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[1] Precision requirements are determined for space-based column-averaged CO2 dry air
mole fraction (XCO2

) data. These requirements result from an assessment of spatial and
temporal gradients in XCO2

, the relationship between XCO2
precision and surface CO2

flux uncertainties inferred from inversions of the XCO2
data, and the effects of XCO2

biases on
the fidelity of CO2 flux inversions. Observational system simulation experiments and
synthesis inversion modeling demonstrate that the Orbiting Carbon Observatory mission
design and sampling strategy provide the means to achieve these XCO2

data precision
requirements.
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1. Introduction

[2] Carbon dioxide (CO2) is a natural component of the
Earth’s atmosphere and a strong greenhouse forcing agent.
Concentrations of atmospheric CO2 fluctuated between 185
and 300 parts per million (ppm) over the last 500,000 years
[Interrovernmental Panel on Climate Change (IPCC), 2001].
However, since the dawn of the industrial era 150 years ago,
human activity (fossil fuel combustion, land use change, etc.)
has driven atmospheric CO2 concentrations from 280 ppm to
greater than 380 ppm. Such a dramatic short-term increase in
atmospheric CO2 is unprecedented in the recent geologic
record, prompting Crutzen to label the current era as the
Anthropocene [Crutzen, 2002]. Better carbon cycle monito-
ring capabilities and insight on the underlying dynamics
controlling atmosphere exchange with the land and ocean
reservoirs are needed as society begins to discuss active
management of the global carbon system [Dilling et al., 2003].

[3] Data from the existing network of surface in situ CO2

measurement stations [GLOBALVIEW-CO2, 2005] indicate
that the terrestrial biosphere and oceans have absorbed
almost half of the anthropogenic CO2 emitted during the
past 40 years. The nature, geographic distribution, and
temporal variability of these CO2 sinks are not adequately
understood, precluding accurate predictions of their
responses to future climate change [Friedlingstein et al.,
2006; Cox et al., 2000; Fung et al., 2005]. Inverse modeling
of the surface in situ CO2 data [GLOBALVIEW-CO2, 2005]
provide compelling evidence for a Northern Hemisphere
terrestrial carbon sink, but the network is too sparse to
quantify the distribution of the sink over the North American
and Eurasian biospheres or to estimate fluxes over the
Southern Ocean [Gurney et al., 2002, 2003, 2004, 2005;
Law et al., 2003; Baker et al., 2006a]. Existing models
and measurements also have difficulty explaining why the
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atmospheric CO2 accumulation varies from 1 to 7 gigatons of
carbon (GtC) per year in response to steadily increasing
emission rates.
[4] Space-based remote sensing of atmospheric CO2 has

the potential to deliver the data needed to resolve many of
the uncertainties in the spatial and temporal variability of
carbon sources and sinks. Several sensitivity studies have
evaluated the improvement in carbon flux inversions that
would be provided by precise, global space-based column
CO2 data [Dufour and Breon, 2003; Houweling et al., 2004;
Mao and Kawa, 2004; O’Brien and Rayner, 2002; Rayner et
al., 2002; Rayner and O’Brien, 2001; Baker et al., 2006b].
The consensus of these studies is that satellite measure-
ments yielding the column-averaged CO2 dry air mole
fraction, XCO2

, with bias-free precisions in the range of 1–
10 ppm (0.3–3.0%) will reduce uncertainties in CO2

sources and sinks due to uniform and dense global
sampling. As Houweling et al. [2004] demonstrated, the
precision requirements for space-based XCO2

data vary
depending on the spatial and temporal resolution of the data
and the spatiotemporal scale of the surface flux inversion.
Clearly, the highest precision XCO2

data (for example, 1 ppm
or better) would best address the largest number of carbon
cycle science questions. However, this requirement must be
balanced against the significant technical challenges of
delivering a satellite measurement/retrieval/validation sys-
tem that can produce bias-free, sub-1% precision XCO2

data.
The space-based XCO2

data must also be accurately cali-
brated to the WMO reference scale for atmospheric CO2

measurements so that they can be ingested simultaneously
with suborbital data in synthesis inversion or data assimi-
lation schemes without producing spurious fluxes.
[5] The Orbiting Carbon Observatory (OCO) was selected

by NASA’s Earth System Science Pathfinder (ESSP) pro-
gram in July 2002 to deliver space-based XCO2

data products
with the precision, temporal and spatial resolution, and
coverage needed to characterize the variability of CO2

sources and sinks on regional spatial scales and seasonal
to interannual timescales [Crisp et al., 2004]. The mission
is designed for a 2-year operational period with launch
scheduled for 2008, the first year of the Kyoto Protocol
commitment period. OCO will join the EOS Afternoon Cons-
tellation (A-Train), flying in a sun-synchronous polar orbit
with a constant 1:26 p.m. local solar time (1326 LST) flyover,
a 16-day (233 orbit) repeat cycle and near global sampling.
[6] The OCO science team analyzed a broad range of

measurement and modeling data to define the science require-
ments for space-based XCO2

data precision. The products of
this investigation address two fundamental questions:
[7] 1. What precision does the OCO XCO2

data product
need to improve our understanding of CO2 surface fluxes
(sources and sinks) significantly?
[8] 2. Does the measurement/retrieval/validation approach

adopted in the OCO mission design provide the needed XCO2

data precision?
[9] This paper analyzes atmospheric CO2 observations and

modeling studies of CO2 sources and sinks to derive the
science requirements for space-based XCO2

data precision
(question 1). Analyses of space-based and suborbital mea-
surements, as well as the development and validation of
retrieval algorithms demonstrating the potential of the OCO
mission design to achieve the required XCO2

precision (ques-

tion 2) are the subjects of recent [Kuang et al., 2002; Boesch
et al., Space-based near-infrared CO2 retrievals: Testing the
OCO retrieval and validation concept using SCIAMACHY
measurements over Park Falls, Wisconsin, submitted to
Journal of Geophysical Research, 2007, hereinafter referred
to as Boesch et al., submitted mansucript, 2007; Washenfelder
et al., Carbon dioxide column abundances at the Wisconsin
tall tower site, submitted to Journal of Geophysical Research,
2007, herein referred to as Washenfelder et al., submitted
manuscript, 2007] and ongoing studies.

2. XCO2 Precision Requirements

[10] Two community-wide undertakings define the cur-
rent state of knowledge for the atmospheric CO2 budget:
the GLOBALVIEW-CO2 in situ measurement network
[GLOBALVIEW-CO2, 2005] and the TransCom 3 trans-
port/flux estimation experiment [Gurney et al., 2002,
2003, 2004, 2005; Law et al., 2003; Baker et al.,
2006a]. The GLOBALVIEW-CO2 network’s emphasis on
acquiring accurate measurements through rigorous experi-
mental methods, constant calibration using procedures and
materials traceable to WMO standards, and continual vigi-
lance against biases has created the recognized reference
standard data set for atmospheric CO2 observations. The net-
work collects surface in situ CO2 measurements at appro-
ximately 120 stations worldwide, spanning latitudes from the
South Pole to 82.4�N (Alert, Canada). Typical measurement
uncertainties are on the order of 0.1 ppm (0.03%).
[11] The TransCom 3 project reported estimates of carbon

sources and sinks from variations in the GLOBALVIEW-CO2

data via inverse modeling with multiple atmospheric transport
models. This assessment confirmed that carbon fluxes integ-
rated over latitudinal zones are strongly constrained by obser-
vations in the middle to high latitudes. Flux uncertainties were
also constrained by inadequacies in the transport models and
the lack of observations in tropical forests. The latter result
is not surprising since the GLOBALVIEW-CO2 network
strategy was originally designed specifically to avoid
measurement contamination from air locally influenced by
large CO2 sources or sinks. The inversions also exhibited
significant uncertainties when trying to distinguish meridional
contributions to the fluxes.
[12] Rayner and O’Brien [2001] showed that space-

based XCO2
data could dramatically improve our under-

standing of CO2 sources and sinks if these measurements
provided adequate precision and spatial coverage. This
study used a synthesis inversion model to estimate the
surface-atmosphere CO2 flux uncertainties in 26 continent/
ocean basin scale regions. The baseline was established by
using measurements from 56 stations in the ground-based
GLOBALVIEW-CO2 network. The results were compared
to simulations that used spatially resolved, global XCO2

data. Rayner and O’Brien found that global, space-based
XCO2

data with 2.5-ppm precisions (and no biases) on
8� � 10� scales would be needed to match the performance
of the existing ground based network at monthly or annual
timescales. Space-based XCO2

data with 1-ppm precisions
were predicted to reduce inferred CO2 flux uncertainties
uncertainties of annual mean fluxes from greater than
1.2 GtC region�1 year�1 to less than 0.5 GtC region�1

year�1 when averaged over the annual cycle. Additionally,
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the uncertainties in all regions were more uniform for
inversions using the space-based XCO2

data.
[13] While these simulations clearly illustrate the advan-

tages of precise space-based XCO2
data, they do not explicitly

quantify the data precision required for OCO because they do
not simulate the spatial and temporal sampling strategy pro-
posed for the OCO mission nor do they adequately character-
ize the sensitivity of source-sink inversions to XCO2

data
precision. To address these concerns, we combined simulated
atmospheric CO2 data and transport models to estimate XCO2

spatial gradients as well as global and regional scale XCO2

variability. A series of observational system simulation experi-
ments (OSSEs) sampled the synthetic CO2 fields using strat-
egies simulating the GLOBALVIEW-CO2 surface network
[GLOBALVIEW-CO2, 2005] as well as the OCO satellite.
Inverse modeling of these data characterized the relationship
between the inferred surface flux uncertainties and uncertain-
ties in the space-based XCO2

data. We also investigated the use
of inversions to detect bias in the XCO2

data and what level of
sensitivity such analyses would provide.

2.1. XCO2 Spatial and Temporal Gradients

[14] Distributions of atmospheric CO2 were simulated
with the Model of Atmospheric Transport and Chemistry
(MATCH) three-dimensional atmospheric transport model
[Olsen and Randerson, 2004]. MATCH represents advec-
tive transport using a combination of horizontal and vertical
winds and has parameterizations of wet and dry convection
and boundary layer turbulent mixing [Rasch et al., 1994].
MATCH operates off-line using archived meteorological
fields which for this study were derived from the NCAR
Community Climate Model version 3 with T21 horizontal
resolution (approximately 5.5� � 5.5�) and 26 vertical
levels from the surface up to 0.2 hPa (about 60 km) on
hybrid sigma pressure levels. The top of the first model
level is approximately 110 m. The meteorological fields
represent a climatologically ‘‘average’’ year rather than any
specific year. This meteorological data was archived every 3
model hours and was interpolated to the 30-min MATCH
time step. In this configuration MATCH has an interhemi-
spheric transport time of approximately 0.74 years, about in
the middle of the 0.55 to 1.05 year range of the models that
participated in the TransCom 2 experiment [Denning et al.,

1999]. A single year of dynamical inputs was recycled for
the multiyear runs used in this study.
[15] Constraints on CO2 sources and sinks incorporated

fossil fuel emissions as estimated by Andres et al. [1996],
atmosphere-oceanic exchange as estimated from sea-surface
pCO2 measurement by Takahashi et al. [2002], and bio-
spheric fluxes modeled using the Carnegie-Ames-Stanford
Approach (CASA) model [Randerson et al., 1997], includ-
ing a diurnal cycle of photosynthesis and respiration.
Simulated XCO2

data were obtained from the model output
by integrating vertically according to the OCO averaging
kernel at the T21 horizontal resolution. In these simulations
terrestrial ecosystem exchange was annually balanced; in
other words, we omitted a ‘‘missing’’ carbon sink necessary
to balance fossil carbon sources with the atmospheric CO2

growth rate [Gurney et al., 2002; Tans et al., 1990].
[16] The 15th of each month was taken as a sample

representative day for each month. Data were extracted for
1300 local time globally, as a preliminary approximation of
XCO2

as would be observed by OCO. The resulting data are
presented for January and July 2000 in Figure 1. These data
differ slightly from themonthly meanXCO2

maps presented in
Figure 9 of Olsen and Randerson [2004], capturing more of
the instantaneous XCO2

seasonal variability. All model values
are reported relative to the annual mean surface mixing ratio
south of 60� south. Figure 1 shows that the Northern
Hemisphere XCO2

variability is typically about 6 ppm. This
is only 50% of the amplitude of the seasonal cycle in the near-
surface concentrations of CO2 [see Olsen and Randerson
2004; Figure 5]. Somewhat larger high frequency variations,
associated with passing weather systems and strong source
regions, are also common. The monthly peak-to-peak
amplitude of Southern Hemisphere XCO2

is typically 2–
3 ppm while the annual peak-to-peak amplitude varies from
6–7 ppm over tropical forests to less than 3 ppm over the
Southern Ocean.
[17] These results indicate that space-based XCO2

data
with precisions better than 2 ppm are needed to resolve
the peak-to-peak amplitudes in monthly and annual XCO2

.
This precision is also sufficient to resolve regional scale
meridional variations over the Northern Hemisphere boreal
forests or the Southern Ocean. The OCO sampling strategy
(section 4) is specifically designed to return space-based

Figure 1. Modeled column-averaged CO2 dry air mole fraction (XCO2) simulated for the year 2000
using the CASA/MATCH model [Olsen and Randerson, 2004]. Values for 1300 LST on 15 January and
15 July are plotted relative to the annual average XCO2

south of 60�S.
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