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Abstract

Scheduled for launch in January 2024, the Phytoplankton, Aerosol, Cloud, and ocean Ecosystem (PACE) mission represents NASA’s next investment in ocean biology, clouds, and aerosol data records [1]. A key feature of PACE is the inclusion of an advanced satellite radiometer known as the Ocean Color Instrument (OCI), a global mapping radiometer that combines multispectral and hyperspectral remote sensing. This paper describes the results of the prelaunch test campaign of the OCI Flight Unit. The measured OCI flight unit performance exceeded requirement thresholds in all critical areas. Overall, the performance of the OCI is excellent, and will allow the PACE science team to meet its science objectives.
Index Terms— Remote sensing, hyperspectral, calibration
1. Introduction

This paper describes the results of the prelaunch test campaign of the OCI Flight Unit. Like its predecessors, OCI will provide two day global coverage of TOA radiances. Unlike its predecessors, OCI will cover a spectral range from 340nm to 2260nm. Below 900nm, OCI includes two spectrographs that continuously span the ultraviolet to 600nm (blue spectrograph) and 600nm to near-infrared spectral regions (red spectrograph) to provide hyperspectral radiances [2]. Wavelengths from 940nm to 2260nm are measured in seven discrete multispectral bands of varying bandwidths, six of which are at similar wavelengths to those on heritage missions to support both atmospheric and ocean color applications [2]. Nominal spatial resolution is similar to the SeaWiFS [3] instrument with 1050m at nadir. As with SeaWiFS, the pixel size increases due to a ~20 degree tilt and as a function of scan angle. Variations in the radiometric sensitivity of each OCI channel over time will be monitored by solar diffuser measurements for short term instrument gain adjustments and independent lunar measurements for trend adjustments of long time periods, similar to the approach used for the VIIRS instrument [4].

The OCI flight unit was built at NASA’s Goddard Space Flight Center. At the time of this writing, OCI is integrated into the PACE observatory to undergo additional testing to ensure that the instrument functions as expected when provided electrical and data connections from the spacecraft. More detailed descriptions regarding the acquisition of the measurements and OCI performance characteristics will be provided in later publications (see e.g. [10]). The results of the OCI characterization measurements will be used to provide coefficients Kx for the OCI calibration equation:

Lt = K1*K2(t)*(1-K3(T-Tref))*K4(θ) *K5(dn)*Kp*dn
with
· Lt = top-of-atmosphere radiance

· K1 = absolute gain factor; unit: radiance/dn 

· K2(t) = relative gain factor as a function of time t; unitless; will be derived from on-orbit solar diffuser and lunar measurements 

· K3 = temperature correction ; [(deg C) -1]
· T = temperature at relevant locations [deg C]
· Tref =  reference Temperature [deg C]

· θ = scan angle [deg] 

· K4 = response versus scan (RVS) ; unitless

· K5 = nonlinearity factor ; unitless
· Kp = polarization correction ; unitless
· dn = dark-corrected instrument counts
Results for K3 are not discussed in this paper, see [8] for a detailed report on the OCI temperature correction. 
2. RESULTS
The measured OCI flight unit performance exceeded requirement thresholds in all critical areas, similar to the performance of the OCI Engineering Test Unit (ETU) before, see Meister et al. [5]. Of particular relevance are the results from the blue spectrograph, because it was not part of the ETU, and the SWIR channels, because the SWIR channels in the ETU did not contain the full number of detectors. The blue spectrograph showed considerably more scattering (presumably from the grating) than the red spectrograph, which was a surprise; see [6] for a description of the impact of the increased scattering in the spectral dimension; [7] describes significant optical crosstalk that was measured in the blue spectrograph. Optical scattering is very low for the SWIR bands.

The spectral sampling of the blue and red FPA (focal plane assembly) is a configurable parameter. The choice for the baseline configuration results in 119 bands from 314.9nm to 605.7nm for the blue FPA (constant spectral sampling of 2.5nm), and 163 bands from 600.5nm to 894.6nm for the red FPA (spectral sampling of either 2.5nm or 1.25nm), see Fig. 1.
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Fig. 1: Center wavelengths of the hyperspectral bands in baseline configuration for the blue and red FPA, respectively.

 The signal-to-noise (SNR) ratio exceeded requirements for all channels, see Fig. 2. The SNR ratios of OCI are so high that they are a comparatively small contribution to the overall uncertainty, which (for the hyperspectral bands) is dominated by performance parameters related to the relative spectral response (RSR), linearity, and spatial crosstalk issues. 
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Fig. 2: SNR for the multispectral bands on the blue FPA, measured at different temperature plateaus (CPT-x) in thermal vacuum (TVAC), evaluated at Ltyp (typical radiance for an ocean scene). The multispectral bands are obtained by combining several (usually 2 or 3) hyperspectral bands, to yield a bandwidth of 10-15nm.

For the SWIR bands, the dominant uncertainty terms are a hysteresis effect (a slow temporal signal decay after a signal peak) and response versus scan angle (RVS) uncertainty for the HgCdTe (MCT) bands. The MCT bands (1615nm, 2130nm, 2260nm) on OCI need to be cooled, and therefore the RVS (a measurement performed at ambient temperatures) for these bands could not be measured directly and had to be modelled instead, increasing the uncertainty significantly. The RVS of the bands on the blue FPA is shown in Fig. 3. 
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Fig. 3: RVS of the bands on the blue FPA. The largest variation with scan angle can be seen around 400nm.

The RVS of the bands on the red FPA shows very low variation, and (as with the RVS of the blue bands) is symmetric around the scan angle of zero, as is expected from ray trace modelling. Surprisingly, this symmetry was not measured for some of the SWIR bands, clearly depending on the position of the SWIR band in the multi-lens assembly (MLA) see Fig. 4 below. This phenomenon is not understood at this moment.
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Fig. 4: RVS of the reflective SWIR bands (InGaAs detectors, measured at ambient temperatures), plotted as a function of position on the MLA. 

The polarization sensitivity of OCI is shown in Fig. 5 for the blue FPA. All values are below the specification of 1%. There is a clear increase for the low wavelengths, and likely the polarization sensitivity is above 1% below 340nm. Note that although OCI will provide spectral coverage down to 315nm, it does not have performance requirements below 340nm. For the red FPA and the SWIR bands, the polarization is below 0.4%. A detailed overview of the OCI polarization measurements is provided in [9]. 
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Fig. 5: OCI polarization sensitivity (or degree of linear polarization, DoLP) at different scan angles q (in degree) for the bands on the blue FPA.
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Fig. 6: Top: Linearity measurements (1/K5) for the OCI 748nm band (symbols) and polynomial fits to the measurements (solid lines). Bottom: residuals of the measurements and fits. The vertical dashed lines are radiance levels defined in the OCI requirements (e.g. Lbright is the expected radiance for an on-orbit solar diffuser measurement). 

OCI linearity was characterized with several different approaches. Two of these approaches are shown in Fig. 6: PTDI (progressive time delay integration) and GLAMR (Goddard Laser for Absolute Measurement of Radiance [7]). These two approaches are completely independent, PTDI essentially varies the OCI integration time, GLAMR provides radiances at different intensities. The agreement between these two methods is generally very good.

This paper focuses on the radiometric performance of OCI, the spatial performance can be briefly summarized as follows:

· The Field of Regard is - 56.0deg to +56.5deg, or a swath width on the ground of ~2700km.
· OCI data covers the whole globe every 2 days.

· OCI will be tilted (19.9deg) to avoid sun glint (tilting south when south of the subsolar point, north when north of the subsolar point).
· Effective spatial resolution for the expected PACE orbit including the tilt is about 1.2km at a scan angle of 0deg. 
3. SUmmary and outlook
The test campaign of the OCI was successful, the measured performance met the OCI requirements. The two main concerns at the moment are optical crosstalk in the blue spectrograph and hysteresis in the SWIR bands, we are in the process of deriving/implementing a correction for these effects. The OCI data analysis team has produced look up tables with coefficients (Kx) that are needed for the operational on-orbit OCI data calibration of the measured top-of-atmosphere radiances. The coefficients will be provided before launch on the following website: https://seadas.gsfc.nasa.gov/ as part of the SeaDAS package. At the time of this writing, OCI is integrated into the PACE observatory. The observatory has passed all major environmental testing (electro-magnetic interference, vibration, acoustics, TVAC), and is on track for a launch early 2024.
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