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Optical Earth observation satellites provide vast amounts of data on a daily basis. The top-of-atmosphere radiance measured by these satellites is usually converted to bottom-of-atmosphere radiance or reflectance which is then used for deriving numerous higher level products used for monitoring environmental conditions, climate change, stock of natural resources, etc. The increase of available remote sensing data impacts decision-making on both regional and global scales, and demands appropriate quality control and validation procedures. A HYperspectral Pointable System for Terrestrial and Aquatic Radiometry (HYPSTAR®) has been designed to provide automated, in-situ multiangular reflectance measurements of land and water targets. HYPSTAR-SR covers 380–1020 nm spectral range at 3 nm spectral resolution and is used at water sites. For land sites the HYPSTAR-XR variant is used with the spectral range extended to 1680 nm at 10 nm spectral resolution. The spectroradiometer has multiplexed radiance and irradiance entrances, an internal mechanical shutter, and an integrated imaging camera for capturing snapshots of the targets. The spectroradiometer is mounted on a two-axis pointing system with 360° range of free movement in both axes. The system also incorporates a stable light emitting diode as a light source, used for monitoring the stability of the radiometric calibration during the long-term unattended field deployment. Autonomous operation is managed by a host system which handles data acquisition, storage, and transmission to a central WATERHYPERNET or LANDHYPERNET server according to a pre-programmed schedule. The system is remotely accessible over the internet for configuration changes and software updates. The HYPSTAR systems have been deployed at 10 water and 11 land sites for different periods ranging from a few days to a few years. The data are automatically processed at the central servers by the HYPERNETS processor and the derived radiance, irradiance, and reflectance products with associated measurement uncertainties are distributed at the WATERHYPERNET and LANDHYPERNET data portals.
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1 INTRODUCTION
Data from multispectral spaceborne optical imaging satellites, such as Sentinel-2/MSI, Sentinel-3/OLCI, Landsat-(8/9)/OLI, and Suomi NPP/VIIRS, are used operationally for environmental applications on land and water. Data from a new generation of hyperspectral satellite missions, including PRISMA (Cogliati et al., 2021), ENMAP (Storch et al., 2023), EMIT (Green et al., 2023), and PACE (Gorman et al., 2019) are gaining traction. Commercial “NewSpace” operators are also providing optical imaging data, typically from smaller nanosatellite platforms without on-board calibration devices. The top-of-atmosphere data from all these missions must be calibrated and atmospherically corrected to provide the water and land surface reflectance products from which the higher level end-user products, e.g., chlorophyll a concentration in water and fraction of absorbed photosynthetically active radiation (FAPAR), are derived. The quality and usability of the derived products depends on the quality of the reflectance measurements. Imperfect atmospheric correction often leads to contamination of data reaching end-users making the need for radiometric validation at bottom of atmosphere crucial.
For water reflectance, the AERONET-OC network (Zibordi et al., 2009), based on the multispectral Cimel SeaPRISM radiometer, met this need for ocean colour sensors with narrow bands, but did not cover well the spectral bands required for validation of neither the upcoming hyperspectral sensors, nor the wide and non-square bands of the “land-dedicated” missions such as Sentinel-2/MSI and Landsat-8/OLI. For land surface reflectance, very little data were available outside of the RadCalNet network (Bouvet et al., 2019) of sites optimised for vicarious calibration. It was therefore decided in 2017 to develop the HYPERNETS network of validation sites with automated measurement of water and land surface reflectance, based on a new hyperspectral radiometer and commercial off-the-shelf (COTS) pointing system (Ruddick et al., 2024a).
While some hyperspectral radiometers, such as the TriOS/RAMSES, DALEC (Slivkoff, 2014), Sea-Bird/HyperSAS (Carswell et al., 2017) and Biospherical/OSPREy (Hooker et al., 2012) based on the Zeiss MMS 1 spectrometer, do provide hyperspectral coverage and have been integrated into automated measurement systems, they have only 10 nm full width at half maximum (FWHM) spectral resolution which is not high enough for validation of PACE/OCI that has 5 nm spectral resolution (Gorman et al., 2019). The RoX system (Cesana et al., 2021) and WISPstation (Peters et al., 2018) do provide higher spectral resolutions (1.5 nm and 4.6  nm FWHM, respectively).
The design spectral requirements for the new hyperspectral radiometer are summarised in Goyens et al. (2018) as:
• coverage of the spectral range 380–1020 nm for water applications with typically 5 nm FWHM, or preferably 1 nm FWHM resolution;
• coverage of at least 1000–1700 nm or preferably 1000–2500 nm for land applications with typically 5–10 nm FWHM.
Additionally it was necessary to:
• integrate the radiometer with a COTS pointing system with both pan and tilt capabilities, and suitable controller, power supply, and data transmission;
• achieve a complete automated measurement system suitable for reliable long-term deployments in hostile environments (from polar to desert regions and remotes seas);
• consider the requirements of the IOCCG protocols (Zibordi et al., 2019) as far as possible regarding radiometer specification, calibration, and characterisation.
The tilt capability, not included in some precursor water reflectance systems such as DALEC, HyperSAS, RoX, and WISPstation, is considered important to protect the fore-optics when not measuring and is essential for land reflectance measurements where a range of nadir- and azimuth-viewing geometries are required.
The HYperspectral Pointable System for Terrestrial and Aquatic Radiometry (HYPSTAR®) described in the current paper is intended to be a standalone low-maintenance automated data source for the WATERHYPERNET (Ruddick et al., 2024b) and LANDHYPERNET (De Vis et al., 2024b) networks that provide end-users with processed and calibrated water and land reflectance data and associated measurement uncertainties (De Vis et al., 2024b) akin to the existing AERONET-OC and RadCalNet concepts. Following the recommendations of the FRM4SOC project (Banks et al., 2020), the properties of the HYPSTAR spectroradiometers were thoroughly studied in the laboratory and the results are presented in Section 3. Only a brief description and average values are given for each parameter to illustrate the typical performance of the HYPSTAR spectroradiometers. Detailed analysis would warrant an individual research article for each subsection.
The HYPSTAR systems have been deployed at 10 water and 11 land sites. Some of these were only brief campaigns or technology testing experiments while others have been capturing the in-situ satellite validation data for months or even years (Dogliotti et al., 2024; Doxaran et al., 2024; Morris et al., 2024). The deployments have been made at a wide range of environments from Antarctica to the Gobabeb desert and the North Sea (De Vis et al., 2024a; González Vilas et al., 2024). The infrastructure available at the test sites has varied from grid power and Ethernet to solar power and sneakernet. The data are transmitted to and automatically processed at the central WATERHYPERNET and LANDHYPERNET servers by the HYPERNETS processor to radiance, irradiance, and reflectance products with associated measurement uncertainties (De Vis et al., 2024b).
2 SYSTEM DESCRIPTION
The interconnection among the different components of HYPSTAR system in a typical configuration is shown in Figure 1:
• Measurement unit is the hyperspectral radiometer used for radiance and irradiance measurements and target image acquisition;
• Reference unit is a stabilised light emitting diode (LED) light source for in-situ monitoring the long-term stability of the entire optical path of the spectroradiometer, including the optical windows subject to fouling;
• Pointing unit is an electrical pan-tilt pointing system (PT) which is mounted directly on a site-specific mast and provides full-sphere rotational coverage of the spectroradiometer;
• Junction box is a passive connection box intended for splitting up connections from single cable coming from the controller into localised connections on top of the mast for the reference LED, spectroradiometer, and PT;
• Host unit is the system controller that handles scheduling and all the communications with subsystems as well as with external sources. The heart of the host unit is an industrial grade personal computer (PC) with Linux-based operating system which executes scheduling and acquisition software for control and data acquisition. The host unit also contains a custom-made real time clock (RTC) based control mechanism that supports scheduled power control of the system. This allows a mode of deep sleep to conserve energy between captures. The whole unit is housed in a weatherproof wall-mountable box with sealed external ports for power input and connections to other subsystems;
• Ancillary sensors comprise a rain sensor and a broadband photodiode. The rain sensor is used to save energy by preventing sequences during rain. The photodiode is intended for monitoring the stability of the downwelling irradiance during the hyperspectral radiance measurements;
• Power source is a site-specific source of 12 V direct current (DC) power bus. This can be a solar panel array or wind turbine with battery backup or a generic AC/DC converter capable of supplying at least 4 A of sustained current;
• Data link is a site-specific internet connection for uploading the data to the network server and accessing the system remotely for troubleshooting, configuration changes, and software updates;
• Surveillance cameras are optional components of the system that can be used for diagnostics and monitoring for external influences, such as equipment damage, vandalism, etc.
[image: Figure 1]FIGURE 1 | Block diagram of a HYPSTAR system.
The technical specifications of the HYPSTAR systems are listed in Table 1.
TABLE 1 | Technical specifications of the HYPSTAR.
[image: Table 1]2.1 Spectroradiometer
The measurement unit in Figure 1 is the hyperspectral radiometer that performs acquisition of radiance and irradiance spectra and target imagery. Two different versions of the radiometer have been developed for various applications:
• HYPSTAR-SR (Standard Range) has a single 2048 pixel Si detector array for visible and near-infrared (VNIR) spectral range and is mainly intended for above-water measurements;
• HYPSTAR-XR (eXtended Range) has an additional thermally stabilised 256 pixel InGaAs array for extending the spectral range into short-wavelength infrared (SWIR) which is useful for measuring land (surface) targets.
In small scale engineering and manufacturing a main cost driver is non-recurring engineering costs, i.e., person-hours used for development and testing. One way of working around this issue is creating systems consisting of generic modules that can be reused for multiple systems. This approach was used in designing the HYPSTAR instruments. The main difference between the SR and XR radiometers is the support for extended spectral range via the inclusion of an additional spectrometer module. Most of the system components (host and pointing systems, internal electronics and optical paths, firmware and supporting software) have been designed to be as modular and interchangeable as possible. Based on this, most of the following text will be about the SR system, but is also applicable to the XR, except where explicitly mentioned.
2.1.1 Optical path
The optical path is based around the idea of multiplexing radiance and irradiance optical entrances into a single spectrometer module, or a set of modules in the case of the XR variant. The benefits compared to parallel acquisition using duplicated signal chains are:
• reduced laboratory characterisation effort;
• correlations between radiance and irradiance measurement reduce the uncertainties (e.g., from laboratory calibration, spectrometer responsivity drift and/or thermal sensitivity) of the calculated reflectance;
• the multiplexer acts as a shutter, providing dark signal when neither entrance is selected;
• reduced cost, size, mass, and power consumption.
The price to pay for the aforementioned benefits is that simultaneous acquisition of radiance and irradiance measurements is not possible. This is not a major issue for satellite validation application, since automated operation enables the collection of large amounts of data. The best data for validating optical satellites are collected in stable atmospheric and illumination conditions when downwelling irradiance changes slowly and in a predictable manner. Another downside of the multiplexed design is the reduced optical throughput due to the losses in the extended optical path.
The Ibsen FREEDOM UV-NIR FSA-101 spectrometer module with the 2048-pixel Hamamatsu S11639-01 CMOS detector array is used for both SR and XR units. The VNIR module has 3 nm FWHM spectral resolution. The spectral sampling interval is 0.5 nm at 800 nm and decreases slightly at longer and shorter wavelengths, reaching 0.46 nm in ultraviolet (UV). Considering the number of pixels and the sampling interval, the spectral range of the VNIR spectrometer module is 165–1145 nm, however, the responsivity is highest around 750 nm and decreases towards longer and shorter wavelengths. In addition, the bottom-of-atmosphere solar irradiance drops rapidly in UV. Thus, the signal-to-noise ratio (SNR) drops at both ends of the spectral range and the nominal VNIR spectral range reported in Table 1 is limited to 380–1020 nm although the signal from all the 2048 sensor pixels are stored.
The XR units are also equipped with the Ibsen Rock NIR RSM-420 spectrometer module having a 256-pixel Hamamatsu G9203-256SA thermoelectrically stabilised InGaAs detector array for covering the SWIR spectral range up to 1680 nm. The spectral resolution in the SWIR is 10 nm, sampling interval varies from 3.6 nm in near-infrared (NIR) to 2.6 nm in SWIR. Integration time can be adjusted in the range of 1–65000 ms for both spectrometer modules separately. Since the Ibsen Rock NIR RSM-420 does not include an order sorting filter, an external filter is used for blocking the VNIR radiation that would cause higher order diffraction pattern on the SWIR detector array. The stabilisation temperature of the SWIR detector array is user configurable. In most cases a 0 °C setpoint is used except for extremely hot locations where ambient temperature exceeding 40°C can be expected (e.g., Gobabeb, Namibia, where the SWIR detector is stabilised to 10°C).
The radiance and irradiance entrances are both connected to the input multiplexer (MUX in Figure 2) using multimode optical fibres. The multiplexer radiance and irradiance channel outputs are simultaneously connected to both VNIR and SWIR spectrometer modules (where the SWIR module is present) using a multi-branch fibre bundle. Single fibres in the bundle are mixed in such a way as to provide both spectrometer modules with signals from both input arms. Since most of the measurements during the sequence are made via the radiance entrance and the targets are often rather dark (e.g., water), 80% of the fibres in the bundle are allocated for the radiance channel to reduce the sequence duration and increase the signal-to-noise ratio of the radiance measurements. The nominal radiance field of view (FOV) is 2° and 5° for the SR and XR unit, respectively. These FOV values were chosen as a compromise between resolving the angular dependence of radiance and averaging over small scale spatial heterogeneities (compared to any satellite pixel). The spatial averaging can be improved by increasing the distance from the target, but there are practical limitations on the height of the mast.
[image: Figure 2]FIGURE 2 | Block diagram of the optical path of the HYPSTAR-XR spectroradiometer. The dotted lines represent optical fibres. The HYPSTAR-SR variant does not have the SWIR spectrometer module, the order sorting filter, and the fibre arm entering the filter. MUX is a multiplexer/shutter.
The radiance and irradiance optical paths passing through the multiplexer are permanently aligned. The active channel is selected by aligning the aperture of a solid rotating disk with a respective channel while the disk blocks the other channel. When the aperture is not aligned with either of the channels, the disk performs as a shutter. The disk with aperture is the only moving part in the multiplexer assembly which makes the design relatively robust and insensitive to small multiplexer positioning errors. The downside is reduced optical throughput due to illuminating only part of the fibres in the bundle at any given time.
All the windows and lenses in the optical path of the HYPSTAR radiometers are made of borosilicate glass. A fused silica diffuser is used for the cosine collector of the irradiance entrance. Fused silica is preferred due to superior thermal properties to another commonly used diffuser material polytetrafluoroethylene (PTFE) (Ylianttila and Schreder, 2005; Vabson et al., 2024). The depolariser of the radiance entrance is made of quartz. The geometry of the cosine collector was optimised with TracePro opto-mechanical design software and further adjusted according to laboratory characterisation on a goniometer setup to provide the lowest cosine error throughout the entire spectral range.
2.1.2 Target camera
Target monitoring is done using an RGB camera that provides compressed JPEG images with resolutions up to 2,560 px [image: image] 1920 px and 68° diagonal FOV featuring automatic exposure control, with a dynamic range large enough to tolerate direct-Sun pointing. The imaging RGB camera coaligned with the radiance and irradiance optical entrances is a very useful tool for identifying and understanding anomalies in the measured spectra (foreign objects inside the FOV, pointing errors) or for visualising the state and evolution of the target (waves, phenology) during the potentially long periods of unattended measurements. The camera images are captured in portrait orientation.
2.1.3 Mechanics
The mechanical design using anodised marine grade ᴓ 110 mm aluminium tubing for the body of the spectroradiometer provides sufficient corrosion resistance in harsh marine conditions (salt spray, biofouling, etc.) and is stable for long-term outdoor deployments (solar UV radiation, variable temperature, ice and snow, etc.). O-ring seals are used to cap off both ends to create an IP-67-rated enclosure. One end cap contains the optical entrances, while the other houses the connection port and heat sink for the XR units. The XR variant is longer and heavier compared to the SR units to accommodate the additional SWIR spectrometer module. CA Bayonet connectors designed to VG95234 specifications ensure appropriate environmental protection and robust mating. The use of a ᴓ 110 mm body also enables creation of ad-hoc test stands and jigs from water supply industry standard clamps.
2.1.4 Ancillary sensors
Internal environment monitoring consists of pressure, relative humidity, 3D acceleration and various temperature sensors, as well as voltage and current monitors. Internal pressure and humidity are used in conjunction with internal temperature to gauge the state of sealing. Leakage increases humidity, which in turn could lead to internal fogging of the fore-optics in low temperature regions or damage to the electronics if the leak is significant. Acceleration data can be used for estimating the pointing precision. Each spectrum captured is provided with 3-axial acceleration data together with statistics for the duration of acquisition. A high standard deviation in accelerometer data can be indicative of excessive swaying during windy conditions. Other uses for acceleration data converted into gravity vector are verification of pointing angle and assistance of instrument levelling during initial setup in poor visibility. It is also useful in challenging conditions, such as the typical setup for land measurements where the system is mounted at the end of a cantilever, to enable nadir reflectance measurements. Internal power bus voltage and current monitoring provides information for troubleshooting purposes. Various internal temperature sensors (on both photodetector arrays, SWIR module body and heat sink, internal ambient) assist with evaluation of the system state and correction for the thermal dependence of the radiometric measurements.
2.1.5 Communication interface
The communications scheme employing the industrial TIA-485 standard (also known as RS-485) and half-duplex physical layer enables system evaluation by using any generic TIA-485 transceiver and a PC. The default baud rate of 115200 with 8N1 frames is supported by most generic devices. The same interface is often used to control various PT units available on the market albeit at lower baud rates. The lack of high baud rate support on PT units means that multi drop communications among the host, pointing, and measurement units are not used. To increase throughput, binary data encoding as well as data rates up to 8 Mbit s−1 can be used (in transceivers that support it). All datasets have cyclic redundancy check (CRC) checksums and are split into packets of up to 1 KiB that each have their own checksum. Communications are handled by an open source Linux driver1 that exposes C/C++ and Python 3 application programming interfaces for integration into custom software. This driver handles all the setting-up, acquisition and data downloads as well as managing any communication issues with minimal user intervention. The end user application developer does not have to worry about specific differences between instrument models or versions, since all the data packets and structures are unified.
2.1.6 Power supply
The power supply circuitry within the spectroradiometer generates all the internal power rails necessary for operation from the provided power input of 8–30 V. Support for off-grid 24 V supply rail during active charging at 27–29 V is present, but currently not used due to constraints from the other parts of the system. Automotive load dump and battery-reverse protection to ISO 16750–2 levels implemented in the design of the power supply protect the most valuable parts of the spectroradiometer.
2.1.7 Firmware
The firmware of the spectroradiometer is remotely upgradeable. This allows not only for bugfixes, but also implementation of some site-specific user requests. As an example, typically automatic integration time adjustments are started from some low-mid range value. For low brightness targets the optimisation algorithm has to extend the integration time for each measurement which increases total sequence time. Per user request, inverted logic was implemented, where the integration time of the previous measurement was used as a starting point, thus reducing the total duration of each sequence.
Graceful degradation is the ability of a system to retain partial functionality even when a portion of the overall system has been rendered inoperative. Damage of non-essential parts (environmental sensors, RGB camera) is reported by the instrument, all the while allowing to perform the other tasks.
2.2 Reference LED
One of the main requirements for the HYPSTAR is low maintenance need during field operations. Performing high quality optical measurements is a difficult task even in laboratory, let alone in field conditions. In order to automatically assess the responsivity of the instrument on regular basis, a stable LED-based reference light source is added to the system. The LED source is not used for absolute radiometric calibration of the instrument but should enable identification of variation of responsivity during a long deployment from processes such as spectrometer ageing or fore-optics contamination. It is considered an unknown but stable source and repeated measurement of that source in identical measurement conditions should give identical results. Detected variations in the measured brightness are used to inform on potential instrument servicing.
LEDs have high radiant efficacy which is relevant for off-grid systems and their vibration and shock tolerance is also much higher than that of any incandescent light source. LEDs exhibit temperature dependence for both emission wavelength and intensity (Eugène and Deswert, 2009; Cengiz et al., 2022), but this can be mitigated with thermal monitoring and stabilisation.
The radiometer is pointed towards the reference LED by tilt axis movement of the PT (see Figures 3, 4). The pointing accuracy is determined by the repeatability and backlash of the pointing system. A quite large ᴓ 42 mm diffuse source is used as a reference, in order to limit the sensitivity to pointing accuracy. A borosilicate glass window protects the fused silica diffuser of the reference LED from the elements.
[image: Figure 3]FIGURE 3 | (A) Top-of-the-mast assembly of the HYPSTAR-XR system deployed in Gobabeb, Namibia–spectroradiometer (1), reference LED (2), pointing system (3), junction box (4), and cable supports (5). The vertical axis of the pointing system (3) is fixed to the mast and the entire assembly above (and including) the lower cable support (5) moves when panning. (B) HYPSTAR host unit with the enclosure door open–monitor photodiode and rain sensor (1), PC (2), Yocto-Pictor (3), high speed RS-485 transceiver for the spectroradiometer communications (4), cable to junction box (5), surveillance camera power connectors (6) and (7) (unused in this image), cable to monitor photodiode and rain sensor (8), connector for external GNSS/WiFi/mobile antenna (9) (unused in this image), system power supply input (10), and Ethernet connection (11).
[image: Figure 4]FIGURE 4 | Different tilt positions of the radiometer: measurement of the reference LED using irradiance (A) and radiance (B) entrance; measurement of downwelling irradiance (C); measurement of nadir radiance and parking (D).
A broadband white LED with emissions in the range of 400–800 nm is used for the VNIR range. Due to rather high losses in the optical paths (the source diffuser coupled with the radiometer diffuser in the case of irradiance measurement) a high-power source is required. Excess heat from the power LED is transported to the external aluminium casing which houses a heat sink. The LED temperature is monitored via an adjacent sensor on the circuit board. When the temperature reaches the setpoint the reference unit reports back to the spectroradiometer that the reference measurement can be performed. The setpoint is determined automatically based on the ambient temperature and the user configurable LED current and is typically 30°C or 40°C for mid-latitude summer.
2.3 Pointing unit and instrument mounting
An active pointing system is required due to the single body design and the taking of both irradiance and radiance measurements at various angles. For estimating remote-sensing reflectance of water using above-water instruments (Mobley, 1999; Ruddick et al., 2019), the measurements have to be made in three directions: downwelling irradiance (zenith), sky radiance (tilted upwards), and water radiance (tilted downwards). In addition, the optimal azimuth of sky and water measurements is at a fixed relative angle to the Sun. A PT allows following the diurnal movement of the Sun and switching between positive and negative relative azimuth as necessary to avoid pointing at the superstructure or its shadow. Zenith pointing capability can also be used for more advanced water measurement protocols (Goyens and Ruddick, 2023). The directional effects of surface reflectance for land targets (Kuusk et al., 2014; Gatebe and King, 2016) can be captured with an active pointing system, thus, matching the view geometry of different satellite sensors.
The HYPSTAR system incorporates the Will-Burt Bowler RX dual axis side-mount PT, with 360° range in both axes providing fully spherical coverage. This PT requires 12 V DC power supply and provides rotation speeds of 24° s−1 and 6° s−1 for pan and tilt, respectively, with better than 1° precision.
The top-of-the-mast assembly of a HYPSTAR-XR system deployed in Gobabeb, Namibia, is shown in Figure 3A. The PT serves as an interface between the superstructure and the measurement and reference units, which are mounted on the pointing unit using custom design mounting brackets and a junction box to reduce the number of cables necessary to connect the whole setup to the host unit. Splitting a single cable above the rotation point reduces the load on the PT as well as the possibility of damaging the cabling due to repeated rubbing action while rotating. The mounting brackets incorporate cable supports that elevate cabling to prevent entangling, rubbing, and relieve bending stresses on the electrical connectors.
The reference unit is fixed to the body of the PT and pans together with the radiometer, which ensures that no measurement direction is blocked by the reference unit, but requires over 180[image: image] tilt range of the pointing unit. The reference LED is located slightly higher than the tilt axis so that the source window is inclined downward, which provides some protection against fouling (see Figure 4). At the same time the body of the reference unit remains entirely below the cosine collector of the spectroradiometer during the downwelling irradiance measurements. Rainwater and bird droppings are diverted from draining down the source window of the reference LED by a 3D-printed shroud.
The PT is mounted on the mast with a flange fixed to the end of the pan axis, and a slip-ring fastened with three stainless steel bolts. When the bolts are slightly loosened, the flange still supports the assembly while allowing it to be pointed to the desired position. Since the pan axis is locked to the mast, any pan movement rotates the body of the PT (and everything attached to it) instead.
The reference unit and the spectroradiometer are aligned in the mounting brackets with the help of a 3D-printed alignment tool which allows for aligning laterally, vertically, and rotationally. It also doubles as a physical support during transportation of the top-of-the-mast assembly.
2.4 Host unit
HYPSTAR setups require a control system that deals with scheduling, power and communications management as well as data offloading to network. The host unit is built around the industrial-grade PC Cincoze DE-1000 running a Linux operating system. Either Debian Stable or Manjaro has been used for the prototype systems deployed so far.
As shown in Figure 3B, an IP-66-rated box houses the PC and:
• an RTC that keeps track of the time and power-up schedule;
• six power management relays that are used for turning the other subsystems on and off;
• a global navigation satellite system (GNSS) receiver for location data and time synchronisation;
• a high speed RS-485 transceiver used for communicating with the spectroradiometer;
• intra-system communications ports that are used to connect other external parts of the system: the pointing, measurement, and reference units at the top of the mast, the rain/light sensors, external web cameras, Ethernet port, external WiFi or mobile antenna, and power input.
The RTC, relays, and GNSS are integrated into a bespoke Yocto-Pictor device manufactured by Yoctopuce (Geneva, Switzerland). The six relays provide power to the PC, PT, spectroradiometer and reference LED, heated rain sensor, and independently up to two surveillance cameras. The PC relay is controlled by the RTC; the switching of all other relays is managed by the PC software.
Power management is performed by a dedicated RTC which controls the power relays in a timed fashion. Typically, the measurement sequences are performed at certain time slots (usually every 15–30 min) during daytime, when light conditions are sufficient for obtaining meaningful data. The whole system, with exception of the low-power RTC, shuts down between sequences. The RTC contains also a programmable watchdog timer that powers off all the subsystems if the measurement sequence has not been finished and the system gracefully shut down. The watchdog prevents the system from draining the batteries of off-grid setups or just hanging indefinitely in the case of a software bug.
At the start of a sequence, the RTC powers up the PC which starts execution of open source scheduler software2 written in Python 3. This software first checks the rain sensor to verify that external weather conditions are suitable for performing the measurements. If rain is detected, the PT is requested to point the spectroradiometer towards nadir (in case it was not already parked for some reason, e.g., hard power-off by the watchdog timer at the end of the previous sequence) to protect the entrance optics from contamination and the system is shut down until the next programmed timeslot.
If no rain is detected, a series of basic checks is performed as the units are sequentially powered up. The user-defined sequence containing PT movements, spectroradiometric measurements, and RGB camera captures, is then executed. The broadband photodiode (ROHM Semiconductor BH1751FVI photometric light sensor) signal is recorded at 1 Hz rate during the sequence for monitoring the stability of the downwelling irradiance. Once all the measurements have taken place the system is shut down. For power and time saving reasons the data are uploaded to the network as a background process during the next measurement sequence. Local copies of the data are preserved until they are manually deleted by the operator.
Two 12 V independent power sockets are available to power up the optional surveillance cameras (in our case, commercial-grade ABUS TVIP6256x-series cameras). The data link to the cameras depends on the site infrastructure and can be either wired or wireless. Wireless connection directly to the PC is possible if the PC is configured as a WiFi access point. The cameras can be scheduled to record a snapshot during each measurement sequence.
A GNSS receiver is used as a backup time synchronisation device in case network time is not available. Since these systems are intended for fixed-site installation, the correct time and location data are only used to calculate the Sun angle.
Various external communications and power supply possibilities are available. For sites with grid power an AC/DC converter and, where available, fixed Ethernet connection might provide the best results. For remote and off-shore installations a battery-backed solar panel system is preferred, with WiFi or mobile connection for data transmission.
Each of the host units establishes a reverse-SSH connection to either the WATERHYPERNET or LANDHYPERNET data server for remote access during measurement time. This can be used to connect to the host unit remotely even in environments with dynamic IP address assignment (such as mobile networks). Once connection is established, subsequent scheduled power-down can be prevented allowing time necessary for performing remote maintenance or updates.
The system is designed for automated operation and is not meant to be used as a general purpose radiometer. Hence, the rather minimalistic graphical user interface is provided only to perform basic functional tests on the subsystems.
2.5 Power and data budgets and standard measurement sequences
The power and data budgets of the HYPSTAR setup depend on various parameters and are not very deterministic. The main drivers are the scheduling and sequence configurations which determine how often the system is powered up and which data are acquired. For example, the integration time of the spectroradiometer depends on the downwelling irradiance and target radiance. The power consumption of the SWIR detector thermal stabilisation is driven by the difference between the setpoint and the ambient temperatures. The JPEG compression ratio of the camera images depends on the image content.
The approximate power consumptions of the main system components during operation are:
• host system (PC, Yocto-Pictor, stationary PT): 14 W;
• HYPSTAR-SR spectroradiometer: 4 W;
• HYPSTAR-XR spectroradiometer, SWIR temperature stabilised to 0°C at 20°C ambient: 8 W;
• PT movement: 2 W;
• reference LED at 1 A: 5 W;
• ABUS surveillance camera: 1.5 W.
It should be noted, however, that the instantaneous peak consumptions at the moment of switching on the loads and charging the internal capacitors of the subsystem power supplies or during PT acceleration and deceleration can be substantially higher. If the system is powered from an AC/DC converter, it must have good load regulation capability for handling the load transients, otherwise the voltage may sag temporarily to a level that causes the HYPSTAR system to reboot.
A standard measurement sequence of the HYPSTAR-SR systems integrated into the WATERHYPERNET network contains the following:
• [image: image] downwelling irradiance + [image: image] dark + picture;
• [image: image] sky radiance + [image: image] dark + picture;
• [image: image] water radiance + [image: image] dark + picture;
• [image: image] sky radiance + [image: image] dark + picture;
• [image: image] downwelling irradiance + [image: image] dark + picture;
• picture of the Sun (for checking the pointing accuracy);
• park to nadir.
The water sequence is usually executed every 15–30 min for 8–12 h centred around the local noon and takes typically 4–7 min. The daily data budget is usually 25–50 MB for the spectra and target images, and 3–8 MB for the snapshots of the surveillance cameras. Typical daily power consumption is 30–60 W h d−1. More details about the data acquisition protocol and data processing of the WATERHYPERNET systems can be found in (De Vis et al., 2024b; Ruddick et al., 2024b).
The HYPSTAR-XR systems of the LANDHYPERNET measure the multiangular reflectance of the target according to the following standard sequence:
• [image: image] downwelling irradiance + [image: image] dark + picture;
• ([image: image] surface radiance + [image: image] dark) in 27 directions + nadir picture;
• [image: image] downwelling irradiance + [image: image] dark + picture;
• park to nadir.
The land sequence takes longer to execute due to the larger number of captured spectra. Typical run time at a vegetated site is 8–12 min. The sequences are executed every 20–30 min. The much larger number of captured spectra compared to the water systems increases the daily data budget to 150–200 MB. Typical daily power consumption is 150–250 W h d−1 for the LANDHYPERNET HYPSTAR-XR systems. More details about the LANDHYPERNET data acquisition protocol are presented in (De Vis et al., 2024b).
3 CALIBRATION AND CHARACTERISATION
The HYPSTAR spectroradiometer prototypes were manufactured in three batches during the H2020/HYPERNETS project. The performance of all the units was thoroughly studied in laboratory and field conditions, and the design refined between batches. The third batch contained nine HYPSTAR-SR and eight HYPSTAR-XR units. The calibration and characterisation results are presented in the following sections as the mean and standard deviation of the parameters of the third batch HYPSTAR instruments.
3.1 Radiometric calibration and noise metrics
The link between the digital number (DN) output of the radiometer and the international system of units (SI) is established by measuring a known source with SI-traceable (ir)radiance. Common setups use the direct illumination of a calibrated quartz-tungsten-halogen (QTH) lamp for the irradiance calibration (Schinke et al., 2020), and a diffusing plaque with calibrated reflectance illuminated by the same (or similar) lamp for the radiance calibration (Białek et al., 2020).
The signal-to-noise ratio (SNR) depends on the measured signal and settings of the measurement device. Many sources of noise can affect photosensors (Konnik and Welsh, 2014). Generally, the overall noise is expressed as the sum of the photon noise, the dark noise, the readout noise, and the digitisation noise (Moses et al., 2012). The photon noise (also known as shot noise or Poisson noise) is related to the quantised nature of light and the random fluctuations in the arrival and detection of the photons (Hasinoff, 2014). The standard deviation of the photon noise increases with the square root of the signal. The dark noise is driven by the shot noise of the thermally generated electrons recorded by the photodetector. Since the dark signal increases with sensor temperature and integration time, so does the dark noise. The readout and digitisation noise are related to reading the signal from the photodetector and analogue-to-digital conversion, respectively, and do not depend on the measured signal.
The highest SNR is achieved when the signal approaches the saturation level at the lowest integration time, thus, minimising the dark noise. This situation is obviously not guaranteed during field measurements as we are limited by the intensity of the natural illumination. The noise level was analysed from the radiometric calibration data which represents more realistic use case in terms of using the dynamic range of the sensor and selecting the integration time.
The radiometric calibration was performed using a 1 kW FEL lamp (and plaque, for radiance) positioned at a distance of 500 mm. The integration time during the radiance (irradiance) calibration was automatically adjusted to 32 ms (512 ms) and 128 ms (2048 ms) for the VNIR and SWIR modules, respectively. The SNR was calculated as in Eq. (1) below:
[image: image]
where [image: image] and [image: image] are the mean light and dark signal at wavelength [image: image], respectively, and [image: image] is the standard deviation of the light signal. The noise equivalent irradiance difference (NEdI) and noise equivalent radiance difference (NEdR) are the (ir)radiance values corresponding to [image: image] and were calculated as the (ir)radiance of the calibration standard divided by the SNR.
The noise metrics calculated from the radiometric calibration data are presented in Figure 5. The SNR values correlate with the raw signal level peaking at 300 for the VNIR and at 3000 for the SWIR modules. The lower mean SNR of the HYPSTAR-XR irradiance measurements in Figure 5A is due to the lower raw signal level when measuring the irradiance calibration standard. While the mean peak raw signal value before subtracting the dark was between 47000 DN and 49000 DN for the irradiance calibration of the SR and radiance calibration of both the SR and XR units, the average peak signal of the XR irradiance measurements remained below 41000 DN, but still within the target range of the automatic integration time adjustment.
[image: Figure 5]FIGURE 5 | Mean (A) signal-to-noise ratio (SNR) and (B) noise equivalent radiance difference (NEdR) and noise equivalent irradiance difference (NEdI) of the HYPSTAR spectroradiometers during radiometric calibration. The error bars indicate the standard deviation of the results of nine SR and eight XR units.
Finally, we note that for field measurements the SNR can be improved by averaging over replicates.
3.2 Non-linearity
The radiance and irradiance levels measured in the field depend on various parameters (solar zenith angle (SZA), target reflectance, atmospheric composition, wavelength, etc.) and can vary over an order of magnitude. The raw output signal of the spectroradiometer is usually calibrated using single (ir)radiance levels.
The linearity of the VNIR and SWIR spectrometer modules was tested using two different methods: the “flux addition” method (Sanders, 1972), where the integration time was kept constant and the source radiance was changed and the “constant source” method (Pacheco-Labrador et al., 2014) where the source radiance was kept constant and the integration time was changed. The non-linearity factor [image: image] for the flux addition method was calculated as:
[image: image]
where [image: image] and [image: image] are the dark-subtracted signals when the spectrometer is illuminated by flux [image: image] and [image: image], respectively, and [image: image] is the signal when illuminated by both fluxes simultaneously. As suggested by Sanders (1972), the fluxes [image: image] and [image: image] were adjusted to be roughly equal. If the system is linear, [image: image].
The non-linearity factor for the constant source method can be expressed as:
[image: image]
where [image: image] is the integration time and [image: image] is an arbitrary multiplier. The results are directly comparable to the flux addition method if [image: image]. There was good agreement between the non-linearity factors determined with these two methods for both the VNIR and SWIR modules, the mean absolute difference was 0.002 and 0.001, respectively. Since the constant source method is easier to implement, it was chosen for linearity characterisation of all HYPSTAR spectroradiometers.
The radiance of the source as well as the responsivity of the spectrometer vary with wavelength, resulting in different pixel values in a single spectrum. No wavelength dependence of the non-linearity factor was evident, except for some SWIR modules, and the entire dynamic range of the sensor could be covered with measurements at only a few different integration times. The non-linearity factors obtained using the constant source method did not depend on the source radiance used for the measurements.
The non-linearity factor defined by Eqs 2, 3 describes the non-linearity of the dark-subtracted raw signal in digital counts with respect to the signal that the same instrument would record in the case of half the radiant flux when using the same instrument settings (flux addition method) or in the case of half the integration time when measuring the same radiant flux (constant source method). For instance, [image: image] at 60000 counts implies that measuring the same source using half the integration time would yield a result of 31250 counts instead of the 30000 counts that a perfectly linear system would measure. At the same time, the non-linearity factor at 30000 counts describes the non-linearity with respect to 15000 counts and so on. No particular number of digital counts can be considered to be the “correct” level.
A polynomial function [image: image] with zero intercept was fitted to the factor [image: image]. The polynomial was sixth-order for the VNIR modules and fourth-to-12th-order for the SWIR modules, depending on the manufacturing quality of each detector. Next, the fitted polynomials were used to calculate the non-linearity correction factors [image: image] for each possible pixel value [image: image] in the range 1–65535 DN as shown in Eq. (4) below. 1 DN was arbitrarily chosen as the “correct” level and the non-linearity factors were iteratively multiplied until 1 DN value was reached:
[image: image]
For non-linearity correction, the dark-subtracted pixel value [image: image] has to be divided by the correction factor [image: image]. The mean [image: image] is presented in Figure 6.
[image: Figure 6]FIGURE 6 | Mean non-linearity correction factor [image: image] for the VNIR and SWIR spectrometer modules of the HYPSTAR spectroradiometers. The error bars indicate the standard deviation of the correction factors of 17 VNIR and eight SWIR modules.
3.3 Thermal sensitivity
Thermal sensitivity of the spectroradiometer can be a significant source of bias and uncertainty for radiometric measurements, especially in the NIR spectral region for instruments without thermal stabilisation for the silicon photodetectors (Salim et al., 2011; Zibordi et al., 2017; Vabson et al., 2024).
During the characterisation, the instrument was placed inside an environmental chamber. The flux from a stabilised QTH source located outside the chamber was coupled to the radiance or irradiance entrance of the HYPSTAR with an optical fibre. The temperature inside the chamber was ramped from 20°C up to 40°C and maintained for 1 hour, then ramped down to −20°C and maintained for 1 hour and then ramped back up to 20°C. The ramp-up and ramp-down rates were approximately 1°C min−1. During the experiment the lamp signal and the dark signal were alternately recorded. The dark-subtracted lamp signals were normalised to 30°C and the thermal dependence of responsivity was approximated with a second order polynomial for each spectral band.
Second order fit implies that the thermal coefficients were not constant throughout the characterised temperature range. However, the coefficients of the second degree terms of the fitted polynomials were small and the deviation from linear dependence was not significant. The temperature coefficients characterised at 30°C are presented as a function of wavelength in Figure 7. The thermal dependence was characterised using only the irradiance entrance for most of the units. The characterisation was repeated with radiance entrance for three units and the results obtained with radiance and irradiance entrances agreed within the standard deviations as shown in Figure 7B.
[image: Figure 7]FIGURE 7 | (A) Mean temperature coefficient of the VNIR and SWIR spectrometer modules of the HYPSTAR spectroradiometers measured at 30 °C using the irradiance entrance; (B) mean temperature coefficient of three VNIR spectrometer modules (of one XR and two SR units) measured with the radiance and irradiance entrances at 30°C. The error bars indicate the standard deviation of the temperature coefficients of 17 VNIR and eight SWIR modules (A) and three VNIR modules for both radiance and irradiance measurements (B).
3.4 Angular response
Irradiance entrance optics should collect hemispherical radiation with an angular response that varies as the cosine of the incident angle. Deviations from this ideal behaviour are expressed by the “cosine error” [image: image] in Eq. (5) below (Pulli et al., 2013):
[image: image]
where [image: image] is the dark-subtracted signal at wavelength [image: image] when the incident angle is [image: image]. The integral cosine error [image: image] which accounts for the impact of cosine error over the hemisphere is defined as (Pulli et al., 2013):
[image: image]
Each radiometer was mounted on a computer-controlled rotation stage and illuminated by flux from a 450 W Xenon short arc gas discharge lamp (e.g., Mekaoui and Zibordi (2013) and references therein). The apparent size of the source was 1° which is roughly double the apparent size of the Sun. The integral cosine error defined by Eq. (6) was calculated after averaging the cosine errors [image: image] measured at equal negative and positive incidence angles [image: image]. The mean cosine error is shown in Figure 8.
[image: Figure 8]FIGURE 8 | (A) Mean cosine error and (B) mean integral cosine error of the HYPSTAR spectroradiometers. The error bars indicate the standard deviation of the cosine error of nine SR and eight XR units.
The angular response of the radiance entrance was characterised for only a few HYPSTAR spectroradiometers using a setup similar to cosine response characterisation, but instead of the Xe source a H1 QTH lamp with a very small filament was used. As an example the characterisation result of a single HYPSTAR-SR unit measured in two orthogonal planes is shown in Figure 9. The slight asymmetry, nonuniform response within the FOV, and the FOV somewhat narrower than the nominal value given in Table 1 were characteristic to all the HYPSTAR units for which the radiance angular response was measured.
[image: Figure 9]FIGURE 9 | Angular response of a single HYPSTAR-SR spectroradiometer measured in two orthogonal planes and normalised to 0° incidence.
3.5 Polarisation sensitivity
Light reflected or scattered from some natural targets like sky or water surface can be linearly polarised to some degree (Brewster, 1815; Hansen and Travis, 1974). If polarising targets are observed with a polarisation-sensitive spectroradiometer, the measured signal depends on the alignment of the sensor relative to the target. Such sensitivity increases the measurement uncertainty unless appropriate models are used to exploit the additional information carried by the polarisation signatures.
The polarisation sensitivity of the HYPSTAR spectroradiometers was characterised by measuring the signal of an unpolarised stable source (integrating sphere illuminated by a QTH lamp) through a wire-grid polariser (Thorlabs WP50L-UB with typical extinction ratio over 2500 at 350 nm and increasing with wavelength) at 15° increments of the polariser rotation angle. The polarisation sensitivity, in percent, is defined as in Eq. (7) below (Zibordi et al., 2019):
[image: image]
where [image: image] and [image: image] are the minimum and maximum values of the dark-subtracted sphere signal while rotating the polariser. The results are presented in Figure 10. The polarisation sensitivity of an early prototype of HYPSTAR-XR which did not have a depolariser in the radiance optical path is also shown for reference. The polarisation sensitivity was strongest in NIR and was reduced significantly by adding the depolariser. However, the depolariser introduced short wavelength spectral oscillations in the polarisation sensitivity similar to the MERIS scrambler described in Caron et al. (2017). For irradiance measurement mode the polarisation sensitivity was negligible due to the depolarising nature of the diffuser.
[image: Figure 10]FIGURE 10 | Mean sensitivity to linear polarisation. The shaded backgrounds indicate the standard deviation of the results of nine SR and seven XR units.
3.6 Spectral calibration
Spectral emission lines of Xe, HgAr, and Kr Pen-Ray gas discharge lamps were used for spectral calibration. The Pen-Ray lamps were measured with both optical entrances. The lamp was placed as close as possible to the irradiance entrance, without touching the protective glass dome. Behind the lamp was a white sheet of PTFE which covered the entire FOV of the radiance optics, therefore, radiance measurement recorded the lamp flux that was diffusely scattered from the PTFE.
Gaussian functions were fitted to some selected spectral emission lines. A fourth-order polynomial was used to fit the series of Gaussian means. The regression coefficients correspond to the spectral calibration coefficients used to convert pixel index to wavelength.
The different optical paths of the radiance and irradiance measurement inside the HYPSTAR result in different spectral response functions. The mean difference between the radiance and irradiance spectral calibrations is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Mean difference between the radiance and irradiance spectral calibration. The error bars indicate the standard deviation of the results of nine SR and eight XR units.
3.7 Spectral stray light
A fraction of incoming photons of a certain wavelength are scattered inside the spectrometer and incorrectly recorded by pixels corresponding to some other wavelength. The full recorded spectrum corresponding to monochromatic input and normalised to peak value is called a spectral line spread function (LSF) (Zong et al., 2006). By tuning an adjustable monochromatic source through the entire spectral range of the sensor and recording the LSFs corresponding to each pixel, a spectral stray light matrix (SLM) can be constructed.
The SLM was determined for all the VNIR and SWIR spectrometer modules without the rest of the components (entrance optics, fibres, multiplexer) of the radiance and irradiance optical paths. A double monochromator illuminated by a QTH broadband source was used as the adjustable source of monochromatic excitation and the light was guided into the spectrometer module with a single core multimode fibre. A condenser lens was used to couple the light from the monochromator into the fibre at geometry corresponding to the nominal numerical aperture of the spectrometer module. The measured SLMs of a single VNIR and SWIR module are shown in Figure 12. The visible stray light features were found roughly similar yet with varying intensity in all units.
[image: Figure 12]FIGURE 12 | Spectral stray light matrices of only a single VNIR (A) and SWIR (B) spectrometer module measured without the rest of the HYPSTAR optical path.
The spectral stray light characteristics of a spectrometer module depend on illumination geometry (Kuusk et al., 2018). The different optical paths of the radiance and irradiance measurements modes of each HYPSTAR sensor result in different LSFs. Figure 13 shows the radiance and irradiance of a green diode laser measured by a HYPSTAR-SR unit compared to the corresponding LSF of its VNIR spectrometer module (a single column of the SLM shown in Figure 12A). The centre wavelength and width of the main peak is slightly different for all these three measurements. The narrow peak at double the excitation wavelength is the second order diffraction that is largely suppressed (over three orders of magnitude) but not entirely blocked.
[image: Figure 13]FIGURE 13 | (A) The normalised signal of a green diode laser measured with the radiance (L) and irradiance (E) entrance of a HYPSTAR-SR and the line spread function (LSF) of the VNIR spectrometer module measured without the rest of the HYPSTAR optical path and (B) zoom in to the main peak at the excitation wavelength.
The measurement time was 12–15 h and over 2 h for each VNIR and SWIR module, respectively. Characterising the radiance and irradiance modes separately with the optical throughput reduced by the full optical path would extend the characterisation time of a single HYPSTAR to hundred(s) of hours. The experiment time could be reduced by measuring the LSF at selected wavelengths and modelling (Ylianttila et al., 2005; Kreuter and Blumthaler, 2009; Shen et al., 2009) or interpolating (Barlier-Salsi, 2014) the full SLM. This approach would likely give good results for the SWIR module since the SLM does not have fine features and varies smoothly across the spectral range (Figure 12B). However, the SLM of the VNIR module shown in Figure 12A is much more complex and has fine features that can not be easily modelled or interpolated. The most practical characterisation approach likely involves the combination of LSFs measurements for each pixel (or at least every few pixels) at shorter wavelengths and for a more sparse set of pixels in the NIR.
The stray light of the VNIR module significantly increases above 1100 nm, but the effect on field measurements is marginal due to the very low sensitivity of the silicon detector in this spectral region. Likewise, the sensitivity drops in the UV (as well as the natural illumination) and the stray light was not characterised below 300 nm.
The temperature coefficient in the UV increases, as can be seen in Figure 7. Similar results obtained for a spectrometer with a silicon charge-coupled device (CCD) array detector have been explained by the temperature-dependent reflectivity coefficients of the silicon material (see Nevas et al. (2012) and references therein). However, the dark-subtracted raw signal of the incandescent source used for the characterisation was nearly three orders of magnitude lower at 350 nm compared to the peak signal at 760 nm, which gives reason to believe that the increase of the measured temperature coefficient in the UV includes stray light contributions from the longer wavelengths, for which the temperature dependence of the silicon photodetector is stronger.
4 REFERENCE LED MEASUREMENTS AND LONG-TERM STABILITY
One of the unique features of the HYPSTAR system is the reference LED for monitoring the stability of the radiometric calibration during long-term unsupervised deployment. It is rather common that the responsivity of radiometers change over time (Vabson et al., 2024). In addition to the inherent sensitivity change (usually decay) of the radiometer there is additional external contribution related to long-term unattended outdoor measurements which is the contamination of the sensor’s optics by ambient conditions, including weather and wildlife activity. The responsivity change can be monitored by regularly measuring a stable reference source. The HYPSTAR systems are programmed to measure the reference LED at night to reduce the amount of background illumination affecting this measurement. The generally lower nighttime temperatures (and associated lower temperature variations) have the advantage to limit the thermal noise. Moreover, the nightly measurements do not interfere with the daily surface reflectance measurement sequences.
The reference LED measurements are illustrated by the time series of two HYPSTAR deployments. Three measurement sequences of LED and dark acquisitions were scheduled for each night at 1 hour intervals around the local midnight. Initially, due to the limitations of the host unit software, the sequence contained only a single light measurement with the irradiance entrance followed by ten dark acquisitions. After the host system software update in the middle of July 2023 the sequence was changed to ten LED measurements followed by ten dark measurements with both entrances. The optical entrances were individually aligned with the reference LED by tilt axis movement of the PT before the measurement. Some of the scheduled acquisitions were not successful mainly for three reasons: 1) failure to reach the LED temperature setpoint within 2 min; 2) rain detected and sequence aborted or skipped; 3) system downtime either due to the site activities (dredging works at the HYPSTAR-SR location) or software errors (both sites were used for beta-testing the host system software developments which on few occasions required a site visit to fix).
The HYPSTAR-SR system was deployed on 27 April 2023 in the Võrtsjärv Limnological Station (Nõges et al., 2001) on the shore of Lake Võrtsjärv in central Estonia. The reference LED measurements were started on 8 May and 14 July for irradiance and radiance, respectively. The LED acquisition time series is displayed in Figure 14A as percent difference from the mean of the entire time series. Each data point was calculated as the mean light signal minus the mean dark signal and averaged over all the VNIR detector pixels without applying any calibration or corrections to the raw data. The decrease of variability of the irradiance data in the middle of July is caused by better averaging after the light measurement count was increased. Both radiance and irradiance signals decreased at about −0.5 % months−1 until in the middle of September there was a sudden decrease of the measured LED signal, especially for the radiance measurements. The radiometer and LED optics were cleaned on 21 September and the measured LED signals returned to the original levels. Before cleaning there were some light spider webs covering the radiance and irradiance entrances, the window of the reference LED looked visually clean.
[image: Figure 14]FIGURE 14 | Time series of the reference LED signal as percent difference from the mean for HYPSTAR-SR (A) and HYPSTAR-XR (B). The horizontal axis starts at the time of field deployment, the vertical dotted lines indicate cleaning of the optical windows of the radiometer and the reference LED. −0.5 % months−1 rate is shown for reference.
The HYPSTAR-XR system was deployed on 30 March 2023 in a rural area in South-Eastern Estonia at the Järvselja Experimental Forestry Centre. It is mounted above a mixed forest on top of a 30 m scaffolding mast which is part of the SMEAR-Estonia research station infrastructure (Noe et al., 2015). The irradiance (radiance) reference LED measurements started on 25 May (19 July), and the corresponding time series are shown in Figure 14B. The sensor optics were cleaned on 19 September from spider webs, whitish deposit (possibly dust or pollen) and a brown spot of unknown origin. As for the HYPSTAR-SR, the cleaning procedure restored the LED signals to the initial levels.
The reference LED measurement time series presented in Figure 14 indicate that the main contribution of the long-term responsivity change of these two HYPSTAR deployments is caused by the contamination of the entrance optics. If the radiance and irradiance measurement time series have different trends, it is quite likely that the contamination is on the radiometer entrance optics. However, if the trends are similar like for the HYPSTAR-SR in July-August (Figure 14A) it is not possible to determine if the contamination affects the radiometer entrance optics or the LED window. Nevertheless, the reference LED measurements are helpful for detecting major contamination events like the spider webs that appeared in September on both sites.
Most of the HYPSTAR radiometers of the third manufacturing batch have been calibrated only once and there is no calibration history that could be used for evaluation of the long-term stability. Only the two HYPSTARs that were deployed at the Estonian sites have post-deployment calibration available from May 2024. The radiometers were calibrated before and after cleaning the entrance optics to evaluate also the impact of contamination. The mean change of radiometric responsivity of the HYPSTAR-SR (HYPSTAR-XR VNIR; SWIR) compared to the pre-deployment calibration made in January 2023 was −1.5% (0.2%; −0.4%) for radiance and 0.6% (0.4%; 0.4%) for irradiance. The mean impact of fore-optics contamination was −0.8% (−0.8%; −0.4%) for radiance and −2.2% (−1.4%; −0.7%) for irradiance. The change of responsivity over 16 months remained within the calibration uncertainty for both of these HYPSTAR radiometers.
5 FUTURE IMPROVEMENTS
The HYPERNETS network is expected to expand slowly in coming years which requires production of new HYPSTAR systems (Ruddick et al., 2024a). There are a number of design refinements that are planned to be implemented:
• During the prototyping and testing phase it was necessary to have easy access to system components inside the enclosure of the host unit. As can be seen in Figure 3B there is a lot of free space inside the host unit and the layout of the components can be optimised which allows using smaller and lighter enclosure.
• Currently the two surveillance cameras are powered by 12 V from the host system and use either wired or wireless data link depending on the site infrastructure. Adding a power over Ethernet (PoE) switch to the host unit and replacing the cameras with PoE-capable ones allows unifying the system topology by using a single cable for both power and data.
• The cables interconnecting the subsystems have plastic IP-68-rated Samtec AccliMate series bayonet connectors. The alignment keys of these circular connectors are rather small and the plastic shell not rigid enough to prevent mismating by 90° or 180° if the contact pin arrangement allows it (e.g., the four-pin input power connector) and slightly more force is applied. The connectors will be replaced by more robust ones that can not be easily mated in wrong orientation.
• It has been observed that LEDs tend to exhibit instability in light output for a period of time right after manufacturing. Example graphs by Liu et al. (2012) show that for the first couple of hundred of hours the luminous efficiency is unstable, but at some point it reaches a plateau before starting to gradually degrade. The LEDs used in the HYPSTAR reference units produced during the H2020/HYPERNETS project were not aged before deployment in the field. Pre-ageing of the LEDs is planned as a future improvement for the next HYPSTAR reference units.
• After powering on with constant current, the LEDs exhibit a short-term optical output power change related to resistance change due to internal heating until thermal equilibrium is reached. During this heating period a drop in diode forward voltage [image: image], typically in the −1.5 mV K−1 to −2.5 mV K−1 range, is observed (Eugène and Deswert, 2009). Since power is a function of both current and voltage, the radiated output power drops along with [image: image] if the current is held constant. The reference units manufactured so far use only passive temperature monitoring. A setpoint temperature above ambient is chosen and when the LED temperature reaches the setpoint the radiometer is signalled to start the measurement. The reference unit design can be improved by adding an active thermal control for temperature stabilisation.
• The reference units presently feature a white LED which does not emit in the SWIR. Adding SWIR diode(s) would be desirable for monitoring the calibration stability of the HYPSTAR-XR units. While high-power, VNIR broadband LEDs are readily available thanks to phosphor conversion and common lighting technologies, the broadband SWIR emitters available on the market have a significantly lower power output. Narrowband diodes can alternatively be used, especially because it is not essential to monitor all wavelengths to characterise the calibration stability.
• Characterising the spectral stray light only for the spectrometer module without the entrance optics, fibres, and multiplexer does not adequately represent the spectral stray light of neither radiance nor irradiance measurement. The spectral stray light measurement has to characterise the entire optical path.
• Only radiometric and spectral calibration coefficients and non-linearity correction factors are currently used in the hypernets-processor (De Vis et al., 2024b). The rest of the characterisations described in Section 3 need further work, especially in terms of uncertainty evaluation for being mature enough to be incorporated in the data processing pipeline.
6 CONCLUSION
A new hyperspectral radiometer system HYPSTAR is described, which enables fully automated field measurements of the multiangular reflectance of land and water targets. The hyperspectral design is suitable to the validation of remote sensing satellite observations from any sensor of choice. The multiangular capability is especially useful for validating the land data with in-situ acquisitions captured at (or near) the satellite view geometry.
The HYPSTAR spectroradiometers are available in two configurations. The HYPSTAR-SR variant covers the VNIR spectral range at 3 nm FWHM resolution and is deployed at water sites. The HYPSTAR-XR units, which are used at the land sites, extend the spectral range to 1680 nm with a 10 nm spectral resolution in the SWIR domain. All HYPSTAR radiometers have both radiance and irradiance optical entrances, multiplexed into a single spectrometer module for the SR units and into a set of modules for the XR units. The multiplexer acts as a mechanical shutter when neither of the entrance is selected. This design reduces 1) laboratory characterisation efforts; 2) uncertainties due to correlations between radiance and irradiance measurements; and 3) cost, mass, size, and power consumption. The tradeoffs are reduced optical throughput and the impossibility of making concurrent radiance and irradiance measurements. The spectroradiometers also include a 5 MP RGB camera coaligned with the radiance and irradiance entrances for capturing diagnostic snapshots of the targets.
The spectroradiometer is mounted on a two-axis PT unit that provides full rotational freedom, including towards the LED source used to monitor the stability of the radiometric calibration. The system is controlled by a host unit that takes care of the scheduling and data acquisition, storage, and transfer to the central WATERHYPERNET or LANDHYPERNET server.
The performance of the HYPSTAR spectroradiometers was studied in the laboratory. The characterised parameters include radiometric responsivity, SNR, non-linearity, thermal sensitivity, angular response, polarisation sensitivity, spectral calibration, and spectral stray light. The average and standard deviation of the characteristics of nine SR and eight XR units are presented. Not enough calibration history has been accumulated for evaluating the long-term stability of the HYPSTAR radiometers. The pre- and post-deployment radiometric responsivities agreed within calibration uncertainty after 1 year deployment in the field for one SR and one XR unit.
The reference LED measurements are demonstrated for a HYPSTAR-SR deployment at an inland water site and a HYPSTAR-XR setup in a hemiboreal mixed forest for 4–5  months in the summer and autumn. Decay of the radiometric responsivity was evident for both setups, as well as recovery to the initial level after cleaning the fore-optics.
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Model HYPSTAR-SR HYPSTAI

Weight of top-of-the-mast assembly 63 kg 78 kg
Power supply (entire system) 12VDC, 40 W 12VDC, 50 W
' Operating temperature -25°C 10 45°C
Storage temperature -35°C 0 70°C |
Spectroradiometer
Measured quantity radiance and irradiance (multiplexed)
Field of view 2’ (radiance), 180" (irradiance) 5" (radiance), 180" (irradiance)
Detector array 2048 px Si 2048 px Si, 256 px InGaAs
Spectral range 380-1020 nm 380-1680 nm
Spectral sampling interval 05 nm 0.5 nm (VNIR), 3 nm (SWIR)
Spectral resolution 3 nm 3 nm (VNIR), 10 nm (SWIR)
ADC resolution | 16bit |
Integration time 1-65000 ms, independent for VNIR and SWIR
Shutter internal
Target camera 5 MP, RGB, 57" vertical and 44" horizontal FOV
Communication interface | RS-485, half duplex, 115.2-8000 kbits™
Housing material anodised marine grade aluminium
Environmental protection P67
Dimensions (DxL) 4110 mm x 267 mm @110 mm x 434 mm |
Weight 15kg 3kg
Power supply 8-30VDC, 6 W 8-30VDC, 25 W

Reference unit

Light source ¢ 42 mm diffuse, white LED spectrum
‘Communication interface | RS-485, half duplex, 115.2kbits™ |
Housing material anodised marine grade aluminium
Environmental protection 1P 67
Dimensions (DxL) 4110 mm x 108 mm
Weight | 08 kg
Power supply 8-30VDC, 10 W
Pointing unit
Communication interface RS-485, half duplex, 2.4 kbits™!, PELCO D protocol
Range 360" pan and tilt
7 Speed 2457 pan, 6 57 tilt i
Repeatability | <1
Backlash <0.15°
Housing material painted die cast aluminium
Environmental protection 1P 68
Weight | 19kg
| Host unit
Operating system Linux
Communication interface Ethernet, WiFi, mobile
Data storage 64 GB solid state drive
Enclosure material polycarbonate
Environmental protection 1P 66
Dimensions (HxWxD) 500 mm x 400 mm x 210 mm

Weight 10 kg + cables 4 kg
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