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Abstract: Terra and Aqua MODIS have successfully operated since their launches in 1999 and 2002, respectively, and generated various data products to support the Earth remote sensing disciplines and users worldwide for their research activities and applications, including studies of the Earth system and its changes over time and geographic regions. The MODIS data have also significantly contributed to the continuity of multi-decadal satellite data records and led to major advances in the Earth remote sensing field. The long-term data records from MODIS observations have been and will continue to be extended by the VIIRS instruments, currently operated aboard the Suomi-NPP and NOAA-20 satellites. The data quality of satellite instruments strongly depends on their calibration accuracy and stability. In order to help scientists and users gain a better understanding of MODIS and VIIRS data quality, this paper provides an overview of their on-orbit calibration methodologies, approaches, and results derived from instrument on-board calibrators and lunar observations, as well as select Earth view targets. Also discussed is the calibration consistency between MODIS and VIIRS and its potential impact on producing multi-sensor long-term data records. As illustrated, the overall performance of both MODIS and VIIRS continues to meet their design requirements.
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1. Introduction
The NASA’s Earth Observing System (EOS) Terra and Aqua MODIS have successfully operated for more than 20 and 18 years since their launches in December 1999 and May 2002, respectively. The MODIS instrument was developed to meet the growing demand of both the operational community and research disciplines in the remote sensing field by extending and enhancing the data records from a number of legacy Earth-observing sensors. These sensors include but are not limited to the NOAA’s Advanced Very High Resolution Radiometer (AVHRR), the Landsat Thematic Mapper (TM), the Nimbus 7 Coastal Zone Color Scanner (CZCS), and the NOAA’s High Resolution Infrared Radiation Sounder (HIRS). MODIS collects data in 36 spectral bands, covering wavelengths in the visible (VIS), near-infrared (NIR), short-wave infrared (SWIR), mid-wave infrared (MWIR), and long-wave infrared (LWIR) spectral regions, and at 3 moderate spatial resolutions [1-3]. In order to meet its stringent on-orbit calibration requirements, MODIS was designed with a set of advanced on-board calibrators (OBC) that can be operated to characterize sensor performance over its entire mission [4-6]. Operating in complementary morning (Terra) and afternoon (Aqua) orbits, MODIS observations and data products have enabled and advanced numerous research activities and applications for the studies of the Earth’s systems, including its land, oceans, atmosphere, and cryosphere, and its changes over different temporal scales and geographic regions [7-11].
The unprecedented amount of MODIS data, covering a wide spectral range from VIS to LWIR, have also significantly contributed to the continuity of many existing satellite data records over a multi-decadal period and led to major improvements in the Earth remote sensing methodologies and applications, which have benefited at different levels of the design and development of other Earth-observing sensors [12]. It is significant and vital that the long-term data records from MODIS observations have been and will continue to be extended by the VIIRS instruments, two of which are currently operated aboard the Suomi National Polar-Orbiting Partnership (S-NPP) and NOAA-20 (N20) platforms launched in October 2011 and November 2017, respectively, and three of which will be launched on future Joint Polar Satellite System (JPSS) satellites [13]. The VIIRS was developed, designed, and built by the same instrument vendor with a strong MODIS heritage. As expected, lessons and experience learned from MODIS have greatly aided the VIIRS testing, operation, and calibration during different phases of the mission. The VIIRS Environmental Data Records (EDRs), mostly inherited from those developed for MODIS, provide operational support and scientific applications, such as disaster monitoring, weather prediction, and studies of the Earth’s environment and climate changes [13-18]. Together, MODIS and VIIRS observations will enable many key Earth remote sensing data records and studies over a multi-decadal period (2000-2040).
It has been extremely invaluable that the MODIS and VIIRS instruments are operated on platforms that carry other Earth-observing sensors. For example, the Terra spacecraft also carries the Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER), the Clouds and the Earth's Radiant Energy System (CERES), the Multi-angle Imaging Spectro-Radiometer (MISR), and the Measurements of Pollution in the Troposphere (MOPITT) [19]. In addition to VIIRS, the S-NPP spacecraft hosts the Advanced Technology Microwave Sounder (ATMS), the CERES, the Cross-track Infrared Sounder (CrIS), and the Ozone Mapping and Profiler Suite (OMPS) [13]. Concurrent and complementary measurements from sensors operated in different spectrums or at different viewing geometries have made MODIS and VIIRS data products extremely powerful and essential to further improve various scientific studies and investigations.
The data quality of a satellite instrument and its impact on various studies and applications strongly depends on the instrument’s calibration accuracy and stability. In order to ensure that the sensor design requirements could be met, both MODIS and VIIRS went through extensive pre-launch calibration and characterization using various ground-based testing equipment, measurement assemblies, and calibration targets or sources that were traceable to national or international standards. Key pre-launch calibration references and functions are transferred to their OBC so that the sensors’ performance and data quality could be monitored and maintained over their entire missions [20-23]. For MODIS, a dedicated team, the MODIS Characterization Support Team (MCST) at NASA Goddard Space Flight Center (GSFC), has been supporting the instrument calibration and characterization from pre-launch to on-orbit. The same team is also responsible for developing and maintaining the MODIS L1B calibration algorithms, and for operating both Terra and Aqua MODIS instruments and scheduling various calibration activities. Similar teams, the VIIRS Characterization Support Team (VCST) at NASA GSFC, established based on the MODIS experience, and the NOAA VIIRS Sensor Data Records (SDR) team, provide calibration support for VIIRS instruments.
The objective of this paper is to provide an overview of MODIS and VIIRS on-orbit calibration methodologies, approaches, and results derived from the OBC and lunar observations, as well as select Earth view (EV) targets. In addition to performance assessments, this paper discusses key calibration algorithm improvements or strategy refinements made to address on-orbit changes in sensor characteristics and issues identified during MODIS and VIIRS mission operations. In the following, we provide a brief description of MODIS and VIIRS instrument background in Section 2, including key design specifications of their spectral bands, on-orbit calibration capability, and nominal operation considerations. An overview of MODIS and VIIRS reflective solar bands (RSB) and thermal emissive bands (TEB) on-orbit calibration algorithms is presented in Section 3. Section 4 demonstrates on-orbit performance of Terra and Aqua MODIS and S-NPP and N20 VIIRS instruments, including changes in their spectral band responses based on the OBC and lunar observations, and detector noise characterization. Also discussed in Section 4 are special issues identified and addressed for individual sensors to maintain their on-orbit calibration and data quality. These include changes in MODIS RSB response versus scan-angle (RVS), crosstalk correction for MODIS SWIR bands and LWIR bands (Terra only), and large changes in S-NPP NIR and SWIR spectral regions and their associated impacts. In Section 5, we examine calibration consistency between MODIS and VIIRS and its potential impact on producing multi-sensor long-term data records. Section 6 provides a short summary. It should be pointed out that the VIIRS has a unique day/night band (DNB) and its calibration and performance are not discussed in this paper, but can be found here [24, 25]. The geometric calibration and performance of the MODIS and VIIRS are not covered in this paper either. To date, the overall performance of both MODIS and VIIRS continues to meet their design requirements, enabling high quality data to be continuously generated. On-orbit changes in sensor characteristics have been monitored and addressed via calibration look-up table (LUT) updates and algorithm enhancements. Calibration issues discussed in this paper can also provide useful information for scientists and users worldwide to better understand and further improve their studies that involve the use of MODIS and VIIRS observations.
2. Instrument Background
As introduced earlier, MODIS was developed based upon a number of heritage sensors with an overall improvement in its calibration requirements and, most importantly, on-orbit calibration capability that can help monitor and maintain instrument calibration and data quality over its entire mission [3-6]. MODIS data are collected in 36 spectral bands covering wavelengths from 0.41 to 14.4 μm and at 3 nadir spatial resolutions: 250 m (bands 1-2), 500 m (bands 3-7), and 1 km (bands 8-36). It is a whiskbroom scanning radiometer using a double-sided scan mirror, making observations over a scan-angle range of ±55° relative to instrument nadir, providing a global coverage of the Earth every 1-2 days. A summary of the MODIS’s key design requirements for each spectral band is included in Table 1. The MODIS RSB include bands 1-19 and 26 and TEB include bands 20-25 and 27-36.




Remote Sens. 2020, 12, x FOR PEER REVIEW	24 of 30

Table 1. Spectral characteristics (in μm), typical radiance (in W/m2/μm/Sr) and temperature (in K), signal to noise ratio (SNR) and noise equivalent temperature difference (NEdT; in K), and primary use of each MODIS band. The SNR (for RSB) and NEdT (for TEB) are given for pre-launch (PL) measurements and three on-orbit time periods.
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Figure 1. MODIS scan cavity with on-board calibrators4.
Figure 1 depicts the MODIS scan cavity with its key components and subsystems including the OBCs. The EV radiant flux is reflected from the scan mirror to the fold mirror and then through an off-axis telescope consisting of the primary and secondary mirrors. The 36 spectral bands, with a total of 490 detectors, are located on four focal plane assemblies (FPAs): VIS, NIR, S/MWIR and LWIR. The S/MWIR and LWIR FPAs are temperature controlled by a radiative cooler at 83 K and the VIS and NIR FPAs are operated at sensor ambient, without temperature control. The detectors in each spectral band are aligned in the along-track direction with bands 13 and 14 each using a pair of detector arrays to operate at low and high gains via a time-delay and integration (TDI). For each 1 km data sample in bands 8-36, the detectors in the 500 m resolution bands (3-7) and 250 m resolution bands (1-2) collect two and four sub-samples, respectively. The suite of MODIS OBCs includes a solar diffuser (SD), a solar diffuser stability monitor (SDSM), a blackbody (BB), and a spectro-radiometric calibration assembly (SRCA). The sensor’s deep space view (SV) provides a background signal reference for both calibration and Earth radiance retrieval and also facilitates regular lunar observations performed via a spacecraft roll maneuver. 
The MODIS SD panel, comprised of space-grade Spectralon is a near-Lambertian diffuser and it enables a reflectance-based calibration of the MODIS RSB. The SD bi-directional reflectance distribution function (BRDF) was characterized pre-launch by the instrument vendor with reference diffuser samples traceable to the NIST (National Institute of Standards and Technology). Its on-orbit changes are tracked by the SDSM. A retractable attenuation solar diffuser screen (SDS) is used to calibrate the high gain RSBs, whose responses saturate when the SD is under direct solar illumination. Nominally, a full RSB calibration consists of two sets of SD observations: one with the SDS and one without, with the solar diffuser aperture door closed at other times to prevent excessive solar exposure. 
The SDSM is a ratioing radiometer with 9 filtered detectors embedded in a solar integrating sphere (SIS) covering wavelengths from 0.41 to 0.94 μm. The SDSM, operated during the SD calibration, tracks the SD BRDF on-orbit degradation with alternate observations of direct sunlight and sunlight diffusely reflected from the SD panel. To match the SDSM Sun-view and SD-view responses, the SDSM Sun-view port includes a fixed attenuation screen. The time series of the SD to Sun-view ratios determine the SD degradation. 
The OBC BB is a v-grooved panel with near-unity emissivity when viewed by the MODIS scan mirror. Its temperature is measured by 12 individual thermistors embedded in the substrate of the BB panel. On-orbit, the nominal settings of the BB have been 290 K for Terra MODIS and 285 K for Aqua MODIS. The BB, with its temperature measurements traceable to the NIST standard, is the calibration source for the TEB. The TEB on-orbit calibration is performed on a scan-by-scan basis by referencing to the BB. On a regular basis, the BB is cycled between the instrument ambient and 315 K, providing the ability to monitor the sensor’s non-linear calibration coefficients. 
The SRCA is a unique device with built-in sources that can be configured and operated in three modes: radiometric, spectral, and spatial. The radiometric and spectral calibration capabilities only apply to the RSB, whereas the spatial calibration can be performed for both TEB and RSB. While the SRCA is designed to track radiometric performance of the RSB, the SRCA lamps have not been stable enough to provide accurate radiometry over the long time scales of the MODIS missions. As a result, the SRCA is primarily used for offline tracking of the spatial and spectral performance and the SRCA results are not currently used in any of the radiometric calibration algorithms. Interested readers can find more information on the SRCA spatial and spectral measurements from references [26-27].  
The VIIRS instrument is also a whiskbroom multi-band scanning radiometer, which uses a rotating telescope assembly (RTA) in combination with a half-angle mirror (HAM) to scan over the Earth scene [15, 18, 24]. A summary of VIIRS spectral bands and key design requirements is provided in Table 2. There are 22 spectral bands spanning the wavelength range from 0.41 to 12.0 μm. Many of the bands have center wavelengths that are closely matched to corresponding MODIS bands. Data are taken at two nadir spatial resolutions: 375 m for the imaging “I” bands and 750 m for the moderate resolution “M” bands. The VIIRS has 14 RSB (I1-I3 and M1-M11) and 7 TEB (I4-I5 and M12-M16). It also has a unique DNB at 750 m resolution, which has an extremely large dynamic range capable of viewing the brightest of daytime scenes as well as dim nighttime scenes. The VIIRS spectral bands are located on three FPAs. The S/MWIR and LWIR FPAs are both cooled to a temperature of about 80 K using a cryocooler, and the VIS/NIR FPA is operated at sensor ambient temperature.
Table 2. Spectral characteristics (in μm), typical radiance (in W/m2/μm/Sr) and temperature (in K), signal to noise ratio (SNR) and noise equivalent temperature difference (NEdT; in K), and primary purposes of each VIIRS band. The SNR (for RSB) and NEdT (for TEB) are given for pre-launch (PL) measurements and three on-orbit time periods. For band M11, the typical radiance and SNR specifications were changed between S-NPP and N20; the N20 numbers are given in parentheses. 
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VIIRS has seven dual-gain bands: M1-M5, M7, and M13. For these bands, the electronics can switch between high gain (HG) and low gain (LG) modes in the on-board signal processing based on the observed signal level. This increases the dynamic range and helps facilitate the viewing of both bright and dark Earth scene targets with a single row of detectors. The LG stage of band M13 is used as a fire detection channel. The VIIRS bands use on-board pixel aggregation in the along-scan direction to reduce the impact of the pixel size growth toward the edge of scan (the bow-tie effect) in the Earth scene images. Near nadir, a 3x1 pixel aggregation is used and this drops to 2x1 and then 1x1 moving from nadir to edge of scan.
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Figure 2. VIIRS scan cavity with on-board calibrators23. 
Figure 2 shows a schematic of the VIIRS instrument cavity including the primary OBCs and its scanning RTA and HAM system. Compared to the MODIS design of using a single rotating mirror, the VIIRS RTA design significantly reduces the effect of instrument gain degradation as a function of scan angle, or the RVS, which has been one of the major calibration challenges for MODIS VIS bands. VIIRS shares the same primary OBCs as MODIS: an SD for the RSB with an SDSM to track the on-orbit degradation of the SD, a BB for the TEB, and a space view port for a dark background reference. During data collection for the OBC views, the dual gain bands are forced to operate alternately in HG and LG stages to facilitate calibration of both gain stages. 
The VIIRS SD calibration system includes a solar attenuation screen. Unlike MODIS, the VIIRS SD attenuation screen is fixed in front of the SD and there is no SD door that can be opened and closed. As a result, the VIIRS SD calibrations are only performed at one radiance level and the SD degrades more quickly on-orbit since it is exposed to solar radiation every orbit. The VIIRS SDSM has 8 detectors spanning a wavelength range of 0.41 μm to 0.93 μm and has a very similar operation as the MODIS SDSM. The SDSM detectors 1-7 are designed to have a center wavelength matching that of VIIRS bands M1-M7.
As expected, the same lunar calibration strategy and applications developed for MODIS have also been applied for VIIRS, including the use of lunar observations, made through the SV port via spacecraft roll maneuvers, to track the long-term calibration stability of the RSB as well as to characterize sensor spatial performance. Unlike MODIS, the VIIRS lunar observations through the SV port are made from the same viewing geometry as the SD observations, i.e. the angle of incidence of light off of the HAM is the same for both lunar and SD measurements. This allows direct comparison of the SD and lunar time series without concerns about the influence of RVS changes. The impact of these comparisons on the calibration is discussed more in Section 3.
Like MODIS, the VIIRS TEB are calibrated scan-by-scan on-orbit using a v-grooved BB. The BB is maintained at a fixed nominal temperature of 292.5 K for both VIIRS instruments and monitored by a set of 6 well-calibrated thermistors. BB warm-up cool-down (WUCD) operations are regularly scheduled on orbit where the BB temperature is cycled from instrument ambient temperature of about 268 K up to 315 K to monitor any on-orbit changes in the non-linearity of the TEB response.
Built by the same instrument vendor, many of the lessons learned from the MODIS program greatly benefited the VIIRS design and testing. MODIS on-orbit calibration approaches and algorithms have also been adapted and applied to VIIRS.
3. Algorithm Overview 
3.1. MODIS 
The primary Level 1B (L1B) data product for the MODIS RSB is the top-of-atmosphere (TOA) reflectance factor, , that is computed using a simple linear algorithm that can be expressed as follows [6, 28]:
                                 (1)
where  is the solar zenith angle of the EV pixel,  is the calibration coefficient derived from the SD calibration,  is the Earth-Sun distance in AU at the time of the EV observation,  is the sensor response corrected for background and instrument temperature, and  is the response versus scan angle at the EV pixel view angle. The  term accounts for the instrument gain variation as a function of the angle of incidence (AOI) of light relative to the scan mirror. The L1B radiance product is computed from the reflectance factor as
        		                    (2)
where  is the solar spectral power per steradian at 1 AU integrated over the relative spectral response (RSR) for each detector. 

The calibration coefficients  are determined from regular SD observations and are calculated by solving Equation 1 using the SD reflectance factor, expressed as:
                                  (3)
where  is the SD BRDF from pre-launch measurements,  is the sensor response when viewing the SD after correction for background and temperature effects,  is the solar zenith angle relative to the SD, and  is the Earth-Sun distance in AU at the time of the SD observation. The  term is absent in Equation 3 since it is defined to be unity at the AOI of the SD. The  is the SD degradation factor used to correct the SD reflectance on-orbit degradation and is determined from regular SDSM observations. The screen transmission function, , is applied to the bands that employ SD screened calibration and was derived from the yaw maneuver data. For MODIS, no pre-launch measurements were performed to characterize the  and the SD BRDF at the SDSM’s SD view angle. Instead, a series of yaw maneuvers, covering all the viewing geometries of the SD calibration, were performed on-orbit near the beginning of the missions to characterize these quantities [4].
In addition to regular SD and SDSM measurements, each MODIS instrument makes near-monthly lunar observations through its SV port. The lunar calibration coefficients can be derived using an expression similar to Equation 3 after correction of the detector response for variations due to lunar phase, lunar libration, and other view geometry effects. The lunar calibrations are extremely valuable for MODIS as they are used to monitor on-orbit changes in RSB responses at a different view angle or AOI than that of the SD [29]. MODIS is a scanning radiometer and the AOI of the Earth-reflected light relative to the scan mirror varies greatly, from 10.5° to 65.5°. The MODIS RSB RVS was characterized pre-launch and on-orbit changes are tracked by combining the regular SD and lunar measurements acquired at AOI of 50.25° and 11.25°, respectively.
As the instruments continue to operate beyond their designed lifetime, large changes in SD BRDF at short wavelengths, which could be angular and positional dependent, have made it extremely difficult to characterize the SD degradation, , with high accuracy. While a majority of the RSB continue to use the SD-based calibration described by Equation 3, this approach has become inadequate in characterizing changes in the instrument’s response for a few short wavelength bands. As a result, EV response trends from time-invariant desert sites at the SD AOI are used to monitor the relative gain changes for these bands. Similarly, the responses from SD and lunar measurements alone are insufficient to accurately characterize the on-orbit changes in the RVS for the same short-wavelength bands. Therefore, EV response trends at multiple AOIs are used as a supplement to the solar and lunar measurements, resulting in an improved RVS characterization. This EV-based calibration approach has been implemented starting from L1B Collection 6 (C6) for both MODIS instruments [30].
The MODIS SWIR bands have a known out-of-band (OOB) response with a noticeable leak centered at 5.3 μm. The SWIR bands also have electronic crosstalk from the other bands that share the same focal plane. To isolate the combined adverse effects of the OOB leak and electronic crosstalk on the SWIR detectors, a special instrument operation to collect Earth scene RSB data during the spacecraft nighttime was designed and has been implemented since early mission of Terra MODIS, commonly referred to as a Night-time-day-mode (NTDM) operation. A simple linear correction is derived based on the relationship between the response from a reference thermal band and the response of each of the SWIR bands during the NTDM collection. This correction has been implemented since early mission and updated as necessary to effectively mitigate the impacts of the OOB leak and electronic crosstalk in the calibrated L1B reflectance and radiance of the SWIR bands [31].
The MODIS TEB instrument response uses a quadratic algorithm for both the Earth radiance retrieval and BB calibration, except for band 21 which uses a linear function without offset [6,32]. For each detector and mirror side, retrieval of the Earth view radiance, , is performed using 
    			        	(4)
with the linear term  calibrated every scan. The offset term  and quadratic term  are taken from LUTs which are updated as necessary on orbit. The is a function of AOI. The Terra MODIS TEB RVS were derived using on-orbit data collected during spacecraft pitch maneuvers and Aqua MODIS TEB RVS were derived from pre-launch measurements [31].  is the scan mirror radiance and has a small contribution to the TEB calibration due to the difference between the SV and EV RVS. The TEB calibration is based on sensor digital response ) to the BB view calibration radiance (), 
                                     (5)                                                                           
The calibration radiance from the BB view is calculated using LUT coefficients and telemetry temperatures,			
            	 	(6)
where  and  are the emissivity of BB and cavity, respectively,  and  are the radiance from the BB and cavity that are calculated with the Planck equation using their temperatures, and  is the RVS at BB AOI. The first term in Equation 6 is the emission from BB, the second term is the scan mirror emission term due to the difference between the BB and SV RVS, and the third term is the reflection of cavity emission through BB. Equations 5 and 6 can be used to derive the linear calibration coefficients on a scan-by-scan basis using LUT provided offset and nonlinear coefficients, and also to characterize detector nonlinear response coefficients using detector responses during BB WUCD.
Some special considerations have been applied to MODIS TEB calibration and Earth view radiance retrieval. Band 21 is a low gain MWIR band for fire detection. Due to its low digital output during nominal operation and therefore large uncertainty of its scan-by-scan calibration,  coefficients are updated quarterly, if necessary, using on–board BB WUCD measurements. The  coefficients, updated via LUTs, are also applied to Aqua MODIS bands 33, 35, and 36 during BB WUCD period when the BB temperatures exceed their pre-determined saturation temperatures. In addition, the electronic crosstalk between Terra bands 27 to 30 has been a major issue for L1B data and higher-level science products, especially after a spacecraft safe hold event occurred in February 2016 [34, 35]. Terra bands 27 to 30 are often referred to as the PV LWIR bands since the bands use photovoltaic (PV) detectors as opposed to LWIR bands 31 to 36 which use photoconductive (PC) detectors. The PV LWIR crosstalk coefficients are derived from lunar observation and corrections have been applied to both calibration and Earth radiance retrieval. Optical leak corrections for Terra PC bands 32 to 36 have also been applied for both calibration and Earth view radiance retrieval throughout the Terra mission. Due to the decrease in the radiative cooler margin and thus the degradation of the cold focal plane assembly (CFPA) temperature control capability starting from 2006, the Aqua CFPA temperature showed increased fluctuations, though the magnitude has decreased since 2013. Because of this, a CFPA temperature dependent correction is applied to the Aqua TEB responses during BB WUCD, including the LUT  coefficients for bands 33, 35, and 36, which are used when the BB temperatures exceed their saturation limits [36].
3.2. VIIRS 
The VIIRS RSB L1B reflectance and radiance are defined in a similar way to the MODIS RSB, but with some additional considerations for the non-linear gain terms. The primary product for the VIIRS L1B is the radiance defined as [37-39]
   	              (7)
where F, also known as the F-factor, is a scaling parameter to the calibration coefficients,  is the background-corrected detector response for each EV pixel, and  is the HAM reflectivity at the incident angle of the EV pixel relative to its value at the angle of the SV. In contrast to the linear algorithm of MODIS, VIIRS uses a polynomial calibration algorithm that allows for up to cubic terms. The temperature-dependent coefficients  in Equation 7 are derived from pre-launch measurements and are not updated on-orbit. For both VIIRS,  is set to be zero for all detectors, and  is set to zero except for detectors in the N20 SWIR bands M8-M11.
Like MODIS, the TOA reflectance factor can be converted from radiance, or vice versa, using Equation 2. Note that for all NASA L1B products, the delivered reflectance is the reflectance factor, , but for both NOAA and NASA VIIRS SDR products, the delivered reflectance is . The F-factor can be determined by applying Equation 7 to SD observations. The spectral radiance of the sunlit SD, , can be computed by
   		  	  	      (8)
where  is the solar zenith angle relative to the SD,  is the SD screen transmittance,  is the pre-launch SD bidirectional reflectance distribution function along the SD-to-RTA direction, H is the SD degradation factor along the SD-to-RTA direction, and  is the solar spectral power. The  and  were measured pre-launch and their product has been refined with the yaw maneuver and a small portion of regular on-orbit data for both the S-NPP and N20 VIIRS instruments. The SD degradation factor (H) is determined by the SDSM and corrected using on-orbit lunar observations. Since SDSM detectors can only cover wavelengths up to 0.926 μm, different approaches are developed and applied to determine the SD degradation at wavelengths above 1.0 μm. The RSR for both VIIRS instruments was measured during pre-launch testing. The RSR for the S-NPP RSB has been modulated on-orbit due to the uneven RTA mirror reflectivity degradation across wavelengths [39, 40].
VIIRS also makes near-monthly lunar observations and Eq. 7 can also be used to compute the lunar F-factors [41-43]. The long-term trends of the lunar-derived F-factors are compared to the SD-derived F-factors to derive a correction for any inadequacy in the SD degradation measurements. As described in Section 2, VIIRS RSB do not have the same RVS concerns as MODIS because of the improved instrument design. The HAM, which is the only optical element with a reflectivity that depends on the scan angle, is located behind the RTA and shielded from direct exposure to the Earth-reflected UV light. As a result, the HAM reflectivity is not expected to change much on-orbit. The RVS for both VIIRS instruments continues to use the pre-launch values in the L1B products and studies of Earth view targets for S-NPP VIIRS indicate that the RVS continues to be stable. 
Similar to MODIS (Equation 4), the VIIRS TEB detector response uses a quadratic formula to retrieve the Earth view TOA spectral radiance, . An on-board BB yields a calibration scale factor  that is applied to the scan-to-scan retrieval algorithm for each detector as [37, 38, 44]
 		          (9)
where the RVS, a function of AOI, is for each band and HAM side, and the quadratic coefficients  are characterized from pre-launch measurements. The detector’s response for each sample is given by the background-subtracted digital count . The theoretical basis of the TEB algorithm assumes the shape of the detector response curve is preserved so that it allows the same scale factor to apply to all quadratic polynomial coefficients on orbit. The calibration algorithm also considers the background contribution difference between the EV and SV path emission terms from the RTA and HAM. Instead of a scan mirror, the VIIRS rotating optics include an RTA and a HAM. The  in Eq. 9 can be written as, 
 						         	(10)
where  is the combined reflectance of the RTA mirrors, and  and  are the spectral radiance of RTA and HAM, respectively. Eq. 9 can be applied to the BB path radiance to derive the F-factor on a scan by scan basis. Thus,
      (11)
[bookmark: _GoBack]where  is the BB emissivity. The BB path radiance includes the blackbody radiance, , and the radiance reflected from the BB, . Since  is very close to 1, the contribution from the reflected radiance is very small. In the current VIIRS algorithm, the radiance, , that could reflect from the BB includes weighted thermal emissions from the RTA, the blackbody shield, and cavity.
The  factor is detector and HAM side dependent and it is updated scan by scan in the L1B software except for band M13 low gain stage which operates with a fixed F of one due to low signal at the nominal BB temperature. The coefficients  in Equation 9 have not been updated since launch. 
4. On-orbit Performance 
As the MODIS and VIIRS instruments continue their successful operations, their on-orbit calibration accuracy is maintained using the measurements derived from their OBCs. In this section, the performance of the MODIS and VIIRS instruments is summarized using examples from select bands supplemented with descriptions of the performance from other bands. For RSB, the on-board SD is the primary calibration target. On-orbit changes in SD reflectance properties are constantly monitored and corrected when calibration coefficients are derived from SD observations. The SD BRDF on-orbit degradation trends, as shown in Figure 3 for both MODIS and VIIRS instruments, are measured by the on-board SDSM using a ratioing approach. During the SD BRDF calibration data collection process, the SDSM detectors collect solar radiation through the SDSM screen and the SD scattered sunlight at almost the same time. The ratio of the signal strengths is a measure of the SD BRDF degradation. The degradation is normalized at the mission start.
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Figure 3. SD degradation as observed by select SDSM detectors for Terra MODIS (a), Aqua MODIS (b), S-NPP VIIRS (c), and N20 VIIRS (d) instruments. D1 (0.41 µm), D4 (0.55 µm) and D7 (0.86 µm). 
The SD degradation data for Terra and Aqua MODIS are shown in Figure 3 (a) and (b). The rate of SD degradation is fairly similar over the first three years of the missions for Terra (2000-2003) and Aqua (2002-2005). After July 2003, the Terra MODIS SD door has been in a fixed open position with the SD screen fixed in the closed position and the Terra MODIS SD is therefore illuminated by solar radiation every orbit. This has led to more rapid degradation of the SD, especially at shorter wavelengths, as the most likely cause of SD degradation is expected to be the interaction of the solar UV radiation with contaminants on the SD surface. The total SD degradation of Terra MODIS is currently much larger than that of Aqua MODIS, which is exposed to the direct solar radiation only during reguarly scheduled calibration events.
Figure 3 (c) and (d) show the SD BRDF on-orbit degradation for S-NPP and N20 VIIRS instruments as measured along the SD-to-SDSM direction. The VIIRS SD degradation versus time curves are very smooth when operated under the same conditions, a result of high quality SD and SDSM screen transmittance functions obtained using both the yaw maneuver and a small portion of regular SDSM on-orbit data [43,44]. The SD/SDSM configuration and operation are very similar for S-NPP and N20 VIIRS and as a result the rates of SD degradation over the first two years of each mission are very similar across all wavelengths. On Feb 24, 2019, there was an event that impacted the S-NPP SD and perhaps the SD screen, evidenced by the discontinity in Figure 3 (c).
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Figure 4. Terra (a) and Aqua (b) MODIS SD and Lunar on-orbit gain change trends (mirror side 1) for VIS bands 8 and 3 (dashed lines with symbols: Moon; solid lines: SD). B3 (black color): 0.46 µm, B8 (blue color): 0.41 µm.
Figure 4 shows the normalized on-orbit gain change trends for select VIS bands 8 (blue color) and 3 (black color) of Terra and Aqua MODIS. As introduced earlier, the OBC-based gain of the MODIS RSB is tracked at two different AOI using the SD (solid lines) and lunar observations (dashed lines with symbols). Although the lunar measurements are acquired on a near-monthly basis, only the trend lines with representative symbols are shown here for illustration purposes. The gains are averaged over the detectors within each band and normalized to the first on-orbit measurement. For Terra MODIS, the shortest wavelength band 8 (0.41 µm) has experienced the most gain changes of over 50%. Together the SD and lunar gain trends, with a linear approximation at other AOI, are used to monitor the on-orbit change in the RVS for the MODIS RSB. In addition, supplemental trends from pseudo-invariant desert targets are used to obtain a more accurate scan-angle dependent behavior of the gain for select RSB bands. In comparison with the VIS bands, the NIR and SWIR bands have shown relatively smaller gain change (~10%) over the mission. A similar pattern of wavelength-dependent gain degradation is also observed in the Aqua MODIS bands with most degradation of about 40% observed for band 8 (0.41 µm). The NIR and SWIR bands of Aqua MODIS have performed well with on-orbit gain changes within 6% and 3% respectively [28]. 
On-orbit changes in the polarization sensitivity of the scan mirror have impacted the performance of the short-wavelength Terra MODIS RSB. Although the L1B does not include any correction for these polarization effects, a mitigation strategy is in place for the Level 2 (L2) science products. The NASA Ocean Biology Processing Group (OBPG) has derived polarization correction coefficients from a cross-calibration with SeaWIFs and Aqua MODIS over ocean targets [47]. For the land and atmospheric products, these coefficients are employed together with an additional de-trending correction to account for any residual long-term drifts [48]. The changes in the polarization sensitivity of the scan mirror also impact the RVS characterization, particularly for bands 8 and 9 of Terra MODIS that employ the use of observations from the desert targets. Recent work has incorporated the polarization correction in the derivation of gains from the desert sites for these short-wavelength bands. This process will help improve the accuracy of the L1B product and the forward predicted RVS LUTs for VIS bands [49]. It should be noted that this correction only improves the instrument gain stability and RVS prediction. Scene-dependent impacts from polarization still need to be accounted for by indiviual science users. 
The calibration quality of the Terra SWIR bands degraded somewhat following the spacecraft safe mode anomaly in February, 2016. After this event, the PV LWIR bands, including band 28, showed significantly increased electronic crosstalk. This had an impact on the SWIR bands calibration since band 28 was used as a representative sending band to correct the SWIR OOB response, a combination of optical leak at 5.3 µm and electronic crosstalk. Following extensive testing and performance assessment, a decision was made to use band 25 (less impacted by the electronic crosstalk) as the representative sending band. This change has successfully mitigated the adverse impacts and restored the performance of the Terra SWIR bands [50]. Based on the pre-launch lessons learned from Terra MODIS, Aqua MODIS has expereinced minimal impacts due to electronic crosstalk on-orbit. 
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Figure 5. S-NPP (a) and N20 (b) VIIRS SD and lunar on-orbit gain change trends for select VIS and NIR bands (symbols: Moon; solid lines: SD). M1: 0.41 µm, M3: 0.49 µm, M5: 0.67 µm, M7: 0.86 µm.
Figure 5 shows the on-orbit gain change (1/F normalized to mission start) trends for a few select VIS/NIR bands of S-NPP and N20 VIIRS. The lines show the daily average measured F-factors from the SD calibrations and the symbols show the results of lunar observations. For the SD trends, the data are all normalized to the value of gain (1/F) from the first full day of SD observations at the mission start. For the lunar trends, an overall scale factor is derived based on a least-squares fit of the lunar/SD ratio over the entire mission. This is the normalization factor applied to the lunar data to facilitate the clearest comparison between the SD and lunar long-term trends. The lunar calibration methodology, discussed in detail in [41], involves the use of the USGS Robotic Lunar Observatory (ROLO) model to account for the geometric variations (lunar phase angle librations) and a few residual effects associated with the lunar librations are still evident in the trending and need to be accounted for using an empirical correction. For S-NPP, the gains degrade significantly after launch in the NIR/SWIR portion of the wavelength spectrum, with the spectrally matched M7 and I2 (not shown) bands having the fastest rate of degradation. The SWIR band M8, not shown here, has experienced the largest degradation. The rapid degradation has been studied extensively and linked to the optical degradation of the RTA mirrors and that was caused by UV exposure of contaminated mirror surfaces [51]. The rate of degradation has slowed down in recent years and the RSB performance has become fairly stable. For N20 VIIRS, there has been almost no change in the RSB gains on-orbit, with all RSB showing less than 0.5% total gain change after two and a half years of on-orbit operation. Note that the SD F-factors presented in Figure 5 for both instruments are calculated using the SD degradation as seen from the RTA viewing direction, which includes corrections applied on top of the measured SD degradation from the SDSM viewing direction (shown in Figure 3) based on the long-term lunar trends.
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Figure 6. On-orbit gain change as a function of wavelength at a few select years during the missions for (a) Aqua MODIS and (b) S-NPP VIIRS.
Figure 6 shows snapshots of the wavelength dependence of the gain changes of Aqua MODIS RSB compared to S-NPP VIIRS RSB at a few times throughout each mission. The relative amount of gain change as a function of band wavelength can provide insight into the primary degradation mechanisms and what similarities and differences exist between instruments. For Aqua MODIS, the short wavelength visible bands have had the largest degradation on-orbit, with a general trend of less degradation for longer wavelengths. This behavior is understood to be related to the optical degradation of the primary scan mirror of MODIS from exposure to UV radiation. Terra MODIS has a similar pattern but with more degradation at longer wavelengths compared to Aqua MODIS. The magnitude of RVS changes for both Terra and Aqua MODIS also follows a similar wavelength dependence. Note that the gain changes plotted in Figure 6 are the total instrument gain changes, which may include changes in the detector and electronic gains or other instrument changes in addition to the optical degradation, which is likely the explanation for why some bands, notably bands 1 (0.645 μm) and 2 (0.858 μm), fall outside the general trend. For S-NPP VIIRS, the on-orbit degradation at every point in the mission has a distinct wavelength dependency that is related to the RTA mirror contamination confirmed through lab measurements of the RTA mirror witneess samples [51,52]. The wavelength dependence of the gain changes fits well to a degradion model [40]. The smoothness of the gain vs wavelength curves for S-NPP VIIRS compared to Aqua MODIS indicates that the RTA mirror degradation is dominating the gain change and that other electronic or detector changes are not playing a significant role. N20 VIIRS, which does not have the same RTA contamination problem as S-NPP VIIRS, has shown no significant on-orbit gain change of any kind at any RSB wavelength.
As presented in Section 3, the MODIS TEB calibration uses a quadratic response function for both calibration and Earth view radiance retrieval. The linear coefficients () dominate the radiance calculation and are computed scan-by-scan to catch instantaneous changes in instrument response with refrence to the on-board BB. The gains () normalized to the mission beginning are shown in the top row of Figure 7 for selected bands. The gains shown in these figures are weekly band-averaged responses from mirror side 1 in nominal operation, while the trends for mirror side 2 are almost identical. Early in the mission for both MODIS instruments there were configuration changes that caused sudden jumps in the gain trends, which can be seen in Figure 7 for Terra MODIS multiple times before 2004 and for Aqua MODIS during 2002. The Terra safe mode event in February 2016 also impacted the gains for several TEB. Terra MODIS bands 31 and 32 gains show slight downward trends with approximately 1.5% gain change for the entire mission, while the band 20 gain shows an approximate 4% downward trend. MODIS PC bands are highly sensitive to the CFPA temperatures. The gain fluctuations in Aqua MODIS bands 31 and 32 shown in Figure 7 (b) can be attributed to an increasing fluctuation in the CFPA temperatures due to a gradual decrease of the radiative cooler margin. In contrast, Aqua MODIS band 20 gain shows a stable trend over the mission.
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Figure 7. On-orbit gain change trends for select TEB for (a) Terra MODIS, (b) Aqua MODIS, (c) S-NPP VIIRS, and (d) N20 VIIRS.
Figure 7 (c) and (d) show the VIIRS TEB on-orbit gain trends (inverse of the F-factor), calculated as the gain values for HAM-side A averaged over all detectors within a band. The gains of S-NPP VIIRS bands I5, M12, and M16 have changes less than 2.4%, 0.8%, and 0.4%, respectively, over the 8+ years of on-orbit operation. Band I5 shows the largest gain degradation of all TEBs. For N20 VIIRS, right after the cryo-radiator door was opened and CFPA cooled down to its nominal operating temperature on January 6, 2018, ice buidup in the optical path on the LWIR dewar caused a rapid degradation (maximum of ~1.5% in the first 2.5 months) of the gain in the LWIR bands (see bands I5 and M16 in Figure 7 (d)). Following a mid-mission outgas operation performed on March 12, 2018, the gains in these LWIR bands returned to pre-icing levels. Since then, the gain of all N20 TEBs have been very stable. Similar to S-NPP VIIRS, band I5 has the largest gain degradation among the N20 TEBs.
Compared to the SD used for RSB calibration that degrades significantly at short wavelengths (Figure 3), the on-board BB performance has been very stable. At its nominal setting, the BB temperature drift over the entire mission is less than 30 mK for Terra MODIS and less than 5 mK for Aqua MODIS, S-NPP and N20 VIIRS. The scan-by-scan variation of the BB temperatures is within ±25 mK for Terra MODIS and within ±15 mK for Aqua MODIS, S-NPP and N20 VIIRS. As expected, the variations are slightly higher during BB WUCD operations. 
Terra MODIS PV LWIR band crosstalk coefficients (bands 27-30) are derived from lunar observations and the correction has been applied to the Collection 6.1 (C6.1) L1B reprocessing from the mission beginning through forward processing [35]. Early in the mission, the contamination level is relatively low, and then gradually increases. The contamination impacts the L1B data and the science product. After the February 2016 safe-mode event, the contamination level for each band has increased significantly. Applying correction on both calibration and Earth view radiance retrieval has resulted in a significant improvement to the radiometric calibration accuracy, image quality, and the long-term stability. Figure 8 shows the comparison of a Terra band 27 image before (C6) and after (C6.1) the crosstalk correction. The image quality is greatly improved with removal of the striping and also resulting in an enhanced accuracy. The C6.1 correction shows a similar level of improved performance for all the PV LWIR bands 27-30. A similar need for an electronic crosstalk correction has also been identified in select detectors of Terra MODIS MWIR and Aqua MODIS MWIR and LWIR bands and will be implemented in the next version of the L1B products. Although the impacts of electronic crosstalk in these TEB are minimal compared to the Terra MODIS PV LWIR bands, a correction is expected to produce enhanced imagery in terms of reduced detector striping and therefore an improved calibrated product.
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Figure 8. Comparison of Terra band 27 images before (C6) and after the crosstalk correction (C6.1). The image is of Hurricane Dorian on September 5, 2019.
As illustrated above, extensive efforts have been made by the MCST and VCST to constantly monitor and evaluate the performance of each of the MODIS and VIIRS instruments. On-orbit changes in sensor OBC and spectral band responses are fully characterized and corrected via calibration look-up table updates and, if necessary, algorithm refinements. The calibration performance across all wavelengths is also monitored routinely using vicarious measurements of pseudo invariant ground targets as well as cross-calibration with other instruments. The MODIS and VIIRS on-orbit calibration uncertainties have also been assessed and details of these analyses can be found in a number of referecnes [53-55].
5. Calibration Consistency Assessment and Future Effort
Various vicarious approaches have been used to examine sensor calibration stability and consistency. The MODIS L1B product used for calibration assessment is from Collection 6.1 produced by the NASA's MODIS Adaptive Processing System (MODAPS). For VIIRS, the latest Version 2.0 L1B data produced by NASA Land SIPS (Science Investigator-led Processing System) are used. A number of Earth targets with suitable characteristics have been identified and used as reliable references to verify the post-launch radiometric performance of various satellite sensors [56-59]. The selection of Earth targets is generally based on the following considerations: the target surface should have high spatial uniformity, high surface reflectance, and temporally invariant surface properties. It is preferable that the site is horizontally uniform and located in desert regions, so as to have low probability of cloud-cover and precipitation, or located in polar areas to minimize the influence of aerosol and atmospheric water vapor. In recent years, simultaneous nadir overpasses (SNOs) have been used to determine the relative differences between a pair of polar-orbiting satellites [58-60]. This approach is based on a direct pixel level comparison and requires a proper selection and sampling of SNO measurements to minimize the effect of spatial and temporal variability in the observations. The SNO approach can provide high-quality comparison data.

For RSB inter-comparison, the primary vicarious approach is the SNO approach [60, 62, 63]. Since there is no simultaneous crossover between Terra and Aqua satellites, or between S-NPP and N20 satellites, a third sensor could be used as a transfer radiometer [61, 64]. For example, either MODIS has crossovers with both VIIRS sensors and can be used as the transfer radiometer to inter-compare the two VIIRS via a double difference approach. Similarly, either VIIRS can help facilitate the inter-comparison of the two MODIS instruments. There is an abundance of MODIS and VIIRS SNOs, with nearly one SNO event every three days. The most frequent locations of these SNOs are in the high-latitude regions. The SNO data sets collected in this study are from the MODIS and VIIRS crossovers acquired within 30 seconds. An averaged ratio of reflectance between the spectrally matching bands of MODIS and VIIRS is determined once a statistically sufficient sample size is obtained from each SNO. Since there is no restriction of SNOs on the location or surface type, results from this approach contain data from a wide variety of scene types. Figure 9 shows an example of pixel-to-pixel comparisons of reflectance between spectrally matched Aqua MODIS bands 1 and 2 and S-NPP VIIRS bands I1 and I2 from an SNO event on Oct. 8, 2019. Using S-NPP as a transfer radiometer, trends of Terra and Aqua MODIS band 1 to VIIRS band I1 reflectance ratios are shown in Figure 10. Small data gaps in the Terra trend are due to exclusion of periods when Terra and S-NPP SNOs are at solar zenith angles larger than 80.0°. There are seasonal variations in the trends that are likely due to residual BRDF effects. On average, Terra MODIS band 1 reflectance is 1.15% lower than that of Aqua MODIS. The relative differences for other MODIS VIS/NIR bands are within 1.5% based on the SNO approach. Similarly, Aqua MODIS can be used as a transfer radiometer to enable inter-comparisons between S-NPP and N20 VIIRS. 
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Figure 9. Example of an SNO (Oct 8, 2019) pixel-to-pixel comparison of reflectance between Aqua MODIS band 1 and S-NPP VIIRS band I1 at 0.65 μm (left) and band 2 and I2 at 0.86 μm (right). 
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Figure 10. Trends of Terra (black) and Aqua (red) MODIS band 1 to S-NPP VIIRS band I1 reflectance ratios. 

For the TEB, the Infrared Atmospheric Sounding Interferometer (IASI) on Metop-A or the Cross-track Infrared Sounder (CrIS) on S-NPP and N20 have been used as transfer radiometers [65-68]. In this approach, well-calibrated hyperspectral measurements from IASI and CrIS are used to intercompare the MODIS and VIIRS TEB. Figure 11 shows an example of the S-NPP and N20 VIIRS comparisons to Aqua MODIS as a function of brightness temperature (BT) at 11.0 µm using IASI as the reference. There is a slight BT-dependent trend for the BT difference and a double BT difference is used to determine the S-NPP and N20 temperature difference. Results show that N20 BT are systematically lower than S-NPP by approximately 0.10 K. Results for other VIIRS TEB show that the relative differences are generally within 0.10 K based on the SNO approach, indicating an excellent calibration consistency of both N20 and S-NPP TEB. 
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Figure 11. Comparison of S-NPP (green) and N20 (blue) VIIRS BT difference as a function of BT for I5 (11.4 µm) using IASI as a transfer radiometer. Results of S-NPP and N20 are referenced to Aqua MODIS band 31 and corrected for the RSR differences using IASI from their SNOs.

The other vicarious calibration approaches are based on reflectances collected over pseudo-invariant calibration sites (PICS) including the widely used Libya-4 desert site (28.5oN, 23.4oE) and the Dome C ice/snow site (75.1oS, 123.4oE) on the Antarctic Plateau [69]. The main reason that these PICS are used is because of the relatively high and nearly constant reflectance with little vegetation. Similar to the SNO approach, we choose near-nadir overpasses with view zenith angles less than 5.0° over the Libya-4 site, obtained from 16-day repeatable orbits for both MODIS and VIIRS. Since the view and solar zenith angles over the site for the two sensors can be selected from a similar angular range, a site-dependent BRDF model based on measurements from one sensor can be applied to the measurements from the other sensor. The BRDF model coefficients are derived from a cumulative data set typically spanning a three-year period to cover multiple seasonal cycles for the angular parameters. Figure 12 shows trends of S-NPP and N20 VIIRS I1 (0.65 µm) reflectance from the Libya-4 desert site, normalized with a common BRDF model derived using measurements from Aqua MODIS band 1 (0.65 µm). Comparison of the BRDF-normalized reflectances indicates that N20 is about 3.55% lower than S-NPP. It should be noted that there are additional differences in reflectance due to existing band spectral differences between N20 and S-NPP VIIRS RSB. The impact due to spectral differences varies with scene types and atmospheric conditions and needs to be corrected when evaluating the calibration difference. For other RSB, the lower systematic biases for N20 range from 3% to 7% depending on band, with the largest biases in the shortest wavelength bands M1 to M3.     
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Figure 12. Trends of S-NPP (green) and N20 (blue) VIIRS reflectance normalized with MODIS-based BRDF for band I1 (0.65 µm), obtained from 16-day repeatable nadir overpasses over the Libya-4 desert site.

For TEB, near surface temperature measurements obtained from the Dome C site and ocean buoys are used as references to track the MODIS and VIIRS calibration stability and consistency. To access the calibration consistency between the two sensors, a temperature double difference is applied to determine the relative bias [70-73]. Figure 13 shows an example of the relative bias between the S-NPP VIIRS and Aqua MODIS 11.0 μm bands at the Dome C site. Since the site is located at Antarctica, there are more frequent MODIS and VIIRS overpasses. Each data point shown in the figure is obtained by averaging weekly matchups. All near surface temperature measurements are obtained from an automatic weather station at the site with a time frequency of every 10 minutes. The temperatures measured at the nearest time to the sensor overpasses are used to calculate the temperature difference. Results show that no apparent drifts are observed and that the mean bias is -0.11 K, which is well within the uncertainty requirement. Since the BT retrieved by the sensors at the top of atmosphere is affected by atmosphere, there are relatively large uncertainties in the comparison result. However, with accumulation of enough samples, this approach can provide a reasonably good estimate of the overall stability and relative BT bias.   
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Figure 13. Relative bias in BT of S-NPP VIIRS M15 relative to Aqua MODIS band 31 determined from the double difference method using near surface temperature measurements at the Dome C site. 

Table 3. Terra and Aqua MODIS RSB and TEB comparison. Results are provided in percentage difference (Terra – Aqua)/Aqua (%) for RSB and in Kelvin (K) (Terra – Aqua) for TEB. Values in parentheses are the standard error. Those marked n/a are either not applicable or are excluded due to saturation.  

	Method
	Period
	B1
	B2
	B4
	B8
	B9
	B12
	B20
	B29
	B31
	B32
	B35

	SNO
	2012-2020
	-1.2
(1.3)
	-0.8
(1.4)
	-0.8
(1.1)
	0.5
(1.6)
	1.0
(1.7)
	-1.3
(3.2)
	0.11
(1.24)
	-0.03
(0.20)
	0.10
(0.15)
	0.11
(0.17)
	0.20
(0.19)

	Desert
	2002-2020
	-1.2
(1.0)
	0.3
(1.1)
	-0.3
(1.2)
	-0.2
(1.9)
	-0.5
(1.7)
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a

	Dome C
	2002-2019
	-0.8
(2.6)
	0.6
(2.6)
	-0.1
(2.7)
	n/a
	n/a
	n/a
	0.96
(4.37)
	0.24
(2.52)
	0.21
(2.53)
	0.26
(2.52)
	-0.14
(2.55)

	Ocean
	2010-2019
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	0.23
(2.24)
	-0.02
(2.33)
	-0.03
(2.49)
	0.04
(2.48)
	1.71
(0.81)



Table 3 summarizes the differences of Terra MODIS relative to Aqua MODIS determined using the four vicarious approaches for several selected bands covering the VIS, NIR, MWIR, and LWIR. The SNO approach has the shortest data period compared with other approaches but still covers the entire S-NPP VIIRS operational period from 2012 to present. Since there is a close band spectral agreement between Terra and Aqua, no spectral difference correction is applied. For the RSB, the relative differences are within 1.5% in all three relevant approaches. A large standard error for band 12, an ocean color high-gain band, is due to a limited number of SNO pixels because of saturation over land and cloudy surfaces. Results from the Dome C site also show relatively large variability due to their high solar zenith angles. Results for MODIS SWIR bands (not included in Table 3) have a relative difference within 2% between Terra and Aqua but with a high uncertainty of 2% to 4% depending on approach. Results for bands 17 to 19 are not considered due to lack of spectral overlapping with VIIRS and their high sensitivity to atmospheric water conditions. 

For the TEB results in Table 3, five bands with wavelengths from 3.75 µm to 14.0 µm are selected. Results from the SNO have lower standard errors than the other two approaches. The differences for bands 20, 29, 31, and 32, which are the bands in the atmospheric window regions, are within 0.20 K in the SNO data and ocean buoy approaches. In the ocean buoy approach [73], data come from three near tropic ocean sites, which are operated and maintained by the NOAA National Data Buoy Center (NDBC). These two approaches are applied to Earth scenes with temperatures close to the typical temperature at 300 K, indicating a reasonably consistent calibration between Terra and Aqua. It should be noted that the results for Terra band 29 are obtained after the electronic crosstalk correction. Without the correction, a large upward trend of up to 2.0 K is observed [35]. For band 35, Terra has a larger positive bias relative to Aqua, which was observed for bands 33 to 36 in several early studies based on MODIS and IASI SNO data. Further investigation has found that an effective spectral shift could significantly reduce the scene temperature dependent biases [65]. 

Table 4. N20 and S-NPP VIIRS RSB and TEB comparison. Results are provided in percentage difference (S-NPP-N20)/S-NPP (%) for RSB and in Kelvin (K) (N20 – S-NPP) for TEB. Values in parentheses are the standard error. Those marked n/a are either not applicable or are excluded due to saturation.   
	Method
	Period
	M1
	M2
	M4
	M7
	I1
	I2
	M13
	M14
	M15
	M16
	I5

	SNO
	2018-2020
	6.3
(1.8)
	5.2
(1.6)
	3.4
(1.6)
	3.5
(1.8)
	3.8
(1.6)
	3.6
(1.8)
	0.12
(0.22)
	n/a
	0.02
(0.20)
	0.10
(0.15)
	0.10
(0.16)

	Desert
	2018-2020
	7.0
(1.3)
	6.1
(1.2)
	3.7
(1.2)
	2.8
(0.9)
	3.7
(1.1)
	3.1
(1.1)
	n/a
	n/a
	n/a
	n/a
	n/a

	Dome C
	2018-2019
	6.7
(1.4)
	4.7
(1.4)
	5.2
(2.9)
	2.9
(2.9)
	3.8
(2.7)
	3.3
(3.0)
	-0.15
(1.96)
	0.23
(2.09)
	0.70
(2.17)
	0.64
(2.19)
	n/a

	Ocean
	2018-2020
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	0.01
(4.72)
	0.60
(5.46)
	0.11
(6.04)
	-0.07
(6.41)
	n/a



Table 4 summarizes the differences between S-NPP and N20 VIIRS for select RSB and TEB from the various intercomparison approaches. The results show that N20 reflectances are systematically lower than S-NPP by 3 to 4% for most RSB and the two shortest wavelength bands M1 and M2 have the largest biases, up to 7%. Our recent study showed that reflectances from N20 VIIRS VIS to NIR bands are lower than those from S-NPP by 4% on average and more negative biases occur in the shortest wavelength bands M1 to M3 [74]. Similar results of the radiometric biases between the two instruments were also observed in a recent study by Uprety et al [75]. There are noticeable differences between NASA Land SIPS and NOAA interface data processing segment (IDPS) L1B reflectance products for S-NPP VIIRS due to differences in the calibration methods. For RSB, the results in Table 4 are corrected for the existing differences of band RSR between the two sensors, which are derived using SCIAMACHY observations, one of ten instruments aboard the ESA's Environmental Satellite, ENVISAT 18 [76]. SCIAMACHY has a relatively high spectral resolution (0.2 nm to 0.5 nm) and a wide wavelength range (240 nm to 1700 nm). Although the ENVISAT mission ended on May 9, 2012, it provides a decade-long global dataset from August 2002 up to April 2012. The SCIAMACHY data collected in 2004 is used, based on the Level-1B data product (SCI_NL_1P, version 7.03) and surface type information from Terra MODIS co-location data (desert, SNO and Dome C). For the SNO data, since they are collected from varying scene-types, an averaged SCIAMACHY profile using overpasses over multiple scene types is used to derive the RSR correction. 

For the TEB in Table 4, comparisons of the differences of N20 relative to S-NPP indicate a small negative bias of about -0.10K in the SNO approaches, which is well within the radiometric accuracy specification. Results from the other two approaches (Dome C and ocean buoy) also show negative biases but with much larger uncertainties due to the limitations of these approaches.

Table 5 shows the differences of N20 VIIRS relative to Aqua MODIS. Results indicate that N20 RSB are consistently lower than Aqua by about 1.0% to 3.0% for most bands and the two shortest wavelength bands M1 and M2 have the largest biases. Similar to the results shown in Table 4, the differences are corrected for the RSR impact. Results also show that differences among the three approaches could be up to 2.0%. A similar level of agreement among various vicarious approaches has been reported previously for the visible to near-infrared spectral region [77-78]. It is expected that errors due to existing residual BRDF impacts on the comparison data could be up to 1%, plus additional 0.5% errors due to not having a real time RSR correction. For TEB, the results in Table 5 indicate an excellent agreement of 0.11 K or less between N20 VIIRS and Aqua MODIS based on the SNO approach. Our earlier results based on the SNO approach between S-NPP VIIRS and Aqua MODIS also showed an excellent agreement over a wide range of scene temperatures [67-68]. Based on previous results as well as the VIIRS comparisons shown in Table 4, this is an expected agreement between N20 VIIRS and Aqua MODIS TEB.

Table 5. N20 VIIRS and Aqua MODIS RSB and TEB comparison. Results are provided in percentage difference (Aqua-N20)/Aqua (%) for RSB and (Aqua-N20) Kelvin (K) for TEB. Values in parentheses are the standard error. Those marked n/a are not applicable. 

	Method
	Period
	M1
B8
	M2
B9
	M4
B4
	M7
B2
	I1
B1
	I2
B2
	M13
B22
	M13
B23
	M15
B31
	M16
B32

	SNO
	2018-2020
	2.1
(1.6)
	5.0
(1.5)
	3.2
(1.5)
	2.8
(1.7)
	3.0
(1.5)
	2.7
(1.7)
	0.09
(0.52)
	0.11
(0.51)
	0.11
(0.22)
	0.07
(0.23)

	Desert
	2018-2020
	4.2
(1.1)
	5.3
(0.8)
	2.4
(0.8)
	0.6
(0.5)
	3.6
(0.7)
	0.9
(0.8)
	n/a
	n/a
	n/a
	n/a

	Dome C
	2018-2020
	3.9
(1.0)
	n/a
	2.6
(1.8)
	1.0
(2.2)
	2.9
(1.8)
	1.3
(2.2)
	-0.95
(2.75)
	1.24
(1.59)
	-0.13
(1.60)
	-0.24
(1.59)



Realizing the existing RSB calibration biases among N20 and S-NPP VIIRS and Terra and Aqua MODIS, future efforts can be focused on the following areas. A further investigation of calibration data from pre-launch to initial on-orbit transition, particularly for the N20 and S-NPP VIIRS, may help explain some of the large bias between the two sensors. This is based on the fact that the RSB calibration is referenced to the pre-launch calibration results of the on-board SD BRDF. Errors in the calculation of the SD on-orbit degradation should not cause the systematic biases across a wide wavelength range since the degradation occurs mainly in the blue wavelength region.

As demonstrated in this paper, generating high quality consistent long-term data records from multiple Earth observing sensors, even of the same type, remains a major challenge, requiring dedicated calibration and characterization efforts to not only monitor changes in each sensor’s characteristics but also address the calibration differences among individual sensors as these sensors are often calibrated independently, especially in the reflective solar spectral region.
6. Summary
Both MODIS and VIIRS instrument operations, calibration algorithms, and key on-orbit performance metrics have been reviewed in this paper, with a focus on their similarities and differences. Although the two MODIS instruments and S-NPP VIIRS have operated beyond their design life and experienced noticeable changes in their spectral band responses, they continue to facilitate the production of high-quality scientific products thanks to continual calibration updates and algorithm improvements to address issues identified during on-orbit operations. The N20 VIIRS, in its third year of operation, has shown excellent on-orbit performance with little changes in its spectral band responses. The calibration stability and consistency between the two MODIS, two VIIRS, and MODIS and VIIRS instruments are also assessed in this paper using different approaches, such as ground measurements, SNO with a third sensor, or model simulated values. Overall, an excellent agreement between the four instruments has been observed in the case of the TEB across a wide range of scene types and brightness temperatures. For the RSB, disagreements greater than the respective uncertainties of the instruments are observed between the two VIIRS sensors. As demonstrated in this paper, the continuity of the data records between multiple Earth observing instruments is an outstanding challenge toward the development of the long-term climate data records, which requires dedicated efforts to monitor and correct on-orbit changes in sensor characteristics. Together with future JPSS VIIRS instruments, the MODIS and VIIRS data records are expected to extend over four decades (2000-2040) and become more valuable in support of studies of the Earth’s environment and climate change.
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