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Abstract

:

Multispectral band observations from Terra and Aqua MODIS, launched in December 1999 and May 2002, respectively, and from SNPP and NOAA-20 VIIRS, launched in November 2011 and October 2017, respectively, have continuously enabled a broad range of applications and studies of the Earth system and its changes via a set of geophysical and environmental parameters. The quality of MODIS and VIIRS science and environmental data products relies strongly on the calibration accuracy and stability of individual sensors, as well as their calibration consistency, especially for the data products generated using observations from sensors across different platforms. Both MODIS and VIIRS instruments carry a similar set of on-board calibrators for their on-orbit calibration. Besides, lunar observations are regularly scheduled and implemented in support of their reflective solar bands (RSB) calibration, especially their long-term stability monitoring. In this paper, we provide an overview of MODIS and VIIRS solar and lunar calibration methodologies applied for the RSB on-orbit calibration, and describe the approach developed for their calibration inter-comparisons using lunar observations, including corrections for the effects caused by differences in the relative spectral response and adopted solar spectra between individual sensors. The MODIS and VIIRS calibration inter-comparison results derived from their regularly scheduled lunar observations are presented and discussed, including associated uncertainties and a comparison with those derived using the Earth-view targets. Also discussed are remaining challenges in lunar calibration and inter-comparison for the Earth-observing sensors, as well as on-going efforts for future improvements.
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1. Introduction


Since their launches on 18 December 1999, and 4 May 2002, NASA’s Terra and Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) instruments have successfully operated for more than 22 and 20 years, respectively. MODIS observations, made in 36 spectral bands covering wavelengths from visible (VIS) to long-wave infrared (LWIR), have generated numerous data products that have significantly contributed to the remote sensing community and users worldwide for numerous advanced studies of the Earth’s system and its key geophysical and environmental parameters, as well as their changes over various temporal scales and geographic regions [1,2,3,4,5,6,7,8,9]. Developed by the same instrument vendor, the Visible Infrared Imaging Radiometer Suite (VIIRS) is a MODIS follow-on sensor designed to further extend and improve the global observations made by the MODIS instruments as well as many of their environmental products that have been widely used for comprehensive studies of the Earth’s system of land, oceans, and atmosphere [10,11,12,13,14,15,16,17,18]. To date, two VIIRS instruments have successfully operated onboard the Suomi National Polar-Orbiting Partnership (SNPP) and NOAA-20 (N20) satellites for more than 10 and 4 years since their respective launches on 28 October 2011 and 18 November 2017. As expected, the scientific value and significance of MODIS and VIIRS observations and their associated applications will continue to increase with time, especially with future launches of three identical VIIRS instruments onboard the Joint Polar Satellite System (JPSS) satellites, JPSS-2, -3, and -4 within the next ten years. This could potentially allow the current data records to extend beyond four decades [17,18]. JPSS-2 VIIRS is scheduled to launch in November 2022 and has recently completed its spacecraft-level integration and testing in the thermal vacuum environment.



The quality of MODIS and VIIRS data products depends strongly on their on-orbit calibration accuracy and stability, and their calibration consistency, especially for products and applications developed using observations from sensors operated on different satellites or platforms [14,15,16,19,20,21,22,23]. Both MODIS and VIIRS instruments, designed and built by Raytheon Santa Barbara Remote Sensing (SBRS, located in Goleta, CA, USA) and now Raytheon Intelligence & Space (RIS, located in El Segundo, CA, USA), carry a similar set of on-board calibrators (OBC) that include a solar diffuser (SD), a solar diffuser stability monitor (SDSM), a blackbody (BB), and a space view (SV) port. MODIS has an additional device, called the Spectroradiometric Calibration Assembly (SRCA) that was not included in VIIRS. The SD/SDSM system is used primarily for the reflective solar bands (RSB) calibration and the BB for the thermal emissive bands (TEB) calibration. The dedicated SV port provides measurements of instrument background, including thermal background and detector or electronic offsets, on a scan-by-scan basis [10,24,25,26]. Twenty of the thirty-six MODIS spectral bands (bands 1–19 and 26) are the RSB, covering wavelengths from 0.41 to 2.4 μm and at nadir spatial resolutions of 250 m for bands 1–2, 500 m for bands 3–7, and 1 km for the remaining bands. VIIRS has 14 RSB (M1-M11 and I1-I3) that cover nearly the same wavelength range as MODIS. Its imagery bands (I bands) have a nadir spatial resolution of 375 m while the moderate resolution bands (M bands) have a nadir spatial resolution of 750 m. Several VIIRS bands can make measurements at either high or low gain, thus referred to as the dual gain bands. Table 1 is a summary and side-by-side comparison of the MODIS and VIIRS RSB spectral wavelengths and their horizontal spatial resolutions (HSR). The VIIRS day and night band (DNB) is comprised of three gain stages covering a wavelength range from 0.5 to 0.9 μm and is greatly impacted by the on-orbit change in the relative spectral response (RSR) in SNPP. A study of the intercomparison results using lunar data was conducted in previous work, and therefore it is not included in this study [27].



In addition to SD/SDSM measurements, lunar observations are scheduled on a near-monthly basis and used in support of MODIS and VIIRS RSB on-orbit calibration stability monitoring [28,29,30]. The Moon provides an extremely stable radiometric calibration reference, especially in the reflective solar spectral regions. A lunar model, known as the Robotic Lunar Observatory (ROLO) model, developed at the USGS, is used to provide the predicted lunar irradiances (integrated over the entire lunar surface) for Earth-observing sensors [31,32,33]. Similar to MODIS and VIIRS, many Earth-observing sensors monitor their on-orbit calibration stability with comparisons of their calibrated lunar responses with the predicted lunar irradiances from the ROLO model [34,35,36,37,38]. The MODIS and VIIRS instruments view the Moon regularly through their SV ports, often coupled with spacecraft roll maneuvers. These spacecraft maneuvers are also coupled with a data sector rotation, where the wide field-of-view (FOV) Earth-view (EV) data sector is rotated such that it covers the SV port (the SV data sector FOV is narrow compared to the actual port size). Each instrument has its lunar observations kept within a small phase angle range, typically within 1 degree of its selected phase angle. The roll maneuvers are restricted to a narrow range (0 to −20° for MODIS, and 0 to −14° for VIIRS) to prevent unwanted radiation from Earth impinging on the radiative cooler. As of 1 July 2022, the Terra and Aqua MODIS instruments have scheduled and performed 216 and 205 lunar observations with most of their phase angles near +55° and −55°, respectively. The SNPP and N20 VIIRS, operated in the same orbit approximately 50 min apart, have made 90 and 39 lunar observations, respectively, with their phase angles mostly centered at −51.5°. The plus (+) phase angle refers to viewing a waning Moon whereas the minus (−) sign corresponds to a waxing Moon.



Apart from supporting the RSB on-orbit calibration and stability monitoring, lunar observations can be also used to assess the TEB calibration stability, the sensor spatial characterization performance, and cross-sensor calibration inter-comparisons [39,40,41,42,43]. This paper focuses on calibration inter-comparisons of MODIS and VIIRS RSB using their regularly scheduled lunar observations. It includes assessments and corrections applied to account for the effects due to the individual sensors’ RSR and their adopted solar spectra. For MODIS, this study will not include its short-wave infrared (SWIR) bands that have different levels of thermal leak and electronic crosstalk, which are known issues identified since pre-launch testing [44]. Although a correction algorithm applied to the Level 1B (L1B) for the EV observations has been effective in general, its application to the lunar observations, which have much higher thermal infrared signals, presents additional challenges in order to achieve results of the same level of radiometric accuracy as other RSB for high quality cross-sensor calibration inter-comparisons.



In the following, we provide a brief overview of MODIS and VIIRS solar and lunar calibration methodologies in Section 2, along with their applications for the RSB on-orbit calibration. The approaches of using lunar observations for MODIS and VIIRS RSB calibration inter-comparison are presented in Section 3, as well as the adjustments or corrections applied to address the impact due to sensor-specific RSR and selected solar spectra. Section 4 presents the results of this study, including examples of the lunar irradiance trending based on sensor measurements and that from the ROLO model predictions, and the calibration differences between the two MODIS, two VIIRS, and MODIS and VIIRS instruments. Also discussed in Section 4 are key uncertainty contributors involved in the lunar calibration inter-comparison process, as well as a comparison of calibration differences derived from lunar observations with that from the observations of EV targets. Section 5 is a short summary of this study. As illustrated in this paper, both MODIS and VIIRS RSB have been well calibrated using their on-board solar diffusers and lunar observations, allowing high quality data products to be generated over their entire missions. The calibration differences between the Terra and Aqua MODIS VIS/NIR bands are generally small, within their combined uncertainties. For the two VIIRS instruments, however, several band pairs have shown large calibration differences of up to 3.8% that are likely due to larger than expected pre-launch calibration uncertainties associated with their solar diffuser calibration system. Results of this study will greatly help the science community and algorithm developers with a better understanding of MODIS and VIIRS calibration quality and calibration biases in the current data products and support their efforts, including strategies to address sensor differences, to generate high-quality climate data records using observations from multiple sensors. The approaches and techniques presented in this paper will also benefit other Earth-observing instruments that either have acquired or plan to acquiring on-orbit lunar observations for their calibration stability monitoring and calibration inter-comparisons with other instruments and for the generation of consistent environmental data products.




2. MODIS and VIIRS Solar and Lunar Calibration


In this section, the MODIS and VIIRS RSB solar and lunar calibration algorithms and results applied in support of their L1B production are presented with the main focus on their calibration similarities and differences. For both Terra and Aqua MODIS, the current L1B in production is Collection 6.1 (C6.1). Recently, the MODIS Characterization Support Team (MCST) completed and delivered its latest Collection 7 (C7) algorithms and corresponding calibration look-up tables (LUTs) in support of a new mission reprocess of all MODIS data products. C7 L1B reprocessing is expected to start in late 2022. In this paper, the MODIS SD and lunar calibration algorithms and results are based on this new L1B collection. The latest NASA VIIRS L1B collection is C2 for SNPP and C2.1 for N20. More details of the latest MODIS and VIIRS calibration algorithms can be found in a number of references [45,46,47]. To a large extent, the VIIRS RSB calibration methodologies and strategies were inherited and improved based on lessons from the MODIS calibrations and operations. A few key differences do exist due to instrument design specifics and algorithm enhancements. In the following, the MODIS RSB SD and lunar calibration algorithms and applications are reviewed first and this is followed by a similar discussion for VIIRS.



2.1. MODIS


For both MODIS instruments, a linear relationship or algorithm between the incident radiance (L) and detector response (dn*) is applied for the RSB calibration and retrieval,


  L =    m 1   E  S u n   d  n *    π R V S   ,  



(1)




where m1 is the calibration coefficient (inversely proportional to the gain of a given detector) derived with reference to the SD bi-directional reflectance factor (BRF), Esun is the solar spectral irradiance at an Earth–Sun distance of 1 astronomical unit (AU) and integrated over the RSR for each detector, dn∗ is the detector digital response corrected for instrument background and temperature effects, and RVS is the response versus scan angle, which accounts for the instrument gain variations as a function of the angle of incidence (AOI) of light relative to the scan mirror. Since the SD is used primarily for MODIS RSB calibration, the RSB RVS is conveniently normalized at the AOI of its SD view, i.e., RVSSD = 1. For the EV observations, the MODIS RSB L1B primary data product is the top-of-atmosphere (TOA) reflectance factor,    ρ  E V   cos    θ  E V      , where θEV is the solar zenith angle of the EV pixel. The EV radiance, LEV, and the reflectance factor,    ρ  E V   cos    θ  E V      , can be easily converted to each other by multiplying or dividing a factor of      E  S u n     π  d  E S  2     , with dES being the Earth–Sun distance (normalized at 1 AU) at the time of sensor observation. The solar spectral irradiance used in the MODIS RSB is a combination of Thuillier et al. (1998; 0.4–0.8 μm), Neckel and Labs (1994; 0.8–1.1 μm), and Smith and Gottlieb (above 1.1 μm) [9]. MODIS L1B calibration algorithms produce both radiance and reflectance data products for the RSB.



The on-orbit calibration coefficient m1 and RVS in Equation (1) change with time and are thus updated regularly. For both MODIS instruments, the m1 and the RVS are currently derived by using the SD calibration, lunar calibration, and EV observations over select desert sites at multiple AOIs.



The MODIS SD is a flat and near-rectangular panel made of Spectralon with a near-Lambertian reflectance profile. It is located inside the instrument cavity. The SD provides diffusely reflected sunlight that can be used for the RSB calibration. The SD panel can be illuminated by the sun when the instrument passes the Earth terminator from the nighttime side to the daytime side. Only the responses to the fully illuminated SD are used to compute the calibration coefficients. Figure 1a shows a schematic of the MODIS scan operation that enables data to be collected each scan from its on-board calibrators and the EV. The left side of Figure 1b shows the AOI of each of the OBC in relation to the EV data. During each SD calibration, the solar radiance diffusely reflected from the SD can be accurately calculated by


   L  S D   =      ρ  S D   cos    θ  S D      Δ  S D    τ  S D S    E  S u n     π  d  E S  2    ,  



(2)




where ρSD is the SD BRF derived from prelaunch measurements, θSD is the solar zenith angle relative to the SD, ΔSD is the SD on-orbit degradation, and τSDS is the SD screen (SDS) transmission function, which is also referred to as the vignetting function (VF). During sensor nominal operations, the SDS can be commanded to an open or a closed position, thus providing two different levels of the intensity for the sunlight illuminated on the SD surface. Placed in front of the SDS is an aperture door that is only opened during nominally scheduled SD and SDSM calibration events. For Terra MODIS, however, the SD door has been fixed in the open position with the SDS in the closed position since 2 July 2003, resulting from an anomaly related to its SD door and/or SDS operation. The SD BRF was measured prelaunch, and its relative profile was validated on-orbit using measurements made during spacecraft yaw maneuvers, which were performed early in the mission for both Terra and Aqua MODIS. The SD on-orbit degradation, ΔSD, is tracked by the onboard SDSM. For MODIS, the SDS VF was not fully characterized prelaunch, and it was derived on-orbit from measurements during yaw maneuvers made with and without the SDS in place. When the SDS is placed in the open position during an SD calibration event, τSDS in Equation (2) becomes a constant of 1. Otherwise, it varies with the solar illumination angle relative to the SDS. In Equation (2), an assumption that the SD degrades uniformly with respect to incident and outgoing directions has been applied, meaning that the degradation measured at the output angle of the SDSM will be the same as in the direction of the RSBs. Therefore, the SD on-orbit BRF can be expressed as the product of its prelaunch BRF, ρSD, and its on-orbit degradation, ΔSD [47]. However, evidence of non-uniformity in the SD degradation has led to the use of EV data to supplement the calibration of the MODIS RSB, which will be discussed further below.



By applying Equation (1) to the SD view and substituting LSD in Equation (2) to Equation (1), we can derive the calibration coefficient by


   m 1  =      ρ  S D   cos    θ  S D      τ  S D S    Δ  S D     d  n  S D  *   d  E S  2    ,  



(3)







The calibration coefficient is calculated for each band, detector, and mirror side for the 1-km RSB as well as for each sub-frame for the 500-m (2) and 250-m (4) resolution RSBs.



As previously mentioned, the SD on-orbit degradation, ΔSD, in Equation (3) is tracked by the SDSM, which functions as a ratioing radiometer that views the SD, the Sun through its Sun-view port, and an internal dark scene, alternately. The MODIS SDSM has nine detectors, and each detector tracks the SD degradation at a discrete wavelength. The center wavelengths of the SDSM detectors cover a spectral range from 412 nm to 936 nm. After corrections applied for the view geometry effects, the ratios of the background subtracted digital count for the SD view to the background subtracted digital count of the Sun view provide the trends of the SD on-orbit degradation. The response of the SDSM detectors is assumed to be linear. It was also assumed that the SD degradation between its prelaunch characterization and its first on-orbit measurement was negligible since the SD exposure to the environment was minimal. Consequently, the SDSM ratios normalized to its first on-orbit SD measurements are used to track the SD on-orbit degradation at the wavelengths of its detectors. A linear interpolation approach is applied to obtain the SD degradation at any wavelength in the range from 0.412 µm to 0.936 µm from the measured SD degradations at the nine center wavelengths of the SDSM detectors [48,49].



The lunar surface has a long history of use as a calibration target for the reflective bands of a number of satellite instruments, owing to its stable reflective surface and lack of atmosphere [50]. Since the lunar surface is not smooth, only the integrated lunar irradiance is used in the MODIS lunar calibration methodology. Using Equation (1), the measured lunar radiance from individual detectors can be easily calculated and their corresponding integrated lunar irradiance (I) can be expressed by


  I =  1 N  ∑    m 1   E  S u n   d  n  M o o n  *    π R V S   ω ,  



(4)




where N is number of the scans used in the computation, each of which fully covers the lunar surface, and ω = 1/(705Stot)2 is the solid angle (steradians) of each pixel. Stot is the number of sub-frames of each band (or detector) and 705 km is the nominal orbital altitude. The value of 1/Stot corresponds to the HSR at the nadir in km. The summation is made over detectors, frames, and select scans. In this analysis, the lunar irradiance is calculated using the MODIS C7 LUTs prepared for the upcoming L1B reprocessing. Instead of using only scans that fully cover the lunar surface, the lunar irradiance can also be calculated using the measurements from all scans in a lunar observation event. Using all scans requires the creation of lunar images corresponding to each detector in order to be able to use images where the Moon is only partially on the FPA. These detector images are created by extracting single lines from each scan corresponding to the detector as the Moon moves across the FPA. This approach, however, requires a correction for the oversampling effects. Oversampling occurs because the Moon does not move on the FPA by 1 pixel per scan, causing some parts of the lunar surface to be observed more than once in a detector image (higher resolution bands can be undersampled under certain observation geometries). The all-scan approach has a relatively large uncertainty due to corrections applied for the oversampling effect, but it can help examine calibration differences among individual detectors. In this analysis we focus on the methodology that uses the scans with full coverage of the lunar surface as described by Equation (4). Figure 2a,b show examples of the lunar images acquired by Aqua MODIS bands 1 and 8 during the scheduled lunar observation on 24 January 2021. Also shown in Figure 2 are the lunar images acquired by the SNPP VIIRS on the same day for its bands I1 (c) and M1 (d).



By comparing the integrated lunar irradiance predicted by the ROLO model (IROLO) with that measured by the MODIS using Equation (4), the band-averaged calibration coefficient,    m 1  M o o n    , can be computed by


   m 1  M o o n   =   N π R V S  I  R O L O   ⟨  m  1 , 0   ⟩   ∑  m  1 , 0    E  S u n   d  n  M o o n  *  ω    



(5)




where    m  1 , 0     are the calibration coefficients derived from the first SD on-orbit calibration and the angled brackets indicate an average over all detectors of the band. To calibrate the RSB using the Moon, a reference for the lunar irradiance is required. In this analysis, the lunar irradiance for each calibration in Equation (5) was provided by the Robotic Lunar Observatory (ROLO) model prediction, developed by the USGS [31]. Since the absolute uncertainty of the current ROLO lunar model is larger than the MODIS calibration specification of 2%, the MODIS lunar calibration is only used to track the RSB on-orbit changes. In this case, the constant terms in Equation (5) can be omitted in routine data processing [28].



Among the RSBs, bands 13–16 partially saturate when they observe the Moon. This saturation occurs at the inner part of the illuminated lunar surface (with unsaturated pixels near the disk edge and terminator), which is typically at the highest radiance levels. To correct for saturation, a ratio approach is applied to replace the saturated pixels using band 18 as a reference band [51]. To obtain the ratio, the saturated band data is plotted versus the spatially co-registered reference band data at the pixel level and fit to a linear equation for all unsaturated pixels, where the slope represents the ratio between the two bands. The saturated data can then be replaced by multiplying the reference band data by the ratio at the location of the saturated pixels. For SWIR bands, there are strong crosstalk contaminations among themselves and from mid-wave infrared bands as well as the large out-of-band (OOB) RSR contributions at the wavelength of 5.3 µm. These contaminations need to be mitigated before the calculation of the lunar irradiance using Equation (4). Accurate mitigation of these effects is still a challenging issue and needs more effort [52]. In this analysis, MODIS lunar calibration is mainly focused on the VIS and NIR bands.



For MODIS RSBs, the calibration coefficients, m1, and the RVS are needed to produce the L1B products as shown in Equation (1). Due to the non-uniformity of the SD degradation with respect to the incident and outgoing directions, the SD degradation measured at the SDSM view direction may deviate from that at the RSB view direction, resulting in a long-term bias in the calibration coefficients derived from the SD, especially for short wavelength RSB that have experienced more significant degradation on-orbit. As a result, EV response trends from pseudo-invariant desert sites at the SD AOI are used to correct the long-term drifts in SD-based calibration coefficients for the short wavelength bands. Combination of the SD calibration results and EV response trends at the same AOI help produce the calibration coefficients with both long-term accuracy and short-term stability [53].



MODIS RSBs view the SV, through which the Moon is also observed, and the SD at different AOIs to the scan mirror, with the SV at 11.25° and the SD at 50.25°. The trending differences of the two calibration results provide the information that is directly related to on-orbit changes in the RVS. Figure 3 shows the SD and lunar gain trending for MODIS bands 1 and 8. For both Terra and Aqua MODIS, the shortest wavelengths have experienced the most gain and RVS changes. To date, the band 8 (412 nm) gains have changed (decreased) up to 40% for Terra MODIS and more than 45% for Aqua MODIS based on their SD and lunar calibrations. In comparison, the NIR band 1 (646 nm) shows a gain change of less than 20%. The temporal divergence between the SD and lunar gain measurements is a result of the evolution of the on-orbit RVS. Accurate characterization of the on-orbit RVS is extremely important for the MODIS RSB on-orbit calibration, especially for the short wavelength bands.



Initially, the RSB time-dependent RVS was derived by using the lunar and SD calibration differences with an approximation that the RVS on-orbit change for a given RSB is a linear function of the AOI. As each mission continues to operate beyond its designed lifetime, this approximation no longer meets the L1B calibration accuracy requirements, especially at short wavelengths. As a result, the EV response trends at multiple AOIs have been used together with on-orbit SD and lunar measurements to track on-orbit changes in the RVS for a few select bands, starting from L1B Collection 6 (C6) for both Terra and Aqua MODIS. In C6, we note that the lunar results are not used for bands 1 and 2 EV time-dependent RVS derivation due to the disagreement of lunar measurements with the EV response trending from the desert sites [53].




2.2. VIIRS


Similar to MODIS, a simple smooth function is applied to establish the relationship between the incident radiance and detector digital response for the VIIRS RSB. For all SNPP VIIRS RSB and N20 VIIRS VIS and NIR bands, a quadratic approximation is applied, while for N20 VIIRS SWIR a third order polynomial is used due to a significant nonlinearity effect for these bands [54]. The relationship between the incident radiance and instrument response for the VIIRS RSBs can be written as


  L =   F   ∑  i   c i  · d  n i    R V S    



(6)




where ci (i = 0, 1, 2, 3), are the prelaunch measured calibration coefficients of the polynomial, F, called F-factor, which is the ratio of the on-orbit coefficients of the polynomial at the time of the measurement to the prelaunch coefficients, assuming that the coefficients of the polynomial change proportionally with each other on-orbit, dn is the background subtracted instrument response, and RVS is the response versus scan angle of the half-angle mirror (HAM). The calibration coefficients, c0, c1, c2, and c3, are instrument and electronic temperature-dependent. Both F and the RVS in Equation (6) may, in principle, change temporally on-orbit. However, there is no evidence to suggest that the RVS has a noticeable on-orbit change for either VIIRS instrument. As a result, only the F-factors have been updated regularly on-orbit by using SD and lunar calibrations on an as-needed basis. For the VIIRS EV, the TOA radiance is the primary L1B product, which can be easily converted to its TOA reflectance factor. The VIIRS L1B products are also referred to as the sensor data records (SDR).



VIIRS has the same type of SD as MODIS. The radiance of the sunlight diffusely reflected from the VIIRS SD can also be calculated by Equation (2). The VIIRS SD BRF, ρSD, and the SDS transmittance, τSDS, were measured prelaunch and refined on orbit by measurements made during yaw maneuvers. The VIIRS SD degradation is tracked by the on-board SDSM at eight discrete wavelengths, compared to MODIS at nine different wavelengths of the same spectral range. The VIIRS SD port has a permanently fixed attenuation screen, but it does not have a dedicated door cover as MODIS does. This means that the SD is illuminated by the Sun every orbit. The assumption applied to the MODIS SD calibration that the SD degrades uniformly with respect to incident and outgoing directions is also initially applied to the VIIRS SD calibration. However, there is evidence of non-uniform degradation based on the differences between the lunar and SD trends as will be discussed below.



Comparing the predicted solar radiance (   L  S D    ) with that measured using Equation (6) via detector response (  d  n  S D   )   to the SD, the F-factors for the VIIRS RSB calibration can be calculated by


  F =   R V  S  S D   ∫ R S R   λ , t   ⋅  L  S D    λ  d λ       ∑  i   c i  d  n  S D  i    ∫ R S R   λ , t   d λ    



(7)




where   R V  S  S D     is the RVS at the AOI of the SD. The VIIRS RSB calibration is performed for each scan using the detector’s average response to the SD averaged over the scans in a selected illumination angle range, known as the “sweet spot”. The RSR(λ, t) in Equation (7) is time-dependent for SNPP VIIRS RSBs as a result of the wavelength-dependent degradation in SNPP rotating telescope assembly (RTA) optics and large OOB RSR contributions [52,55]. The SD calibration is performed for each orbit and the F-factor is derived for each RSB detector, HAM side, and gain stage for the dual gain bands. Compared to Equation (4), designed to derive the MODIS RSB reflectance calibration coefficient, Equation (7) is used to compute the radiance calibration coefficients for the VIIRS RSB. In addition to the SD bi-directional reflectance function and solar attenuation screen transmission, the sensor’s solar spectral irradiance is also needed to determine the predicted radiance reflected off the SD (   L  S D    ) used to compute the F in Equation (7). The SNPP uses Kurucz spectra from MODTRAN 4.3 while N20 uses the Thuillier spectra [56].



Applying Equation (6) to the SV lunar observations, the integrated lunar irradiance measured by a VIIRS RSB can be calculated using


  I =  1 N    F   ∑  i   c i  d  n  M o o n  i  ω   R V  S  S V      



(8)




where ω = (S/824)2 is the solid angle (steradians) of each pixel of the band. S is 0.375 km for an I-band and 0.75 km for an M-band and 824 km is the nominal orbital altitude. The VIIRS SV has the same AOI as its SD as shown in Figure 1b, at which the RSB RVS is normalized; thus, the   R V  S  S V     in Equation (8) is equal to 1. Similar to the lunar calibration for MODIS, the VIIRS lunar calibrations use only the N scans in which the full disk of the Moon can be observed during each scheduled lunar observation. For all regularly scheduled lunar observations of both SNPP and N20 VIIRS, the gain stages of all dual-gain bands are fixed at high gain. Examples of SNPP lunar images for bands I1 and M1 are also shown in Figure 2. For VIIRS lunar observations, only band M7 in N20 has shown any signs of saturation, and even then, for only a few pixels. To correct this, the same approach as used for MODIS bands 13–16 is employed, this time with band M5 as a reference. Similar to the MODIS configuration, a sector rotation is applied to collect lunar data in the EV data sector. However, the VIIRS EV has three different aggregation regions. SNPP and N20 VIIRS lunar data are collected in different aggregation regions and special attention should be paid to the summation over pixels along the scan direction in Equation (8). In this analysis, prelaunch RVS and C2 F-factor LUTs are applied in Equation (8) for SNPP and C2.1 LUTs for N20 VIIRS.



Same as for the MODIS RSBs, the impact of the detector difference on the calibration coefficients derived from a lunar observation for a VIIRS RSB can be assumed to be negligible. Then the detector-averaged relative F factor can be derived from each of the scheduled lunar observations using


   F  M o o n   =   I   N     ∑  i   c i  d  n  M o o n  i    .  



(9)







The predicted lunar irradiance for each lunar observation event, I, is provided by the ROLO model. To distinguish the F-factor derived from the SD/SDSM calibration, a superscript “Moon” is added to the F. Similar to MODIS, the VIIRS lunar calibration is only used to track its RSB on-orbit changes and some of the constant parameters in Equation (8) are dropped in Equation (9). The VIIRS lunar calibration coefficients are scaled by normalizing the lunar F-factors derived from Equation (8) to the corresponding F-factors derived from the SD/SDSM calibration at the time of instrument launch to obtain absolute values of the lunar calibration coefficients.



VIIRS RSBs view the SD and the SV at same AOI of the HAM and thus the SD calibration and lunar calibration should provide identical on-orbit changes for the RSBs if both the SD and lunar calibration results are accurate. It is known that the SD degrades non-uniformly with respect to incident and outgoing direction [45]. Thus, the SD degradation from the SDSM view direction when applied to the RSB view direction may result in long-term biases in the F-factors derived from the SD calibration, especially for short wavelength bands, as also confirmed by EV measurements. A comparison between the two sets of F-factors can identify the long-term biases in the SD F-factors and can be used to obtain the SD degradation differences between the two view directions. Combining the SD and lunar calibration results provides the RSB F-factors with both long-term accuracy and short-term stability.



Similar to the MODIS gains shown in Figure 3, the VIIRS gains are shown in Figure 4 for the VIS band M1 (412 nm) and NIR band I1 (645 nm). Unlike the RVS-caused separation between the lunar and SD gains in MODIS, the separation between the two sources is a result of the inadequacy in SDSM to accurately characterize the non-uniform degradation in the SD, which manifests as a divergence with the lunar gain. The lunar data can be used as a method for correcting the SD degradation trends so that the SD and lunar trends agree.





3. Calibration Inter-Comparison Using Lunar Observations


Calibration inter-comparisons of two sensors are often made using their near simultaneous nadir observations (SNO) or via measurements over pseudo-invariant EV targets, such as deep convective clouds (DCC) and carefully selected desert sites [57]. In addition to sensor-specific RSR and calibration reference (e.g., the solar spectral irradiance applied for the RSB calibration and retrieval), these approaches often require corrections to reduce the effects due to the variability of atmospheric dynamics and surface reflectance properties involved in the observations. In this study we used lunar observations made by the MODIS and VIIRS instruments to assess their calibration consistency. One of the advantages of using the Moon as a calibration or common reference target for sensor on-orbit calibration is that no atmospheric correction is needed. Plus, the lunar surface reflectance property is extremely stable and depends only on the viewing geometry that can be accurately predicted by a lunar model. This lunar calibration inter-comparison approach was initially developed and applied for assessing the Terra and Aqua MODIS calibration consistency [39]. We extended its application to VIIRS and to a calibration inter-comparison between the MODIS and VIIRS instruments.



In this study, the integrated lunar irradiances,    I  M e a s _ A     and    I  M e a s _ B    , measured by sensors A and B were used to perform their calibration inter-comparison via the following ratio (   R  A / B    ),


   R  A / B   =    I  M e a s _ A   /  I  M o d e l _ A      I  M e a s _ B   /  I  M o d e l _ B      



(10)




where    I  M o d e l _ A     and    I  M o d e l _ B     are the model-predicted lunar irradiances for the corresponding sensor lunar observations. The reference or normalization to the model-predicted lunar irradiances corrects for the effects due to lunar viewing geometry differences between observations and the impact due to sensor-specific RSR as it is part of the input parameters for the lunar model to generate predicted lunar irradiance for a given lunar calibration event. Both MODIS and VIIRS use the same ROLO model for their lunar calibrations. The measured lunar irradiances by MODIS and VIIRS can be computed using Equations (4) and (8), respectively.



Equation (10) can be used for the calibration inter-comparison of two MODIS instruments, which use the same solar spectral irradiance in their RSB calibration. For SNPP and N20 VIIRS, an additional correction is needed to address their solar spectra differences. This correction is also needed for MODIS and VIIRS calibration inter-comparison. Figure 5a illustrates the normalized solar spectrum adopted by MODIS and two VIIRS instruments and their RSB center wavelength locations. We also show data from the TSIS-1 Hybrid Solar Reference Spectrum (HSRS). Figure 5b shows the percent differences between each of the instrument LUTs and the TSIS-1 HSRS. Examples of MODIS (bands 1 and 8) and VIIRS (bands M1 and I1) RSR are shown in Figure 6. In general, Terra and Aqua MODIS RSB RSR are very similar. However, there are small but noticeable differences between SNPP and N20 VIIRS RSB RSR, resulting from sensor build-to-build differences. Both MODIS and VIIRS RSR were well characterized during their pre-launch testing campaign phases [25,58,59,60]. For SNPP, an on-orbit modulation is applied to the pre-launch RSR in response to strong wavelength-dependent degradation of its RTA optics [55].



By including a correction to remove the calibration difference resulting from the use of different solar spectra by sensors A and B, the calibration difference between sensors A and B described by Equation (10) needs to be modified as,


   R  A / B  *  =  C  A / B   ·  R  A / B    



(11)




where


   C  A / B   =   ∫ R S  R A   λ   E  S U N _ B    λ  d λ / ∫ R S  R A   λ  d λ   ∫ R S  R A   λ   E  S U N _ A    λ  d λ / ∫ R S  R A   λ  d λ    



(12)




is the correction factor that depends on sensor-specific solar spectra (   E  S u n    ) and RSR. The solar spectral reference used in the lunar model has no impact on this inter-comparison approach as long as the same lunar model is used to provide the predicted lunar irradiances for both sensors.



Ideally, if all sensors use the same solar spectra, as recommended by the international Earth-observation calibration and validation communities, such as the Committee on Earth Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCV) and the Global Space-based Inter-Calibration System (GSICS), the calibration inter-comparisons between two sensors will become more straightforward and accurate and require no additional correction. As an illustration, we also performed a calibration inter-comparison using lunar irradiances generated by using a set of new calibration coefficients and parameters derived by applying the same reference solar spectra for all MODIS and VIIRS instruments. The TSIS-1 HSRS [60], which is a recommended reference spectrum by the CEOS WGCV and GSICS community, will be used in this demonstration. The inter-comparison results from this exercise where all sensor calibrations are referenced to a common solar spectrum will be used to validate the results derived from current calibration approach tied to sensor specific solar spectrum.




4. Results and Discussion


Inter-comparison analyses between the two MODIS and two VIIRS instruments first require a comparison of sensor-measured lunar irradiances with predicted values by the lunar model. This study used the USGS ROLO model to provide the predicted lunar irradiances. While the ROLO model is used to correct for differences in view geometry, particularly the differences in the Earth–Sun and Earth–Moon distances and the lunar phase and libration angles, each mission uses scheduled spacecraft roll maneuvers to constrain the phase angles within a small range. For some bands, this constraint provides a significant improvement in the consistency of the measured and modeled data [61]. Table 2 shows a summary of the number of scheduled lunar events for each instrument along with the roll angle and nominal phase angle ranges in which these rolls are constrained. Over the years, the phase angle criterion is occasionally relaxed when the desired phase angle is outside of the roll angle range. These events are also counted among those reported in Table 2. Typically, both the MODIS and VIIRS instruments acquire 9 to 10 scheduled lunar rolls per year. Only the lunar measurements in the nominal ranges, made by all four instruments between 1 January 2018 and 1 July 2022, were used in this study for the calibration inter-comparison of both MODIS and VIIRS instruments. During this period, Terra, Aqua, SNPP, N20 made 41, 47, 37, and 38 lunar observations, respectively. The difference in their scheduled lunar calibration events is a result of orbit geometry differences, spacecraft operation constraints, and occasionally, other instrument-related activities or events.



Figure 7 shows the sensor-measured and model-predicted lunar irradiances for Aqua MODIS bands 1 and 8 and for SNPP VIIRS bands I1 and M1 using their regularly scheduled lunar observations over their respective missions. For the measured data, the time-dependent calibration coefficients m1 and RVS were applied for MODIS and F for VIIRS. Both the measurements and the model predictions show large and similar seasonal oscillations, which are associated with changes in the view geometry, primarily the Earth–Sun and Earth–Moon distances. While the seasonal variation of the measured and modeled data is nearly the same, there is a wavelength-dependent bias between the measurements and the ROLO model, where the MODIS and VIIRS measurements are generally higher than the ROLO predictions. The gaps in the data occur when the geometry of the lunar orbit moves the Moon out of the roll angle range specified in Table 2.



We used the time series of ratios of the measured to the predicted lunar irradiances to assess instrument calibration performance. When the pre-launch calibration coefficients were used in the measured data, the ratio was a measure of the trending gain of each band at the AOI of the SV. When the on-orbit coefficients were used, the trending data represent the residual gain change in the instrument, with the expectation that well calibrated data will be flat over long periods. The absolute offset shows the bias between the sensor-measured and the model-predicted data. It depends on the uncertainties in the lunar measurements and the model. As expected, the absolute differences between the model-predicted and sensor-measured irradiance should have little impact on calibration-stability monitoring. Apart from the correction for the view geometry, the use of the ROLO model allowed us to compare bands of different instruments by accounting for the differences in their RSR [62]. In Figure 8, we show the ratio of measured to model trends for bands centered at 0.412 μm (band 8 in MODIS, M1 in VIIRS) and 0.640 μm (band 1 in MODIS, I1 in VIIRS). For each band, the trend of the ratios is stable over the select time series. Each band also shows small seasonal oscillations on the order of 1%, which are associated with residual uncertainties in the ROLO model lunar libration angle correction. For most spectral bands, Terra, Aqua, and N20 are generally in good agreement; however, SNPP shows an offset with the other instruments.



In Figure 9, we show the mean values of the measured/model data of MODIS and VIIRS VIS/NIR bands from 1 January 2018 to 1 July 2022. For each instrument, the ratios are lower in the middle wavelength range compared to the data at other wavelengths. At shorter wavelengths, Terra, Aqua, and N20 are in better agreement compared to SNPP except for band M2, which has a similar ratio to MODIS band 9. MODIS band 12 also shows a higher ratio than MODIS band 4 and N20 band M4 at a similar wavelength. For the high gain ocean bands of MODIS (13–16), the impact of saturation could lead to more disagreement over that wavelength range, particularly for Aqua MODIS with more saturated lunar pixels that require a correction [51].



With the exception of small residual uncertainties among different lunar phases and libration angles, the absolute uncertainty of the lunar model is cancelled in this lunar calibration inter-comparison. In this study, we have used a large number of lunar observations made at nearly the same phase angles and the impact due to small residual uncertainties in the lunar model is therefore minimized. Presented in Table 3, Table 4 and Table 5 are the lunar calibration inter-comparison results for Terra and Aqua MODIS, SNPP and N20 VIIRS, and Aqua MODIS and N20 VIIRS, respectively, using their regularly scheduled lunar observations made between 1 January 2018 and 1 July 2022. The results for SNPP and N20 VIIRS and for Aqua MODIS and N20 VIIRS include a correction (Equation (11)) to remove the impact due to different solar spectra used in their on-orbit calibration. It requires no additional correction for Terra and Aqua MODIS lunar calibration inter-comparison as both use the same solar spectra. The calibration differences (DIF) in these tables, expressed in percentage (%), were computed using the averages of measured/predicted ratios of the same (or matching) spectral bands from the two instruments (i.e., DIF = (   R  A / B  *    − 1) × 100). The standard deviations reported in the tables are the combined values based on their time-series.



For Terra and Aqua MODIS, their lunar calibration inter-comparison results (Table 3) indicate that their on-orbit calibration consistency is generally within 1%, with exceptions for a few bands (1, 3, 13–16) that are within 2%. As discussed earlier, the high-gain ocean bands (13–16) have utilized a correction to mitigate the impact due to some saturated pixels in their lunar images. Unlike MODIS, the two VIIRS instruments (Table 4) show noticeably large calibration differences, ranging from 2.4% (I1) to 3.8% (M1), with SNPP reporting higher radiances than N20. In nearly all cases, the standard deviations in the VIIRS lunar measurement time series are smaller than MODIS, indicating a better calibration stability. Large calibration differences between the two VIIRS instruments are a known issue found shortly after the N20 VIIRS began its nominal operation. One of the likely causes is due to errors not identified and accounted for in pre-launch SD BRF and/or screen transmission measurements [63]. Table 5 is a summary of calibration inter-comparison results for several matching VIS/NIR spectral bands of Aqua MODIS and N20 VIIRS. The calibration differences are within 2%, with the exception of band pairs of 1/I1 and 2/I2 being slightly above 2%. Combining results presented in Table 3, Table 4 and Table 5, one can also derive the calibration differences between Terra MODIS and N20 VIIRS and that between Terra (and Aqua) MODIS and SNPP VIIRS.



The lunar calibration inter-comparison uncertainties are also reported in Table 3, Table 4 and Table 5. They were derived based on the uncertainties involved in both MODIS and VIIRS lunar irradiance measurements (Equations (4) and (8)), including the uncertainties of their calibration coefficients (m1 for MODIS and F for VIIRS), the measurement errors of detectors’ lunar responses due to detector SNRs, and the RVS uncertainties (for MODIS). Details of MODIS and VIIRS on-orbit calibration uncertainty assessments can be found in the following references [64,65]. In general, the uncertainty was computed as the root mean square (RMS) of the individual uncertainties associated with each term in computing the radiance (Equations (1) and (6)), with the covariance terms between different parameters considered to be negligible. Table 6 provides the uncertainties involved in the MODIS lunar irradiance measurements. The U1 term is the uncertainty in the on-orbit calibration coefficients and includes the uncertainties in the SD BRF characterization, its on-orbit degradation, and SD screen transmission. These terms use constant values and do not change on-orbit. The U2 term is the RVS uncertainty and is both time- and AOI-dependent. The uncertainty for terms derived from time-series data use the standard deviation of the residuals after a piece-wise fit to the data. The U3 term represents the uncertainty related to detector lunar responses, which accounts for the uncertainty in the instrument temperature correction as well as the signal to noise of each lunar event. For this work, average   d n   was calculated for each lunar event to compute the signal-to-noise uncertainty. Due to the special effort made to correct saturated pixels in bands 13–16 by referencing a non-saturated band, an extra 0.5% uncertainty is included to their total lunar calibration uncertainties. For VIIRS, the lunar calibration uncertainties shown in Table 7 are generally smaller than MODIS, mainly due to smaller uncertainties reported pre-launch SD BRF characterization. The U2 term in VIIRS is the uncertainty associated with the pre-launch calibration coefficients (ci) as the on-orbit F-factor (F) is derived by comparing the predicted radiance from the SD with that measured based on pre-launch calibration coefficients (ci). The uncertainties shown in Table 3, Table 4 and Table 5 are the combined lunar measurement uncertainties of the same of matching band pairs. Considering both MODIS and VIIRS have a calibration requirement of 2%, the lunar calibration inter-comparison results for two MODIS instruments and for Aqua MODIS and N20 VIIRS clearly meet their combined calibration requirement of 2.8%. On the other hand, the SNPP and N20 VIIRS calibration is not consistent to within their combined calibration requirement for several VIS/NIR bands. This indicates that the U1 term in Table 7 is probably underestimated for SNPP. As a result, special efforts must be made in order to generate high quality science products using measurements from both VIIRS instruments.



MODIS and VIIRS calibration inter-comparison results can be found in a number of references with most approaches based on the use of simultaneous nadir observations (SNO) and pseudo-invariant targets, such as Libya-4 desert, Dome C, and DCCs, and major efforts made by the NASA and NOAA calibration teams and different science groups [19,26,56,66,67,68]. As expected, the ground-based approaches can only perform calibration inter-comparison for some of the spectral bands. For Terra and Aqua MODIS, ground-based calibration inter-comparison results are wavelength- and the EV surface property-dependent and, on average, are less than ±1% for most spectral bands, except for band 3 (1.3–2.3%), band 8 (0.5–1.9%), and band 11 (−1.7%). No ground-based inter-comparison results are available for band 13–16 as many pixels over the select EV targets saturate. For SNPP and N20 VIIRS, results from ground-based approaches applied by different groups all indicate large calibration differences for several VIS/NIR bands, which is consistent with the conclusion from lunar calibration inter-comparisons. Vicarious calibration results show that N20 VIIRS reflectances are systematically lower than SNPP by 2 to 4% for most bands, but a larger disagreement (6–7%) is observed for the shortest wavelength bands (M1–M3). For Aqua MODIS and N20 VIIRS, the ground-based calibration inter-comparisons also show larger calibration differences, but smaller than the differences between the two VIIRS instruments. Apart from large standard deviations involved in the EV observations, the results from different vicarious approaches or derived by different groups could vary (up to 1–3%) as it is extremely difficult to make accurate corrections for the surface reflectance profile and atmospheric effect for observations made at different times. The calibration differences could also depend on the L1B data used in the performance assessments, such as the data source and collection.



Finally, we also compared the lunar calibration inter-comparison results derived with all sensors’ calibration tied to the same TSIS-1 HSRS, including reprocessing their calibration coefficients and parameters involved in computing the measured lunar irradiances. In this case, Equation (10) can be used directly for lunar calibration inter-comparisons of all instruments. As expected, the results from using the same solar spectrum (i.e., no additional correction needed) for sensor on-orbit calibration are very consistent with those derived using Equation (11), which includes a correction for Equation (10) to remove the calibration impact due to different solar spectra used by individual sensors. For SNPP and N20 VIIRS, the differences between the two approaches are less than 0.2%. For Aqua MODIS and N20 VIIRS, the differences are also very small, except for band pairs of 1/I1 (0.3%), 2/I2 (0.7%), and 8/M1 (0.6%). Both MODIS use the same solar spectrum for their on-orbit calibration and do not require additional correction for their lunar calibration inter-comparison. If all sensors use the same solar spectrum, their on-orbit calibration consistency assessments via vicarious approaches could become much simpler. This could also help improve the quality of the science products generated from different instruments, especially when their measured radiances are involved.



Apart from tying the sensor reflective solar calibration to the same solar spectrum, the absolute accuracy of the reference spectrum is also important as it has direct impact on lunar calibration. This is demonstrated by the reduced differences between the measured and ROLO model predicted lunar irradiances for MODIS bands 17–19. As expected, the TSIS-1 hybrid spectrum is more accurate than the one adopted for MODIS more than 20 years ago, going from the high of around 18% different (shown in Figure 9) down to approximately 12%. The use of the TSIS-1 spectrum has led to a more consistent lunar calibration result among all RSB. Another parameter that could potentially impact the accuracy of lunar calibration inter-comparison is detector’s instantaneous field of view (IFOV), which is tied to the solid angle (ω) included in Equations (4) and (8). The IFOV is an important sensor design parameter that is typically characterized during pre-launch measurements. The error in the IFOV characterization could have a few implications for lunar observations in whiskbroom sensors such as MODIS and VIIRS. As an effort to improve our lunar calibration and calibration inter-comparison quality and uncertainty, and to support the development of a lunar model that is not only stable but also more accurate, we have planned for an in-depth investigation of the residual impact due to sensor IFOV on the measured lunar irradiances. This will include the effects of lunar motion during the time of image acquisition, which are expected to be small. We will report our findings once this investigation is complete. We also plan to perform similar lunar calibration and lunar calibration inter-comparisons with JPSS-2 VIIRS scheduled to launch late 2022 to gain a better understanding of the VIIRS calibration differences and to help develop a viable strategy for generating consistent long-term L1B data products from all VIIRS instruments.




5. Conclusions


The high-quality measurements from the two MODIS and two VIIRS instruments, coupled with the extensive and dedicated pre- and post-launch calibration and characterization efforts made by the vendor and government-led calibration teams, have facilitated the production of numerous data products that have advanced the studies of the Earth’s system and its environmental parameters. In addition to on-board calibrators, lunar observations have been regularly scheduled and applied to monitor the RSB on-orbit calibration stability. In this paper, an inter-comparison technique of using on-orbit lunar observations was formulated and applied to evaluate the calibration differences between the MODIS and VIIRS instruments. This approach normalizes the measured lunar irradiances from each spectral band with the lunar irradiances obtained from the ROLO model and therefore can correct for the differences caused by the view geometry-specific parameters. An additional correction factor is also included in this approach for lunar calibration inter-comparison of sensors that use different solar irradiance spectra in their on-orbit calibration. The results showed that the Terra and Aqua MODIS RSB on-orbit calibrations agree well to within ±1%, except for the NIR high-gain ocean bands (13–16) that are impacted by saturation. Conversely, the two VIIRS instruments showed a noticeable disagreement of 2–4% in the VIS bands, 1–3% in the NIR bands, and 2–3% in the SWIR bands. Aqua MODIS and N20 VIIRS calibrations generally agree to within 2%, except for bands 1/I1 and 2/I2 (~2.5%). SWIR band results were not presented due to electronic crosstalk issues in the MODIS bands. Compared to vicarious approaches, the lunar calibration inter-comparison approach, relying on the superb stability of the lunar surface property, can be easily extended to the calibration stability monitoring and calibration inter-comparisons of future satellite instruments as well, such as the VIIRS on JPSS-2, 3, and 4 and OCI on PACE. As an exercise, this paper has also demonstrated the advantages of using a common and accurate solar irradiance spectrum for all sensors’ on-orbit calibrations.
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Figure 1. (a) Schematic of MODIS scan operation and instrument OBCs. The VIIRS instrument has a similar configuration. (b) AOI on the scan mirror (MODIS, left) and half-angle mirror (VIIRS, right) for the OBCs and the EV. The dashed lines show the projection of the MODIS AOI onto the EV AOI when computing the RVS. 
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Figure 2. Lunar images acquired on 24 January 2021. (a) Aqua MODIS band 1. (b) Aqua MODIS band 8. (c) SNPP VIIRS band I1. (d) SNPP VIIRS band M1. In (d), the pixel aspect ratio was set to 3:1 in order to produce a circular Moon image. 
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Figure 3. (a) Terra and (b) Aqua MODIS SD and Lunar gain trending for bands 1 and 8. 
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Figure 4. (a) SNPP and (b) N20 VIIRS SD and Lunar gain trending for bands I1 and M1. 
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Figure 5. (a) Solar spectrum for MODIS (same for both Terra and Aqua), SNPP VIIRS, N20 VIIRS, and the TSIS-1 HSRS. The data were normalized to the peak value of the MODIS LUT. Band locations are marked according to their wavelengths at the top (VIIRS) or bottom (MODIS) of the figure. (b) Percentage difference of each of the instrument solar spectrum LUTs compared to the TSIS-1 HSRS data. A 10 nm smoothing window was applied to these differences for clarity at the lower wavelengths. 
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Figure 6. RSR comparison for bands in all four instruments near (a) 410 nm and (b) 640 nm. 
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Figure 7. Comparison of the measured lunar irradiance (circles) and ROLO model predicted irradiance (x’s) for (a) Aqua MODIS bands 1 and 8 and (b) SNPP VIIRS bands I1 and M1. 
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Figure 8. Trending measured/model data for bands in all four instruments near (a) 0.412 μm (MODIS band 8, VIIRS Band M1) and (b) 0.640 μm (MODIS Band 1, VIIRS Band I1). 
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Figure 9. Ratio of the measured data and the ROLO model data as a function of wavelength for the VIS/NIR bands in both MODIS and VIIRS. The ratios are taken from data between 1 January 2018 and 1 July 2022 as shown in Figure 8. The error bars show the standard deviation. 
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Table 1. Spectral wavelengths and spatial resolutions at the nadir of MODIS and VIIRS reflective solar bands (RSB).
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VIIRS Band

	
Spectral Range (µm)

	
HSR (m)

	
MODIS Band

	
Spectral Range (µm)

	
HSR (m)






	
DNB

	
0.500–0.900

	

	

	

	




	
M1

	
0.402–0.422

	
750

	
8

	
0.405–0.420

	
1000




	
M2

	
0.436–0.454

	
750

	
9

	
0.438–0.448

	
1000




	
M3

	
0.478–0.498

	
750

	
3

	
0.459–0.479

	
500




	
10

	
0.483–0.493

	
1000




	
M4

	
0.545–0.565

	
750

	
4

	
0.545–0.565

	
500




	
12

	
0.546–0.556

	
1000




	
I1

	
0.600–0.680

	
375

	
1

	
0.620–0.670

	
250




	
M5

	
0.662–0.682

	
750

	
13

	
0.662–0.672

	
1000




	
14

	
0.673–0.683

	
1000




	
M6

	
0.739–0.754

	
750

	
15

	
0.743–0.753

	
1000




	
I2

	
0.846–0.885

	
375

	
2

	
0.841–0.876

	
250




	
M7

	
0.846–0.885

	
750

	
16

	
0.862–0.877

	
1000




	
2

	
0.841–0.876

	
250




	
M8

	
1.230–1.250

	
750

	
5

	
SAME

	
500




	
M9

	
1.371–1.386

	
750

	
26

	
1.360–1.390

	
1000




	
I3

	
1.580–1.640

	
375

	
6

	
1.628–1.652

	
500




	
M10

	
1.580–1.640

	
750

	
6

	
1.628–1.652

	
500




	
M11

	
2.225–2.275

	
750

	
7

	
2.105–2.155

	
500
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Table 2. Summary of scheduled lunar events for MODIS and VIIRS instruments. The number of events listed is from the beginning of each mission through 1 July 2022.
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	Instrument
	Launch Year
	Roll Angle Range
	Phase Angle Range
	Number of Events
	Number of Events Outside the Nominal Range





	Terra MODIS
	1999
	−20° to 0°
	55° to 56°
	216
	42



	Aqua MODIS
	2002
	−20° to 0°
	−55° to −56°
	205
	48



	SNPP VIIRS
	2011
	−14° to 0°
	−50.5° to −51.5°
	90
	20



	N20 VIIRS
	2017
	−14° to 0°
	−50.5° to −51.5°
	39
	8
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Table 3. Lunar calibration inter-comparison results for Terra and Aqua MODIS (WL: wavelength; DIF: difference (Terra—Aqua); STD: standard deviation; UC: uncertainty). The values are listed as a percentage and the uncertainties were propagated from the values for each instrument/band listed in Table 6.
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	Band
	01
	02
	03
	04
	08
	09
	10
	11





	WL (μ)
	0.65
	0.86
	0.47
	0.56
	0.41
	0.44
	0.49
	0.53



	DIF
	−1.27
	−0.82
	1.15
	0.52
	0.15
	−0.40
	−0.37
	0.33



	STD
	0.43
	0.56
	0.45
	0.56
	0.45
	0.37
	0.40
	0.42



	UC
	2.92
	3.01
	2.48
	2.32
	2.43
	2.31
	2.26
	2.26



	Band
	12
	13
	14
	15
	16
	17
	18
	19



	WL (μ)
	0.57
	0.65
	0.68
	0.75
	0.87
	0.91
	0.94
	0.94



	DIF
	0.09
	−1.09
	−1.90
	−1.34
	−1.63
	−0.40
	−0.62
	−0.21



	STD
	0.46
	0.55
	0.56
	0.86
	0.74
	0.41
	0.44
	0.41



	UC
	2.25
	2.40
	2.41
	2.44
	2.56
	2.32
	2.38
	2.33
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Table 4. Lunar calibration inter-comparison results for SNPP and N20 VIIRS (WL: wavelength; DIF: difference (SNPP—N20); STD: standard deviation; UC: uncertainty). The values are listed as a percentage and the uncertainties were propagated from the values for each instrument/band listed in Table 7.
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	Band
	M1
	M2
	M3
	M4
	I1
	M5
	M6





	WL (μ)
	0.41
	0.45
	0.49
	0.56
	0.64
	0.67
	0.75



	DIF
	3.78
	3.41
	3.09
	3.14
	2.41
	2.64
	2.89



	STD
	0.50
	0.37
	0.34
	0.33
	0.33
	0.29
	0.28



	UC
	2.04
	2.02
	1.95
	1.94
	1.91
	1.95
	2.05



	Band
	I2
	M7
	M8
	M9
	I3
	M10
	M11



	WL (μ)
	0.87
	0.87
	1.24
	1.38
	1.61
	1.61
	2.25



	DIF
	2.93
	2.95
	3.70
	2.98
	3.30
	2.56
	2.56



	STD
	0.17
	0.20
	0.29
	0.33
	0.31
	0.32
	0.45



	UC
	1.95
	1.92
	2.02
	2.07
	2.68
	2.01
	2.70
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Table 5. Lunar calibration inter-comparison results for Aqua MODIS and N20 VIIRS (WL: wavelength; DIF: difference (Aqua—N20); STD: standard deviation; UC: uncertainty). The values are listed as a percentage and the uncertainties were propagated from the values for each instrument/band listed in Table 6 and Table 7.
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	Bands
	8/M1
	9/M2
	3/M3
	4/M4
	1/I1
	13/M5
	15/M6
	2/I2
	16/M7





	DIF
	−0.86
	0.11
	−1.73
	−1.17
	−2.37
	0.77
	0.72
	−2.63
	0.24



	STD
	0.51
	0.39
	0.40
	0.46
	0.40
	0.52
	0.81
	0.31
	0.65



	UC
	2.14
	2.07
	2.14
	2.08
	2.41
	2.12
	2.17
	2.49
	2.21
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Table 6. Terra and Aqua MODIS lunar calibration uncertainty. The uncertainties are listed as a percentage.
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Terra MODIS

	
Aqua MODIS




	
Band

	
U1

	
U2

	
U3

	
Total

	
U1

	
U2

	
U3

	
Total






	
1

	
1.60

	
1.20

	
0.53

	
2.07

	
1.6

	
1.23

	
0.43

	
2.06




	
2

	
1.66

	
1.27

	
0.31

	
2.11

	
1.63

	
1.38

	
0.25

	
2.15




	
3

	
1.55

	
0.30

	
0.82

	
1.78

	
1.53

	
0.5

	
0.63

	
1.73




	
4

	
1.51

	
0.23

	
0.57

	
1.63

	
1.52

	
0.51

	
0.42

	
1.66




	
8

	
1.62

	
0.37

	
0.53

	
1.74

	
1.58

	
0.35

	
0.51

	
1.70




	
9

	
1.60

	
0.30

	
0.30

	
1.66

	
1.57

	
0.24

	
0.24

	
1.61




	
10

	
1.59

	
0.21

	
0.21

	
1.62

	
1.56

	
0.22

	
0.14

	
1.58




	
11

	
1.58

	
0.26

	
0.16

	
1.61

	
1.56

	
0.24

	
0.1

	
1.58




	
12

	
1.57

	
0.26

	
0.16

	
1.60

	
1.56

	
0.24

	
0.09

	
1.58




	
13

	
1.59

	
0.26

	
0.09

	
1.69

	
1.59

	
0.36

	
0.05

	
1.71




	
14

	
1.59

	
0.27

	
0.09

	
1.69

	
1.59

	
0.39

	
0.05

	
1.71




	
15

	
1.59

	
0.31

	
0.10

	
1.70

	
1.59

	
0.52

	
0.06

	
1.75




	
16

	
1.69

	
0.32

	
0.08

	
1.79

	
1.67

	
0.54

	
0.05

	
1.83




	
17

	
1.62

	
0.14

	
0.26

	
1.65

	
1.6

	
0.24

	
0.21

	
1.63




	
18

	
1.64

	
0.23

	
0.34

	
1.69

	
1.63

	
0.27

	
0.31

	
1.68




	
19

	
1.62

	
0.18

	
0.27

	
1.65

	
1.61

	
0.25

	
0.23

	
1.65
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Table 7. SNPP and N20 VIIRS lunar calibration uncertainty. The uncertainties are listed as a percentage.
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SNPP VIIRS

	
N20 VIIRS




	
Band

	
U1

	
U2

	
U3

	
Total

	
U1

	
U2

	
U3

	
Total






	
I1

	
1.44

	
0.01

	
0.21

	
1.46

	
1.22

	
0.01

	
0.21

	
1.24




	
I2

	
1.43

	
0.02

	
0.40

	
1.49

	
1.21

	
0.02

	
0.32

	
1.25




	
I3

	
1.60

	
0.10

	
1.31

	
2.07

	
1.22

	
0.10

	
1.19

	
1.71




	
M1

	
1.50

	
0.00

	
0.45

	
1.57

	
1.26

	
0.02

	
0.34

	
1.30




	
M2

	
1.49

	
0.00

	
0.42

	
1.54

	
1.25

	
0.01

	
0.39

	
1.31




	
M3

	
1.46

	
0.00

	
0.27

	
1.49

	
1.24

	
0.01

	
0.22

	
1.26




	
M4

	
1.45

	
0.02

	
0.30

	
1.48

	
1.23

	
0.02

	
0.26

	
1.26




	
M5

	
1.44

	
0.11

	
0.38

	
1.50

	
1.22

	
0.09

	
0.27

	
1.26




	
M6

	
1.44

	
0.49

	
0.50

	
1.60

	
1.22

	
0.10

	
0.40

	
1.29




	
M7

	
1.44

	
0.22

	
0.22

	
1.47

	
1.22

	
0.11

	
0.19

	
1.24




	
M8

	
1.60

	
0.03

	
0.19

	
1.61

	
1.22

	
0.03

	
0.12

	
1.22




	
M9

	
1.60

	
0.08

	
0.40

	
1.65

	
1.22

	
0.05

	
0.26

	
1.25




	
M10

	
1.60

	
0.04

	
0.11

	
1.60

	
1.22

	
0.02

	
0.08

	
1.22




	
M11

	
1.60

	
0.57

	
0.16

	
1.70

	
2.09

	
0.03

	
0.15

	
2.10
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