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ABSTRACT 

The Orbiting Carbon Observatory-2 (OCO-2) is this first NASA satellite designed to measure atmospheric carbon dioxide 
(CO2) with the accuracy, resolution, and coverage needed to detect CO2 sources and sinks on regional scales over the 
globe. OCO-2 was launched from Vandenberg Air Force Base on 2 July 2014, and joined the 705 km Afternoon 
Constellation a month later. Its primary instrument, a 3-channel imaging grating spectrometer, was then cooled to its 
operating temperatures and began collecting about one million soundings over the sunlit hemisphere each day. As 
expected, about 13% of these measurements are sufficiently cloud free to yield full-column estimates of the column-
averaged atmospheric CO2 dry air mole fraction, XCO2. After almost a full year in orbit, the XCO2 product is beginning to 
reveal some of the most robust features of the atmospheric carbon cycle, including the northern hemisphere spring 
drawdown, and enhanced values co-located with intense fossil fuel and biomass burning emissions. As the carbon cycle 
science community continues to analyze these OCO-2 data, information on regional-scale sources (emitters) and sinks 
(absorbers) as well as far more subtle features are expected to emerge from this high resolution, global data set.    
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1. INTRODUCTION 
Human activities including fossil fuel combustion, cement production, and deforestation have increased the atmospheric 
CO2 concentration by more than 40% since the beginning of the industrial age [1]. A quarter of this increase has been 
added since 2000 and the rate continues to accelerate. Fossil fuel combustion is the single largest source of CO2 emissions.  
Until recently, most of these emissions originated from the industrialized world, where there are good records of the 
amount of fossil fuel burned. However, in 2007, China surpassed the U.S. as the single largest emitter of CO2, and the 
developing world now accounts for about 60% of all CO2 emissions. The best existing inventories indicate that fossil fuel 
combustion and other human activities are now about 40 billion tons of CO2 to the atmosphere each year, but the 
uncertainties on these estimates are growing almost as rapidly as the emissions themselves. 

If all of the CO2 emitted by these human sources remained in the atmosphere, the atmospheric CO2 concentration would 
increase by more than one percent (1%) per year.  Interestingly, precise measurements from a global network of greenhouse 
gas monitoring stations indicate that less than half of this CO2 is remaining airborne. The rest is apparently being absorbed 
by natural sinks in the ocean and land biosphere, whose identity, and location are poorly understood. Roughly one quarter 
of the CO2 emitted by human activities is apparently being absorbed by the ocean, where they contribute to ocean 
acidification. The land-based processes responsible for absorbing the other quarter of these emissions are far more 
mysterious. Some studies have attributed this absorption to tropical, mid-latitude, or boreal forests, while other indicate 
that these forest are just as likely to be net sources as sinks of CO2. The efficiency of these natural land and ocean sinks 
also appears to vary dramatically from year to year. Some years, they absorb almost all of the CO2 emitted by human 
activities, while in other years, they absorb very little. The causes for this variability are not yet known. Because the 
identity, location, and processes controlling these natural sinks is not well understood, it is not possible to determine how 
much longer they will continue to reduce the rate of atmospheric CO2 buildup by half. This lack of understanding 
introduces a major source of uncertainty in predictions of the rate of future CO2 increases, and their effect on the climate. 
Measurements from the ground based greenhouse gas network accurately track the global atmospheric CO2 budget and its 
trends, but do not have the resolution or coverage needed to identify the sources emitting CO2 into the atmosphere or the 
natural sinks absorbing this gas at the Earth’s surface. This information is critical to any carbon management strategy.  



 
 

 
 

One way to improve the spatial and temporal sampling of CO2 is to retrieve precise, spatially-resolved, global estimates 
of the column-averaged CO2 dry air mole fraction (XCO2) from space. Surface weighted XCO2 estimates can be retrieved 
from high resolution spectroscopic observations of reflected sunlight in near infrared CO2 and O2 bands. This is a 
challenging space based remote sensing observation because even the largest CO2 sources and sinks produce changes in 
the background XCO2 distribution no larger than 2%, and most are smaller than 0.25%  (1 part per million (ppm) out of the 
background 400 ppm) [2]. The European Space Agency (ESA) EnviSat SCanning Imaging Absorption SpectroMeter for 
Atmospheric CHartographY (SCIAMACHY) [3] and Japanese Greenhouse Gases Observing Satellite (GOSAT) Thermal 
And Near infrared Sensor for carbon Observation Fourier Transform Spectrometer (TANSO-FTS) [4] were the first 
satellite instruments designed to exploit this measurement approach. SCIAMACHY collected column averaged CO2 and 
methane (XCH4) measurements over the sunlit hemisphere from 2002 to 2012. TANSO-FTS has been collecting XCO2 and 
XCH4 observations since April 2009. These data have provided an excellent proof of concept, and are beginning to yield 
new insights into the carbon cycle, but improvements in sensitivity, resolution, and coverage are still needed. 

2. THE ORBITING CARBON OBSERVATORY-2  

The Orbiting Carbon Observatory–2 (OCO-2) is NASA’s first satellite designed to measure atmospheric CO2 with the 
accuracy, resolution, and coverage needed to detect CO2 sources and sinks on regional scales over the globe. OCO-2 is a 
“carbon copy” of the Orbiting Carbon Observatory [5, 6], which was lost in 2009, when its launch vehicle malfunctioned 
and failed to reach orbit. OCO-2 carries and points a 3-channel, imaging, grating spectrometer. This instrument collects 
high resolution spectra of reflected sunlight in the 0.765 µm O2 A-band and in the 1.61 and 2.06 µm CO2 bands with 
unprecedented sensitivity. Coincident measurements from the three channels are combined into “soundings” that are 
analysed with a “full-physics” retrieval algorithm to yield estimates of XCO2 and other geophysical quantities.  
 
OCO-2 was successfully launched from Vandenberg Air Force Base in California on 2 July 2014.  After completing a 
series of spacecraft check-out activities and orbit raising maneuvers, it joined the 705 km Afternoon Constellation (A-
Train) on August 3, 2014.  The optical bench and focal planes of the OCO-2 three-channel imaging grating spectrometer 
were then cooled to their operating temperatures and a series of calibration and validation activities was initiated. Since 
early September of 2014, this instrument has been routinely returning almost one million soundings each day over the 
sunlit hemisphere. Optically thick clouds and aerosols preclude observations of the full atmospheric column, but around 
13% of these soundings are sufficiently cloud free to yield full-column estimates of XCO2 with single-sounding random 
errors between 0.5 and 1 ppm at solar zenith angles as large as 70 degrees, as expected. These data are currently being 
analyzed by the OCO-2 Science Team and other members of the carbon cycle science community to assess their impact 
on our understanding of CO2 sources and sinks on regional scales over the globe.  

3. RETRIEVING XCO2 AND SURFACE PRESSURE FROM REMOTE SENSING OBSERVATIONS 
OF REFLECTED SUNLIGHT 

The Column averaged dry air mole fraction, XCO2, is defined as the ratio of the “column abundance” of CO2 (i.e. the 
altitude-dependent CO2 number density integrated over the atmospheric column) and the column abundance of “dry air.”  
Surface weighted estimates of the column abundance of CO2 can be retrieved from high resolution spectra of reflected 
sunlight in shortwave infrared (SWIR) CO2 absorption bands [3, 4, 7, 8].  Similarly, estimates of the dry air column 
abundance can be inferred from spectra of near infrared (NIR) molecular oxygen (O2) absorption bands. O2 provides an 
ideal proxy for dry air because the mole fraction of oxygen in dry air is well known (0.20935) and essentially constant.  
Given this information, XCO2 is defined as: 

XCO2 = 0.20935 ∫ NCO2 ds / ∫ NO2 ds .                                                              (1) 

Here, NCO2 is the number density of CO2 molecules, NO2 is the number density of molecular oxygen, s is optical path 
length, and the integrals are performed over the atmospheric “column” extending from the sun, to the surface, to the 
spacecraft.  

To estimate the column abundance of CO2, the OCO-2 spectrometers collect co-bore-sighted measurements of reflected 
sunlight in the SWIR CO2 bands centered near 1.61 and 2.06 µm. Co-bore-sighted measurements of the absorption of 
sunlight by the O2 A-band near 0.765 µm are used for defining the total dry air column abundance. Measurements within 
the O2 A-band and 2.06 µm CO2 band also yield information about the vertical distribution and optical properties of 
optically thin clouds and aerosols along the optical path, reducing uncertainties in the optical path length associated with 







 
 

 
 

5. MEASUREMENT APPROACH 
OCO-2 flies at the head of the A-Train, in a 98.8 minute orbit that has a 1:36 PM nodal crossing time and a 16-day (233-
orbit) ground-track repeat cycle. For routine science operations, the spacecraft points the instrument’s bore sight at the 
local nadir or at the “glint spot,” where sunlight is specularly reflected from the Earth’s surface. Nadir observations provide 
the best spatial resolution and yield more useful XCO2 soundings in regions that are partially cloudy, or topographically 
rough. They also yield more useful data at high latitudes over continents, where the sun is low, surfaces are relatively dark, 
and the longer optical paths increase the impact of scattering by thin clouds and aerosols. Glint observations have much 
greater signal-to-noise ratios (SNR) over dark, specular ocean surfaces, and therefore provide more useful XCO2 soundings 
there. OCO-2 can also target selected surface calibration and validation sites to collect thousands of soundings as the 
spacecraft flies overhead. The primary surface targets include well calibrated surface sites, such as Railroad Valley, 
Nevada, and Total Carbon Column Observing Network (TCCON) stations, which make precise measurements of CO2 and 
other trace gases from the ground. 

Over its first year in orbit, the OCO-2 operations and observing strategy have been optimized to improve the data quality 
and coverage. For example, the original plan was to maintain the long axis of the slit perpendicular to the “principle plain,” 
defined by the sun, surface footprint, and instrument aperture [6], but this viewing geometry provided too little signal over 
the ocean near the Brewster angle (~51° for seawater).  The instrument boresight (and satellite body) was therefore rotated 
30° around the telescope optical axis to increase the signal for glint observations. In the late spring of 2015, the spacecraft’s 
orbit track was adjusted to better align the ground footprints of the nadir OCO-2 soundings with those of the cloud and 
aerosol soundings from CloudSat and CALIPSO. This modification is expected to provide a larger coincident 
CloudSat/CALIPSO/OCO-2 data set, for use in validating the OCO-2 cloud and aerosol retrievals. The glint/nadir 
observing strategy was also modified to produce more regular coverage of the ocean and high latitude continents. The 
initial strategy acquired only glint or nadir observations over the entire sunlit hemisphere for a complete, 16-day, ground 
track repeat cycle, and then used the other observing mode in the next 16-day cycle. This approach optimized the coverage 
of oceans and continents on monthly time scales, but produced 16-day long gaps in the coverage of the ocean while in 
nadir mode, and limited coverage of high latitude continents while in glint mode. In early July of 2015, this observation 
strategy was modified to alternate between glint and nadir observations on alternate orbits. This approach yields more 
continuous coverage of the sunlit hemisphere each day. 

6. PRELIMINARY XCO2 RESULTS 
The OCO-2 team began delivering calibrated spectral radiance data (Level 1 products) to the Goddard Earth Sciences Data 
and Information Services Center (GES-DISC) in December 2014 for distribution to the science community. Deliveries of 
retrieved geophysical quantities including spatially resolved estimates of XCO2, surface pressure, and solar-induced 
chlorophyll fluorescence (Level 2 products) to the GES-DISC started in late March 2015. In the summer of 2015, all data 
collected since routine operations began in early September of 2014 were reprocessed using Version 7 of the OCO-2 
algorithm. At the time of writing, these products were being validated to identify and correct regional scale biases.  

As the data set has grew over the first year of operations, global maps of XCO2 from OCO-2 started revealing some of the 
best known features of the atmospheric carbon cycle at unprecedented spatial resolution. In the fall of 2014, as the northern 
hemisphere biosphere began to slow down and the pole-to-pole gradient in XCO2 almost vanished, CO2 enhancements from 
human activities were much more obvious. OCO-2 retrievals showed XCO2 enhancements as large as 1 ppm above the 
background values co-located with intense fossil fuel emissions in the eastern U.S. and XCO2 enhancements almost twice 
that large in eastern China. Biomass burning in the Amazon, south-central Africa, and Indonesia also produced XCO2 
increases in this range (1-2 ppm) in October. As the season progressed, the XCO2 enhancements associated with biomass 
burning in Africa move north of the equator.  

The largest pole-to-pole gradients in XCO2 were seen In in early May of 2015, as land plants in the northern hemisphere 
were just starting to rapidly absorb CO2 from the air to form new leaves, branches, and roots (Figure 3). Between mid-
May and mid-July, this intense CO2 drawdown decreased the XCO2 over much of the northern hemisphere by 2% to 3% (8 
to 12 ppm out of the ambient 400 ppm background concentration). During this season, XCO2 enhancements co-located with 
intense fossil fuel combustion and biomass burning were seen in individual OCO-2 ground tracks, but were not readily 
apparent in the global maps. As noted above, these are some of the most robust features of the global carbon cycle and 
were expected. As the OCO-2 XCO2 product is validated and the carbon cycle science community continues their analysis 



 
 

 
 

of this growing data set, information on regional-scale sources (emitters) and sinks (absorbers) as well as far more subtle 
features are expected to emerge.  

 

 

7. SUMMARY AND CONCLUSIONS 
OCO-2 was successfully launched on July 2, 2014, and two months later began routinely returning almost one million 
soundings over the sunlit hemisphere each day. On average, about 13% of these soundings are sufficiently cloud free to 
yield full-column estimates of XCO2. Nadir soundings over land yield XCO2 estimates with single-sounding random errors 
of 0.5 - 1 ppm at solar zenith angles less than 60 degrees while ocean glint soundings yield precisions near 0.5 ppm at 
solar zenith angles less than 70 degrees. Nadir soundings over the ocean and glint soundings over high-latitude land are 
less precise. Initially, OCO-2 recorded only nadir soundings or glint soundings on alternate, 16-day ground-track repeat 
cycles. This provided adequate coverage of the globe each month, but produced 16-day gaps in ocean coverage while 
observing nadir, and similar gaps over high-latitude land while observing glint. In July 2015, this strategy was modified 
to alternate between glint and nadir soundings on consecutive orbits to yield more continuous coverage each day. 

While the XCO2 estimates and other products are being validated to identify and correct biases, global XCO2 maps are 
starting to reveal some of the best known features of the atmospheric carbon cycle. XCO2 enhancements co-located with 
intense fossil fuel emissions in eastern U.S. and eastern China are most obvious in the fall, when the north-south XCO2 
gradient is small. Enhanced XCO2 coincident with biomass burning in the Amazon, central Africa, and Indonesian is also 
obvious in the fall. In mid spring, when the north-south XCO2 gradient was largest, these sources were less apparent in 
global maps. From late May to mid-July, OCO-2 maps show a 2-3% reduction in XCO2 across the northern hemisphere, as 
the land biosphere rapidly absorbs CO2. As the carbon cycle community continues to analyze these OCO-2 data, 
quantitative estimates of regional-scale emission sources and natural sinks are expected to emerge. 
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Fig 3. Global maps of XCO2 showing the individual orbit tracks for (a) 14-29 May, (b) 30 May - 14 June, (c) 15-30 June and (d) 1-15 
July, produced from OCO-2 observations. The range of latitudes in the southern hemisphere is limited during this season because the 
sun is near it northernmost latitude.  Persistent high clouds near the equator reduce the number of useful soundings there. Large-scale 

reductions in XCO2 are clearly seen in the northern hemisphere, as the land biosphere rapidly absorbs CO2. 
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