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Hyperspectral optical observations of the Earth’s surface oceans from space offer a means to improve our understanding of ocean biology and biogeochemistry. NASA’s Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) satellite mission, which includes a hyperspectral ocean color instrument (OCI), will provide radiometric observations of surface ocean with near continuous spectral resolution across the near UV to NIR range. Maintaining sufficient accuracy over the lifetime of satellite ocean color missions requires a robust program for system vicarious calibration (SVC) and product validation. The system vicarious calibration process combines satellite sensor data with in-situ radiometric/optical measurements to remove potential biases due to the combined errors from both satellite radiometric sensor calibration and atmospheric correction. As such, high accuracy, high-spectral resolution in-situ radiometric measurements are required to provide a principal source of truth for the satellite-derived products. To meet the requirements, a novel in-situ radiometric system, called HyperNav, has been developed, rigorously characterized and field tested. Key attributes of HyperNav are dual upwelling radiance heads coupled to individual spectrometers, spectral resolution of ∼2.2 nm (full width, half-maximum) across 320–900 nm, integrated shutter systems for dark measurements, and integrated tilt and pressure sensors. The HyperNav operational modes include traditional profiling and surface modes, as well as integration with an autonomous profiling float for unattended deployment, offering a new capability for a network of autonomous platforms to support the long-term needs for hyperspectral ocean color remote sensing observations. This paper describes the HyperNav design, in-situ operational modes, and field verification results.
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1 INTRODUCTION
The NASA Plankton, Aerosol, Clouds and ocean Ecosystem (PACE) mission builds on past ocean color remote sensing efforts to provide a global observational basis for understanding the living ocean and for improving skill in forecasts and projections of Earth System variability over a wide range of time and space scales (Werdell et al., 2019). The primary instrument of the PACE satellite, the Ocean Color Instrument (OCI), includes significant advances in ocean color remote sensing, namely, a wider spectral range extending into the UV and near-infrared with bandwidth of 5.0 nm spectral resolution (2.5 nm spectral steps). These advancements drive new requirements for in-situ radiometric measurement capabilities to ensure the ocean color satellite is accurately ground-truthed through a process known as system vicarious calibration, SVC (Gordon, 1998; Franz et al., 2007; Frouin, 2013). Relative to existing in-situ ocean radiometer technology, advancements are needed with regard to the extended spectral range into the UV and the increased spectral resolution. For the latter, a desire to create aggregate spectral bands of 5–10 nm imposes a need to sample the ocean remote sensing reflectance spectra at approximately one-half of the spectral resolution of the satellite instrument, and in the case of in-situ upwelling radiance, may require sub-nanometer resolution in the blue spectral region (Zibordi et al., 2017).
Concurrent with the enhanced capabilities of OCI has been a need to evolve ocean color in-situ SVC approaches. Historically, in-situ SVC measurements have been collected from mooring-based radiometric systems such as the Marine Optical BuoY (MOBY) located off Lana’i, Hawaii (Brown et al., 2007) and the Boussole mooring located in the Ligurian Sea (Antoine et al., 2008). While such mooring-based approaches have been successful in providing in-situ SVC data, it is advantageous to collect in-situ SVC observations using a variety of measurement techniques across multiple SVC sites to reduce the time needed to achieve vicarious calibration post-launch (Voss et al., 2010) and to assure accuracy in the SVC coefficients. However, all in-situ SVC systems must meet stringent instrument performance and uncertainty requirements to ensure equivalency in the quality of the radiometric data (Zibordi et al., 2015). Specifically for the NASA PACE mission SVC program, these requirements include a radiometric spectral range spanning 350–890 nm, spectral resolution [image: image]3 nm (ideally 1 nm), with spectral radiometric uncertainty ([image: image]4% over blue-green spectral region, ∼5% in the red), and radiometric stability (∼1% per deployment). Uncertainties presented throughout this paper are at k = 1 confidence level (i.e. 68% of the measurements fall within the specified uncertainty relative to the ‘true’ values). Additional capability requirements include autonomous field operation, full laboratory and field characterizations, and full autonomous delivery of data in near real time.
A new hyperspectral radiometric sensor, HyperNav, has been developed to finely and accurately resolve the upwelling radiance spectrum to meet the in-situ SVC requirements of the PACE mission OCI. The design of HyperNav focused on providing the most accurate and lowest uncertainty spectral upwelling radiance measurements with emphasis on achieving these measurements as close to the sea surface as possible to meet the needs of in-situ SVC data production. Additionally, design criteria for the radiometric measurement system included a capability to be integrated with an autonomous profiling float. As such, mechanical, electrical and data interfaces were developed to enable onboard data collection and sampling, as well as data transmission to shore when integrated with an autonomous profiling float. As part of HyperNav design criteria, optimal mission operation modalities (frequency of profile trade-off against mission duration, vertical resolution, surface observations for extended periods, etc.; see Claustre (2011)) were considered to ensure cost-effective operations of deployments of the system. In this paper, we describe the HyperNav radiometric system, the modes of operation, the integration of the system with an autonomous float, and the methods and field results used to evaluate the system performance against the stated in-situ SVC requirements.
Our effort resulted in the creation of new radiometers able to collect accurate and precise radiometric measurements of upwelling radiance in the ocean environment at high spectral resolution, 2.2 nm full width at half maximum (FWHM) over the 320–800 nm spectral region. While Zibordi et al. (2015) and Zibordi et al. (2017) recommended a finer spectral resolution requirement, the radiometric spectral resolution of our system does meet the NASA PACE mission SVC stated requirement of [image: image]3 nm. The integration of two such radiometers onboard autonomous profiling floats creates a new system that can be deployed at many location adding a spatially extensive component to existing fixed-location sites, such as MOBY, for vicarious calibration of ocean color satellites. The addition of a fleet float-based HyperNav systems to the suite of in-situ SVC platforms will permit significant reduction in the uncertainty of the onboard calibration and will significantly increase the number of radiometric observations available for vicarious calibration efforts post-launch. Such data can be used to examine potential effects such as out-of-band response, changes in the adopted representation of the ocean Bidirectional Reflectance Distribution Function (BRDF), and atmospheric corrections of the satellite ocean color sensor data.
2 HYPERNAV SYSTEM DESCRIPTION
The design objectives for HyperNav focused primarily on providing the most accurate and lowest uncertainty spectral upwelling radiance measurements with emphasis on achieving these measurements as close to the sea surface as possible to reduce the uncertainty in extrapolating upwelled radiance measurements from depth to the air-sea interface. HyperNav includes two independent upwelling radiance sensors, oriented 180° apart from the main body (Figure 1). The purpose of including dual upwelling radiance sensors on the HyperNav system was three-fold: 1) to provide redundancy in the key upwelled radiance measurements in case of failure of one radiance system, 2) to characterize uncertainties in measurements over time by comparing the measurements from the different radiometers, and 3) to reduce the effects of shading by the float and arms on the radiance measurements. With respect to item 1, the design of the HyperNav system includes separate and independent optical paths and spectrometers for each of the upwelled radiance measurement sensors. The only shared elements of the two radiance measurement sensors are the command and control electronic boards and the HyperNav physical body. Thus, the two measurements are independent and provide, by the difference between them and its change over time, a validation of the measurements within their uncertainties. Details of the HyperNav system design, functionality, and characterization methods are provided in the following sections.
[image: Figure 1]FIGURE 1 | Photos of the HyperNav system. (A) Upwelling radiance sensor fore-optics head, (B) Upper section of the HyperNav radiance system with fiber optic conduits and support structure, (C) HyperNav configured for real-time profiling, and (D) a HyperNav system attached to a Navis float with locations and distances for each sensor system.
2.1 HyperNav Opto-mechanical design
Meeting the spectral range and resolution requirements for PACE necessitated the design of new radiometers, as no commercial option for in water upelling radiometers with appropriate specifications was available. In the early stages of our development project a search for commercially available spectrometers was undertaken and three potential spectrometers were selected for further laboratory evaluation. Evaluation was based on radiometer requirements detailed in Mueller (2003). Tests included determining sensitivity, saturation, digital resolution, polarization sensitivity, absolute wavelength accuracy, wavelength resolution, linearity, thermal sensitivity, and stray light rejection.
After extensive laboratory characterization, the Zeiss CGS CCD UV-NIR spectrometer was selected based on the required performance criteria. The Zeiss spectrometer has a stated 190–1,015 nm spectral range, with a spectral resolution (FWHM) of 2.2 nm and 2.5 nm in the UV-VIS and NIR region respectively, high dynamic range obtained from a 16 bit ADC digitization and multiple integration times, with high sensitivity, low stray light perturbations, and low temperature drift. The CCD detector uses 2048 pixels to sample the spectral range, providing ∼0.41 nm sampling interval. Additionally, the compact size, SMA (SubMiniature A connector) optical interface, low stray light characteristics, and a wide range of integration times provided significant advantages in the design of the HyperNav.
The HyperNav design choice was to position the fore-optics of the radiance radiometers at the end of arms extended horizontally outward from the body of the HyperNav using pressured sealed titanium conduits (Figure 1) for strength, weight, and corrosion considerations. The impact of the arm extension and the fore-optics from the main housing with respect to the effects of self shading on the radiance measurements was determined using a Monte Carlo self shading models (SimulO software1, Leymarie et al. (2010)) and was taken into account in the float design. The fore-optics, contained within in a small sealed pressure housing, are located 52 cm from the center-line of the main HyperNav pressure housing (Figure 1). Armored, solarization-resistant (to mitigate the effects of UV degradation), 600 μm core optical fibers are used to couple the light between each spectrometer (located in the main underwater housing) and the fore-optics. A low power bi-stable shutter is integrated into the radiance fore-optics heads (in front of the fore-optics fiber) to enable collection of dark measurements near the time when light data is taken. The use of the fiber optic coupler (via the titanium conduit) necessitated a plane mirror oriented at 45° to make a 90° angle in the direction of the light propagation in the fore optics. This, combined with the optical elements in the HyperNav radiance sensor, presented a potential issue of increased polarization sensitivity. To reduce the polarization sensitivity of the optical train, a liquid crystal polymer depolarizing filter with anti-reflection coating was integrated between the mirror and the pressure window. Inclusion of the depolarizing filter significantly reduced the polarization sensitivity of the optical train over the 350–700 nm range to less than 1%, and increases to 2% from 700 to 800 nm.
The in-water field of view (FOV) of the HyperNav radiance sensor was designed to be 4.5° (half-angle, half-max) in water. To verify, the FOV was measured in a seawater tank, with the radiance head rotated in a beam of collimated light from a FEL lamp into the tank with the face of the radiance head oriented perpendicular to the incident beam. To minimize scattering, the water was filtered and allowed time to settle for bubbles to escape. The field-of-view was determined to be 4.5° (half-angle, half-max) for all wavelengths, with the response dropping to 0.35% of maximum at 10° (half-angle) with no secondary reflections observed.
The main pressure housing of the HyperNav system contains the dual spectrometers, electronic boards, external cable connectors, as well as a pitch and roll sensor and a pressure sensor. Simulations were conducted to ensure that the HyperNav system maintained low tilt due to the drag of the HyperNav system. Drag simulation models predicted a pitching moment of only 0.002 J/rad parallel to the arms. Because the ocean upwelling radiance decreases exponentially with depth their position in the vertical is needed in high accuracy. Thus, the sensors were placed as close to the surface as possible (but below the surface to avoid reflections from air-water interface), and a Paroscientific Digiquartz® pressure sensor was integrated to provide accurate and high-resolution measurements of depth.
The inclusion of the titanium conduits (fore-optics to the main HyperNav body) necessitated a support structure to ensure stability of the fore optics in rough ocean surface conditions. The support structure used is fabricated from carbon fiber tubing filled with castable syntactic foam. Test results showed the design was able to support approximately 200 J/rad of torque while retaining its original shape.
To obtain a pressure rating for the HyperNav system, testing of the main pressure housing and the fore-optics head housing were conducted down to ∼1,200 dbar without failure occurring. Pressure testing of the full HyperNav system was conducted to 825 dbar without failures occurring. Based on these results, we estimated the pressure rating as 1,200 dbar. To date, no destructive pressure testing of the full system has been completed. However, during a recent field deployment of the HyperNav system integrated with an autonomous profiling float, the system was mistakenly commanded to go down to 1700 m but survived and continued to work properly without any effects on the system. Thus we expect the system to be able to reach depths of 1,500 m without failures occurring.
The HyperNav system also supports integration of an external four-channel downwelling irradiance sensor (a Sea-Bird Scientific OCR-504). The OCR-504 is enabled by using an underwater cable connected to an electrical connector on the top of the HyperNav system’s pressure housing. The OCR-504 is mounted to a support structure located at the highest point on the platform to avoid reflections and shadowing effects on the measurement. The purpose of including the OCR-504 sensor on the HyperNav system was to capture potential varying sky conditions during the surface upwelling radiance measurement acquisitions. Recent work by Tan et al. (2024) has shown potential that the full hyperspectral above surface downwelling irradiance can be reconstructed accurately using in-situ irradiance measurements from 4 select spectral bands. Finally, the HyperNav system also includes a combined chlorophyll fluorescence, colored dissolved organic matter fluorescence, and backscattering sensor (Sea-Bird Scientific MCOMS). However, data acquisition integration for this sensor within the HyperNav system is not completed as of yet, but will be pursued in the future. The purpose of including this sensor is to provide an independent method of assessing the water column properties to meet the SVC criteria of spatial/vertical homogeneity.
2.2 Electronics and firmware functionality
Due to the number of sensors integrated into the HyperNav system, the large volume of data from the spectrometers, and the real-time requirements, the electronics design required implementation of two microprocessors as well as analog to digital interface electronics to the spectrometers to provide more flexibility and capabilities in optimizing the radiometric signals and control. In the free-fall system (i.e., real time acquisition mode, see HyperNav operation modes section below), this significantly limits the frame rate (one sample every [image: image] seconds). In the float implementation, frames are collected and stored locally on the spectrometer interface board (one sample every ∼1.15 s). In the float implementation, typical float ascent rates are between 0.05 m s−1 (in the upper 10 m of the water column) and 0.08 m s−1 (below 10 m), providing radiance measurements every 0.06 m–0.09 m. When the float is at the surface, and after data collection is complete, the frames are transferred to the controller board for permanent storage and transmission via Iridium to the Router-Based Unrestricted Digital Internetworking Connectivity Solutions (RUDICS) server.
The HyperNav system’s firmware has an on-board automatic integration time adjustment feature, where the integration time of each spectrometer is controlled based on the nearest neighbor sampled light (unshuttered) and dark (shuttered) measurements. This control algorithm functions as follows: a light measurement is taken, and the maximum count (i.e., highest value as a function of wavelength) value is determined and compared to a user configurable saturation count value. If the maximum light count value exceeds the saturation count level, the firmware automatically switches the integration time of the spectrometer to the next shortest integration time. Conversely, the mean of the spectral dark (with the shutter closed) counts is computed and compared with the most recent light sample. If the light measurement is near the dark count average, the firmware automatically changes the integration time to the next longest integration time. The available spectrometer integration times are 11, 20, 40, 80, 160, 320, 640, 1,280, and 1920 ms, which enable over 7 orders of magnitude of range in radiance.
Ancillary sensors on board the HyperNav sensor, pitch and roll and pressure sensors, are sampled continuously during operation. At the time of a radiance measurement acquisition, the nearest pitch/roll and pressure measurements are collected and integrated into the radiance data output frame, along with the date/time of measurement. Additionally, all measured data are recorded to internal memory, which has a capacity of 4GB, (roughly 1,000 HyperNav profiles) on the HyperNav system which can be downloaded post-deployment.
2.3 HyperNav operational modes
Each HyperNav system can be configured to operate in one of two modes: 1) a real-time (RT) mode, also known as “freefall”, where a cable is used to connect the HyperNav to an external power source and for data/command transmissions, and, 2) a fully autonomous profiling (AP) mode, where the HyperNav system is coupled to an autonomous profiling float to move the system through the water column, supply power to the HyperNav system and enable remote telemetry of HyperNav data to shore using the Iridium modem of the float. Switching between the two modes requires installation of separate firmware on the HyperNav controller board which can be accomplished using a direct cabled connection to HyperNav prior to deployment by the user. Both modes support the on-board automatic integration time adjustment feature.
2.3.1 HyperNav real-time (RT) mode of operation
The simplest method of operating a HyperNav system is via a short cable to connect an external 12 V DC power supply and a serial (RS-232) interface to the power/communications port of HyperNav. A terminal program, such as Tera Term, can be used to send various commands to the HyperNav, for example, to start/stop sampling, change and store configuration settings, manually change integration times, change the interval of light and dark sampling, and to offload collected data from the internal memory of HyperNav. This is the typical method used for laboratory testing and for calibration of the radiance sensors. HyperNav command, configuration, and data capture and visualization can also be accomplished using the open source software Inlinino2 (Haëntjens and Boss, 2020) which has been updated to include many of the features listed above.
The RT mode of operation also enables using the HyperNav for conducting shallow ([image: image]150 m) ocean vertical profiles and for data collection at the near surface when deployed from small boats (similar to the capabilities of legacy Sea-Bird Scientific HyperPro II systems in profiling and buoy modes of operation). In this case, a set of fins fitted with syntactic foam are mounted to the HyperNav radiometric system to aid in maintaining attitude and orientation of the system as it profiles through the water column (Figure 1C). The rate of descent can be adjusted by changing buoyancy through addition/removal of weights to the HyperNav nosecone. Likewise, to collect a time series of data from just below the surface ocean only, weights are removed from the HyperNav such that it is positively buoyant at the surface (the buoyant wing structure near the top increases the righting moment when tilted by waves). A 12 V DC (nominal) power supply is connected to a Satlantic/Sea-Bird Scientific Micro-Deck Unit (MDU) located on the deck of the boat, connected to an external power supply, and to a serial (RS-232) interface of a computer. The MDU serves two purposes, first to convert input voltage from the 12 V DC to 48 V DC and second to convert between RS-232 telemetry and RS-422 levels. Both are needed to reduce power and data transmission line loss when using long cables. A sea-cable is used to connect the MDU to a Micro-Water Unit (MWU) that is externally mounted on the HyperNav. The MWU converts the 48 V DC power from the sea-cable to 12 V DC and converts the RS-232 telemetry coming from the HyperNav to RS-422 levels so that it can be sent through the sea-cable to the MDU. A short underwater cable is used to connect the MWU to the power/communications connector on the HyperNav system.
In RT mode, samples are acquired continuously from each radiance sensor as well as from the integrated pressure and pitch/roll sensors. The measurements are used to build a data frame for each radiance sensor, which includes the serial number of the radiance head, date and time of the radiance measurement, pressure, pitch and roll, and the 2048 spectral count values from the radiance sensor. This data frame creation is performed in real-time and is transmitted through the HyperNav power/communications port. The rate of sampling varies, as the integration time of the spectrometer at the time of measurement depends on the in-situ light level, and as well as the processing time needed to create data frames for both radiance sensors in real-time. Typical sampling rates in RT mode vary from 0.25 Hz to 0.5 Hz. Additionally, a hyperspectral surface downwelling irradiance sensor (e.g., a HyperOCR irradiance sensor) can be mounted on a ship/platform near the HyperNav deployment location, to evaluate temporal changes in the downwelling surface irradiance during the period of the HyperNav radiance profiling.
2.3.2 HyperNav autonomous profiling float (AP) mode of operation
The AP mode, where the HyperNav system is integrated with a buoyancy-driven autonomous profiling float (a Sea-Bird Scientific Navis float), enables fully autonomous operational capabilities for collection of quality radiometric data. The Navis float firmware was modified to enable power, sampling, and data transmission for the HyperNav system during deployments. Two sets of black plastic (Delrin) brackets are used to mount the HyperNav system firmly to the Navis body such that the radiance sensor faces of HyperNav are ∼10 cm below the water when the float is at the surface. A set of small brackets is used to mount the downwelling irradiance sensor (OCR-504) to the CTD guard such that the sensing face is at the highest point of the float. Currently, the downwelling surface irradiance data (i.e., the OCR-504) from the system are used primarily for QA/QC purposes to evaluate the incident light field variability with respect to the observations of near surface upwelling radiance from HyperNav (i.e., the presence/variation of clouds). The integrated HyperNav float system is ballasted at the Sea-Bird Scientific facility before deployment to achieve a nominal ascent rate of 0.08 m s−1 over the profiling range (i.e., park depth to the surface). The system typically performs one profile per day, surfacing ±20 min of the user programmed mission surfacing time, which can be changed through a new mission upload to the Navis system through the Iridium modem.
The HyperNav firmware for AP mode includes user configurable settings that define the radiance sampling interval as a function of depth for three depth ranges. A typical radiance sampling profile is shown in Figure 2. HyperNav uses the integrated pressure sensor to decide when to collect data based on the pre-assigned sampling configuration settings. A maximum of 300 data frames (150 per radiance sensor) of radiance data is collected per vertical profile. When the Navis float reaches the surface, it transmits a message to the HyperNav to complete its sample collection. The Navis controller then establishes an Iridium connection and transmits standard Navis data and control through the Iridium link. Upon completion of this transmission of Navis data, the Navis system transfers modem control to HyperNav, which then initiates transfer of the HyperNav data through the Iridium link. When HyperNav indicates it has completed its transmission, or when a timeout is reached, Navis powers down HyperNav and the system descends to its programmed park depth.
[image: Figure 2]FIGURE 2 | Typical HyperNav float profile mission sequence: Each radiance sensor obtains 8 measurements between 500 and 50 (50 m intervals), 4 measurements between 50 and 12 m (10 m intervals), and 138 measurements between 12 m to the surface including the continuous surface hold sampling.
2.4 Radiometric characterizations and uncertainties summary
An expansive series of radiometric characterizations have been conducted on the HyperNav radiance sensors. The results of these characterizations were used to produce a total uncertainty budget for HyperNav radiance measurements. Potential sources of uncertainty included: Calibration, Instrument, and Field uncertainties as described in Zibordi et al. (2015). While the results of these characterization studies and the associated uncertainties are the subject of a companion paper to follow, for convenience, we include Table 1, which summarizes the combined uncertainty (k = 1) estimates for 6 wavelengths of the HyperNav radiance sensors.
TABLE 1 | HyperNav radiance sensor percent uncertainty at several wavelengths (nm) computed at a k = 1 confidence level. Note that for each source of uncertainty, Type A (i.e., based on statistical analyses of data collected), Type B (i.e., estimated from published literature results), or a combination of both were used to derive the uncertainty values (indicated superscript).
[image: Table 1]Pre- and post-deployment calibrations are performed on each of the radiance sensors to track potential drift or offsets over the deployment duration. Note that while the spectrometers used in the HyperNav radiance sensor have a broad spectral range (i.e 190-1015 nm), the current calibration process extends a smaller spectral range (320–800 nm) primarily due to the light source (i.e., FEL lamp) used in calibration. All calibrations are logged and tracked as a function of date to evaluate and identify long-term changes for each radiance sensor. Additionally, a pre- and post-deployment wavelength registration characterization process is performed to track any changes over the deployment period.
3 FIELD RESULTS OF RADIOMETRIC MEASUREMENTS
A field campaign was conducted over 3 weeks in June 2021 near the Hawaiian Islands. Deployments included a) a HyperNav radiometric sensor (in RT mode) at the Mauna Loa Observatory, HI (MLO), b) a HyperNav radiometric system (in RT mode) deployed near the MOBY site, off Lanai, HI, and c) two HyperNav float systems (in AP mode) deployed west of Kona, HI (Figure 3). The purpose of the campaign was to evaluate HyperNav system performance, radiometric quality, and to validate estimates of measurement uncertainty. In this section we present results from a subset of the data collections at MLO and from the HyperNav float deployments west of Kona, HI. The results from the HyperNav deployment near MOBY and further details and results of the deployment at MLO will be presented in forthcoming papers.
[image: Figure 3]FIGURE 3 | Map of deployment locations during the June 2021 HyperNav field campaign; site of the Marine Optical BuoY, MOBY, (green circle), Mauna Loa Observatory, MLO, (red circle), HyperNav float positions (orange circles/line for HyperNav 55, blue circles/line HyperNav 54). Locations of the HyperNav float systems on 16 June 2021 are also shown.
3.1 HyperNav radiometric comparison against the solar spectral irradiance
A HyperNav system operating in RT mode was deployed on an observing platform at the Mauna Loa Observatory, Hawaii on 20 June 2021. The primary objective was to evaluate the accuracy and uncertainty of the laboratory determined spectral wavelength registrations of the HyperNav radiance sensors using the Sun as the light source. A second objective was to develop and test methods for calibrating the HyperNav radiance sensors pre- and post-deployment that can be accomplished in the field. The MLO site offered significant advantages to test this method due to its high altitude, low aerosol content, and low variability in atmospheric properties. Importantly, it also provided a wealth of data on the atmospheric conditions (i.e., irradiance, aerosol concentration and type, relative humidity) to validate the approach. The approach used was based on the solar reflectance calibration technique described in Cattrall et al. (2002) adapted for estimating HyperNav spectral registrations. Briefly, a calibrated reflectance plaque was positioned below a HyperNav radiance sensor normal to the Hypernav radiance and measurements were made to collect the total (i.e., direct plus diffuse) spectral incident radiance. A fixture mounted to the HyperNav radiance face was used to reduce the in-air FOV to ensure the FOV was centered within the reflectance plaque and were constrained within the dimensions of the plaque. This was accomplished by using a lower reflectance material placed on the plague and changing its location until a reduction in the observed radiance was found. While the exact FOV of the sensor in this setup was not determined, every effort was made to ensure the radiance sensor was in the center of the plaque with at least 25% away from the plaque edges. The spectral sampling (∼0.41 nm and spectral resolution ∼2.2 nm) of the HyperNav radiance sensors offer the potential to resolve fine-scale spectral absorption lines (e.g., Fraunhofer lines) in the incident radiance associated with chemical elements in the solarsphere and the Earth’s atmosphere, and thus the spectral accuracy of the HyperNav radiometric sensors.
A series of radiance measurements were collected from 8:45 HST to 10:45 HST, with each set of measurements lasting ∼60 s in duration. Sky conditions on 20 June 2021 clear, with few cirrus clouds near the horizon. The mean total radiance spectrum at 10:16 HST is shown in Figure 4. This data was used to evaluate the spectral wavelength accuracy of the HyperNav radiance sensor by comparing the center wavelengths of eleven Fraunhofer lines (Figure 4) with the center wavelength of HyperNav that had the lowest radiance value near each Fraunhofer line. The mean wavelength difference was 0.23 nm with a standard deviation and standard error of 0.73 nm and 0.07 nm respectively. Considering that the spectral sampling of the HyperNav radiance (∼0.41 nm) is larger than the mean difference derived using the above method, we conclude that uncertainty in HyperNav spectral registration is low and meets the requirements for in-situ SVC measurements.
[image: Figure 4]FIGURE 4 | Mean total upwelled radiance spectrum obtained from a HyperNav radiance sensor at Mauna Loa Observatory on 20 June 2021 at 10:16 HST using the method described in section 3.1. Various Fraunhofer lines are also shown.
3.2 Comparisons between HyperNav systems
Two HyperNav float systems (54 and 55) were deployed west of the Island of Hawaii from 9 June 2021 to 20 June 2021. On 17 June 2021, both systems were recovered and were subsequently redeployed on 18 June 2021. The purpose of these deployments was to evaluate the accuracy of the radiance measurements of each system and between systems. Data collected on June 13 and 15, 2021 from the two HyperNav float systems were used to examine the surface upwelling radiance measurements. Recall that each HyperNav system has two independent upwelling radiance sensors, which allows for intra-comparisons of measurements, and as two HyperNav systems, inter-comparisons of HyperNav systems deployed in the same region. Below we present results of the surface upwelling radiance observations from HyperNav float systems 54 and 55 acquired on June 13 and 15, 2021 (Figure 3). Surface radiance measurements from the two floats systems on 13 June 2021 were collected at 21:50 UTC and 21:51 UTC for systems 54 and 55 respectively, with a 27 km distance between the two HyperNav systems sampling locations. Surface radiance measurements from the two floats systems on 15 June 2021 were collected at 21:53 UTC and 21:46 UTC for systems 54 and 55 respectively, with a 30 km distance between the two HyperNav systems sampling locations.
Pre-deployment calibrations for each of the individual radiance sensors (4 radiance sensors, two sensors per HyperNav system) were applied to the raw field data collected. As shown in Figure 2, the HyperNav float based system profiling sequence includes a near surface data acquisition sequence, typically collecting ∼1–2 min of radiance measurements while the system is at the surface. The surface data collected on June 13 and 15, 2021 off Kona, HI (Figure 3) from both HyperNav systems (∼50 samples, 1.5 min) were used to derive the mean upwelling radiance spectrum for each radiance head based on the following criteria: 1) include only Lu observations collected from depths shallower than 0.2 m depth, and 2) include observations with a measured platform tilt angle of [image: image]. Limiting the upwelling radiance observations to depths [image: image]0.2 m and the tilt to [image: image] reduces the potential errors in extrapolation of radiance to the surface and the potential effects of off-nadir biases due to platform tilt. The mean depth during the surface observations was 0.09 m and 0.10 m for systems 54 and 55 respectively.
To accommodate spectral comparisons between two radiance sensors, the mean surface spectrum for each of the 4 radiance sensors was binned by wavelength to match the PACE OCI remote sensing reflectance center wavelengths using the OCI spectral weighting functions3. The mean surface upwelling radiance spectra were derived for each radiance sensor on each for the 2 days during the deployments off Kona, HI. We selected the radiance sensor with the highest mean spectra from each of the two HyperNav systems to use in the below comparisons (Figure 5) assuming that the lower values were due to partial shading of the other radiometer. We examined the relative and absolute differences of the mean upwelling radiance spectrum measured from each HyperNav system on each of the 2 days selected is presented in Figure 6. The mean spectral (373–700 nm) absolute relative difference is 2.02% and 0.1%) for June 13 and 15, 2021 respectively. The mean spectral (373–700 nm) absolute difference is 0.0085 μW cm−2 nm−1 sr−1 and 0.0124 μW cm−2 nm−1 sr−1 for June 13 and 15, 2021 respectively.
[image: Figure 5]FIGURE 5 | Mean near surface (z = ∼0.1 m) upwelling radiance spectrum obtained on June 13 and 15, 2021 from HyperNav systems 54 and 55 off Kona, HI. Spectral plots are for 13 June 2021 from HyperNav system 54 (red line) and 55 (green line), and 15 June 2021 from HyperNav system 54 (blue line) and 55 (black line) respectively. Data were binned to the NASA PACE OCI wavelengths in this figure.
[image: Figure 6]FIGURE 6 | Comparison of the mean near surface (z ∼ 0.1 m) upwelling radiance spectrum obtained on June 13 (red line) and 15 (black line), 2021 from HyperNav systems 54 and 55 off of Kona, HI. (A) Absolute (unsigned) relative difference. (B) Absolute (unsigned) difference.
While the spectral relative and absolute differences shown in Figure 6 are very low, the largest differences are observed in two spectral regions, 370–400 nm and 600–700 nm. In the 370–400 nm region, note that several Fraunhofer absorption lines are very narrow and tightly spaced (see Figure 4), which contributes to the high spectral variability in the upwelling radiance in this region. Note that even with the 0.41 nm channel spacing of the HyperNav, slight errors ([image: image]0.4 nm) in the center wavelength registrations can contribute to larger relative difference errors between two sensors across these distinct Fraunhofer absorption lines, even after applying the band weighting response functions of OCI and binning to 3 nm. Also note that the source light used for the HyperNav radiance sensor (i.e., a FEL 1000 W tungsten-halogen lamp) is very weak in the 305–400 nm range. At the standard integration time (40 msec) used during calibration, the typical light output from the source lamp is only 1%–2% above the signal-to-noise level (e.g., 60 counts above the 6,000 counts dark signal). Additionally, the depolarizer filter used in the radiance sensor reduces the light transmission in the 350–400 nm region (approx. 80% as compared to 95% in the 500–700 nm region). As such we expect higher uncertainty in both the percent and absolute difference between radiance sensors in this spectral region. A future area of investigation is to utilize a stable light source for the UV region, or to calibrate the radiance sensors at longer integration times and stitch the calibrations across the UV and Blue-NIR spectrum. At wavelengths greater than 600 nm, large absolute percent differences ([image: image] 5%) are observed, however, the absolute differences are small. This is a region where the absorption by water increases rapidly and is temperature and salinity dependent. In clear waters such as those experienced on the 2 days in June 2021 off Kona, HI, the primary absorbing substance in-situ is water, which may account for lowest upwelled radiances in this wavelength region.
As shown in Figure 5, the upwelling radiance spectra from each of the radiance sensors on each of the 2 days were very similar across both HyperNav systems, and thus, merited a comparison between the 2 days of observations. When comparing the mean spectral upwelling radiances across the 2 days (Figure 7), we find the derived relative and absolute spectral differences (unsigned) are 1.7% and 0.025 μW cm−2 nm−1 sr−1 respectively. We find these results to be highly encouraging in meeting the SVC in-situ criteria given that this comparison includes measurements from four independent upwelling sensors that two HyperNav systems collected on two separate days.
[image: Figure 7]FIGURE 7 | Comparison of the mean near surface (z ∼ 0.1 m) upwelling radiance spectrum between June 13 and 15, 2021 from HyperNav systems 54 and 55 off of Kona, HI. (A) Mean absolute relative difference. (B) Mean absolute difference.
4 SUMMARY AND FUTURE DIRECTIONS
We have accomplished the selection of components, build, and testing of a new hyperspectral field radiometer. The initial results show that HyperNav radiance radiometer has high spectral resolution, is portable, stable, with high accuracy. Field testing results suggest it is ready to be used for in-situ SVC for the PACE OCI sensor. Future work includes improvement to firmware to increase sampling frequency, improved integration with ancillary sensors, and accelerated telemetry.
Operating and maintaining a fleet of HyperNav systems will provide means to vicariously calibrate space-based sensors faster than previously possible by obtaining sufficient match-ups earlier. In conjunction with moored SVC facilities they could reduce the time needed to estimate the Ocean Color sensor gain from 2 years with matchups from a single site Franz et al. (2007) to a few months. While the focus of this paper has been to describe a new radiometric technology for obtaining high spectral resolution and accuracy upwelling radiance measurements for in-situ SVC, we envision these measurements will be useful for various studies that utilize ocean color hyperpectral imagery. Such applications include validation of SVC gain values over the OCI mission, atmospheric correction verification/improvement studies, as well as PACE satellite data product algorithm development and validation that utilize hyperspectral data.
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