmental Assessment Agency [2007], based on data from the International Energy Agency
(IEA), British Petroleum (BP), and the US Geological Survey (USGS), indicates that CO,
emissions from China surpassed those from the US for the first time in 2006. China accounts for
~22% of the global fossil fuel CO, emissions while the US contributes ~19%. However, these
calculations are limited by uncertainties in the underlying data (3-5% for the US and 15-20% for
China) [Gregg et al., 2008] and rely on official Chinese statistics [Guan et al., 2009]. Evaluation
of these inventories requires data that can only be provided by a platform such as OCO.

Another change has been the degree of institutional commitments to this work. In 2002,
carbon cycle science was being done primarily by academics and research labs. In 2009, there
are a number of pseudo-operational carbon data assimilation products supported by major
government entities: at ECMWF/GEMS [e.g., Hollingsworth et al., 2008], NASA GMAO, and
NOAA ESRL, including timely delivery of products to stakeholders and the public through easy-
to-use websites like Google Earth and NOAA CarbonTracker:

http://www.esrl.noaa.gov/emd/ccgg/carbontracker/.

Dramatic improvements in data are now needed to fully exploit these new tools.
Responding to this need, international and multiagency efforts have been initiated in North
America [NACP: Denning et al., 2005; and SOCCR: King and Dilling, 2007] and Europe
[CarboEurope: Dolman et al., 2008] to measure and quantify the carbon cycle at continental
scales. They find that much of the current land sink is directly tied to human land management
for agriculture, suburban development, and commercial forestry. Similar efforts are needed
across Asia and in the tropics, but are not practical for economic and geopolitical reasons.

The climate policy environment has evolved significantly over the past decade, and it
requires timely science information to formulate changes that may eventually rival the industrial
revolution in terms of their impact on the world economy. The urgency of the situation mandates
prompt action. OCO remains the best mechanism for providing global observations to verify and
validate the scientific basis for carbon cycle and climate policy and management in the
timeframe required to inform imminent international treaty negotiations and regulatory efforts.
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2. OCO Innovations

September 16,

The OCO team developed multiple unique innovations in instrument design, observing
strategy, retrieval algorithm, and validation approach that are critical to delivering accurate,
bias-free space-based Xco2 data and the resulting carbon source/sink estimates.

OCO was the first NASA mission designed to return space-based measurements of
atmospheric CO, with the sensitivity and spatial and temporal sampling required to quantify CO,
sources and sinks on regional scales over the sunlit hemisphere. This is the most challenging
atmospheric trace gas measurement ever attempted from space. Table 1 summaries some of the

unique innovations needed to realize this objective.
Table 1. Summary of OCO innovations

System Innovation Impact
Instrument | Acquire NIR measurements of CO, | NIR measurements of reflected sunlight
Payload absorption in reflected sunlight. are most sensitive to CO, near the surface,
where sources and sinks are located.
Bore-sighted measurements of CO, | Minimize bias due to uncertainties in
at 1.61 and 2.06 um and the O, A- | surface pressure, surface topography,
band at 0.762 pm. cloud and aerosol scattering, and pointing.
Optical design combines high | Single sounding Xcoz retrievals with
spectral resolution, high signal-to- | random errors between 0.5 and 3 ppm
noise ratio (SNR), small footprint
High spectral Resolution (>20,000:1) | Maximize CO; sensitivity and reduce bias
due to spectrally-dependent uncertainties
in clouds, acrosols, & surface reflectance.
Optically fast (f/1.8) spectrometers High SNR in short exposures, yielding
small footprints
Observing | Nadir Observations Minimize footprint size and bias over land
Strategy Glint Observations Maximize SNR over dark ocean and ice
Target Observations Dedicated validation mode
Routine & special calibration modes | Ensure stability and accuracy on orbit
Retrieval Accurate scalar and polarized | Provides Xco2 with minimum inherent bias
Algorithms | radiative transfer model and adequate error characterization
Physics-based retrieval algorithm Retrievals of Xcop for all clear soundings
Spectroscopic line list Minimizes retrieval bias
Validation | TCCON — network of ground based | Assures accuracy of space-based Xcoz;
Strategy FTSs duplicates spectral range and uses same
retrieval algorithm used by OCO
Traceability to the in situ WMO CO, | Assures accuracy of Xcoz and facilitates
standard combination of space-based and ground
based measurements of CO,
Target Mode observations Yields many observations over a range of
viewing angles for each overpass,
facilitating identification of biases.
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2.1. Instrument Payload

During the development of the OCO mission, Observational System Simulation
Experiments (OSSEs) were performed to identify the key requirements for space based
measurements of atmospheric CO,. These OSSEs showed that a number of innovations in
instrument technology were needed to measure Xco2 with accuracies of 1 ppm on regional scales.

2.1.1. Spectral Ranges 200

The OSSEs confirmed that soop 1"
measurements of the absorption of reflected 400} 12
sunlight by CO, at near infrared (NIR) _ 5o} 15
wavelengths were extremely sensitive to %600_—Thermal Emission 4%
the CO, concentration near the surface, 3 | —NIRAbsorpton E
where its sources and sinks are located. & 7% 1°
NIR measurements provide estimates of the 800F 12
number of molecules along the entire o | |
optical path, from the top of the 000k ! ’ . . _ oco .
atmosphere, to the surface, and back to the 0 02 04 06 08 1 12
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instrument. The weak CO, band centered . veraaig femel (@rb. bt .
Figure 7. Representative vertical averaging kernels for

Pear '1'_61 pm- was Very. well suited for column CO, soundings using NIR absorption of reflected
identifying sources and sinks because the sunlight in the 1.61 pm CO, band (blue)and thermal IR
absorption in this band increases almost emission near 14.3 pm (red). TIR soundings are less

linearly with the CO, amount and is most sensitive to near-surface CO, because of the small
o surface—atmosphere temperature contrast (Crisp et al,,
sensitive to the CO, near the surface. 2004; Chahine et al., 2005).

In contrast, thermal infrared (TIR) measurements, like those being collected by AIRS,
TES, and IASI, are sensitive to CO, in the middle and upper troposphere, but have far less
sensitivity to CO; near the surface (Figure 7). TIR measurements have low sensitivity to near-
surface CO, because an absorbing gas will only produce a spectral signature against a bright
emitting background if the temperature of the gas differs from that emitting background. CO,
molecules at low altitudes are at almost the same temperature as the surface below and produce
little detectable signal. With these small signals, small uncertainties in the atmospheric
temperature profile or optical properties, or surface emissivity can introduce biases in the
retrieved concentration of CO; (or other trace gas) that are much larger than 1%.

Our OSSEs also showed that measurements of the “total column CO,” alone, would not
provide the accuracy needed to retrieve surface sources and sinks. When OCO was originally
proposed, the Earth Science Enterprise Strategic Plan 2000-2010 identified global maps of total
column CO, and carbon sources and sinks as required knowledge and recommended that an
exploratory CO, column mission be initiated by 2010 (Objectives 1.2, 1.3). The NASA Carbon
Cycle Initiative had identified global column CO; as its highest measurement priority. However,
our OSSEs showed that sources and sinks could be detected far more easily using measurements
of the column averaged CO, dry air mole fraction, Xco2, than from column CO,. The reason for
this is that the measured CO; column abundance is affected by a number of factors in addition to
the CO, concentration, such as the ambient surface pressure, variations in topographic elevation
within the footprint of the sounding, and presence of any scattering by clouds and aerosols along
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the optical path. For example, uncertainties as small as 3 hPa in the surface pressure or 25 meters
(m) in the mean elevation of the footprint will introduce a 1 ppm bias in the column-averaged
CO; dry air mole fraction inferred from the column CO, measurement.

To avoid these errors, the OCO instrument was designed to make simultaneous, co-bore
sighted measurements of the column abundances molecular oxygen, O,, and CO,. These
measurements were then used to derive the column averaged CO, dry air mole fraction,

Xcoz =0.20995 x [COQ] / [Oz] .

In this expression, the brackets “[ ]|” indicate the column integrated gas amount.
Molecular oxygen is an ideal proxy for the total atmospheric mass because constitutes 20.995%
of dry air everywhere on Earth. We found that high resolution spectroscopic measurements in the
0.765 um O, A-Band were the best suited for this measurement. OCO A-Band measurements
provide estimates of surface pressure with accuracies of 1 hPa (0.1%) in individual footprints
over much of the Earth. These data are intended to detect and correct atmospheric pathlength
biases associated with optically-thin clouds or uncertainties in surface topography or pointing.

Even with co-bore sighted measurements in the 1.61 um CO, band and the O, A-band,
we found that uncertainties in aerosol scattering could introduce optical pathlength uncertainties
that could produce significant errors in Xcoz retrievals. The A-Band measurements are very
sensitive to aerosols, but were not adequate because aerosol optical properties can change
substantially between the A-band and the 1.61 um CO, band. The very strong CO, band near
2.06 um proved well-suited to providing a direct constraint on the aerosol optical properties at
near infrared wavelengths. The absorption in this band is far more sensitive to aerosol scattering
than the 1.61 pm band, and much less sensitive to the CO, abundance because most of the
absorption lines in this band are completely opaque (saturated) in their cores. The OCO
instrument therefore included three channels: the 1.61 pm channel provides the most sensitive
measurements of CO,, the 0.765 pm O, A-band channel constrains cloud and aerosol profiles
and the total atmospheric mass along the path, and the 2.06 um channel provides additional
information about both aerosol optical properties and the CO, amount (Figure 8).

Radiance

0755 0.760 0.765 0770 0775 158 159 1.60 161 162 1.62 204 2.05 206 207 208 209
Wavelength (um)
Figure 8. Atmospheric O, and CO, spectra measured during the pre-launch testing of the OCO
instrument. The high spectral resolution resolves individual gaseous absorption features from the
underlying continuum to increase the sensitivity and minimize biases associated with variations in the
continuum. [Crisp et al. 2004: 2008I.
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2.1.2. Instrument Optical Design

Given these three spectral channels, we still needed an instrument with an unprecedented
combination of sensitivity, dynamic range, and speed to measure Xco2 with accuracies of 1 ppm
on regional scales. To maximize the sensitivity to CO, and O, variations, and to minimize biases
introduced by uncertainties in the wavelength dependent scattering by clouds, aerosols, or the
surface, we found that the instrument had to clearly resolve the individual gas absorption lines
from the adjacent continuum (Figure 8). This required a resolving power, A/AA > 20,000 for the
O, and CO; bands chosen here [Crisp et al., 2004; Crisp et al., 2008].

As the resolving power increases, the available signal measured by each detector
decreases and detector read, shot, and photon noise limits the sensitivity of the spectrometer.
This is particularly challenging for this application because high signal to noise ratios (SNR) are
needed in the absorption line cores as well as in the continuum regions in each of the 3 spectral
channels for soundings collected over bright surfaces (Sahara desert, sun glint) near the sub-solar
latitude, and dark surfaces (ocean or ice) at very high latitudes (solar zenith angles > 80°).

To meet these sensitivity requirements, we adopted an extremely efficient, optically fast
(f/1.8), spectrometer design to maximize the available signal. We further increased the signal and
minimized the noise by adopting ultra-low noise Focal Plan Array (FPA) detectors that were
designed for use in the next generation Hubble Space Telescope and James Web Space
Telescope instruments. We recorded these FPAs using an innovative rolling readout method that
minimized dead time between exposures. To further reduce the impact of measurement noise, the
FPAs recorded spectra that extended across the entire absorption band in each of the 3 channels,
as well as some of the continuum on each side of each band (Figure 8). This increased the
number of absorption line and continuum measurements recorded for each sounding. Because
Xcoz retrievals involve a least square fit of a synthetic spectrum to a measured spectrum, this
approach improves the band-averaged
SNR substantially over that of any 30
single detector.

Aqua MODIS Clear Sky Fraction: 5 Nov 2000

OCO
The OCO instrument was also e

designed to acquire data very quickly.
The Observatory moves along its orbit
track at about 7 km/sec, such that,
longer exposure times produce larger
footprints. This can add uncertainty to

20 +

GOSAT-Ibuki

Clear Sky Fraction/per cent

Xcoz soundings if there are significant “\1—-.\‘
changes in the optical path length due to 10 N — L : . 4
surface topographic variations, clouds, 2 4. 18 36 B4 100 44 1256 40
or the solar zenith angle during an Pixel Area/km?

exposure. Clouds are a particu]ar Figure 9. Studies using MODIS cloud fields show that
problem. Cloud studies using MODIS, the probability of acquiring cloud free soundings

. . increases with decreasing footprint size [Miller et al.,
Geoscience LASER - Altimeter System 55071 ™ Giobal clear sky frequencies for the OCO < 3

(GLAS), and Cloud-'AeI‘OSOl %nd km’ footprint are compared to those for the GOSAT-
Infrared Pathfinder Satellite Observation  TANSO FTS 85 km? footprint for 5 November 2000.
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(CALIPSO) data show that the probability of hitting a cloud increases quickly with the footprint
size. The footprint size can be reduced somewhat by image motion compensation, but, for
longer exposures, that approach introduces optical path length errors associated with the varying
observation angle.

To avoid both of these sources of bias, the OCO instrument was designed to collect
measurements in 4 to 8 adjacent soundings at 3 Hz (12 to 24 sounding/second) as it traveled
along its orbit track, yielding a down-track resolution of 2.25 km. We found that with this
footprint size, >20% of all soundings will be sufficiently free of cloud contamination and
topographic variation to yield reliable Xco, soundings [Bréon et al., 2005; Bosch et al., 2006;
Miller et al., 2007]. By comparison, only ~10% of the soundings meet these criteria for a 10.5
km diameter footprint (85 km? area), like that used by the GOSAT TANSO-FTS (Figure 9). For
larger footprints, like the 30 km X 60 km (1800 km?) footprint of SCTAMACHY, the fraction of
scenes that meet this requirement is substantially smaller.

Given these specifications for spectral
range, spectral resolution, dynamic range, SNR,
and exposure time, a variety of spectrometer
designs were considered by the OCO. Grating
and Fourier Transform spectrometer (FTS)
designs were the only candidates that could meet
the requirements for spectral range and
resolution. We found that an FTS design similar
to that used by GOSAT could meet the spectral
range and resolution requirements, but this
approach was rejected because practical systems
required long (several second) exposure times. It
also required a moving part, which potentially
compromised its lifetime. An imaging grating
spectrometer design appeared to meet all of our e - : P
requirements, but even that required additional Figure 10. OCO nadir footprints are shown for a
innovations. The first was to adopt an unusually track across Washington DC. OCO returns 3 co-
fast focal ratio (f/1.8) for a spectrometer working bore sighted spectra in 4 to 8 footprints every
at a resolving power near 20,000. Then, to 0.333 seconds as it traverses the sunlit hemisphere.

. C. . Single sounding random errors in Xco, were
further increase the sensitivity state-of-the-art, . ir-c40 be 0.5 - 3 ppm for nadir observations,

very-low-noise focal plane arrays (FPA’S) and typically < 1 ppm for glint observations. With
recently developed for astronomical applications, its small footprint, OCO could acquire useful
were adopted [Crisp et al., 2008]. sounding even in partially cloudy regions as well
as regions with significant surface elevation
variations.

b

2.1.3. Spatial Sampling

Several additional innovations were incorporated into the instrument design to further
improve its sensitivity, stability, and accuracy. For example, each 0.333 second exposure
records a 1016-element spectrum at 190 spatial locations along a ~0.85° wide slit in each of the
spectral channels. Each spectrum therefore describes the CO, or O, absorption along a 0.004° by
0.18° instantaneous field of view (~100 m by 2.25 km footprint near nadir, Figure 10). Because
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this produces far too much data to return to the ground, the instrument sums groups of ~20
spatially-contiguous pixels on board, and returns 4 to 8 high SNR spatially-binned spectra for
each 0.333 second exposure. When the instrument is pointed to the local nadir, and the
spectrometer entrance slits are oriented roughly perpendicular to the ground track, this yields a
surface footprint of 1.29 x 2.25 km (<3 kmz).

To reduce downlink costs for OCO, only 4 spectra were to be returned every 0.33
seconds. This yields 37,000 soundings per orbit, ~500,000 soundings per day, and 8 million
soundings per 16-day repeat cycle. Pre-flight instrument tests showed that for a reference scene
at 60° solar zenith angle over a surface with an albedo of 5%, the SNR for the OCO 0.765, 1.61
and 2.06 pm channels would be >300:1, >300:1 and >240:1, respectively [Crisp, et al., 2008].
These values are about ten larger than the SNR values reported by the GOSAT team, when
scaled to these illumination levels [Shiomi et al., 2007; Akihiko Kuze, personal communication
2009] even though the GOSAT TANSO-FTS footprint is 30 times larger (3 km?® vs. 85 km?).

To further mitigate biases associated with clouds and other sources of inhomogeneity
within each sounding, between 4 and 20 of the 1016 “colors” recorded by each spectrometer are
returned at the full spatial resolution, with no on-board binning. This is essentially a 4 to 20
channel cloud camera built into each of the OCO spectrometer channels [Crisp et al., 2008].

2.2.Observing Modes

To enhance the quality and verify the validity of mission data, the Orbiting Carbon
Observatory was designed to collect science data in three standard observational modes: nadir,
glint and target (Figure 11). The instrument collects 12 - 24 soundings/second in all 3 modes.

“iﬁ/“ adir Glint

Figure 11. Nadir, Glint, and Target observations. (a) Nadir observations are acquired over the sunlit
hemisphere at latitudes where the surface solar zenith angle is less than 85°. On all orbits except downlink
orbits, as the Observatory passes over the northern terminator, it pitches up to point the instrument aperture
at the sun for solar radiometric calibrations. It maintains an inertial pointing until the sun sets through the
Earth’s limb. (b) Glint observations are made at latitudes on the sunlight hemisphere where the solar zenith
angle is less than 75°. (c) For Target observations, the bus points the instrument at a stationary surface target
as it flies over. A small-amplitude sinusoidal oscillation in the pitch axis is superimposed on the nominal Target
pointing to scan the spectrometer slit across the Target [from Crisp et al., 2008].
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In nadir mode, the satellite points the instrument bore-sight toward the local nadir while
on the sunlit side of Earth. Nadir mode provides the highest spatial resolution with surface
footprint sizes ranging from 0.3 - 3 km®. This mode was expected to return more spatially
uniform soundings in regions that were partially cloudy and that have significant surface
topography. Nadir observations will have low SNR over dark ocean surfaces or at high latitudes
over surfaces covered by snow or ice, which have low reflectance at near infrared wavelengths.

In glint mode, the spacecraft points the instrument toward the bright “glint” spot where
sunlight is specularly reflected from the surface. Glint observations over the ocean can provide
up to 100 times more signal than nadir observations. Observations of column CO; by instruments
that lack a glint observing mode, such as SCIAMACHY, can only acquire soundings with
adequate SNR to retrieve Xco2 over land [e.g., Schneising et al., 2008]. TANSO-FTS can take
glint observations only when the glint spot is within £35° of local nadir, precluding high SNR
measurements over the North Pacific, North Atlantic, and Southern Ocean.

The OCO mission was designed to alternate between nadir and glint modes on alternate
16-day global ground track repeat cycles so that the entire Earth is mapped in each mode on
roughly monthly time scales. With these two observing modes, OCO was expected to acquire
Xcop retrievals with single-sounding random errors between 0.5 to 3 ppm over more than 95% of
the range of latitudes on the sunlit hemisphere, yielding useful measurements as far north as
Oslo, Helsinki, and Moscow on clear days throughout the winter. Recent OSSEs performed by
the OCO science team show that the higher SNR and information content of glint observations
might compensate for the higher probability of encountering clouds along the line of sight [Baker
et al., 2008]. During the first 6 months of operations, the OCO had placed a high priority on the
evaluation of the Xco» retrievals and carbon fluxes inferred from these retrievals in both nadir
and glint modes. If one mode could clearly be shown to provide better quantification of carbon
fluxes, we might choose to proceed with use of that mode as the primary operating condition for
the duration of the mission.

Target mode was another OCO innovation that was critical for achieving the mission
objectives. In this mode, the observatory points the instrument at a stationary surface target as it
rises over the horizon, and tracks that target until it sets on the receding horizon. A single Target
over-flight can last for up to nine minutes, allowing the observatory to collect as many as 12,960
soundings at surface zenith angles between +75°. Target observations were a critical part of the
OCO validation plan (see below). As frequently as once each day, Target observations were to
be acquired over validation Total Column Carbon Observing Network (TCCON) sites, with
ground-based, high resolution, solar-looking Fourier Transform Spectrometers. Because Xco
varies little during a single Target overflight, and the spectrometers use the same spectral
channels and the same sun-to-earth optical path as the OCO instrument, comparisons of these
provide a sensitive means for identifying and correcting observation angle dependent biases in
the space-based measurements.

2.3. Advanced Retrieval Algorithms

A number of innovations in radiative transfer models and remote sensing algorithms were
needed to accurately estimate Xcoz from space based measurements of CO, and O, absorption.
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The OCO team developed two highly complementary, state of the art retrieval algorithms, which,
together, were vital to our mission success. The data products from these algorithms were
designed in consultation with the carbon flux inversion community to provide the detail
necessary for optimal use of the data.

The Full Physics (FP) retrieval algorithm has been described in Boesch et al. [2006] and
Connor et al. [2008]. The FP algorithm uses a spectrum-resolving radiative transfer forward
model to simulate the spectrally-dependent, polarized, solar radiation field within each of the
OCO spectral bands. To include the effects of absorption, multiple scattering, and polarization by
gases, airborne particles (clouds, aerosols), and the surface, this model combines results from a
linearized scalar eigenvector/adding multiple scattering model [Spur and Christi 2007] with a
polarization “correction” from a fast, vector 2-Orders of Scattering approach [Natraj et al.,
2007]. The model generates both the wavelength-dependent radiances and radiance Jacobians
(also known as “weighting functions”) that are used by the inverse model to retrieve improved
estimates of the atmospheric state properties, including surface reflectance, surface pressure,
cloud and aerosol profiles, and Xcoz from each sounding. A fast "low-streams interpolator"
reduces the time required to generate the high angular resolution-descriptions of the radiance
field needed to analyze the Glint and Target observations. We know of no other radiative transfer
model that can match the FP forward model in accuracy, speed, and versatility.

The FP inverse model uses an optimal estimation approach [Rodgers, 2000; Connor et
al., 2008] to minimize the bias among retrieved values by fitting all relevant atmospheric and
surface quantities expected to vary between soundings. It has been designed to diagnose and
characterize uncertainties, bias, and its own performance to aid carbon cycle modelers make best
use of its output. The same computer code can be used to retrieve Xcoy from radiances measured
by the space-based observatory and the ground-based FTS validation systems, minimizing errors
due to differences between algorithms.

While the OCO Retrieval Algorithm Team expended enormous effort to increase the
computational speed of this “full physics” retrieval algorithm, it still takes far too long to process
all of the data from a mission that will collect more than 100,000 cloud free soundings each day.
A second retrieval algorithm, called the Apparent Optical Path Difference (AOPD) algorithm,
was therefore developed to provide the speed required to process all "almost clear" OCO scenes.
This algorithm exploits the strong correlations in the optical pathlength dependent behavior
between selected O, and CO, channels. This method is “trained” using simulations of the
radiative transfer in the atmosphere-surface system generated with an accurate full-physics
radiative transfer forward model. While this method does not generate the full range of error
statistics produced by the FP algorithm, the accuracy of the AOPD estimates of Xco, meets the
OCO mission requirement in realistic full-orbit simulations. The combination of the FP
algorithm with the AOPD algorithm was expected to meet or exceed the mission requirements
for both speed and accuracy.

Cloudy scenes cannot yield full-column estimates of Xco2, and are screened from the
production processing stream. To screen for clouds, the algorithm uses neural networks
developed specifically for the high resolution OCO spectra. The cloud screening algorithm
provides preliminary estimates of other parameters including the effective height and total
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optical thickness of the scattering layer(s), the surface reflectivity, as well as photon path length
information. To maximize its sensitivity to partial cloud cover within individual footprints, it
uses the high resolution spatial measurements from the un-averaged color-slices mentioned
previously. Testing on simulated OCO measurements demonstrated good classification skill.

2.4. World-class Spectroscopy T =

Ultimately, the success of the
OCO mission depends on precise
quantification of the spectroscopy of
CO,; and O,. The OCO mission has
benefited from the presence on our
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Predoi-Cross, 2009; Sung et al., 2009] Deviet al. 2007].

provided the precisions essential for OCO, GOSAT, SCIAMACHY as well as ground-based
observations. Even CO, broadened by water vapor was characterized [Sung et al., 2009].
Similarly improved O, A-band parameters were obtained [Robichaud et al., 2008a,b; Robichaud
et al., 2009]. These results are being incorporated into electronic databases for delivery to the
remote sensing community [Toth, 2008a; Rothman, 2009].

WAVENUMBER (cm™")

Most importantly, we have been able to evaluate the impact of new spectroscopic
constraints on retrievals of Xco using spectra obtained from our ground based FTS instruments
(Figure 12). These studies show, for example, that non-Voigt line shapes and line mixing are
needed to retrieve values of column O, accurately, based on rigorous comparisons to surface
pressure measured at the FTS sites. By infusing the rapidly advancing spectroscopic databases
into our analysis of spectra from the ground based FTS instruments, we were able to assess and
improve the quality of the spectral fits that we could expect from the space-based observatory.
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2.5. Validation Strategy

When OCO was selected, there was no practical means for validating space-based Xco2
measurements. The OCO team proposed to NASA a daunting task: we would build a validation
network from scratch, and calibrate the data from this network to the World Meteorological
Organization (WMO) Standard for in situ measurements of atmospheric CO,. Eight years later,
this network, called the Total Carbon Column Observing Network, TCCON, is in place,
operational, and has been calibrated to the WMO Standard [Washenfelder et al., 2006]. Target
observations over TCCON sites are a critical component of the OCO validation strategy.

_-

{:f' Primary Sites {f’ Secondary Sites {:E Tertiary Sites *'::i' Possible Sites

Figure 13. Location of the TCCON sites showing the distribution across latitudes and hemispheres.

Figure 13 shows the location of the TCCON stations. (http://www.tccon.caltech.edu).
Each station uses a high-resolution, ground-based, solar-looking Fourier Transform Spectrometer
(FTS) to retrieve Xcoz from measurements of direct sunlight in the same near-infrared CO, and
O, bands used by the OCO and GOSAT flight instruments. However, the TCCON FTS’s are
much less sensitive to random errors and biases than the space-based instrument. Their higher
spectral resolution increases sensitivity to CO, and O, absorption and reduces biases associated
with absorption by other gases within these spectral ranges. Direct observations of the solar disk
reduce biases associated with aerosol scattering and other factors that contribute uncertainties in
the optical path length. They also preclude uncertainties contributed by the spectral dependence
of the surface reflectance and provide much higher signal to noise ratios than the space-based
measurements of reflected sunlight. The OCO Validation Plan [Salawitch et al., 2008] defines
Primary, Secondary, and Tertiary TCCON sites. The Primary sites are those directly operated by
the OCO Science Team, for which we will be responsible for obtaining aircraft over flights.
Secondary Sites are those expected to provide data of the same quality as the Primary stations,
but are operated by partners, who are responsible for supporting aircraft over flights. Tertiary
Sites are new or not yet fully operational sites that were expected to come on line during the
OCO mission.

For any measurements of CO, to be used by the global carbon cycle science community,
they must be referenced to a common standard. The OCO validation strategy references the
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space-based measurements of Xcoz to the WMO Standard. The full effort is described in the
OCO Validation Plan [Salawitch et al., 2008]. This was another significant, innovation by the
OCO Science Team, representing the efforts of many dozens of people, supported by numerous
international agencies, over the past decade.

The WMO reference standard for CO, traces atmospheric in situ measurements of CO; to
a series of calibration references maintained by NOAA ESRL, in Boulder, CO. To validate the
TCCON measurements against this standard, the OCO team arranged for over flights of FTS
stations by aircraft carrying instruments that obtain in situ measurements of CO,. These
instruments carry the WMO Standard CO, calibration gases and are capable of sampling from
the boundary layer to the middle troposphere. Profiles of in situ CO, over the site are integrated
to arrive at a value of Xcoz. As of 24 February 2009, the FTS measurements of Xco2 had been
“calibrated” to the WMO Standard at Park Falls, WI, Lamont, OK, and Darwin, Australia
(Figure 14), with plans in place for flights over Lauder, NZ.

The FTS measurements of Xcoz shown in Figure 14 have a slope that differs by < 1 %
from the 1:1 line, which represents an error that is well within laboratory uncertainties in the line
strengths of CO, and O,. Our partners have, or soon will, conduct similar over flights of the
TCCON stations in Wollongong, Australia and Tsukuba, Japan and in Orleans, France and
Bialystok, Poland.
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Figure 14. In situ profile of CO, over the Lamont, OK TCCON site (left) and a comparison of Xco;
measured by the FTS instrument versus Xqn, from the aircraft profiles at various sites (right).

The Validation Plan defines a timeline of activities to assure the space-based data are
calibrated to the WMO Standard. The essential elements of this plan are designed to assess
which elements of the state vector of the Full Physics Xco2 retrieval algorithm correlate best
with errors, as defined by the difference between space-based and ground-based Xco2; working
with the Full Physics algorithm development team to improve the physical representation of
these geophysical quantities (physics based solution); once improvement in using the physics
based solution is optimized, defining bias matrices that define the relation between errors in
space-based Xcoz and elements of the state vector; use of these bias matrices in the training of
the AOPD algorithm.
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3. Existing Space-based CO, Remote Sensing Assets

No existing or planned satellite sensor can replace OCO’s unique contributions to Carbon
Cycle and Climate Science.

Here we discuss the present situation regarding measurements of the global carbon cycle
in light of the launch failure of OCO, the successful launch of GOSAT on 23 January 2009, the
National Research Council of the National Academies Decadal Survey, the cornerstone of future
NASA Earth Science Missions ( http://nasascience.nasa.gov/earth-science/decadal-surveys ) and
the availability of space-borne observations of CO; from the SCIAMACHY, AIRS, and CanX-2
instruments. A summary of the satellite sensors is given in Table 2 and the salient performance
characteristics of the total column CO, sensors are given in Table 3.

Table 2. Summary of Current of Proposed Space-based CO, Sensors

Down-
Measurement Instrument CO, Measul:e.ment track TRL
Method Measurement Precision .
Sampling

Reflected 0CO Total Column | I ppm 2.3 km 8
Sunlight SCIAMACHY | Total Column | 3-10 ppm 60 km 9

GOSAT Total Column | 4 ppm 10.5 km 9
Thermal AIRS Mid-Trop 1 -2 ppm 45 km 9
Emission IASI Mid-Trop 38 ppm 100 km 9

TES Mid-Trop ~5 ppm ~50 km 9
Active ASCOPE Lower-trop 2 —4 ppm ~100 km 4
(LIDAR) ASCENDS Lower-trop 2 —4 ppm ~100 km 4

3.1. AIRS, TES and IASI

AIRS was designed to measure accurate temperature and water vapor profiles to improve
weather forecasting and support climate research.

The AIRS (Atmospheric Infrared Sounder) instrument on the NASA Aqua satellite was
designed to improve weather forecasting and support climate research. Its core data products are
atmospheric temperature and water vapor profiles [Aumann et al., 2003]. AIRS has
demonstrated a phenomenal 16 mK/year radiance calibration stability [Aumann et al., 2006],
making it a powerful instrument for climate research. Le Marshall et al. [2006] report that the
assimilation of AIRS data into NCEP improved global weather forecasts by 6 hours in 6 days.
This is a remarkable achievement. The AIRS team has also reported retrievals of CO, profiles
for the mid-troposphere [Chahine et al., 2008].
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As noted in Section 2, an important limitation of AIRS and other thermal infrared
emission sounders for inferring surface sources and sinks of CO; is their lack of sensitivity to
CO, variations near the surface (Figure 7). This insensitivity is primarily a result of the small
thermal contrast between the surface and the lower troposphere. Strow and Hannon [2008]
report that the 791.7 cm™ AIRS channel has a sensitivity to CO, of 33 ppm/K, which
corresponds to a minimum uncertainty in CO, because of radiometric error of 3 — 7 ppm (for a
0.1 — 0.2 K on-orbit radiometric uncertainty). Thus, nearly perfect knowledge of atmospheric
temperature is needed to enable accurate retrievals of CO, from AIRS spectra.

Despite this limitation, there has been intense interest in the potential to retrieve CO,
from AIRS. Retrievals of CO; profiles for the mid-troposphere have been reported by the AIRS
science team [Chahine et al., 2008; Maddy et al., 2008; Strow and Hannon, 2008] and others
[Crevoisier et al., 2004, Engelen et al., 2004; Engelen and McNally, 2005]. The AIRS
measurements of CO, in the middle troposphere compare well with aircraft in situ data and
illustrate pathways for atmospheric long-range transport of CO, [Chahine et al., 2008]. Engelen
et al. [2009] assimilated AIRS data for the European GEMS (Global and regional Earth-system
atmosphere Monitoring using Satellite and in situ data) project. They state:

[T]here is no significant change at 1000 m [altitude] between the unconstrained model
and the AIRS reanalysis, both in bias and standard deviation. This is not surprising,
because the AIRS sensitivity to CO, is very low at this level [of the atmosphere].
Therefore, any information from the observations can only change CO, concentrations at
this level [of the atmosphere] through the transport or through the information spreading
of the background covariance matrix.

This paper also states:

First results are encouraging, although using AIRS observations only is not sufficient to
estimate accurate surface fluxes on regional scales. We think that our two step system
will come to its full potential when more accurate satellite observations will become
available from the forthcoming OCO and GOSAT instruments.

We are unaware of any new insight into surface sources and sinks of CO, described in
the peer reviewed literature based on analysis of AIRS data. Jiang et al. [2008] concluded
“convection in the 3-D models is likely too weak in boreal winter and spring” based on an
analysis of AIRS CO; but do not draw any firm conclusions about model representation of
surface sources or sinks. Even with these limitations, there is significant enthusiasm in the
community for the potential benefits of combining upper tropospheric CO, measurements from
AIRS with full column measurements like those expected from OCO and GOSAT to infer the
vertical distribution of CO,.

The NASA Tropospheric Emission Spectrometer (TES) and the ESA Infrared
Atmospheric Sounding Interferometer (IASI) [Crevoisier, et al., 2009] will also be able to
retrieve measurements of atmospheric CO,. Like AIRS, these instruments both also sample
thermal emission spectra. Consequently, the atmospheric CO, measurements obtained by these
sensors will have little sensitivity to ambient CO; near the surface.
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3.2. GOSAT
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CO; sinks.

GOSAT is designed to detect emissions of multiple Greenhouse Gases rather than quantify

The Japanese Aerospace Exploration Agency (JAXA) successfully launched the
Greenhouse gases Observing SATellite, (GOSAT, recently nick-named “IBUKI”) on 23 January
2009. First light was achieved on 7 February 2009 (http://www.jaxa.jp/press/2009/02/
20090209 _ibuki_e.html). The GOSAT TANSO-FTS will provide near global measurements of

CO,, CHy4, H,0, and O3 from Fourier transform spectrometers (FTSs) operating in the thermal
and near infrared. GOSAT also carries a cloud and aerosol imager to characterize scattering
interferences in the FTS fields of view. Given the successful GOSAT launch and initial
spacecraft/instrument checkout, why should NASA consider a re-build and re-launch of OCO?

Table 3: Total Column CO, Sensors using Reflected Sunlight

SCIAMACHY

GOSAT

O0CO

Tropospheric
IGases Measured

0,,0,,N,0,NO,, CH,,
CO, CO,, H,0, SO,,

Co,, CH,, O,,
0,, H,0’

CO,, 0,

2.38

HCHO *red-> TIR Channel

Instruments 8-Channel Grating SWIR/TIR FTS, CAI 3-Channel Grating

Spectrometer Spectrometer
[Viewing Modes Limb / Nadir Nadir / Glint (£35°) | Nadir / Glint / Target
[FOV/Swath (km) 30 x 60 /960 FTS: 10.5/ 80-790 1.29x2.25/5.2
Samples/day 8600 18700 500,000
Spectral Ranges 0.24-0.44, 0.4-1.0, 1.0- 0.758-0.775, 1.56- 0.757-0.772, 1.59-
[(um) 1.7, 1.94-2.04, 2.265- 1.72, 1.92-2.08, 5.56- 1.62,2.04-2.08

14.3

SNR (nadir, 5%
albedo)

<100 @ 1.57 pm

~120 @ 1.56-1.72 um
~120 @ 1.92-2.08

>300 @ 1.59-1.62 um
>240 @ 2.04-208 pm

Xcoz2 Precision 4 - 6 ppm goal 3 — 4 ppm (1ppm goal) 1 ppm
|Orbit Altitude 800 km 666 km 705 km
Local Time 10:00 13:00+0:15 13:30+0:1.5

Revisit Time

35 Days/501

3 Days/44 Orbits

16 Days/233 Orbits

Launch Date

March 2002

January 2009

February 2009

[Nominal Life

7+ Years

5 Years

2 Years
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OCO and GOSAT were both designed to measure the absorption of sunlight reflected
from the surface; however, their measurement strategies and system designs address different
mission objectives. OCO was optimized to return the space-based Xco, data needed to
characterize both CO; sources and sinks. The requirement to detect the weak, spatially diffuse
CO, signature from natural sinks drove the OCO design towards high SNR, high spectral
resolution, and small spatial fields of view. Glint observations were added to meet the SNR
requirements over the oceans and Target observations were added to meet the stringent (1 ppm)
accuracy requirements.

The GOSAT TANSO-FTS was optimized to return the space-based observations needed
to characterize CO,, CH4, H,O and Os emissions during the initial Kyoto enforcement period
(2008 — 2012). The need to measure all of these gases drove the GOSAT design toward broad
spectral coverage while still maintaining high spectral resolution. However, because the GOSAT
objectives focused on CO, emission sources associated with human activities, which tend to be
more intense and spatially localized than weak natural sinks, their SNR requirements were less
challenging (3-4 ppm) than those of OCO. While the OCO team chose grating spectrometers for
their inherently high SNR, the GOSAT team exploited the advantages of Fourier transform
spectrometers to detect multiple species over a wider spectral range.

: T, L
Figure 15. The GOSAT sampling approach (left) is compared to that planned for OCO (right). GOSAT

uses a scanner to acquire isolated soundings with 10.5 km diameter footprints across a wide cross-track
swath. OCO was to collect contiguous high resolution sounding along a narrow cross-track swath.

GOSAT, like OCO, was designed to orbit the Earth ~15 times each day in a near-polar
sun-synchronous orbit that provides nearly complete coverage of the sunlit hemisphere. The
GOSAT TANSO-FTS routinely records soundings at 2-second intervals, yielding ~18,700 each
day, or ~56,000 soundings over each 3-day ground repeat cycle. The field of view of each
sounding is a circular footprint with a diameter of ~10.5 km at nadir (85 km?). By comparison,
OCO would have collected 12 to 24 samples/second, yielding 500,000 to 1,000,000 high
resolution (3 km?) measurements along a narrow, continuous track each day, or 8 to 16 million
soundings over each 16-day ground track repeat cycle (Figure 15).

Because GOSAT is a nadir-pointing spacecraft, TANSO-FTS includes a cross-track
scanner provide more uniform coverage between its widely spaced GOSAT orbit tracks.
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Subsequent tracks separated by ~25° of longitude, but this distance is reduced to ~8° of
longitude over its 3-day repeat cycle. In its nominal operating mode over land, the cross-track
scanner collects soundings that are separated by ~160 km. By comparison, OCO instrument was
pointed by the spacecraft and there was no cross-track scanner. It was designed to collect
soundings at 2.25 km intervals along narrow (0.1 to 10.4 km) tracks. Like GOSAT, the spacing
between subsequent orbit tracks is ~25° of longitude, but this spacing is reduced to roughly half
that after 2 days, and to only 1.5° of longitude after 16 days.

S—point and Sunglint mode :Vernal Equinox
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Figure 16. GOSAT sampling strategy showing glint mode sampling over ocean scenes for latitudes less
than approximately 35° and standard 5-point raster sampling over land and for latitudes greater than
~35° [T. Yokota, private communication, 2009]. The lack of glint observations over the Southern Ocean,
the North Pacific and North Atlantic may compromise the accuracy of the global flux estimates obtained
from assimilation of GOSAT data.

The TANSO-FTS scanner can also be used to point the field of view at the glint spot over
the ocean, but its range of motion restricts glint pointing to +35° latitude (Figure 16). This
yields some advantages at low latitudes, but precludes glint observations at high latitudes, where
they provide their largest benefits to SNR over dark, ocean and ice and snow covered land
surfaces. In addition, while the TANSO-FTS scanner provides image motion compensation over
2 to 4 second exposures, it has not been programmed to target stationary surface validation sites
over the large range of viewing angles provided by the OCO target mode. This will limit the
precision that can be achieved for individual passes over vicarious calibration and TCCON
validation sites. In spite of this, the OCO and GOSAT teams have worked closely together for
over 4 years to implement a cross-calibration and cross-validation strategy based on
measurements over these sites. The objective of this effort was to facilitate the combination of
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the OCO and GOSAT data sets to exploit the advantages of the two highly complementary
spatial sampling strategies. The GOSAT project manager Takashi Hamazaki was recently quoted
in Nature News [doi:10.1038/news.2009.124]:

His team can calibrate GOSAT using ground monitors, but the process would have been
much faster and perhaps more accurate using OCO as well. Running the two satellites in
parallel also might have produced insights into how both instruments work. "We believe
we can get the results, but the cooperation added value. That was lost."

Figure 17 compares
measurements of Xcoz obtained
in a recent aircraft transect down
the Pacific (S. Wofsy, private
communication, 2009) with the
regional-scale measurement
requirements of OCO and
GOSAT. While both missions
were expected to meet their
minimum requirements  with
significant margin,
measurements meeting the more
stringent 0CO accuracy
requirements would capture the
details of the latitude-dependent
CO, variations observed in this
transect, while measurements
meeting the minimum GOSAT T T T T T T
accuracy requirements would be 60 40 -20 0 20 40 60 80
challenged even to resolve the Latitude
pole-to-pole gradient. Figure 17. The nominal, regional scale Xco, precision targets for the

OCO and IBUKI instruments (blue and green, as indicated) are
5 . . mpared to the X ross-section measur recent transects of
. 0Co S, . hlgh single- :l(:e II\QISF?C}-II(:&PISR ;?ﬁc:a(t?tss(ss.e cW(())fsy, i)rsi:a:g cl:))llnnelflenicationfe;Oi);;.
sounding sensitivity and dense wypile both missions were expected to improve on their minimum
observation sampling was also accuracy requirements, OCO was optimized to resolve the subtle
expected to enable the latitude dependent variations in CO,, like those shown here.
characterization of CO, sinks
over much smaller spatial regions, and on much shorter time scales, than will be possible from
GOSAT. The OCO mission was designed to quantify the net flux of CO,, into and out of the
atmosphere, over a region the size of the state of Colorado (1000 x 1000 km?®) on monthly time
scales. Perhaps even more importantly, the higher precision designed into individual OCO
soundings is essential for determining and eliminating bias in the validation effort. Without
sufficient precision it is much more challenging to evaluate the space-based CO, observations
using coincident ground-based or aircraft column measurements.

CO, Mean column concentration
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The global carbon cycle science community eagerly awaits data from GOSAT. A
proposal to JAXA by the OCO Science Team has been selected which will provide early access
to the data. Indeed, the OCO Science Team is keenly interested in assisting our GOSAT
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colleagues in maximizing the science return from this instrument. Nonetheless, there is concern
that the signal to noise ratio and sampling strategy of GOSAT will limit our ability to quantify
diffuse CO; sinks, which impart a subtle signal on atmospheric CO, Quoting a recent editorial
by Palmer and Rayner [Nature Geosciences, vol 2, pg 247, April 2009]:

Indeed, GOSAT will soon provide the data-starved carbon-cycle community with
thousands of global measurements of carbon dioxide and methane each month. The loss
of the OCO will limit what we can learn about natural carbon dioxide sinks — which are
diffuse and unlikely to generate a strong atmospheric signature, compared with the
measurement sensitivity of GOSAT. This may mean that sinks need to be quantified over
larger spatial and temporal scales. However, GOSAT should provide us with a robust
understanding of natural and human-produced carbon dioxide sources, which tend to be
more localized and intense, generating a stronger atmospheric imprint.

3.3.SCIAMACHY

SCIAMACHY is a visible, NIR spectrometer designed to investigate processes
responsible for stratospheric ozone loss and survey tropospheric air quality.

The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) instrument is a multichannel diode array spectrometer on the European Space
Agency’s (ESA) ENVISAT satellite. ENVISAT launched in March 2002 and flies in sun-
synchronous orbit with 10:00 am local solar equator crossing time. SCIAMACHY covers the
spectral range 240 to 2385nm with moderate spectral resolution (0.2 — 1.6 nm) [Burrows et al.,
1995; Bovensmann et al., 1999]. It measures scattered, reflected, and transmitted solar radiation
in nadir, limb, and solar and lunar occultation viewing modes. Atmospheric CO,, CH4 and CO
column amounts are retrieved from NIR nadir radiances in Channels 6 (1-1.75 pum, resolution
1.48 nm FWHM) and 8 (2.26—2.38 um, 0.26 nm FWHM). For nadir observations SCCAMACHY
has a horizontal resolution of 30 km x60 km in Channel 6 (CO,, CH4) and 30 km x 120 km in
Channel 8 (CO). The radiance measurements from SCIAMACHY have been used in the
development of the OCO retrieval code [Bosch et al., 2006].

Total column CO; is routinely retrieved using the WFM-DOAS (Weighting Function
Modified Differential Optical Absorption Spectroscopy) algorithm [Buchwitz et al., 2006;
Schneising et al., 2008]. Early versions of these retrievals exhibited significant offsets with
respect to correlative data [e.g., Buchwitz et al., 2005; Dils et al., 2006]. Version 1.0 has shown
major improvements due to improved spectroscopy and more accurate representation of surface
albedo [Buchwitz, 2007; Schneising et al., 2008]. Retrievals of column CO, obtained from
SCIAMACHY spectra show good agreement with the amplitude and phase of the seasonal cycle
for column CO, recorded at the Park Falls, Wisconsin and over Bremen, Germany TCCON sites
[Schneising et al., 2008]. SCIAMACHY Xco2 measurements are illustrated in Figure 18.
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Figure 18. Measurements of Xco, from SCIAMACHY for three years (2003 to 2005) compared to
estimates of total Xco, from the NOAA Carbon Tracker data assimilation system. Annual averages are
shown. Note that the SCIAMACHY and CarbonTracker color scales are different, reflecting the high
variability in the SCTAMACHY Xco, (£12.5 ppm) compared to the CarbonTracker Xco; (£6.0 ppm).

Several aspects of the SCIAMACHY measurements are immediately apparent. The
observations are limited to the atmospheric column above land, because the ocean is dark in the
near-IR spectral region and SCIAMACHY lacks a glint observing mode. Additionally,
SCIAMACHY bi-monthly CO, maps exhibit large data gaps in the tropics due to the pervasive
interference of cloud and aerosol in the 1800 km? IFOV [e.g., figure 14 of Schneising et al.,
2008]. SCIAMACHY CO; measurements are biased low by about 1.5% relative to the values of
total column CO; produced by the Carbon Tracker data assimilation system. Furthermore, the
precision of the SCTAMACHY retrievals of CO; is 3 — 6 ppm (1-2%) for monthly averages on a
spatial scale of 7°x7¢ (latitude/longitude). In contrast, the expected precision of OCO was 1 ppm
(0.3%) 16-day averages over 1000 km>1000 km regions.

OCO was expected to yield much higher precision due to an instrument design that
combined high SNR and high spectral resolution to distinguish CO, absorption features from
aerosol scattering interference. Also, with its high data rate and small sounding footprint, OCO
could collect many more soundings that sampled the total atmospheric column, even in the
presence of patchy clouds. The design of SCIAMACHY favored spectral coverage over signal-
to-noise, spectral resolution, and small footprint size; consequently, the SCIAMACHY retrievals
show considerable bias for dusty locations, such as the Sahara. For the retrievals shown in
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Schneising et al. [2008], an Absorbing Aerosol Index based on data from the NASA Earth Probe
TOMS instrument has been applied. Schneising et al. [2008] conclude:

We have shown that significant progress has been made in our understanding and the
quality of the carbon dioxide data product derived from the SCIAMACHY nadir
observations and that the new WFM-DOAS data set comes closer to the demanding
accuracy and precision requirements of 1% or better needed for significant CO, surface
flux uncertainty reduction. We identified primarily two aspects which need further study:
[i) the identification of the cause (or causes) of the significantly (about a factor of two)
higher variability of the SCIAMACHY Xco, compared to CarbonTracker, and [related to
this) (ii) an assessment of the significance of the observed regional Xco, spatio-temporal
pattern with respect to their information content on regional CO, sources and sinks.

In other words, while the SCTAMACHY team is making great progress in providing a product
that looks geophysically plausible over land, and further progress is expected, the precision and
accuracy is not yet adequate to advance our understanding of the global carbon cycle.

3.4.CanX-2

Following the OCO launch failure, the media posted reports of a Canadian nanosatellite
called “CanX-2” that claimed:

While NASA lost a $285-million U.S. satellite this week, a Canadian microsatellite that
does the same job is chugging along happily in orbit — at one-1,000th the cost. The 30-
centimetre-long University of Toronto satellite is searching for the "missing"” carbon
dioxide — the vast amount of Earth's main greenhouse gas that somehow vanishes each
year. That's what NASA's OCO (Orbiting Carbon Observatory) satellite would have done
if it had survived launch on Tuesday. The big difference: Canada built and launched its
tiny version for $300,000.
http://www.canada.com/Technology/Canada+little+satellitet+that+could/1336265/story.html

The CanX project is part of a low-cost research program for aerospace students. The
CanX spacecraft “are designed and built by Masters students at the University of Toronto, under
supervision of professional staff.” (http://www.utias-sfl.net/nanosatellites/CanXProgram.html)
The matchbox-sized spectrometer on board CanX-2, named Argus, was designed by Dr. Brendan
Quine at York University. It measures near infrared spectra in the 900 — 1700 nm range with a
spectral resolution of 6 nm (http://www.thoth.ca/spectrometers.htm). This spectral resolution is
about 100 times lower than that of OCO and far too coarse to yield the sensitivity required for
high precision column CO; measurements. The system also makes no measurement of O,.
Brendan Quine himself noted that the OCO and Argus measurements would be of vastly
differing scientific quality: “Argus is the lowest-possible-cost approach to making this
measurement. NASA was probably the highest-possible-cost approach... so the instruments are
not going to be exactly commensurate.”Quine noted that there are no publications on the
retrievals of GHGs from the Argus team, as this is an ongoing graduate student project [Brendan
Quine, personal communication, 2009]. The publicly released spectra can be viewed at
http://www.thoth.ca/argus.htm. The Argus spectrometer in no way diminishes the urgent need
for a re-build and re-flight of OCO.
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4. OCO in the Context of the Earth Science Decadal Survey

"By definition, decadal surveys are forward-looking documents that build on a stable
foundation of existing and approved programs.”(Decadal Survey, page xiv).

OCO, as an ESSP mission selected prior to the beginning of the Decadal Survey effort,
was part of the foundation of the NASA Earth science program upon which Decadal Survey
priorities for new measurements were based. Though the Decadal Survey doesn't explicitly say
what to do if a precursor mission was lost, it does acknowledge that the mission list might need
to evolve to meet changing needs (pg 37), and acknowledges the challenge of responding to
unexpected shocks which erode the foundation upon which it was built (pg xiv). This section
examines how an OCO rebuild and launch is responsive to the Decadal Survey’s vision and
priorities.

4.1. Explicit References to OCO in the NRC Earth Science Decadal Survey

“The current state-of-the-art for space-based remote sensing of atmospheric CO, is the
Orbiting Carbon Observatory (OCO)” (Decadal Survey, Chapter 7).

There is no doubt that the panels writing and reviewing the Decadal Survey considered
OCO an integral part of the NASA observing strategy for advancing understanding of Earth
Systems Science. OCO is explicitly referenced throughout the Decadal Survey. OCO is called
out as a “precursor mission” to ASCENDS in Chapter 4 (“Summaries of Recommended
Missions”), and as an important contributor to our understanding of the carbon cycle and climate
in Chapters 7 (“Land-Use, Ecosystems, and Biodiversity Panel”) and 9 (“Climate Variability and
Change”). OCO innovations are acknowledged in Chapter 7, where it states “The current state-
of-the-art for space-based remote sensing of atmospheric CO, is the Orbiting Carbon
Observatory (OCO), scheduled for launch in 2008.” This chapter also describes plans of the
European Centre for Medium-Range Weather Forecasts (ECMWF) for assimilation of OCO
radiances to achieve operational estimates of the sources and sinks of CO,. Chapter 9 notes the
“high precision column concentrations of CO,” provided by OCO as being an important
component of the “major climate variables and forcing factors” needed for an integrated
understanding of “climate variability and change.”

4.2. OCO as Part of the Decadal Survey Vision and Priorities

The OCO mission exemplifies the vision and priorities set forth in the Decadal Survey.
Specifically, passive CO, measurements from OCO address two key Decadal Survey themes: (1)
enabling simultaneous scientific discovery and societal applications, and (2) providing a
foundation for long-term sustained climate measurements.

In Chapter 1 the Decadal Survey sets forth a vision for an integrated Earth science

program which advances both scientific understanding and societal benefit. It calls for “renewal
of the national commitment to a program of Earth observations from space in which attention to
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securing practical benefits for humankind plays an equal role with the quest to acquire new
knowledge about Earth” (Decadal Survey, pg. 19). The OCO mission was to answer important
and timely science questions for both the carbon cycle and climate science communities while
also providing essential information to policymakers. Knowing the strength and location of
carbon sinks would enable policymakers and regulators to make more informed land use and
ocean management decisions. A quantified understanding of the processes that control
atmospheric CO; buildup rates today would help predict how fast this greenhouse gas will build
up in the future, and how much time we will have to adapt to the resulting climate change. An
immediate OCO rebuild would be consistent with delivering on the Decadal Survey’s promise of
providing for both scientific discovery and societal benefit.

Chapter 3 of the Decadal Survey highlights the challenges associated with securing long-
term access to research-quality measurements. One of the OCO Mission Success Criteria was to
“Validate a space based measurement approach and analysis concept that could be used for
future systematic CO, monitoring systems.” OCO’s passive remote sensing technology is well
suited for long-term sustained measurements because it has few life-limiting components, and
requires lower mass and power than other competing technologies. Rebuilding OCO as a
dedicated exploratory mission would both demonstrate the feasibility of making CO, remote
sensing observations from space and allow an assessment of the minimal requirements for long-
term monitoring of carbon sources and sinks. This information could be used to assess the
impact of future design simplifications that could potentially reduce future payload
accommodation requirements without introducing unacceptable biases into the data set.

4.3.0CO as a Necessary Precursor to ASCENDS

“A laser-based CO, mission - the logical next step after the launch of NASA’s Orbiting
Carbon Observatory (OCO), which uses reflected sunlight - will benefit directly from the
data-assimilation procedures and calibration and validation infrastructure that will handle
OCO data. In addition, because it will be important to overlap the new measurements with
those made by OCO, the ASCENDS mission should be launched in the 2013-2016 time
frame at the latest.” (NRC Decadal Survev. 2007)

The Decadal Survey recommends active (LIDAR) remote sensing measurements of CO;
via the Active Sensing of CO, Emissions over Nights, Days, and Seasons (ASCENDS) mission
as the logical next step after the OCO mission, building on the laboratory measurement,
validation, and data assimilation infrastructure put in place by OCO. However, when compared
to OCO, ASCENDS is a different mission concept which uses a different technology to answer a
different set of science questions. By collecting more than 100,000 clear-sky soundings each day
with single-sounding sensitivities between 1 and 3 ppm over 95% of the range of latitudes on the
sunlit hemisphere, OCO was optimized to uncover the global distribution of both CO, sources
and sinks and to demonstrate a technique for sustained (long-term) space-based CO,
observations. ASCENDS is to provide measurements at the very highest latitudes in the winter
hemisphere (> 60° latitude at winter solstice) and at night.

Both OCO and ASCENDS are important missions; neither is a substitute for the other.
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There have been some calls to accelerate development of ASCENDS in lieu of an OCO
rebuild. However, Prof. Daniel Jacob (Harvard Univ.), chair of the NASA Advisory Council’s
Earth science subcommittee warns in Space News that, “rushing ASCENDS to the front of the
line threatens to disrupt the carefully constructed set of priorities laid out in the National
Research Council’s Decadal Survey.” An OCO rebuild and launch is the only practical way to
recover its intended science and applications advances, while restoring the foundation upon
which the Decadal Survey’s new measurement priorities were established.

There are also practical reasons for pursuing a rapid re-build of OCO rather than an
acceleration of ASCENDS. It is unlikely, even with an aggressive technology development plan,
that ASCENDS could be launched before 2015. Preliminary studies indicate that a re-build of
OCO could be launched as soon as 30 months after selection. The nominal mission lifetime of
GOSAT is 5 years. Hence, an OCO re-build has a reasonable chance of overlapping GOSAT. If
we have learned anything from the myriad of instruments (and techniques) used to monitor
atmospheric ozone over the past several decades, it is that overlap of sensors with different
technologies (i.e., the grating spectrometers of OCO and the FTSs of GOSAT) is vital for
quantifying the nuances of each measurement technique. Indeed, there remains a strong desire
for passive capabilities before and with the active measurement to relax the LIDAR
measurement requirements and maximize the science return from ASCENDS.

5. OCO Delivers Critical Information for Policy Makers

NASA is charged with “studying Earth from space to advance scientific understanding
and meet societal needs” (http://nasascience.nasa.gov/ - emphasis added). To address this charge
and to respond to the Decadal Survey vision of an integrated Earth science program that
emphasizes both scientific advance and societal benefits, we consider the role of atmospheric
CO, observations in the development and implementation of national policies to address the
challenges of global climate change.

When originally proposed, the OCO mission was a carbon science priority with clear
relevance to future national policy. Today, OCO measurements remain a high-priority carbon
and climate science need and have risen in both relevancy and urgency to national policy.
Emissions of CO, from fossil fuel use in China, India, and other rapidly developing countries
have increased dramatically in the past few years, and there are increasingly large uncertainties
in their contributions to the buildup of atmospheric CO,. While most of this white paper has
focused on the ability of OCO to measure weak, spatially diffuse natural sinks, its high SNR and
small footprint also make it extremely sensitive to CO, emission sources. OCQO’s observations
would have contributed directly to GHG source verification and quantification efforts by
providing observational verification of CO, emissions derived from fossil fuel inventories. As
the US government considers mechanisms to address climate change through limiting
greenhouse gas emissions, reliable, independent global measurements of atmospheric CO, will
fulfill critical policy needs.

The US is funding research in carbon capture and sequestiration from coal-fired power
plants to ruduce US CO, emissions. According to a Barons editorial (2 March 2009)
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“In addition to developing new technologies for carbon capture and sequestration, the
US must be prepared to transfer the technologies to the developing world, including
China.”’[see: http://online.barrons.com/article/SB123577849818797453.html].

Carbon capture and sequestration technologies could be costly to develop, and even more
costly to operate based on previous air quality emissions reduction efforts. OCO observations
would have provided direct measures of CO, release and a critical assessment of the net
efficiency of capture and sequestration strategies on regional, national, and international scales.

To date, the science community has struggled to arrive at a transparent and verifiable
mechanism for quantifying GHG uptake due to land use change. By identifying and mapping
natural sinks, OCO data would also have enabled more informed land-use decisions, accounting
for their potential impact on atmospheric CO,. The National Carbon Accounting System (NCAS)
of Australia (http://www.climatechange.gov.au/ncas/), based on remote sensed images of land
use changes, has been proposed as a template for bridging the gap between carbon markets and
scientific measurements (e.g., http://www.csiro.au/science/forestandcarbon.html). To tie such a
policy tool to large-scale mitigation strategies we need to ascertain the relationship between the
changes in land cover and subsequent changes in carbon flux. OCO measurements provided our
best chance of making this link.

The precise, high spatial resolution Xco, measurements that were to be provided by OCO
offer an ideal complement to present efforts to quantify the impact of land-use change on the
global carbon cycle. It is straightforward to envision carbon fluxes inferred from measurements
of Xcoz from a rebuilt OCO mission playing a central role in long-term, strategic plan for
assessing flows within the global carbon cycle.

6. Conclusions

Advances in carbon cycle science have intensified the need for accurate global
observations of CO; from space. The unfortunate loss of OCO delays delivery of this critical
data. The OCO mission was conceived to address a fundamental carbon cycle and climate
science question with policy relevance. The science question is still unanswered, and OCO
measurements had become widely viewed as essential to provide the scientific basis for
greenhouse gas policies currently under consideration. Meeting the science and policy
imperatives on the needed time scale can only be accomplished by launching an OCO rebuild on
a fast-track schedule that capitalizes on the project’s assets and innovations.

At the direction from NASA HQ, the OCO team performed a quick assessment to
determine what it would take to replace the OCO capabilities. They found that the fastest
approach would be to produce a build-to-print (“carbon copy’) of the instrument and spacecraft.
With a start date in early June 2009, a carbon copy of OCO could be ready for launch in about 30
months. With a fall 2011 launch date, the OCO science team could begin delivering an Xco data
product to the OCO archive within 2 years of the original commitment date (January 2012, vs.
January 2010).
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Glossary of Terms

AIRS — Atmospheric Infrared Sounder (http://airs.jpl.nasa.gov/)

AOPD — Apparent Optical Path Difference retrieval algorithm

ASCENDS — Active Sensing of CO, Emissions over Nights, Days and Seasons
CALIPSO - Cloud-Aerosol and Infrared Pathfinder Satellite Observation
CarbonTracker — (http://www.esrl.noaa.gov/emd/ccgg/carbontracker/)

C4AMIP — Coupled Carbon Cycle Climate Model Intercomparison Project
(http://www.atmos.berkeley.edu/c4mip/home.html)

ECMWF — European Centre for Medium-Range Weather Forecasts (http://www.ecmwf.int/)
ENSO - El Nino Southern Oscillation

ENVISAT — ESA Satellite (http://envisat.esa.int/)

ESA — European Space Agency (http://www.esa.int/esaCP/index.html)

ESRL — NOAA'’s Earth System Research Laboratory (http://www.esrl.noaa.gov/)
ESSP — Earth System Science Pathfinder (http://nasascience.nasa.gov/programs/earth-system-
science-pathfinder)

FACE - Free Air Carbon Enrichment Experiments (http://www.bnl.gov/face/)

FP — Full Physics retrieval algorithm

FPA — Focal Plane Array

FTS — Fourier Transform Spectrometer

GEMS — Global and regional Earth-system atmosphere Monitoring using Satellite and in situ
data (http://gems.ecmwf.int/)

GHG — Greenhouse Gas

GLAS — Geoscience LASER Altimeter System

GMAO - Global Modeling and Assimilation Office (http://gmao.gsfc.nasa.gov/)
GOSAT — Greenhouse gases Observing SATellite
(http://www.jaxa.jp/projects/sat/ibuki/index e.html), nick-named IBUKI after launch
IASI — Infrared Atmospheric Sounding Interferometer (http://smsc.cnes.fr/IASI/)
IBUKI — Japanese for “breath”; the nickname of GOSAT

IR — Infrared

JAXA — Japan Aerospace Exploration Agency (http://www.jaxa.jp/index_e.html)
JGOFS — Joint Global Ocean Flux Study (http://www1.whoi.edu/)

NACP — North American Carbon Program (http://www.nacarbon.org/nacp/)

NASA — National Aeronautics and Space Administration (http://www.nasa.gov/)
NCAS — NOAA Center for Atmospheric Sciences
(http://www.gs.howard.edu/atmosci/default.htm)

NCEP — National Centers for Environmental Protection (http://www.ncep.noaa.gov/)
NOAA — National Oceanic and Atmospheric Administration (http://www.noaa.gov/)
NWP — Numerical Weather Prediction

OCO - Orbiting Carbon Observatory (http://oco.jpl.nasa.gov/)

OSSE — Observing System Simulation Experiment

pCO; — partial pressure of CO,.

ppm — Parts per million

SCIAMACHY - SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(http://envisat.esa.int/instruments/sciamachyy/)
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TCCON - Total Carbon Column Observing Network (http://www.tccon.caltech.edu/)

TES — Tropospheric Emission Spectrometer (http://tes.jpl.nasa.gov/)

TOMS — Total Ozone Mapping Spectrometer (http://toms.gsfc.nasa.gov/)

TransCom — The Atmospheric Tracer Transport Model Intercomparison Project

(http:// www.purdue.edu/transcom/transcom.php)

TRL — Technology Readiness Level

WFM-DOAS — Weighting Function Modified Differential Optical Absorption Spectroscopy
WOCE - World Ocean Circulation Experiment

(http://www.noc.soton.ac.uk/OTHER S/woceipo/ipo.html)
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