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Fig. 4 Representative scenes from HawkEye, processed to “true color.” (a), 28-Dec-2022; (b) Sea of Azov, 6-Jun-
2023; (c) Bangladesh, 26-Oct-2022; (d) Baja California, 6-Jan-2023; (e) Northern Australia, 14-May-2023; (f)
Santa Barbara, 2-Mar-2023; (g) Northeast Greenland, 26-Aug-2022; (h) Yellow Sea, 17-Nov-2022; (i) Western
Yucatan, 11-Dec-2022.

The SeaHawk-HawkEye mission was intended as a proof-of-concept to demonstrate the possibility of inte-
grating a comparatively low-cost ocean color imager of SeaWiFS quality using commercial off-the-shelf parts on
a CubeSat. In achieving this goal, it also illustrates the potential scientific gains from a constellation of resolution
~100m ocean color sensors, analogous to the Planet Labs approach for Earth imaging. Ocean color remote sens-
ing at<<1,000 m resolution is critical given the growing recognition of the importance of submesoscale processes
(e.g., internal waves, Langmuir circulation, coastal upwelling, and eddies) on biophysical interactions, such as
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Fig.5 (a) True color, (b) aquatic chlorophyll-a concentration, (c) diffuse attenuation coefficient at 490 nm, and
(d) particulate organic carbon concentration in the South Atlantic Bight (Florida to North Carolina, USA) on
1-Oct-2022. (b-d) L2 aquatic data products overlaid on true color terrestrial imagery from HawkEye. Data from
SEAHAWKI1_HAWKEYE.20221001T152646.1.2.0C.V2022_0.nc.
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Fig. 6 Normalized water-leaving radiance (nL,,) vs. band center wavelength for nine HawkEye images of
MOBY’s location. HawkEye data are depicted as dots and MOBY climatological data are depicted as dashed
lines; color represents date of imaging/in-situ climatology as shown in legend.

primary productivity®® and thermal stress on sensitive ecosystems. Furthermore, given recent improvements
in harmonizing® and spatiotemporally fusing®-** remotely sensed imagery across varying spatial, temporal, and
spectral scales, and the tradeoffs inherent to different approaches to satellite remote sensing, an optimal aquatic
monitoring program would likely contain a mix of different satellite/sensor combinations, including the succes-
sors to SeaHawk-HawkEye. Figure 4 illustrates nine cropped scenes (full width of 1,800 pixels; cropped to 2,700
pixels in along-track dimension for ease of viewing) across the globe, demonstrating qualitatively HawkEye’s
powerful imagining capabilities.

As a representative example of processed HawkEye data products, Fig. 5 illustrates L2 chlorophyll-a, diffuse
attenuation of light at 490 nm (a proxy for turbidity'*), and particulate organic carbon in the waters off the US
Southeast coast on 1-Oct-2022, one day after Hurricane Ian’s departure from that region. Hurricane Ian was a
catastrophic storm that made landfall in Cuba, southwest Florida, and South Carolina from 27-30 September
2022. In addition to the devastating loss of life and property, the impacts on water quality and carbon/nutrient
cycling following severe storms due to increased terrestrial runoff and vertical mixing of the water column are
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Fig. 7 (a) Signal response as a ratio of HawkEye signal divided by spectral radiance model’s expected value
vs. bands’ center wavelengths. Signal ratio shown at four dates during which Moon imagery was collected and
average value for each band. (b) Signal response as a ratio of HawkEye values for same bright location imaged
two years apart vs. wavelengths.

substantial (e.g., Mallin, et al.**, Paerl, et al.*4, and references therein). Figure 5 depicts clear and large gradients
in each parameter in a cross-shore direction and turbidity (as indicated by K4(490 nm)) is especially elevated.
Given the large spatial impact of such events, coupled with the need for high spatial resolution imagery in opti-
cally complex coastal waters, there is a need for data from HawkEye-like remote sensors.

Technical validation of the HawkEye dataset followed several ground and vicarious (in-space) procedures.
The HawkEye sensor was designed and characterized prior to launch as described in the Methods and by
Holmes, et al.?’. Additionally, the measurement and application of a flat field correction using a calibration
sphere from NASA (Labsphere 12” diameter, 4” diameter aperture, Spectralon interior, 4-35 W lamps operated
at 3.07 A) mitigates pixel-to-pixel variability such that a uniform input would yield a uniform output. Without
this flat field correction, minor differences between CCD pixels as well as dust streaks would result in artificial
pixel-by-pixel offsets in the final calibrated signal, which could show up as visible streaks.

During the active mission, two key approaches were used for calibration/validation. First, the ocean color
community standard vicarious calibration/validation approach for data collected at the Marine Optical BuoY
(MOBY; 20°49.0°N, 157°11.5’W) was examined*>*® (Fig. 6). As MOBY observations were not always available
during HawkEye imaging at that location, a climatological time-series at the MOBY location was used to fill gaps.
The climatology was calculated as described in Werdell, et al.*’. Figure 6 illustrates strong correspondence of nor-
malized water-leaving radiance for HawkEye data and MOBY in-situ climatological data over a two-year period
aligning closely with the mission’s operational window as described in Methods (21-Jun-2021-27-Oct-2023).

Second, SeaHawk was occasionally rotated to capture Moon imagery and a spectral radiance model of the
Moon*® was used to characterize HawkEye. Signal responses for each wavelength are shown as a ratio of spectral
radiance model-calculated values for multiple lunar measurements in Fig. 7a. Bandwise correction factors are
then calculated as the inverse of these ratios. There is a slight decrease in response over time, especially in the
shorter (bluer) wavelengths, as confirmed also in Fig. 7b.

Several additional diagnostics were employed to determine the instrument’s stability over time and signal
quality. An analysis of dark frame data from the instrument, captured with the shutter closed, elucidated no
changes in CCD dark currents or offsets, nor any accumulation of “dead” pixels. The most obvious change with
the CCDs is the accumulation of a few dust particles over time. Since the CCD is windowless, a speck of dust
landing on a 10 micron pixel can cause a large shift in sensitivity, and appears as a thin vertical dark line in
the final image (see, especially, Figs. 3, 5). The impact of these particles on the data was mitigated by periodic
updates to the flat field calibration tables.

Two images of the same ground location two years apart were collected, starting only two months after
solar exposure began. In order to quantify change in signal quality, sensor response over a dry riverbed in Baja
California was examined over two years (24-May-2019 to 23-May-2021; Fig. 7b). No real change in optical
characteristics of this feature should have occurred, so any change in the received signal (after atmospheric and

sun angle corrections) indicates sensor change. It is apparent that some loss of sensitivity has occurred in the
blue portion of the spectrum, suspected to be the result of outgassing from either the Z306 black paint or the
2216 epoxy used in the manufacturing of the instrument and condensing on the optics. Direct solar ultraviolet
illumination likely blackened the condensate, resulting in this blockage of = 15% of the signal.

As described in Methods, the instrument was designed to sum 3 channels of data to improve the SNR.
However, the spacecraft’s relative instability during operations resulted in these three samples appearing nine
pixels apart which would have resulted in blurred imagery if combined as intended. Therefore, images only
use one of the three channels, with a final SNR 60% of the design goal. However, the small 130 m pixels allow
summing of nearby pixels to produce an image with resolution and SNR comparable to much larger ocean color
instruments in areas of open ocean.

Additional details describing lessons learned in the development and use of the HawkEye imager can be
found in Holmes, et al.®.
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The SeaHawk-HawkEye mission demonstrated the ability to collect research-grade ocean color data from a
CubeSat at a relatively low price and illuminates the potential scientific gains from a constellation of similar
satellites. HawkEye collected imagery at higher spatial resolution than any other dedicated ocean color mission.
All data are archived with NASA's OB.DAAC and remain freely available. Furthermore, NASA’s Ocean Biology
Processing Group maintains a log of reprocessing history at https://oceancolor.gsfc.nasa.gov/data/reprocessing/
(accessed 23-Jul-2024); any future releases of HawkEye data will be available and described there.

Code availability

NASAs freely available and widely used SeaDAS software and ocean color science software (ocssw) are used to
process HawkEye data, the results of which comprise the majority of the analysis presented here. L1 processing
utilizes v0.1.1, and L2 processing follows version 2022.0, as described in the NetCDF metadata for each file
analyzed. Custom code for all remaining analysis is available at https://github.com/SUPScientist/SeaHawk-
HawkEye_Analyses.
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