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Abstract: Satellite observations have become increasingly important in scientific studies of the Earth’s
climate, especially for oceanographic science. A next generation sensor known as the Ocean Color
Instrument (OCI) was launched in February 2024 onboard the Plankton, Aerosol, Cloud, and ocean
Ecosystem (PACE) platform, and will extend the data set of on-orbit scientific observations used for
ocean and atmospheric science research. Delivering high quality data from a space-borne sensor
requires the instrument to be well calibrated; while much of the calibration can be performed on-orbit,
some aspects of the calibration must be measured or the mechanisms verified pre-launch. One
aspect of the OCI calibration that is novel to its design (for a space-based sensor) is its ability to
perform linearity measurements on orbit. When viewing the Sun reflected off a dim diffuser with
∼2–3% reflectance, the sensor is capable of recording successive pixels with increasing integration
times. The result is a series of light levels measured from the same source in a given scan line.
These measurements are then used to assess the linearity. During the pre-launch test campaign, this
mechanism was verified using a known source in the Earth view portion of the scan. Results from
these tests form a baseline that was verified once on-orbit (and the calibration may be replaced if the
linearity is shown to change). The linearity measured both prior to launch and post-launch will be
assessed in this work.

Keywords: PACE; OCI; pre-launch; post-launch; linearity

1. Introduction

Satellite remote sensing for ocean, cloud, and aerosol science was enhanced by the
launch on 8 February 2024 of the Plankton, Aerosol, Cloud, and ocean Ecosystem (PACE)
satellite, featuring a payload of the Ocean Color Instrument (OCI) and a pair of polarimeters
(SPEXone and HARP2) [1–3]. OCI is based on the heritage design of earlier sensors widely
used in ocean science research, including MODIS, VIIRS, and SeaWiFS [4,5], while also
incorporating a number of design improvements. OCI is a grating spectrometer with
hyperspectral coverage from about 315 nm to 895 nm, with nine additional filtered channels
in the short-wave infrared (SWIR) spectral region, compared to the filtered radiometers
that characterize earlier sensors. An additional improvement was the inclusion of a special
operating mode that allows the linearity of the hyperspectral channels to be tested and
characterized on orbit. OCI’s detectors in the hyperspectral region have the ability to hold
the charge for different multiples of the integration time in a single scan line. This capability,
coupled with a dim target viewing the Sun, allows the instrument to sample the dynamic
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range in a single scan using an extended uniform source. This instrument mode is referred
to as progressive time-delay integration, or pTDI.

A comprehensive ground test campaign was performed to assess the instrument per-
formance to a series of design requirements (intended to ensure high quality performance
once on orbit) and to characterize the performance metrics necessary to transfer the calibra-
tion to on-orbit operations [3]. The linearity characterization is one of the key performance
metrics for OCI, as characterization of the linearity is necessary for the correct calibration
of the instrument. The measurements and results of the pre-launch characterization of
linearity for the OCI Flight instrument as well as early on-orbit performance will be de-
scribed in this work (results from the OCI engineering test unit were presented in [6]). The
pre-launch results form a baseline for measurements performed on-orbit to be compared
against, so that the linearity correction can be tracked and possibly updated on orbit. As the
deviations from linearity are non-negligible, this correction is necessary in order to ensure
OCI produces high quality data products for the science community. Section 2 will briefly
describe the OCI instrument and the linearity tests; Section 3 will provide an overview
of the analysis methodology; and Section 4 will review the analysis results, including a
comparison to early on-orbit measurements, followed by the conclusions in Section 5.

2. Overview
2.1. OCI Overview

The optical design of OCI has been described in detail in [1–3], so only the relevant
aspects of the design will be discussed in this section. The Earth is viewed through the
aperture of a rotating telescope that spins at roughly 6 Hz in a plane tilted ±20 degrees
from perpendicular to the direction of the spacecraft motion. The Earth is viewed between
±56 degrees off nadir, and there are two calibration views (a dark view for offset subtraction
at 180 degrees off nadir, and a view of the solar diffuser assembly at about −90 degrees
off nadir). The solar calibration assembly includes three diffusers used to view the Sun;
only one of these diffusers is of interest for the purposes of this work, a dim diffuser with a
reflectance of ∼2–3%. It is this dim diffuser that is used as a source for pTDI on orbit.

OCI has two CCDs (the blue CCD observing wavelengths between roughly 315 nm
and 605 nm, and the red CCD observing wavelengths between 595 nm and 895 nm), each
composed of a 128 × 512 array of physical pixels (detectors). Light is separated spectrally
by a grating for each CCD in the direction of the larger dimension (referred to as the spectral
dimension). The CCDs are divided into 16 taps in the spectral dimension of 32 physical
pixels each. The smaller dimension is aligned to the scan direction of the telescope (referred
to as the spatial dimension). As the telescope rotates, an image on the ground enters
the FOV on the leading edge, and is imaged by the CCD. As the image moves along the
spatial dimension of the CCD, it is imaged multiple times. These images are summed via
time delay integration (TDI) to improve SNR. The CCDs can both be run in a number of
different modes and pixel aggregations; the operating mode of interest for this work is
progressive TDI (or pTDI). This mode operates in the native pixel resolution of the CCD.
The charge from a given image that is summed across the spatial direction can be held
in the serial register and summed with a succeeding image (or a number of them). The
number of succeeding images summed can also be varied from one image to the next
within a scan line. In this way, a series of pixels of varying effective integration times can
be acquired within a given scan. When viewing a uniform source, such as the aperture
of an integrating sphere prior to launch or the Sun reflected off the dim diffuser on orbit,
the effect is equivalent to measuring multiple light levels. An example of a particular
scan using pTDI measured on-orbit is shown in Figure 1. The sequence of the steps is
programmable, so that different series of steps are possible; however, there is a limit on the
total number of pixels used for pTDI in a scan line. The step sequences used pre-launch
and on-orbit were different due to the limitations of the different sources: the sequences
are listed in Table 1. The updated on-orbit sequence was used starting in October 2024. The
dark view is also recorded using the same series of integration time steps as the source view
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to provide the appropriate background subtraction (the increase in dark noise is small, but
noticeable). pTDI is intended to only assess the linearity of the readout electronics, and not
the linearity of the CCD pixels themselves (note that non-linearity in OCI was mainly in the
readout electronics). In addition, this operating mode is only possible for the hyperspectral
bands; the SWIR bands integration times are not variable in the same way. The SWIR band
linearity was assessed using an approach in which an external source was cycled through a
series of radiance levels, which will be described in the next section; note that this is only
possible prior to launch.

Figure 1. Scan profile for pTDI mode as OCI scans across the dim diffuser.

Table 1. pTDI step sequences used pre-launch and on-orbit.

Pre-launch Original 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, and 20

On-orbit Original 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, and 23

On-orbit Updated 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 15, 16, 17,
18, 19, 20, 21, 23, 24, and 26

In order to ensure high quality data products for the science community from OCI
once on orbit, a number of design requirements were assessed during the ground test
campaign. There were three requirements relevant to linearity on OCI. One requires that
the curve for instrument response (DN) versus radiance must be monotonic. One limits
the maximum allowed non-linearity: less than 6% for all bands between LLOW and LMAX
(radiance levels defined in the next paragraph). The final requirement lists a series of
stratified limits to the linearity after the correction has been made. For the purposes of this
work, we will only examine the residuals from fits to the linearity data to assess the quality
of the linearity correction. The assessment of the linearity performance, both pre-launch
and on-orbit, will be discussed in Section 4.

A series of radiance levels were defined to facilitate the evaluation of the linearity (as
well as other design requirements). LLOW and LMAX set the lower and upper bounds of the
expected dynamic range on orbit, from the lowest Ocean radiances to the highest Cloud
radiances. In addition, LTYP defines the typical expected Ocean scene radiance. LHIGH
is the upper limit of the expected Ocean radiances. LBRIGHT is defined as the predicted
Solar radiance levels observed on orbit. Finally, some bands also have a specified radiance
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LCLIP, which defines an upper limit to the dynamic range for some bands below the Cloud
radiances (to provide better radiance resolution for important spectral regions); the spectral
range where LCLIP is relevant is between 655 nm and 720 nm, as well as the SWIR bands
1038 nm, 1250 nm high gain, and 1615 nm high gain.

2.2. Pre-Launch Testing Overview

Linearity testing was performed pre-launch for OCI at the instrument level under
both ambient and environmental conditions; in this work, only the tests performed under
environmental conditions are assessed. A 20 inch integrating sphere with an 8 inch circular
aperture was used, illuminated by a 150 W halogen lamp (covering the visible, near-
infrared, and SWIR wavelength regions) and a plasma source (covering the ultraviolet and
visible wavelength regions). For this test, OCI was inside a vacuum chamber, and could
only view the source through a window at 0 degrees scan angle (OCI was oriented such
that the scan plane was perpendicular to gravity; the direction of spacecraft motion was
into the floor). Testing was performed at different instrument temperatures: twice at the
expected nominal temperature for on-orbit conditions, and once each at the cold and hot
extremes expected on orbit.

An uploadable table determines the various integration times of the pixels in a scan
line. For the test performed pre-launch, 13 images were taken across the source with the
integration time sequence listed in Table 1 (in units of the nominal integration time of 5.4 µs).
The sequence was timed such that all pixels fell within the sphere aperture as seen by OCI;
this is shown in Figure 2 (upper plot), where the red line indicates the scan profile of the
integrating sphere and the blue symbols represent the locations of the pTDI measurements.

Figure 2. Scan profiles for the uniformity data from pre-launch (upper plot) and on-orbit (lower plot),
show by the red lines. The blue dots represent the scan angle locations of the pTDI pixels.

A series of lamp levels were used, by varying the voltage supplied to each lamp
type. This had the effect of overlapping the integration time sequences to more finely
sample the linearity curve. The plasma and halogen lamps were used separately, each
with its own sequence of voltage levels. An example of the overlapping of the integration
time sequences for a particular band is shown in Figure 3. The different color/symbol
combinations represent the different lamp configurations relevant for this band. Note that
K5 is the linearity correction that will be defined in Section 3.
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Figure 3. pTDI data from a number of different lamp configurations overplotted.

Additional tests were performed at each selected lamp level with the instrument in
nominal operating mode, denoted by the red line in the upper plot of Figure 2. These data
collects were used to determine any residual sphere uniformity in the scan direction, and
apply a correction.

All bands were also tested using a more traditional approach where the radiance level
of the source was varied to cover the dynamic range. Both white light and monochromatic
sources were used, although only the results from the monochromatic source will be
described here. Goddard Laser for Absolute Measurement of Radiance (GLAMR) [7], a
system of tunable lasers, provided the monochromatic light for the OCI pre-launch testing.
As the SWIR bands could not use the pTDI operating mode, the assessment of their non-
linearity was performed using GLAMR; for the hyperspectral bands, GLAMR provided a
check on the non-linearity calculations using pTDI.

2.3. On-Orbit Testing Overview

On orbit, the source is the Sun reflected off a dim diffuser with ∼2–3% reflectance. The
dim diffuser has an Acktar Fractal BlackTM coating on a roughened aluminum substrate [8].
This coating is usually used for stray light suppression. OCI views the diffuser between
about −88 and −97 degrees scan angle, as seen in the lower plot of Figure 2, although only
the center of this range is considered desirable for calibration. The spacecraft performs
a dedicated maneuver that points the solar calibration baffle at the Sun; the Sun then
illuminates the dim diffuser. The maneuver maintains the pointing with very little change
in the angles on the diffuser (less than 0.01 degrees variation in the solar incidence angle)
for about 450 scans (or ∼75 s). This provides a stable source to perform the calibration.
These measurements are performed once a month.

The uploadable table used on orbit acquires 23 images across the source with the
integration time sequences listed in Table 1 (in units of the nominal integration time of
5.4 µs). The original sequence was updated to include data above LMAX starting in October
2024 (with 22 images across the source). The sequences were timed such that all pixels
fell within the center of the dim diffuser as seen by OCI; this is shown in Figure 2 (lower
plot), where the red line indicates the scan profile of the dim diffuser and the blue symbols
represent the locations of the pTDI measurements. Note that the low end of the measured
range for pTDI is limited by the reflectance of the dim diffuser; for much of the red CCD,
the minimum radiance measured was above LTYP, while the minimum radiance is below
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LLOW for most of the blue CCD. As mentioned previously, the SWIR bands cannot use the
pTDI mode and so no on-orbit assessment of their linearity is possible.

3. Analysis Methodology

The general calibration equation for OCI on-orbit is given by [3]

L = K1K2K3K4K5Kpdn (1)

where L is the top-of-atmosphere radiance and dn is the offset corrected digital counts. The
corrections (Ki) applied to the digital counts, which are assumed to be independent, are as
follows: K1 is the radiometric gain determined pre-launch and updated on-orbit, K2 is the
time-dependent drift in the gain, K3 is the correction to the gain for instrument temperature
changes, K4 is the response versus scan angle variation, K5 is the linearity correction, and
Kp is the polarization correction. For the purposes of this test, K2 and Kp are assumed to be
1 and K = K1K3K4. Rearranging, the linearity correction is then

1
K5

=
Kdn

L
(2)

As the linearity correction is defined to be unity at the fixed on-orbit calibration point,
the curves are normalized at LBRIGHT ; this results in the K factor above effectively canceling
out. The radiance is determined from a monitor on the sphere (pre-launch) or calculated
from the solar observations (on-orbit). The predicted on-orbit radiance is estimated via

L =
1

d2
ES

cos θsun

∫
Esun(λ)RSR(λ)BRDF(λ)dλ (3)

where dES is the Earth–Sun distance in AU, cos θsun is the projection of the solar illumination
on the diffuser, Esun is the spectral irradiance of the Sun [9], RSR is the relative spectral
response of a OCI spectral band [3], and BRDF is the bi-directional reflectance distribution
function of the dim diffuser. The BRDF is also angle dependent, such that as OCI scans
across the diffuser the changes in angle must be taken into account.

K5 is modeled as a polynomial in dn, or

K5 = a0 + a1dn + a2dn2 + a3dn3 + a4dn4 (4)

Data sets of dn and L are acquired from pre-launch testing or on-orbit observations of
the dim diffuser, and fit through Equations (2) and (4). The factor K in Equation (2) was
determined from separate pre-launch tests [3].

4. Analysis Results
4.1. Data Processing

pTDI data collections were performed for about 300 s (∼1750 scans) pre-launch and
about 75 s (∼450 scans) on-orbit. Figure 1 shows the scan line from pTDI for an on-orbit
observation. Note the increasing separation between pixels indicating the number of
pixels aggregated is increasing (the pixel sequence was described in Section 2.3). The
data collections were averaged over scans for each valid pixel in the scan line, both when
viewing the source and when viewing the dark view. The dark view is then subtracted from
the source view pixels, matching the pixels with the same aggregation. The radiances were
determined from the active monitors on the integrating sphere (pre-launch) or Equation (3)
(on-orbit). For both cases, the average of the radiance measurements was used for the
analysis: the sphere monitors acquire data about every 10 s pre-launch, and the on-orbit
radiance is estimated for every scan. Note that during pre-launch testing, the sphere
monitors were limited to 340 nm and above; therefore, no radiance data were available
below 340 nm. As a result, the linearity below 340 nm will require special consideration in
the following section.
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Uniformity data are also acquired prior to the pTDI mode observations (for about 35 s).
Examples of the scan profile from uniformity data are shown in Figure 2, where pre-launch
and on-orbit profiles are shown by the red line in the upper and lower plots, respectively.
The blue symbols indicate the location of the pTDI pixels in scan angle on the profiles. A
uniformity correction is derived by ratioing the profile at these pTDI pixel locations to
the first pTDI pixel; this correction is then applied to the main pTDI data set. Note that
the pre-launch profile is much flatter than the on-orbit profile. The sphere non-uniformity
over the aperture was generally very small, with a correction usually under 0.2%. For the
on-orbit profile, the non-uniformity correction is up to 6%.

An example of the data derived from pre-launch after the processing described above
is shown in Figure 3. The different symbols as defined in the legend denote different pTDI
data collections using various lamp levels/configurations. The data from these different
levels were spliced together by normalizing the data collections in the radiance range
where they overlap. Then, all the data collections are normalized to LBRIGHT , which is the
radiance level of the solar calibration on-orbit, and thus all linearity corrections are defined
relative to this radiance level.

The GLAMR data collections were performed for about 40 s or 180 s pre-launch
(depending on the radiance level), with ∼15 s dark collects used for offset subtraction
recorded between data collections. The GLAMR system was also actively monitored, so
that the radiance and wavelength information was acquired at around 0.2 Hz and better
than 1 Hz, respectively.

4.2. pTDI Fits

The processed pre-launch pTDI data were then fit using a least squares method to
polynomials of different orders (quadratic, cubic, and quartic); this is shown in Figure 4,
where the upper plot shows the fits (lines) and the data (symbols) while the lower plot
shows the corresponding residuals. Here, the fits are performed on all data from 0.5 ∗ LLOW
to 1.05 ∗ LMAX. After comparing the fits for the different orders, the quartic fits were
selected for the final processing. Increasing orders beyond quartic did not make any
significant improvement, and the fits tended to become unstable outside the fit range.

Figure 4. Comparison of different order polynomial fits to the pTDI data (upper plot) and corre-
sponding residuals (lower plot).

For bands below 340 nm, radiance data were not available and, as a result, fitting
was not possible during sensor level testing. Fortunately, some limited linearity testing
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was performed at the component level. As the non-linearity in the system is expected to
result from limitations in the electronics, the component level results were used where
system level results could not be measured. For the component level, one wavelength was
measured for every tap on the CCD. As the taps are fairly uniform in terms of linearity,
these values were used for the lowest two taps on the blue CCD.

The fits acquired from pre-launch pTDI were compared to more traditional methods
of linearity assessment using a source that was cycled through a series of power levels to
cover the dynamic range. The source used was GLAMR [7,10], a monochromatic source
consisting of a series of tunable lasers coupled to an integrating sphere. Due to time
constraints, only a subset of OCI bands were compared in this manner (about one per
tap). An example of a comparison is shown in Figure 5, where the upper and lower plots
show the comparison of the fits and residuals, respectively. Note that fits agree well, except
at the upper end of the dynamic range where pTDI data were not available and, as a
result, the fit is not well constrained. In general, there is also good agreement for the other
bands measured with GLAMR, giving confidence that the pTDI method can accurately
characterize the non-linearity of OCI.

Figure 5. Comparison of fits to pTDI data and GLAMR power stepping data (upper plot) and
residuals (lower plot).

Now that OCI is on orbit, the pre-launch and on-orbit measurements using pTDI
can be compared. A comparison of the pre-launch measurements to the first two on-
orbit pTDI data collections is shown in Figure 6. The two on-orbit data collections were
performed successfully on 4 March 2024 and 11 March 2024 (for reference, the first light
was acquired on 1 March 2024). The plot shows the data points and fits for both on-orbit
data collections and the fit derived from pre-launch (dashed black line). Note that the
curves are all normalized to LBRIGHT , which is the fixed calibration point for on-orbit
calibration. The two on-orbit data collections agree very well and also generally agree with
the pre-launch measurements. On-orbit the highest radiance level is usually below LMAX ,
which causes some discrepancy in the fits at the highest radiances as the on-orbit fits are
not well constrained. The uploadable tables are in the process of being updated to rectify
this by changing the pixel aggregation sequence to include higher levels.



Remote Sens. 2024, 16, 4032 9 of 13

Figure 6. Comparison of pre-launch fits to the first two on-orbit data collections. Symbols represent
on-orbit data and lines represent the corresponding fits.

4.3. Linearity Assessment

The non-linearity of OCI was assessed as part of the larger uncertainty assessment, and
also in terms of design requirements. Using the fits performed for all bands, the maximum
change in linearity over the dynamic range was estimated and plotted in Figure 7. The
upper and lower plots show the results for bands in the blue and red CCDs. For most bands,
the total non-linearity is less than 1%. However, there are regions where the non-linearity is
as high as 6%, typically in the medium or high gain taps on the CCDs: below ∼430 nm and
above ∼580 nm on the blue CCD; and between ∼655 nm and 720 nm and above 880 nm on
the red CCD. This is understood to be a feature of the electronics. In addition, the signal
monotonically increased with radiance; this is no longer true when saturation occurs, but
OCI saturation generally occurs well above the specified dynamic range. The exceptions to
this are in the spectral ranges 400 nm–430 nm and 580 nm–600 nm on the blue CCD.

To assess the quality of the correction, the maximum and average fit residuals were
calculated over the dynamic range (excluding saturation). Figure 8 shows these residuals
based on pre-launch testing for the blue and red CCDs in the upper and lower plots. The
maximum residuals, shown by the red curve, are generally in the order of 0.2% or less,
except for wavelengths above 800 nm, where it can be as high as 0.4%. The highest residuals
mostly occur at the lowest radiance levels where the uncertainty is highest. The blue lines
represent the average residual over the dynamic range, which are consistently in the order
of 0.05% for all bands.

For comparison, the same analysis was performed on the residuals derived from
on-orbit fitting, as shown in Figure 9, where, again, the upper and lower plots show the
blue and red CCD results. For most bands, the maximum residuals are around 0.2% or
less, and the average residuals are again in the order of 0.05%. As described earlier, the
on-orbit fits generally have fewer data points within the dynamic range, particularly at
the lower radiance levels; nonetheless, the residuals show comparable levels of fitting for
both pre-launch and on-orbit. The quality of the fits, as shown by the residuals, indicates
that the linearity is well characterized for the CCDs, and can be monitored on orbit for any
variations over time.
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Figure 7. The maximum non-linearity from LLOW to LMAX for all bands on the blue CCD (upper
plot) and red CCD (lower plot).

Figure 8. Maximum and average residuals (red and blue lines) for linearity fits derived pre-launch
for the blue CCD (upper plot) and red CCD (lower plot).
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Figure 9. Maximum and average residuals (red and blue lines) for linearity fits derived on-orbit for
the blue CCD (upper plot) and red CCD (lower plot).

4.4. SWIR Linearity

Figure 10 shows in the upper plot an example the linearity fitting for a SWIR band
(1615 nm single gain) using the GLAMR data. The data are generally well described by
the polynomial fit inside the dynamic range. This is true for the other bands as well,
with the exception of 1615 nm high gain. In that case, the data at the lowest radiance
levels was not well described, and resulted in higher residuals, although the linearity was
well characterized over most of the dynamic range. In the lower plot of Figure 10, the
maximum and average residuals are shown for all SWIR bands. The maximum residual
for 1615 nm high gain is ∼2%, while the average residual is only about 0.2%, due to the
reasons described above. All of the other SWIR bands have maximum residuals under
0.5% and average residuals under 0.1%. This indicates that overall, the linearity is well
characterized for the SWIR bands.
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Figure 10. The fit of 1/K5 for the 1615 nm single gain band (upper plot) using GLAMR data.
Maximum and average residuals (red and blue symbols) for linearity fits derived from pre-launch
SWIR band data (lower plot).

5. Conclusions

OCI is the primary sensor onboard the recently launched PACE platform, and is the
next generation sensor for ocean and atmospheric science remote sensing. One of the
design improvements made for OCI relative to heritage sensors is a special operating mode,
referred to as progressive TDI (or pTDI). This mode allows OCI to change the integration
time within a scan line, producing the equivalent of multiple radiance levels when viewing
a uniform source (such as the Sun reflected off a dim diffuser). The multiple radiance levels
can be used to assess the linearity of OCI bands on-orbit. Results have shown that the non-
linearity of OCI is generally small and was well characterized. The pTDI method was also
validated by comparison to more traditional measurements using GLAMR. Comparisons
of pre-launch measurements to on-orbit observations also show good agreement.
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