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ABSTRACT
NASA's Orbiting Carbon Observatory (OCO) was designed to make measurements of carbon dioxide concentrations
from space with the precision and accuracy required to identify sources and sinks on regions scales (~1,000 km).
Unfortunately, OCO was lost during due to a failure of the launch vehicle. Since then, work has started on OCO-2,
planned for launch in early 2013. This paper will document the OCO instrument performance and discuss the changes
planned for the OCO-2 instrument.
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1. INTRODUCTION
OCO was selected for implementation in 2002 as an ESSP (Earth System Science Pathfinder) mission 1. The mission
was designed to return space-based measurements needed for global estimates of atmospheric carbon dioxide (CO 2) with
the precision, resolution, and coverage needed to quantify regional-scale sources (emitters) and sinks (absorbers).
Evaluating their behavior over season and annual cycles would have provided scientists with additional information and
data to better understand how CO2, a major greenhouse gas, influences or drives the global climate change process.

Figure : Artist Conception of OCO in space. The instrument aperture can be seen on the bottom of the spacecraft,
next to the white “paddle” which is part of the on-board calibration system. The main body of the spacecraft is
slightly more than two meters tall and one meter across not including the solar panels.
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Soon after the loss of OCO, NASA directed the OCO team to begin looking at options to replace the lost science.
Several options for hosting an OCO instrument were considered including the International Space Station, a shared
platform with the TIRS (Thermal Infrared Sensor) instrument and a rebuild of the original OCO spacecraft. Early in
2010, NASA elected to begin working on a rebuild of the original instrument/spacecraft designs 2. This paper will
include a summary of the changes to the instrument for the OCO-2 mission. Many of these are driven by parts
obsolescence, but some are planned to eliminate problems discovered in the original build.

2. OCO INSTRUMENT OVERVIEW
The OCO instrument was to measure sunlight reflected by the surface and atmosphere of the Earth in three narrow
bands: the O2 A-band near 0.76 microns, the “Weak” CO2 band near 1.6 microns and the “Strong” CO2 band near 2.06
microns. A sample spectrum of the sunlight passing through the Earth’s atmosphere taken on February 26, 2008 is shown
in Figure . The spectral range of each channel included the complete molecular absorption band as well as some nearby
continuum to provide constraints on the optical properties of the surface and aerosols as well as absorbing gases 1.
The instrument consisted of three imaging spectrometers, one for each band 3. Light was directed into the spectrometers
through a common telescope and a series of beam splitters and reimagers. Just before the incoming light enters each
spectrometer, a linear polarizer selects the polarization vector parallel to the entrance slit. Each spectrometer worked in
first order and used a flat holographic grating.

Figure : The OCO spectral bands. Data are shown for the O2 A-Band (top), the Weak CO2 band (middle) and the
Strong CO2 band (bottom). This is a single frame (0.333 seconds) of data collected using a heliostat to illuminate a
diffuser with sunlight that passed through the Earth’s atmosphere. The spectra clearly illustrate the high signal to
noise ratio and low stray light achieved in the original OCO instrument.

At each spectrometer’s focus, an area array recorded the spectrum. As is typical in imaging spectrometers, one
dimension measured field angles along the slit and the other dimension measured different wavelengths. The detectors
were 1024 × 1024 arrays; the O 2 A-band was silicon (HyViSI) Hawaii-1RG and the two CO 2 detectors were
mercury-cadmium-telluride (HgCdTe) Hawaii-1RG units; all were manufactured by Teledyne Scientific and Imaging,
LLC. Only 160 pixels were used in the spatial dimension. Sets of 20 were averaged on-board to yield 8 spatial
footprints; each would have had a 1.5 km field-of-view on the ground. In the spectral dimension, four pixels were
blacked out on each side of the array, leaving 1016 pixels (or channels) per band. The OCO detectors were cooled to
180K (O2 A-band) and 120K (Weak CO2, Strong CO2), and actively controlled to within ±1K. This minimized dark
current and reduced the sensitivity of gain and dark current to temperature drifts.
The OCO instrument interacts with the incoming light in four fundamental ways: radiometric, spectral, spatial and
polarization. The performance requirements of each area are summarized in Table . Section 3 will describe how the
original OCO instrument performed against these requirements.
Over the course of the ground test program, many types of tests were conducted to evaluate the instrument performance
and determine calibration parameters to be used in flight for the conversion of the raw data into calibrated radiances for
inputs to the CO2 retrieval algorithm. An overview of the test program and results will be provided below.
Table : Summary of OCO Performance Requirements.

Type of
Requirement

O2 A-band

Weak CO2

Strong CO2

SNR = 1 @ 1.9 x 1017
SNR = 360 @ 2.2 x 1021

SNR = 1 @ 9.0 x 1016
SNR = 250 @ 2.2 x 1021

SNR = 1 @ 1.0 x 1017
SNR = 180 @ 2.2 x 1021

Range: 0.758 to 0.772 microns
Resolution: > 17,000:1
Sampling: > 2.0 pixels per slit

Range: 1.594 to 1.619 microns
Resolution: > 20,000:1
Sampling: > 2.0 pixels per slit

Range: 2.045 to 2.081 microns
Resolution: > 20,000:1
Sampling: > 2.0 pixels per slit

Radiometric*
Spectral

Spatial

Along Slit: 14.6 + 0.4 mrads
Cross Slit: < 2 mrad
Alignment: < 0.2 mrad between bands

Polarization

Alignment to Slit: < 8 degrees
Knowledge: < 2.5 degrees
* Radiances are expressed in units of photons/m2/s/micron/steradian

3. PERFORMANCE OF THE ORIGINAL OCO INSTRUMENT
3.1 Performance Test Program Overview
Because the detectors and optics operate far below room temperature, all performance testing must occur in a vacuum.
During the assembly and space qualification, the OCO instrument went through five separate thermal vacuum cycles
over the course of approximately one year. The first two were primarily to achieve best focus of the three focal planes.
The second two were conducted to validate the instrument performance and measure various calibration coefficients.
The final thermal vacuum cycle was conducted after the instrument was integrated with the spacecraft with the objective
to show that the instrument/spacecraft interfaces were compatible. This paper will be restricted to the second pair of
thermal vacuum cycles (January to March 2008).
3.2 Test Equipment
The OCO instrument aperture was illuminated with one of four pieces of test equipment or the onboard calibrator during
the test program (Table ). Each piece of test equipment supported one or more tests to evaluate the instrument
performance. These will be referred to in the sections below where they were used.

Table : Summary of OCO optical sources and their purpose during performance and calibration testing.

Source

Description

Applications

Integrating Sphere

40-inch integrating sphere with a 10-inch exit
port. Three internal bulbs and one external
light bulb with a variable attenuator. Three
filtered radiometers (one for each OCO band).

Radiometric calibration, signal to noise
measurement

Collimator

Long focal length off-axis parabola with a
small integrating sphere at its focus. Light
provided from either an incandescent light bulb
or three tunable diode lasers (one per OCO
band).
Various linear/rotary stages allow
spatial sampling of input to instrument.

Spectral calibration, spatial calibration,
polarization alignment measurement, focus
determination4

Heliostat

Active tracking system maintained sunlight on
either an external diffuser or the flight solar
diffuser.

Spectral
validation
against
nearby
high-resolution
Fourier
transform
spectrometer (FTS), Linearity

Step-scan FTS

Fourier transform spectrometer with white light
source at the detector location

Out-of-band straylight

Onboard Calibrator

Two options: solar diffuser for use with the
heliostat or internal diffuser illuminated with
one of three onboard incandescent light bulbs.

Bad pixel determination,
performance trends

instrument

3.3 Radiometric Characterization

Conversion of Raw Data to Radiances:
The radiometric response curves were determined by setting the integrating sphere to successive light levels from dark to
slightly above the OCO dynamic range requirement in each band as shown in Figure . Approximately 24,000 of these
curves were acquired during the test (8 spatial elements, 1,016 spectral elements and 3 spectrometers). Each curve was
parameterized with a simple polynomial of either second or third order. The terms above linear were almost, but not
quite, negligible in each band5.
The primary uncertainty in these curves is associated with the input radiance. These uncertainties were estimated to be
on the order of 3% to 4% before the OCO testing began. After it was completed, the OCO team conducted a
cross-calibration experiment with the GOSAT team 6. The radiometric calibration systems were found to agree to
between 1.5% (O2 A-band) to 4% (Strong CO2). This was within the ±5% called for by the OCO mission requirements.

Figure : Radiometric calibration data from the 300 th column (0.762470 µm) of the O2 A-band Focal Plane. This
curve is typical of the ~24,000 such curves collected for the entire instrument.

Figure : Ratio of intensities with and without a ~50% open screen was placed in front of the heliostat’s incoming
light. Panel (a) shows the results from the first radiometric calibration. The O 2 A-band (blue) and Strong CO2 (red)
errors were traced to the problems with the radiometers monitoring the sphere output. When corrected, the ratio
became largely independent of light level (as expected). The Weak CO 2 band (green) needed no correction. Figure
original published in O’Dell et al5.
A novel approach was developed to validate the linearity of the final calibrated data 5. During the heliostat testing, a
screen with ~50% open area was repeatability inserted and removed from the incoming solar energy. This test was
originally developed to characterize residual image (see discussion below). If half the light was blocked, then each
channel should report half the radiance values. Since the atmosphere provides a substantial dynamic range in each
spectra, this could be tested at bright levels, intermediate and dim levels simultaneously. Ideally, the ratio should be
independent of the light level in the brighter scene (Figure ).

Signal to Noise Ratios:
In addition to creating the counts to radiance calibration coefficients, this test also provided the data needed to build a
signal to noise ratio (SNR) versus radiance relationship. Each point from Figure corresponds to between 15 minutes of
data (dark level) and 2 minutes of data (brightest levels). As the radiance rose, the test duration was decreased to
manage the total test time. Even with these shorter durations, the test took almost eight hours per band after allowing for
the lamps to stabilize between settings. Figure shows the same data points from Figure expressed as a SNR. These
radiance uncertainties were modeled per equation 1.
(1)

Table : Maximum radiance required by OCO requirements (used in SNR equations).
Band

O2 A-Band

Weak CO2

Strong CO2

Maximum Radiance (in photons/s/m2/µm/steradian)

1.4 x 1021

4.9 x 1020

1.7 x 1020

The terms in equation 1 capture the two significant type of noise in the OCO instrument: background noise and photon
noise. The background noise term ( Cbackground) captures the noise from such things as the detector read, dark current,
thermal emission and the analog signal chain. The photon noise term ( Cphoton) captures the efficiency of the instrument
in converting incoming radiance into electrons in the detector. Specific performance parameters such as transmission,
focal ratio, spectral resolution and quantum efficiency contribute to this term. By fitting these two coefficients to the
measured SNR, a curve can be generated for each of the ~24,000 spectral elements to describe the radiance uncertainty
as a function of input radiance – a critical term in the atmospheric retrieval code.

Figure : (a) SNR versus radiance for the same area of the focal plane shown in Figure – each point corresponds to
a point in that figure. To limit the test time to < 24 hours, the integration times were kept quite short at higher signal
levels, thus the higher spread in SNR versus radiance. These points were used to derive the coefficients shown in
EQ 1. (b) Median SNR for entire band versus the fraction of the maximum dynamic range in that band (see Table ).
Note that the O2 A-Band and Weak CO2 curves fall almost on top of each other by coincidence.

Residual Image:
The largest radiometric issue with the OCO instrument was residual image discovered in the O 2 A-band channel. It
would occur after a sudden, significant change in the input radiance to the instrument. The behavior of the residual was
quite unusual – it was proportional to the second derivative in the spectral direction of the original spectrum ( Figure ).
Where the second derivative was positive (local minima), the reported value for a given pixel would overshoot the
stead-state value. Where the second derivative was negative, the reported value would take several seconds to reach the
new steady-state value. The size of the over/undershoot was directly proportional to the second derivative while the time
constant was uniform across the focal plane.
Once this was discovered, another focal plane was installed in a test setup. Residual image was confirmed to occur in
this part, though with slightly different coefficients relating the second derivative to the magnitude of the residual. Since
the problem was not specific to the flight detector, an algorithm was developed to correct the data after collection 6.
3.4 Spectral Characterization
The spectral performance of the instrument was testing in several ways: scanned tunable diode lasers illuminating the
collimator, atomic emission lamps illuminating the integrating sphere, the step-scan FTS and the heliostat that provided
atmospheric spectra. These tests provided a characterization of the dispersion (where various wavelengths fell on the
detector) and the instrument line shape (how each pixel responded to the various colors). After reviewing the data, it
became clear which test provided the best quality results.

Figure : Raw data from residual image testing. The left side shows the output of a single frame of sunlight from
the heliostat. After 30 seconds, the light was completely blocked for 30 more seconds. This was repeated 5 times.
The graph on the right hand side shows the response from two pixels. The upper one was from a local minima/high
second derivative and shows significant overshoots in both directions. The lower one shows undershoots in both
directions. Note that the absolute magnitude of the overshoots are similar to the undershoots above, they are
imprinted on a much, much larger absolute change in the radiance.

Instrument Line Shape:
The tunable diode lasers provided the best characterization if the instrument line shape (ILS), both near the peak and in
the wings moderately close to the peak (Figure ).
The step-scan FTS provided any light leaks not associated with the peak of the ILS. This approach was adapted from
that used on the Atmospheric Infrared Sounder 7. Unfortunately, out-of-band straylight was found in the two CO 2
channels (Figure ). The straylight only occurs at two narrow wavelengths associated with the very edges of the focal
planes. The current hypothesis is that the straylight comes from the illumination of the substrate on which the HgCdTe
is grown. This substrate acts as a channel – allowing the unwanted light to tunnel in a somewhat diffuse manner to the
active area of the focal planes.

Dispersion:
The laser diode data provided a good first estimate of the mapping of wavelengths to specific pixels.

Validation:
The ILS and dispersion derived from the laser scans was validated by taking data with the heliostat and comparing it to
the spectra generated by a very high resolution FTS spectrometer placed near the OCO instrument test facility. Taking
the FTS spectra, then convolving it with the derived OCO ILS and dispersion, a comparison could show any residual
errors in the OCO characterization8. Very minor corrections were made using this technique that lead to better
atmospheric retrials. The final spectral resolution and spectral sampling performance are shown in Figure .

Figure : (a) ILS of 11 neighboring pixels in the O 2 A-band to a series of laser wavelengths. (b) The 11 ILS curves
shifted to match the center of the response. Over this narrow region, the ILS clearly varies smoothly from pixel to
pixel. By combining the response from the neighboring pixels, very fine spectral sampling is achieved. Also, the
noise floor from this experiment is ~10,000:1 from the peak bringing high confidence to the ILS wing
characterization. The red hash marks in (b) are the sampling used to develop a lookup table of the ILS. (Figure
originally published in Day et al8.)

Figure : On either end of the two CO2 focal planes (Strong CO2 shown above), response to a very narrow
wavelength range that should have been found at the very edge of the focal plane. While each peak is quite small,
the integrated energy at these wavelengths is a significant fraction of what the instrument transmits.

Figure : (a) Spectral sampling of the instrument over its wavelength range. The large variation is due to the
anamorphic magnification of the slit at the various diffraction angles off the grating. (b) Spectral resolution is far
more constant over the focal plane as the anamorphic magnification changes both the projection of the slit image
and the dispersion at the same rate. The variation here is largely driven by the focus error in optics alignment. Due
to residual optical aberrations, the entire focal plane could not be in focus at the same time, so the center of the
range was optimized. Note that the missing data on the Weak and Strong CO 2 bands illustrate the limits of the laser
wavelengths scanned for the ILS tests.
3.5 Spatial Characterization
The OCO instrument has three field stops – the entrance slits of each of the three spectrometers. These slits are ~ 0.9
degrees long by ~0.01 degrees wide. They have a slight curvature that offsets optical aberrations in the spectrometer so
that the images of the slits are straight on the focal plane arrays. During normal science operations, the pixels
illuminated be the slit are average to create spatial samples ~1.25 km wide. The spacecraft motion plus integration time
define the length of the spatial samples at ~2.3 km. As the spacecraft orbits the Earth, it also rotates to maintain slits
perpendicular to the plane defined by the Sun-Observation Point-spacecraft. This provides constant sampling of the
major axis of the polarization ellipse, but means that the 1.25 km and 2.3 km are not perpendicular. Over the course of
the orbit, the samples start out nearly square in the southern polar region, become long thin lines near the sub-solar point
and return to nearly square shapes at the northern polar region.
To characterize the spatial response of the instrument, two basic types of tests were conducted using the test collimator
(Table ). One involved scanning slits orthogonal and parallel to the instrument slit. These provided high signal-to-noise
measurements of the spatial response in rather short test times. To validate the spatial responses derived this way, a test
was done with a pinhole that was scanned across the instrument field-of-view.
Unfortunately, during the environmental test program, the OCO alignment was lost among the spectrometers (Figure ).
Once this change was discovered, the instrument was removed from the thermal vacuum chamber and subjected to
another vibration test. After this test, no further motion was detected. It was decided to launch with this misalignment
and have the data processing system individually calculate the geolocation and atmospheric path length information for
each band.

Figure : Spatial response of the three spectrometer’s slits are shown above (the slit is ~0.9 degrees long). The blue,
green and red images correspond to the O 2 A-band, Weak CO2 band and Strong CO2 bands, respectively. Where the
colors mix, the slits are well aligned. The slight curvature of the slits was designed into the instrument to offset
residual optical aberrations in the spectrometer such that the slit images are straight on the focal plane. Panel (a)
shows the slit alignment before vibration testing while (b) shows the slit alignment after vibration testing. Clearly
the alignment was degraded during the vibration test. The root cause is thought to be an error in the order several
bolts were torqued leaving stored energy in the system that was released in the vibration testing.
3.6 Polarization Characterization
The radiative transport model that converts the OCO spectra into is sensitive to uncertainties in the polarization state of
the incoming radiation. This is especially true for the retrieval of thin clouds and aerosols as well as observations over
water. Since the spacecraft rotates the instrument to maintain a preferential sampling of the major axis of the
polarization ellipse, the actual sensitivity to the uncertainty in the angle is minimized (derivative is minimized). The
requirement on control of the polarization response of the instrument was < +/- 8 degrees and the knowledge was < +/2.5 degrees. The actual response of the instrument is shown in Figure .

Figure : Angle of peak response of the OCO instrument to a rotating linearly polarized input source. All channels
easily met the 90 +/- 8 degree requirement. The uncertainties were ~ 1.5 degrees (driven by the uncertainty of the
alignment of the polarizers in the test equipment and the uncertainty in the alignment of the test equipment to the
flight instrument).

4. CHANGES PLANNED FOR THE OCO-2 INSTRUMENT
The flight hardware for the OCO-2 mission is being rebuilt as close as possible to the original design of OCO. The only
changes being made to the instrument are associated with parts obsolescence or mitigation known performance issues.
4.1 Parts Obsolescence
When work began to evaluate a reflight of the OCO design, there were several electronics parts that were identified to be
out of production. Flight worthy residual parts or direct replacements have been identified for all of these.
Of much larger concern was the cryocooler used to maintain the Focal Plane Arrays at their operating temperatures
(120K). OCO used the flight spare cryocooler original purchased for the Tropospheric Emission Spectrometer (TES)
that is currently flying on NASA’s Aura mission. This cooler was purchased in the late 1990’s and was no longer in
production. After months of research, the project located a spare two-stage, split tube cryocooler assembly belonging to
the National Oceanic and Atmospheric Administration (NOAA) Geostationary Operational Environmental Satellite
Series R (GOES-R) Program that could be modified to OCO-2 specifications. It was procured for the Advanced
Baseline Imager (ABI) instrument. A NASA and NOAA inter-agency exchange Memorandum of Agreement (MOA)
allowed the transfer of the GOER-R cryocooler assembly to the OCO-2 project. The OCO-2 project is procuring a
replacement unit that will be returned to the GOES-R Program when it is complete. While the ABI crycooler has similar
capacity to the TES flight spare used on the original OCO instrument, it is much smaller and has a different set of
electronics used to operate it.
The smaller size required a new bracket to hold the new cooler in the correct position, a slight change to the variable
conductance heat pipes used to remove the waste heat and small positional changes in the thermal links between the
cryocooler’s coldhead and the focal plane arrays.
The new electronics present two challenges. First, the ABI cryocooler communication interface uses low-voltage
differential signaling (LVDS) instead of the TES cryocooler’s RS-422. To handle this, a small electronics board (the
Cryocooler Interface Electronics or CCIE) has been developed to buffer communication and retransmit it after
converting between the RS-422/LVDS protocols. The second challenge is that the command and telemetry formats are
completely different. The CCIE recognized the incoming TES cryocooler commands and reformats them and/or
substitutes the equivalent commands for the ABI cooler. This approach meant that no changes were required in either
the spacecraft or instrument electronics or flight software to accommodate the new cryocooler.
4.2 Performance Anomalies
As discussed earlier, there were a handful of performance anomalies that required correction in the ground processing:
residual image, slit misalignment and spectral straylight. Removing these anomalies from the instrument will greatly
simplify the complexity of the ground data processing and improve the final quality of the science data.

Residual Image:
The OCO-2 project has take two paths to remove the residual image from the next instrument: new detectors and/or a
lower operating temperature.
The original OCO instrument used a silicon detector for the O 2 A-band: the Teledyne Scientific & Imaging, LLC
HyVISI. These had identical readout to the Hawaii-1RG mercury-cadmium-telluride (HgCdTe) detectors used in the
CO2 bands – allowing a common design for the OCO electronics to provide the bias, timing and readout. The HgCdTe
detectors were not an option for the O2 A-band as the quantum efficiency at 0.76 microns was much too low. To save
power, the O2 A-band detector was only cooled to 180 K as the silicon dark current is much less than the HgCdTe
detectors.
Early in OCO-2 planning, the option of using substrate removed HgCdTe was explored to provide good sensitivity at
0.76 microns. One lot of parts was procured and initial testing looks likely that these parts will meet the OCO-2 needs.
The OCO residual image problem appears closely tied to OCO’s rolling-readout approach and the extremely high
contrast across columns (see Figure noting that the spectral direction crosses columns on the focal plane). To be able to
test the new detectors, a focal plane testbed was developed using the original engineering model electronics from OCO.
To validate that this setup could recreate the residual image seen on the original OCO instrument, two silicon detectors
were tests: the OCO qualification model and one of the OCO flight spares. Both detectors clearly demonstrated the

same problem seen in the OCO flight silicon detector. During the original OCO thermal vacuum testing, there was an
indication that the residual image problem was slightly improved when running a few Kelvin colder than normal. In the
testbed, the two silicon parts showed near elimination of the residual image problem at 120 K - the nominal temperature
of the HgCdTe focal planes used for the CO2 channels).
Additional testing of both the silicon and new HgCdTe parts will continuum in the fall of 2010 to determine which offers
the best balance of performance and risk for OCO-2. This decision will be made at the end of 2010.

Slit Misalignment:
The OCO slit misalignment is thought to be the result of applying final torque to bolts that control the alignment of the
slits to the optical bench. The created a situation where energy was stored in the bolts to be released during the vibration
testing. For OCO-2, the installation order of these bolts will be corrected to avoid storing any energy. Once the
spectrometers’ assemblies are all installed in the optical bench, a seating vibration test will be conducted to validate the
slits do not move. This will allow validation of this approach to correct the slit misalignment before the instrument level
vibration testing.

Spectral Straylight:
It is now believed that the substrate in the original HgCdTe detectors provided the coupling of the straylight into the
science area of the focal planes. The focal plane test bed mentioned above has been used to recreate the straylight
problem in spare HgCdTe detectors from OCO, while the silicon detectors do not exhibit the problem. When the first
substrate-removed HgCdTe detectors are tested (expected in mid-September 2010), it is expected that they will not
exhibit the straylight problems. If so, these detectors will be used in the CO2 channels for OCO-2, avoiding the
contamination at the edge of the spectral regions seen in Figure .

5. CONCLUSION
The original OCO instrument provided an unprecedented combination of radiometric, spectral and spatial performance.
It would have enabled a significant advancement in the understanding of the Earth’s carbon cycle. The decision to fly
OCO-2 provides an opportunity to capture the science advances lost when OCO failed to reach orbit. It also provides the
instrument team an opportunity to correct a handful of issues that would have complicated the analysis of the original
instrument’s data – providing an even higher quality observation set than originally expected.
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