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Abstract: Multispectral band observations from Terra and Aqua MODIS, launched in December 1999 and 9 
May 2002, respectively, and from SNPP and NOAA-20 VIIRS, launched in November 2011 and October 10 
2017, respectively, have continuously enabled a broad range of applications and studies of the Earth 11 
system and its changes via a set of geophysical and environmental parameters. The quality of MODIS and 12 
VIIRS science and environmental data products relies strongly on the calibration accuracy and stability of 13 
individual sensors, as well as their calibration consistency, especially for the data products generated 14 
using observations from sensors across different platforms. Both MODIS and VIIRS instruments carry a 15 
similar set of on-board calibrators for their on-orbit calibration. Besides, lunar observations are regularly 16 
scheduled and implemented in support of their reflective solar bands (RSB) calibration, especially their 17 
long-term stability monitoring. In this paper, we provide an overview of MODIS and VIIRS solar and 18 
lunar calibration methodologies applied for the RSB on-orbit calibration, and describe the approach 19 
developed for their calibration inter-comparisons using lunar observations, including corrections for the 20 
effects caused by differences in the relative spectral response and adopted solar spectra between 21 
individual sensors. The MODIS and VIIRS calibration inter-comparison results derived from their 22 
regularly scheduled lunar observations are presented and discussed, including associated uncertainties 23 
and a comparison with those derived using the Earth-view targets. Also discussed are remaining 24 
challenges in lunar calibration and inter-comparison for the Earth-observing sensors, as well as on-going 25 
efforts for future improvements. 26 
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1.   Introduction 29 

Since their launches on December 18, 1999, and May 4, 2002, NASA’s Terra and Aqua Moderate Resolution 30 
Imaging Spectroradiometer (MODIS) instruments have successfully operated for more than 22 and 20 31 
years, respectively. MODIS observations, made in 36 spectral bands covering wavelengths from visible 32 
(VIS) to long-wave infrared (LWIR), have generated numerous data products that have significantly 33 
contributed to the remote sensing community and users worldwide for numerous advanced studies of the 34 
Earth’s system and its key geophysical and environmental parameters, as well as their changes over various 35 
temporal scales and geographic regions [1-9]. Developed by the same instrument vendor, the Visible 36 
Infrared Imaging Radiometer Suite (VIIRS) is a MODIS follow-on sensor designed to further extend and 37 
improve the global observations made by the MODIS instruments as well as many of their environmental 38 
products that have been widely used for comprehensive studies of the Earth’s system of land, oceans, and 39 
atmosphere [10-18]. To date, two VIIRS instruments have successfully operated onboard the Suomi 40 
National Polar-Orbiting Partnership (SNPP) and NOAA-20 (N20) satellites for more than 10 and 4 years 41 



since their respective launches on October 28, 2011 and November 18, 2017. As expected, the scientific value 42 
and significance of MODIS and VIIRS observations and their associated applications will continue to 43 
increase with time, especially with future launches of three identical VIIRS instruments onboard the Joint 44 
Polar Satellite System (JPSS) satellites, JPSS-2, -3, and -4 within the next ten years. This could potentially 45 
allow the current data records to extend beyond four decades [17-18]. JPSS-2 VIIRS is scheduled to launch 46 
in November 2022 and has recently completed its spacecraft-level integration and testing in the thermal 47 
vacuum environment. 48 

The quality of MODIS and VIIRS data products depends strongly on their on-orbit calibration accuracy 49 
and stability, and their calibration consistency, especially for products and applications developed using 50 
observations from sensors operated on different satellites or platforms [14-16, 19-23]. Both MODIS and 51 
VIIRS instruments, designed and built by Raytheon Santa Barbara Remote Sensing (SBRS, located in Goleta, 52 
CA) and now Raytheon Intelligence & Space (RIS, located in El Segundo, CA), carry a similar set of on-53 
board calibrators (OBC) that include a solar diffuser (SD), a solar diffuser stability monitor (SDSM), a 54 
blackbody (BB), and a space view (SV) port. MODIS has an additional device, called the Spectroradiometric 55 
Calibration Assembly (SRCA) that was not included in VIIRS. The SD/SDSM system is used primarily for 56 
the reflective solar bands (RSB) calibration and the BB for the thermal emissive bands (TEB) calibration. 57 
The dedicated SV port provides measurements of instrument background, including thermal background 58 
and detector or electronic offsets, on a scan-by-scan basis [10, 24-26]. Twenty of the 36 MODIS spectral 59 
bands (bands 1-19 and 26) are the RSB, covering wavelengths from 0.41 to 2.4 μm and at nadir spatial 60 
resolutions of 250 m for bands 1-2, 500 m for bands 3-7, and 1 km for the remaining bands. VIIRS has 14 61 
RSB (M1-M11 and I1-I3) that cover nearly the same wavelength range as MODIS. Its imagery bands (I 62 
bands) have a nadir spatial resolution of 375 m while the moderate resolution bands (M bands) have a nadir 63 
spatial resolution of 750 m. Several VIIRS bands can make measurements at either high or low gain, thus 64 
referred to as the dual gain bands. Table 1 is a summary and side-by-side comparison of the MODIS and 65 
VIIRS RSB spectral wavelengths and their horizontal spatial resolutions (HSR). The VIIRS day and night 66 
band (DNB), also in the reflective solar spectral region, is not included in this study.    67 

In addition to SD/SDSM measurements, lunar observations are scheduled on a near-monthly basis and 68 
used in support of MODIS and VIIRS RSB on-orbit calibration stability monitoring [27-29]. The Moon 69 
provides an extremely stable radiometric calibration reference, especially in the reflective solar spectral 70 
regions [30-32]. Similar to MODIS and VIIRS, many Earth-observing sensors have also used the Moon to 71 
monitor their on-orbit calibration stability by comparing their calibrated lunar responses with that 72 
predicted by a lunar model, such as the RObotic Lunar Observatory (ROLO) model developed by the USGS 73 
[33-37]. The MODIS and VIIRS instruments view the Moon regularly through their SV ports, often coupled 74 
with spacecraft roll maneuvers. Each instrument has its lunar observations kept to within a small phase 75 
angle range, typically within 1 degree of its selected phase angle. As of July 1, 2022, the Terra and Aqua 76 
MODIS instruments have scheduled and performed 216 and 205 lunar observations with most of their 77 
phase angles near +55° and -55°, respectively. The SNPP and N20 VIIRS, operated in the same orbit 78 
approximately 50 min apart, have made 90 and 39 lunar observations, respectively, with their phase angles 79 
mostly centered at -51.5°. The plus (+) phase angle refers to viewing a waning Moon whereas the minus (-80 
) sign corresponds to a waxing Moon. 81 

Apart from supporting the RSB on-orbit calibration and stability monitoring, lunar observations can be also 82 
used to assess the TEB calibration stability, the sensor spatial characterization performance, and cross-83 
sensor calibration inter-comparisons [38-42]. This paper focuses on calibration inter-comparisons of MODIS 84 
and VIIRS RSB using their regularly scheduled lunar observations. It includes assessments and corrections 85 
applied to account for the effects due to the individual sensors’ relative spectral responses (RSR) and their 86 



adopted solar spectra. For MODIS, this study will not include its short-wave infrared (SWIR) bands that 87 
have different levels of thermal leak and electronic crosstalk, which have been known issues identified 88 
since pre-launch testing [43]. Although a correction algorithm applied to the Level 1B (L1B) for the Earth-89 
view (EV) observations has been effective in general, its application to the lunar observations, which have 90 
much higher thermal infrared signals, presents additional challenges in order to achieve results of the same 91 
level of radiometric accuracy as other RSB for high quality cross-sensor calibration inter-comparisons. 92 

Table 1. Spectral wavelengths and spatial resolutions of MODIS and VIIRS reflective solar bands 93 
(RSB) 94 

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 

10 
0.459 - 0.479                
0.483 - 0.493 

500 
, 1000 

M4 0.545 - 0.565 750 
4 

 or 12 
0.545 - 0.565           
0.546 - 0.556 

500 
, 1000 

I1 0.600 - 0.680 375 1 0.620 - 0.670 250 

M5 0.662 - 0.682 750 
13 

  or 14 
0.662 - 0.672              
0.673 - 0.683 

1000 
, 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 

 or 2 
0.862 - 0.877          
0.841 - 0.876 

1000 
, 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 

 95 

In the following, we provide a brief overview of MODIS and VIIRS solar and lunar calibration 96 
methodologies in Section 2, along with their applications for the RSB on-orbit calibration. The approaches 97 
of using lunar observations for MODIS and VIIRS RSB calibration inter-comparison are presented in 98 
Section 3, as well as the adjustments or corrections applied to address the impact due to sensor specific RSR 99 
and selected solar spectra. Section 4 presents the results of this study, including examples of the lunar 100 
irradiance trending based on sensor measurements and that from the ROLO model prediction, and the 101 
calibration differences between two MODIS, two VIIRS, and MODIS and VIIRS instruments. Also 102 
discussed in Section 4 are key uncertainty contributors involved in the lunar calibration inter-comparison 103 
process, as well as a comparison of calibration differences derived from lunar observations with that from 104 
the EV observations. Section 5 is a short summary of this study. As illustrated in this paper, both MODIS 105 
and VIIRS RSB have been well calibrated using their on-board solar diffusers and lunar observations, 106 
allowing high quality data products to be generated over their entire missions. The calibration differences 107 
between the Terra and Aqua MODIS VIS/NIR bands are generally small, within their combined 108 
uncertainties. For the two VIIRS instruments, however, several band pairs have shown large calibration 109 
differences of up to 3.8% that are likely due to larger than expected pre-launch calibration uncertainties 110 



associated with their solar diffuser calibration system. Results of this study will greatly help the science 111 
community and algorithm developers with a better understanding of MODIS and VIIRS calibration quality 112 
and calibration biases in the current data products and support their efforts, including strategies to address 113 
sensor differences, to generate high-quality climate data records using observations from multiple sensors. 114 
The approaches and techniques presented in this paper will also benefit other Earth-observing instruments 115 
that either have acquired or plan to acquire on-orbit lunar observations for their calibration stability 116 
monitoring and calibration inter-comparisons with other instruments and for generation of consistent 117 
environmental data products. 118 

 119 

2.   MODIS and VIIRS Solar and Lunar Calibration 120 

In this section, the MODIS and VIIRS RSB solar and lunar calibration algorithms and results applied in 121 
support of their L1B production are presented with the main focus on their calibration similarities and 122 
differences. For both Terra and Aqua MODIS, the current L1B in production is Collection 6.1 (C6.1). 123 
Recently, the MODIS Characterization Support Team (MCST) has completed and delivered its latest 124 
Collection 7 (C7) algorithms and corresponding calibration look-up tables (LUTs) in support of a new 125 
mission reprocess of all MODIS data products. C7 L1B reprocessing is expected to start in late 2022. In this 126 
paper, the MODIS SD and lunar calibration algorithms and results are based on this new L1B collection. 127 
The latest NASA VIIRS L1B collection is C2 for SNPP and C2.1 for N20. More details of latest MODIS and 128 
VIIRS calibration algorithms can be found in a number of references [44-46]. To a large extent, the VIIRS 129 
RSB calibration methodologies and strategies were inherited and improved based on lessons from the 130 
MODIS calibrations and operations. A few key differences do exist due to instrument design specifics and 131 
algorithm enhancements. In the following, the MODIS RSB SD and lunar calibration algorithms and 132 
applications are reviewed first and followed by a similar discussion for VIIRS. 133 

2.1 MODIS 134 

For both MODIS instruments, a linear relationship or algorithm between the incident radiance (L) and 135 
detector response (dn*) is applied for the RSB calibration and retrieval,  136 

                                                                         𝐿𝐿 = 𝑚𝑚1𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑∗

𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
,      (1) 137 

where m1 is the calibration coefficient derived with reference to the SD bi-directional reflectance factor 138 
(BRF), Esun is the solar spectral irradiance at an Earth-Sun distance of 1 astronomical unit (AU) and 139 
integrated over the RSR for each detector, dn∗ is the detector digital response corrected for instrument 140 
background and temperature effects, and RVS is the response versus scan angle, which accounts for the 141 
instrument gain variations as a function of the angle of incidence (AOI) of light relative to the scan mirror. 142 
Since the SD is used primarily for MODIS RSB calibration, the RSB RVS is conveniently normalized at the 143 
AOI of its SD view, i.e., RVSSD = 1. For the EV observations, the MODIS RSB L1B primary data product is 144 
the top-of-atmosphere (TOA) reflectance factor, 𝜌𝜌𝐸𝐸𝜋𝜋cos(𝜃𝜃𝐸𝐸𝜋𝜋), where θEV is the solar zenith angle of the EV 145 
pixel. The EV radiance, LEV, and the reflectance factor, 𝜌𝜌𝐸𝐸𝜋𝜋cos(𝜃𝜃𝐸𝐸𝜋𝜋), can be easily converted to each other by 146 
multiplying or dividing a factor of 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆

𝜋𝜋𝑑𝑑𝐸𝐸𝑆𝑆
2 , with dES being the Earth-Sun distance (normalized at 1 AU) at the 147 

time of sensor observation. The solar spectral irradiance used in MODIS RSB is a combination of Thuillier 148 
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]. 149 
MODIS L1B calibration algorithms produce both radiance and reflectance data products for the RSB. 150 



The on-orbit calibration coefficient m1 and RVS in Eq. (1) change with time and are thus updated regularly. 151 
For both MODIS instruments, the m1 and the RVS are currently derived by using the SD calibration, lunar 152 
calibration, and EV observations over select desert sites at multiple AOIs.     153 

The MODIS SD is a flat and near-rectangular panel made of Spectralon with a near-Lambertian reflectance 154 
profile. It is located inside the instrument cavity. The SD provides diffusely reflected sunlight that can be 155 
used for the RSB calibration. The SD panel can be illuminated by the sun when the instrument passes the 156 
Earth terminator from the nighttime side to the daytime side. Only the responses to the fully illuminated 157 
SD are used to compute the calibration coefficients. Figure 1 shows a schematic of MODIS scan operation 158 
that enables data to be collected each scan from its on-board calibrators and the EV. During each SD 159 
calibration, the solar radiance diffusely reflected from the SD can be accurately calculated by 160 

                                                            𝐿𝐿𝜋𝜋𝑆𝑆 =  𝜌𝜌𝑆𝑆𝑆𝑆cos(𝜃𝜃𝑆𝑆𝑆𝑆)Δ𝑆𝑆𝑆𝑆𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆
𝜋𝜋𝑑𝑑𝐸𝐸𝑆𝑆

2 ,      (2) 161 

where ρSD is the SD BRF derived from prelaunch measurements, θSD is the solar zenith angle relative to the 162 
SD, ∆SD is the SD on-orbit degradation, τSDS is the SD screen (SDS) transmission function, which is also 163 
referred to as the vignetting function (VF). During sensor nominal operations, the SDS can be commanded 164 
to an open or a closed position, thus providing two different levels of the intensity for the sunlight 165 
illuminated on the SD surface. Placed in front of the SDS is an aperture door that is opened only during 166 
nominally scheduled SD and SDSM calibration events. For Terra MODIS, however, the SD door has been 167 
fixed in the open position with the SDS in the closed position since July 2, 2003, resulting from an anomaly 168 
related its SD door and/or SDS operation. The SD BRF was measured prelaunch and its relative profile was 169 
validated on-orbit using measurements made during spacecraft yaw maneuvers, which were performed 170 
early in the mission for both Terra and Aqua MODIS. The SD on-orbit degradation, ∆SD, is tracked by the 171 
onboard SDSM. For MODIS, the SDS VF was not fully characterized prelaunch and it was derived on-orbit 172 
from measurements during yaw maneuvers made with and without the SDS in place. When the SDS is 173 
placed in the open position during an SD calibration event, τSDS in Eq. (2) becomes a constant of 1. 174 
Otherwise, it varies with the solar illumination angle relative to the SDS. In Eq. (2), an assumption that the 175 
SD degrades uniformly with respect to incident and outgoing directions has been applied such that the SD 176 
on-orbit BRF can be expressed as the product of its prelaunch BRF, ρSD, and its on-orbit degradation, ∆SD. 177 

By applying Eq. (1) to the SD view and substituting LSD in Eq. (2) to Eq. (1), we can derive the calibration 178 
coefficient by 179 

                                                            𝑚𝑚1 =  𝜌𝜌𝑆𝑆𝑆𝑆cos(𝜃𝜃𝑆𝑆𝑆𝑆)𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆Δ𝑆𝑆𝑆𝑆
𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆

∗ 𝑑𝑑𝐸𝐸𝑆𝑆
2 ,      (3) 180 

For MODIS RSB, RVSSD = 1 since the RVS is normalized at the SD AOI. The calibration coefficient is 181 
calculated for each band, detector and mirror side for the 1-km RSB as well as for each sub-frame for the 182 
500-m and 250-m resolution RSBs. There are 2 and 4 sub-frames for each 500-m and 250-m resolution band, 183 
respectively, corresponding to each 1-km detector frame.  184 



 185 

Figure 1. Schematic of MODIS scan operation and instrument on-board calibrators 186 

As previously mentioned, the SD on-orbit degradation, ∆SD, in Eq. (3) is tracked by the SDSM, which 187 
functions as a ratioing radiometer that views the SD, the Sun through its Sun-view port, and an internal 188 
dark scene, alternately. The MODIS SDSM has nine detectors and each detector tracks the SD degradation 189 
at a discrete wavelength. The center wavelengths of the SDSM detectors cover a spectral range from 412 190 
nm to 936 nm. After corrections applied for the view geometry effects, the ratios of the background-191 
subtracted digital count for the SD view to the background subtracted digital count of the Sun view provide 192 
the trends of the SD on-orbit degradation. It has been assumed that the SD degradation between its 193 
prelaunch characterization and its first on-orbit measurement is negligible since the SD exposure to the 194 
environment was minimal. Consequently, the SDSM ratios normalized to its first on-orbit SD 195 
measurements are used to track the SD on-orbit degradation at the wavelengths of its detectors. A linear 196 
interpolation approach is applied to obtain the SD degradation at any wavelength in the range from 0.412 197 
μm to 0.936 μm from the measured SD degradations at the nine center wavelengths of the SDSM detectors.  198 
[47]                                                                                       199 

It is well-known that the reflectance of the lunar surface is very stable in the RSB spectral range and 200 
therefore serves as an excellent source for calibrating the RSBs on-orbit. Since the lunar surface is not 201 
smooth, only the integrated lunar irradiance is used in the MODIS lunar calibration methodology. Using 202 
Eq (1), the measured lunar radiance from individual detectors can be easily calculated and their 203 
corresponding integrated lunar irradiance (I) can be expressed by 204 

                                                               𝐼𝐼 = 1
𝑁𝑁
∑𝑚𝑚1𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆

∗

𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝜔𝜔,       (4) 205 

where N is number of the scans used in the computation, each of which fully covers the lunar surface, and 206 
ω = 1/(705Stot)2 is the solid angle (steradians) of each pixel. Stot is the number of sub-frames of each band (or 207 
detector) and 705 km is the nominal orbital altitude. The summation is made over detectors, frames, and 208 
select scans. In this analysis, the lunar irradiance is calculated using the MODIS C7 LUTs prepared for the 209 



upcoming L1B reprocessing. Instead of using only scans that fully cover the lunar surface, the lunar 210 
irradiance can also be calculated using the measurements from all scans in a lunar observation event. This 211 
approach, however, requires a correction for the oversampling effects. The all-scan approach has a 212 
relatively large uncertainty due to corrections applied for the oversampling effect, but it can help examine 213 
calibration differences among individual detectors. In this analysis we focus on the methodology that uses 214 
the scans with full coverage of the lunar surface as described by Eq. (4). Figures 2 (a) and (b) show examples 215 
of the lunar images acquired by Aqua MODIS bands 1 and 8 during the scheduled lunar observation on 216 
January 24, 2021. Also shown in Figure 2 are the lunar images acquired by the SNPP VIIRS on the same 217 
day for its bands I1 (c) and M1 (d).  218 

 219 

Figure 2. Lunar images acquired on January 24, 2021. (a) Aqua MODIS band 1. (b) Aqua MODIS band 220 
8. (c) SNPP VIIRS band I1. (d) SNPP VIIRS band M1. In (d), the pixel aspect ratio is set to 3:1 in order 221 
to produce a circular Moon image.  222 

By comparing the integrated lunar irradiance predicted by the ROLO model (IROLO) with that measured by 223 
the MODIS using Eq. (4), the band-averaged calibration coefficient, 𝑚𝑚1

𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑, can be computed by 224 

                                                                                𝑚𝑚1
𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 = 𝑁𝑁𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅〈𝑚𝑚1〉

∑𝑚𝑚1𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆
∗ 𝜔𝜔

 ,     (5) 225 

where 〈𝑚𝑚1〉 indicates an average over all detectors of the band. It should be emphasized that the m1 on the 226 
right side of Eq. (5) are the calibration coefficients derived from the first SD on-orbit calibration. To calibrate 227 
the RSB using the Moon, a reference for the lunar irradiance is required. In this analysis, the lunar irradiance 228 
for each calibration in Eq. (5) is provided by the Robotic Lunar Observatory (ROLO) model prediction, 229 
developed by the USGS [30-32]. Since the absolute uncertainty of the current ROLO lunar model is larger 230 
than the MODIS calibration specification of 2%, the MODIS lunar calibration is only used to track the RSB 231 
on-orbit changes. In this case, the constant terms in Eq. (5) can be omitted in routine data processing.  [27] 232 

Among the RSBs, bands 13-16 partially saturate when they observe the Moon.  This saturation occurs at the 233 
center part of the illuminated lunar surface, which is typically at the highest radiance levels.  To correct for 234 
saturation, a ratio approach is applied to replace the saturated pixels using band 18 as a reference band. 235 
[48] To obtain the ratio, the saturated band data is plotted versus the spatially co-registered reference band 236 
data at the pixel level and fit to a linear equation for all unsaturated pixels, where the slope represents the 237 
ratio between the two bands. The saturated data can then be replaced by multiplying the reference band 238 
data by the ratio at the location of the saturated pixels. For SWIR bands, there are strong crosstalk 239 
contaminations among themselves and from mid-wave infrared bands as well as the large out-of-band 240 
(OOB) RSR contributions at the wavelength of 5.3 μm. These contaminations need to be mitigated before 241 
the calculation of the lunar irradiance using Eq. (4). Accurate mitigation of these effects is still a challenging 242 



issue and needs more effort [49]. In this analysis, MODIS lunar calibration is mainly focused on the VIS 243 
and NIR bands.   244 

For MODIS RSBs, the calibration coefficients, m1, and the RVS are needed to produce the L1B products as 245 
shown in Eq. (1).  Due to non-uniformity of the SD degradation with respect to the incident and outgoing 246 
directions, the SD degradation measured at the SDSM view direction may deviate from that at the RSB 247 
view direction, resulting in a long-term bias in the calibration coefficients derived from the SD, especially 248 
for short wavelength RSB that have experienced more significant degradation on-orbit. As a result, EV 249 
response trends from pseudo-invariant desert sites at the SD AOI are used to correct the long-term drifts 250 
in SD-based calibration coefficients for the short wavelength bands. Combination of the SD calibration 251 
results and EV response trends at the same AOI help produce the calibration coefficients with both long-252 
term accuracy and short-term stability.   [50] 253 

MODIS RSBs view the SV, through which the Moon is also observed, and the SD at different AOIs to the 254 
scan mirror, one at 11.25° and the other at 50.25°. The trending differences of the two calibration results 255 
provide the information that is directly related to on-orbit changes in the RVS. Figure 3 shows the SD and 256 
lunar gain trending for MODIS bands 1 and 8. For both Terra and Aqua MODIS, the shortest wavelengths 257 
have experienced the most gain changes. To date, the band 8 (412 nm) gains have changed (decreased) up 258 
to 40% for Terra MODIS and more than 45% for Aqua MODIS based on their SD and lunar calibrations. In 259 
comparison, the NIR band 1 (646 nm) shows a gain change of less than 20%. The temporal divergence 260 
between the SD and lunar gain measurements is a result of the evolution of the on-orbit RVS. Accurate 261 
characterization of on-orbit RVS is extremely important for MODIS RSB on-orbit calibration, especially for 262 
the short wavelength bands. 263 

Initially, the RSB time-dependent RVS was derived by using the lunar and SD calibration differences with 264 
an approximation that the RVS on-orbit change for a given RSB is a linear function of the AOI. As each 265 
mission continues to operate beyond its designed lifetime, this approximation no longer meets the L1B 266 
calibration accuracy requirements, especially at short wavelengths. As a result, the EV response trends at 267 
multiple AOIs have been used together with on-orbit SD and lunar measurements to track on-orbit changes 268 
in the RVS for a few select bands, starting from L1B Collection 6 (C6) for both Terra and Aqua MODIS. It 269 
is worth mentioning that the lunar results are not used for bands 1 and 2 EV time-dependent RVS 270 
derivation due to the disagreement of lunar measurements with the EV response trending from the desert 271 
sites.  [50] 272 

 273 

 274 

Figure 3. (a) Terra and (b) Aqua MODIS SD and Lunar gain trending for bands 1 and 8. 275 

 276 

 277 



2.2 VIIRS 278 

Similar to MODIS, a simple smooth function is applied to establish the relationship between the incident 279 
radiance and detector digital response for the VIIRS RSB. For all SNPP VIIRS RSB and N20 VIIRS VIS and 280 
NIR bands, a quadratic approximation is applied, while for N20 VIIRS SWIR a third order polynomial is 281 
used due to a significant nonlinearity effect for these bands. [51] The relationship between the incident 282 
radiance and instrument response for the VIIRS RSBs can be written as   283 

                                                                 𝐿𝐿 = 𝐹𝐹 ∑ 𝑐𝑐𝑖𝑖∙𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
𝜋𝜋𝜋𝜋𝜋𝜋

 ,                                                                                           (6)  284 

where ci (i = 0, 1, 2, 3), are the prelaunch measured calibration coefficients of the polynomial, F, called F-factor, is the 285 
ratio of the on-orbit coefficients of the polynomial at the time of the measurement to the prelaunch coefficients, 286 
assuming that the coefficients of the polynomial change proportionally with each other on-orbit, dn is the background 287 
subtracted instrument response, and RVS is the response versus scan angle of the half-angle mirror (HAM). The 288 
calibration coefficients, c0, c1, c2, and c3, are instrument and electronics temperature dependent. Both F and the RVS 289 
in Eq. (6) may, in principle, change temporally on-orbit. However, there is no evidence to suggest that the 290 
RVS has a noticeable on-orbit change for either VIIRS instrument. As a result, only the F-factors have been 291 
updated regularly on-orbit by using SD and lunar calibrations on an as-needed basis. For the VIIRS EV, the 292 
TOA radiance is the primary L1B product, which can be easily converted to its TOA reflectance factor. The 293 
VIIRS L1B products are also referred to as the sensor data records (SDR).  294 

VIIRS has the same type of SD as MODIS. The radiance of the sunlight diffusely reflected from the VIIRS 295 
SD can also be calculated by Eq. (2). The VIIRS SD BRF, ρSD, and the SDS transmittance, τSDS, were measured 296 
prelaunch and refined on orbit by measurements made during yaw maneuvers. The VIIRS SD degradation 297 
is tracked by the on-board SDSM at eight discrete wavelengths, compared to MODIS at nine different 298 
wavelengths of the same spectral range. The VIIRS SD port has a permanently fixed attenuation screen, but 299 
it does not have a dedicated door cover like MODIS. This means that the SD is illuminated by the Sun every 300 
orbit. The assumption applied to the MODIS SD calibration that the SD degrades uniformly with respect 301 
to incident and outgoing directions is also applied to the VIIRS SD calibration.    302 

Comparing the predicted solar radiance (𝐿𝐿𝜋𝜋𝑆𝑆) with that measured using Eq. (6) via detector response (𝑑𝑑𝑑𝑑𝜋𝜋𝑆𝑆) 303 
to the SD, the F-factors for the VIIRS RSB calibration can be calculated by 304 

                                                  𝐹𝐹 = 𝜋𝜋𝜋𝜋𝜋𝜋𝑆𝑆𝑆𝑆 ∫𝜋𝜋𝜋𝜋𝜋𝜋(𝜆𝜆,𝑡𝑡)⋅𝐿𝐿𝑆𝑆𝑆𝑆(𝜆𝜆)𝑑𝑑𝜆𝜆

�∑ 𝑐𝑐𝑖𝑖𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆
𝑖𝑖

𝑖𝑖 � ∫𝜋𝜋𝜋𝜋𝜋𝜋(𝜆𝜆,𝑡𝑡)𝑑𝑑𝜆𝜆
                                                  (7)

 
305 

where 𝑅𝑅𝑅𝑅𝑅𝑅𝜋𝜋𝑆𝑆 is the RVS at the AOI of the SD. The VIIRS RSB calibration is performed for each scan using 306 
the detector’s average response to the SD averaged over the scans in the select “sweet spot” which is 307 
defined by the angle between the solar vector and SD surface in the declination angle, ranging from 34° to 308 
37°. The RSR(λ, t) in Eq. (7) is time-dependent for SNPP VIIRS RSBs as a result of the wavelength-309 
dependent degradation in SNPP RTA optics and large OOB RSR contributions. [52] The SD calibration is 310 
performed for each orbit and the F-factor is derived for each RSB detector, HAM side, and gain stage for 311 
the dual gain bands. Compared to Eq. (4), designed to derive the MODIS RSB reflectance calibration 312 
coefficient, Eq. (7) is used to compute the radiance calibration coefficients for the VIIRS RSB. In addition to 313 
the SD bi-directional reflectance function and solar attenuation screen transmission, the sensor’s solar 314 
spectral irradiance is also needed to determine the predicted radiance reflected off the SD (𝐿𝐿𝜋𝜋𝑆𝑆) used to 315 
compute the F in Eq. (7). The SNPP uses Kurucz spectra from MODTRAN 4.3 while N20 uses the Thuillier 316 
spectra [53].   

 
317 



Applying Eq. (6) to the SV lunar observations, the integrated lunar irradiance measured by a VIIRS RSB 318 
can be calculated using

 
319 

                                                                      𝐼𝐼 = 1
𝑁𝑁
𝐹𝐹∑ 𝑐𝑐𝑖𝑖𝑑𝑑𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆

𝑖𝑖
𝑖𝑖 𝜔𝜔
𝜋𝜋𝜋𝜋𝜋𝜋𝑆𝑆𝑆𝑆

,                                                                       (8) 320 

where ω = (S/824)2 is the solid angle (steradians) of each pixel of the band. S is 0.375 for an I-band and 0.75 321 
for M-band and 824 km is the nominal orbital altitude. The VIIRS SV has the same AOI as its SD at which 322 
the RSB RVS is normalized, thus the 𝑅𝑅𝑅𝑅𝑅𝑅𝜋𝜋𝜋𝜋 in Eq. (8) is equal to 1. Like the lunar calibration for MODIS, the 323 
VIIRS lunar calibrations use only the N scans in which the full disk of the Moon can be observed during 324 
each scheduled lunar observation. For all regularly scheduled lunar observations of both SNPP and N20 325 
VIIRS, the gain stages of all dual-gain bands are fixed at high gain. Examples of SNPP lunar images for 326 
bands I1 and M1 are also shown in Figure 2. For VIIRS lunar observations, only band M7 in N20 has shown 327 
any signs of saturation, and even then, for only a few pixels.  To correct this, the same approach as used for 328 
MODIS bands 13-16 is employed, this time with band M5 as a reference. It is worth mentioning that a sector 329 
rotation is applied to collect lunar data in the EV data sector. VIIRS EV has three different aggregation 330 
regions. SNPP and N20 VIIRS lunar data are collected in different aggregation regions and special attention 331 
should be paid for the summation over pixels along the scan direction in Eq. (8). In this analysis, prelaunch 332 
RVS and C2 F-factor LUTs are applied in Eq. (8) for SNPP and C2.1 LUTs for N20 VIIRS.  333 

Same as for the MODIS RSBs, the impact of the detector difference on the calibration coefficients derived 334 
from a lunar observation for a VIIRS RSB can be assumed to be negligible. Then the detector-averaged 335 
relative F factor can be derived from each of the scheduled lunar observations using 336 

                                𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑 = 𝐼𝐼 𝑁𝑁
∑ 𝑐𝑐𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆

𝑖𝑖 .                                  (9) 337 

The predicted lunar irradiance for each lunar observation event, I, is provided by the ROLO model. To 338 
distinguish the F-factor derived from the SD/SDSM calibration, a superscript “Moon” is added to the F. 339 
Similar to MODIS, the VIIRS lunar calibration is only used to track its RSB on-orbit changes and some of 340 
the constant parameters in Eq. (8) are dropped in Eq. (9). The VIIRS lunar calibration coefficients are scaled 341 
by normalizing the lunar F-factors derived from Eq. (8) to the corresponding F-factors derived from the 342 
SD/SDSM calibration at the time of instrument launch to get absolute values of the lunar calibration 343 
coefficients.   344 

VIIRS RSBs view the SD and the SV at same AOI of the HAM and thus the SD calibration and lunar 345 
calibration should provide identical on-orbit changes for the RSBs if both the SD and lunar calibration 346 
results are accurate. It is known that the SD degrades non-uniformly with respect to incident and outgoing 347 
direction [44]. Thus, the SD degradation from the SDSM view direction when applied to the RSB view 348 
direction may result in long-term biases in the F-factors derived from the SD calibration, especially for short 349 
wavelength bands, as also confirmed by EV measurements. A comparison between the two sets of F-factors 350 
can identify the long-term biases in the SD F-factors and can be used to obtain the SD degradation 351 
differences between the two view directions. Combining the SD and lunar calibration results provides the 352 
RSB F-factors with both long-term accuracy and short-term stability. 353 



 354 

Figure 4. (a) SNPP and (b) N20 VIIRS SD and Lunar gain trending for bands I1 and M1. 355 

Similar to the MODIS gains shown in Figure 3, the VIIRS gains are shown in Figure 4 for the VIS band M1 356 
(412 nm) and NIR band I1 (645 nm). Unlike the RVS-caused separation between the lunar and SD gains in 357 
MODIS, the separation between the two sources is a result of the inadequacy in SDSM to accurately 358 
characterize the non-uniform degradation in the SD, which manifests as a divergence with the lunar gain.  359 
The lunar data can be used as a method for correcting the SD degradation trends so that the SD and lunar 360 
trends agree. 361 

 362 

3.   Calibration Inter-comparison Using Lunar Observations  363 

Calibration inter-comparisons of two sensors are often made using their near simultaneous nadir 364 
observations (SNO) or via measurements over pseudo-invariant EV targets, such as deep convective clouds 365 
(DCC) and carefully selected desert sites [54]. In addition to sensor specific RSR and calibration reference 366 
(e.g. the solar spectral irradiance applied for the RSB calibration and retrieval), these approaches often 367 
require corrections to reduce the effects due to variability of atmospheric dynamics and surface reflectance 368 
properties involved in the observations. In this study we use lunar observations made by the MODIS and 369 
VIIRS instruments to assess their calibration consistency. One of the advantages of using the Moon as a 370 
calibration or common reference target for sensor on-orbit calibration is that no atmospheric correction is 371 
needed. Plus, the lunar surface reflectance property is extremely stable and depends only on the viewing 372 
geometry that can be accurately predicted by a lunar model. This lunar calibration inter-comparison 373 
approach was initially developed and applied for assessing the Terra and Aqua MODIS calibration 374 
consistency [38]. We extend its application to VIIRS and to a calibration inter-comparison between the 375 
MODIS and VIIRS instruments. 376 

In this study, the integrated lunar irradiances, 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝐴𝐴 and 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝐵𝐵, measured by sensors A and B are used 377 
to perform their calibration inter-comparison via the following ratio (𝑅𝑅𝐴𝐴/𝐵𝐵), 378 

𝑅𝑅𝐴𝐴/𝐵𝐵 = 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝐴𝐴/𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝐴𝐴
𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝐵𝐵/𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝐵𝐵

     (10) 379 

where 𝐼𝐼𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀_𝐴𝐴 and 𝐼𝐼𝑀𝑀𝑀𝑀𝑑𝑑𝑀𝑀𝑀𝑀_𝐵𝐵 are the model-predicted lunar irradiances for the corresponding sensor lunar 380 
observations. The reference or normalization to the model-predicted lunar irradiances corrects for the 381 
effects due to lunar viewing geometry differences between observations and the impact due to sensor 382 
specific RSR as it is part of the input parameters for the lunar model to generate predicted lunar irradiance 383 
for a given lunar calibration event. Both MODIS and VIIRS use the same ROLO model for their lunar 384 
calibrations. The measured lunar irradiances by MODIS and VIIRS can be computed using Eq. (4) and (8), 385 
respectively. 386 



Eq. (10) can be used for calibration inter-comparison of two MODIS instruments, which use the same solar 387 
spectral irradiance in their RSB calibration. For SNPP and N20 VIIRS, an additional correction is needed to 388 
address their solar spectra differences. This correction is also needed for MODIS and VIIRS calibration 389 
inter-comparison. Figure 5 illustrates the normalized solar spectrum adopted by MODIS and two VIIRS 390 
instruments and their RSB center wavelength locations. Examples of MODIS (bands 1 and 8) and VIIRS 391 
(bands M1 and I1) RSR are shown in Figure 6. In general, Terra and Aqua MODIS RSB RSR are very similar. 392 
However, there are small but noticeable differences between SNPP and N20 VIIRS RSB RSR, resulting from 393 
sensor build-to-build differences. Both MODIS and VIIRS RSR were well characterized during their pre-394 
launch testing campaign phases [25, 55, 56]. For SNPP, an on-orbit modulation is applied to the pre-launch 395 
RSR in response to strong wavelength-dependent degradation of its RTA optics [52].   396 

 397 

Figure 5. Solar spectrum for MODIS (same for both Terra and Aqua), SNPP VIIRS, and N20 VIIRS.  Band 398 
locations are marked according to their wavelengths at the top (VIIRS) or bottom (MODIS) of the figure. 399 

 400 

Figure 6. RSR comparison for bands in all four instruments near (a) 410 nm and (b) 640 nm. 401 

By including a correction to remove the calibration difference resulting from the use of different solar 402 
spectra by sensors A and B, the calibration difference between sensors A and B described by Eq. (10) needs 403 
to be modified as, 404 

𝑅𝑅𝐴𝐴/𝐵𝐵
∗ = 𝐶𝐶𝐴𝐴/𝐵𝐵 ∙ 𝑅𝑅𝐴𝐴/𝐵𝐵    (11) 405 

where  406 

𝐶𝐶𝐴𝐴/𝐵𝐵 = ∫𝜋𝜋𝜋𝜋𝜋𝜋𝐴𝐴(λ)𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆_𝐵𝐵(λ)𝑑𝑑λ/∫𝜋𝜋𝜋𝜋𝜋𝜋𝐴𝐴(λ)𝑑𝑑λ

∫𝜋𝜋𝜋𝜋𝜋𝜋𝐴𝐴(λ)𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆_𝐴𝐴(λ)𝑑𝑑λ/∫𝜋𝜋𝜋𝜋𝜋𝜋𝐴𝐴(λ)𝑑𝑑λ
  (12) 407 

is the correction factor that depends on sensor specific solar spectra (𝐸𝐸𝜋𝜋𝑆𝑆𝑑𝑑) and RSR. The solar spectral 408 
reference used in the lunar model has no impact on this inter-comparison approach as long as the same 409 
lunar model is used to provide the predicted lunar irradiances for both sensors. 410 



Ideally, if all sensors use the same solar spectra, as recommended by the international Earth-observation 411 
calibration and validation communities, such as the Committee on Earth Observation Satellites (CEOS) 412 
Working Group on Calibration and Validation (WGCV) and the Global Space-based Inter-Calibration 413 
System (GSICS), the calibration inter-comparisons between two sensors will become more straightforward 414 
and accurate and require no additional correction. As an illustration, we also perform a calibration inter-415 
comparison using lunar irradiances generated by using a set of new calibration coefficients and parameters 416 
derived by applying the same reference solar spectra for all MODIS and VIIRS instruments. The TSIS-1 417 
Hybrid Solar Reference Spectrum [57], which is a recommended reference spectrum by the CEOS WGCV 418 
and GSICS community, will be used in this demonstration. The inter-comparison results from this exercise 419 
where all sensor calibrations are referenced to a common solar spectrum will be used to validate the results 420 
derived from current calibration approach tied to sensor specific solar spectrum. 421 

 422 
4.   Results and Discussion  423 

Inter-comparison analyses between the two MODIS and two VIIRS instruments first require a comparison 424 
of sensor measured lunar irradiances with predicted values by the lunar model. This study uses the USGS 425 
ROLO model to provide the predicted lunar irradiances. While the ROLO model is used to correct for 426 
differences in view geometry, particularly the differences in the Earth-Sun and Earth-Moon distances and 427 
the lunar phase and libration angles, each mission uses scheduled spacecraft roll maneuvers to constrain 428 
the phase angles within a small range. For some bands, this constraint provides a significant improvement 429 
in the consistency of the measured and modeled data [58]. Table 2 shows a summary of the number of 430 
scheduled lunar events for each instrument along with the roll angle and nominal phase angle ranges in 431 
which these rolls are constrained. Over the years, the phase angle criterion is occasionally relaxed when 432 
the desired phase angle is outside of the roll angle range. These events are also counted among those 433 
reported in Table 2. Typically, both the MODIS and VIIRS instruments acquire 9 to 10 scheduled lunar rolls 434 
per year. Only the lunar measurements in the nominal ranges, made by all four instruments between 435 
January 1, 2018 and July 1, 2022, are used in this study for the calibration inter-comparison of both MODIS 436 
and VIIRS instruments. During this period, Terra, Aqua, SNPP, N20 have had 41, 47, 37, and 38 lunar 437 
observations, respectively. The difference in their scheduled lunar calibration events is a result of orbit 438 
geometry differences, spacecraft operation constraints, and occasionally, other instrument related activities 439 
or events. 440 

 441 

Table 2. Summary of scheduled lunar events for MODIS and VIIRS instruments. The number of 442 
events listed is from the beginning of each mission through July 1, 2022. 443 

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 



 444 

Figure 7 shows the sensor measured and model predicted lunar irradiances for Aqua MODIS bands 1 and 445 
8 and for SNPP VIIRS bands I1 and M1 using their regularly scheduled lunar observations over their 446 
respective missions. For the measured data, the time-dependent calibration coefficients m1 and RVS are 447 
applied for MODIS and F for VIIRS. Both the measurements and the model predictions show large and 448 
similar seasonal oscillations, which are associated with changes in the view geometry, primarily the Earth-449 
Sun and Earth-Moon distances. While the seasonal variation of the measured and modeled data is nearly 450 
the same, there is a wavelength-dependent bias between the measurements and the ROLO model, where 451 
the MODIS and VIIRS measurements are generally higher than the ROLO predictions. The gaps in the data 452 
occur when the geometry of the lunar orbit moves the Moon out of the roll angle range specified in Table 453 
2. 454 

 455 

 456 

Figure 7. Comparison of the measured lunar irradiance (circles) and ROLO model predicted irradiance 457 
(x’s) for (a) Aqua MODIS bands 1 and 8 and (b) SNPP VIIRS bands I1 and M1. 458 

We use the time series of ratios of the measured to the predicted lunar irradiances to assess instrument 459 
calibration performance. When the pre-launch calibration coefficients are used in the measured data, the 460 
ratio is a measure of the trending gain of each band at the AOI of the SV. When the on-orbit coefficients are 461 
used, the trending data represents the residual gain change in the instrument, with the expectation that 462 
well calibrated data will be flat over long periods. The absolute offset shows the bias between the sensor-463 
measured and the model-predicted data. It depends on the uncertainties in the lunar measurements and 464 
the model. As expected, the absolute differences between the model-predicted and sensor-measured 465 
irradiance should have little impact on calibration-stability monitoring. Apart from the correction for the 466 
view geometry, the use of the ROLO model allows us to compare bands of different instruments by 467 
accounting for the differences in their RSR. [59]. In Figure 8, we show the ratio of measured to model trends 468 
for bands centered at 0.412 µm (band 8 in MODIS, M1 in VIIRS) and 0.640 µm (band 1 in MODIS, I1 in 469 
VIIRS). For each band, the trend of the ratios is stable over the select time series. Each band also shows 470 
small seasonal oscillations on the order of 1%, which are associated with residual uncertainties in the ROLO 471 
model lunar libration angle correction. For most spectral bands, Terra, Aqua, and N20 are generally in good 472 
agreement; however, SNPP shows an offset with the other instruments. 473 



 474 

Figure 8 Trending measured/model data for bands in all four instruments near (a) 0.412 µm (MODIS band 475 
8, VIIRS Band M1) and (b) 0.640 µm (MODIS Band 1, VIIRS Band I1). 476 

In Figure 9, we show the mean values of the measured/model data of MODIS and VIIRS VIS/NIR bands 477 
from January 1, 2018 to July 1, 2022. For each instrument, the ratios are lower in the middle wavelength 478 
range compared to the data at other wavelengths. At shorter wavelengths, Terra, Aqua, and N20 are in 479 
better agreement compared to SNPP except for band M2, which has a similar ratio to MODIS band 9. 480 
MODIS band 12 also shows a higher ratio than MODIS band 4 and N20 band M4 at a similar wavelength. 481 
For the high gain ocean bands of MODIS (13-16), the impact of saturation could lead to more disagreement 482 
over that wavelength range, particularly for Aqua MODIS with more saturated lunar pixels that require a 483 
correction [48]. 484 

 485 

Figure 9. Ratio of the measured data and the ROLO model data as a function of wavelength for the 486 
VIS/NIR bands in both MODIS and VIIRS. The ratios are taken from data between January 1, 2018 and 487 

July 1, 2022 as shown in Figure 8. The error bars show the standard deviation. 488 

 489 
With the exception of small residual uncertainties among different lunar phases and libration angles, the 490 
absolute uncertainty of the lunar model is cancelled in this lunar calibration inter-comparison. In this study, 491 
we have used a large number of lunar observations made at nearly the same phase angles and the impact 492 
due to small residual uncertainties in the lunar model is therefore minimized. Presented in Tables 3, 4, and 493 
5 are the lunar calibration inter-comparison results for Terra and Aqua MODIS, SNPP and N20 VIIRS, and 494 
Aqua MODIS and N20 VIIRS, respectively, using their regularly scheduled lunar observations made 495 



between January 1, 2018, and July 1, 2022. The results for SNPP and N20 VIIRS and for Aqua MODIS and 496 
N20 VIIRS have included a correction (Eq. 11) to remove the impact due to different solar spectra used in 497 
their on-orbit calibration. It requires no additional correction for Terra and Aqua MODIS lunar calibration 498 
inter-comparison as both use the same solar spectra. The calibration differences (DIF) in these tables, 499 
expressed in percentage (%), are computed using the averages of measured/ predicted ratios of the same 500 
(or matching) spectral bands from the two instruments (i.e., DIF = ( 𝑅𝑅𝐴𝐴/𝐵𝐵

∗ -1)*100). The standard deviations 501 
reported in the tables are the combined values based their time-series. 502 

 503 
Table 3: Lunar calibration inter-comparison results for Terra and Aqua MODIS (WL: wavelength; DIF: 504 

difference; STD: standard deviation; UC: uncertainty) 505 

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 

 506 

Table 4: Lunar calibration inter-comparison results for SNPP and N20 VIIRS (WL: wavelength; DIF: 507 
difference; STD: standard deviation; UC: uncertainty) 508 

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 

 509 

Table 5: Lunar calibration inter-comparison results for Aqua MODIS and N20 VIIRS (WL: wavelength; 510 
DIF: difference; STD: standard deviation; UC: uncertainty) 511 

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 



 512 

For Terra and Aqua MODIS, their lunar calibration inter-comparison results (Table 3) indicate that their 513 
on-orbit calibration consistency is generally within 1%, with exceptions of a few bands (1, 3, 13-16) that are 514 
within 2%. As discussed earlier, the high-gain ocean bands (13-16) have utilized a correction to mitigate the 515 
impact due to some saturated pixels in their lunar images. Unlike MODIS, the two VIIRS instruments (Table 516 
4) show noticeably large calibration differences, ranging from 2.4 % (I1) to 3.8 % (M1), with SNPP reporting 517 
higher radiances than N20. In nearly all cases, the standard deviations in VIIRS lunar measurement time 518 
series are smaller than MODIS, indicating a better calibration stability. Large calibration differences 519 
between the two VIIRS instruments are a known issue found shortly after the N20 VIIRS began its nominal 520 
operation. One of the likely causes is due to errors not identified and accounted for in pre-launch SD BRF 521 
and/or screen transmission measurements [60]. Table 5 is a summary of calibration inter-comparison results 522 
for several matching VIS/NIR spectral bands of Aqua MODIS and N20 VIIRS. The calibration differences 523 
are within 2%, with the exception of band pairs of 1/I1 and 2/I2 being slightly above 2%. Combining results 524 
presented in Tables 3, 4, and 5, one can also derive the calibration differences between Terra MODIS and 525 
N20 VIIRS and that between Terra (and Aqua) MODIS and SNPP VIIRS. 526 

The lunar calibration inter-comparison uncertainties are also reported in Tables 3-5. They are derived based 527 
on the uncertainties involved in both MODIS and VIIRS lunar irradiance measurements (Eq. 4 and Eq. 8), 528 
including the uncertainties of their calibration coefficients (m1 for MODIS and F for VIIRS), the 529 
measurement errors of detectors’ lunar responses due to detector SNRs, and the RVS uncertainties (for 530 
MODIS). Details of MODIS and VIIRS on-orbit calibration uncertainty assessments can be found in a 531 
number of references [61-62]. Table 6 provides the uncertainties involved in the MODIS lunar irradiance 532 
measurements. The U1 term is the uncertainty in the on-orbit calibration coefficients and includes the 533 
uncertainties of SD BRF characterization, its on-orbit degradation, and SD screen transmission. The U2 term 534 
is the RVS uncertainty and U3 term represents the uncertainty related to detector lunar responses. Due to 535 
special effort made to correct saturated pixels in bands 13-16 by referencing a non-saturated band, an extra 536 
0.5% uncertainty is included to their total lunar calibration uncertainties. For VIIRS, the lunar calibration 537 
uncertainties shown in Table 7 are generally smaller than MODIS, mainly due to smaller uncertainties 538 
reported pre-launch SD BRF characterization. The U2 term in VIIRS is the uncertainty associated with the 539 
pre-launch calibration coefficients (ci) as on-orbit F-factor (F) is derived by comparing the predicted 540 
radiance from the SD with that measured based on pre-launch calibration coefficients (ci). The uncertainties 541 
shown in Tables 3-5 are the combined lunar measurement uncertainties of the same of matching band pairs. 542 
Considering both MODIS and VIIRS have a calibration requirement of 2%, the lunar calibration inter-543 
comparison results for two MODIS instruments and for Aqua MODIS and N20 VIIRS clearly meet their 544 
combined calibration requirement of 2.8%. On the other hand, the SNPP and N20 VIIRS calibration is not 545 
consistent to within their combined calibration requirement for several VIS/NIR bands. This indicates that 546 
the U1 term in Table 7 is probably underestimated for SNPP. As a result, special efforts must be made in 547 
order to generate high quality science products using measurements from both VIIRS instruments.   548 

MODIS and VIIRS calibration inter-comparison results can be found in a number of references with most 549 
approaches based on the use of simultaneous nadir observations (SNO) and pseudo-invariant targets, such 550 
as Libya-4 desert, Dome C, and DCCs, and major efforts made by the NASA and NOAA calibration teams 551 
and different science groups [ 19, 26, 53, 64, 65]. As expected, the ground-based approaches can only 552 



perform calibration inter-comparison for some of the spectral bands. For Terra and Aqua MODIS, ground-553 
based calibration inter-comparison results are wavelength and the EV surface property dependent and, on 554 
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 555 
11 (-1.7%). No ground-based inter-comparison results are available for band 13-16 as many pixels over the 556 
select EV targets saturate. For SNPP and N20 VIIRS, results from ground-based approaches applied by 557 
different groups all indicate large calibration differences for several VIS/NIR bands, which is consistent 558 
with the conclusion from lunar calibration inter-comparisons. Vicarious calibration results show that N20 559 
VIIRS reflectances are systematically lower than SNPP by 2 to 4% for most bands, but a larger disagreement 560 
(6-7%) is observed for the shortest wavelength bands (M1-M3). For Aqua MODIS and N20 VIIRS, the 561 
ground-based calibration inter-comparisons also show larger calibration differences, but smaller than the 562 
differences between the two VIIRS instruments. Apart from large standard deviations involved in the EV 563 
observations, the results from different vicarious approaches or derived by different groups could vary (up 564 
to 1-3%) as it is extremely difficult to make accurate corrections for the surface reflectance profile and 565 
atmospheric effect for observations made at different times. The calibration differences could also depend 566 
on the L1B data used in the performance assessments, such as the data source and collection.    567 

 568 
Table 6: Terra and Aqua MODIS lunar calibration uncertainty. 569 

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 

 570 

Table 7 SNPP and N20 VIIRS lunar calibration uncertainty   571 

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 

 572 

Finally, we have also compared the lunar calibration inter-comparison results derived with all sensors’ 573 
calibration tied to the same TSIS-1 hybrid spectrum, including reprocessing their calibration coefficients 574 
and parameters involved in computing the measured lunar irradiances. In this case, Eq. 10 can be used 575 
directly for lunar calibration inter-comparisons of all instruments. As expected, the results from using the 576 
same solar spectrum (i.e., no additional correction needed) for sensor on-orbit calibration are very 577 
consistent with that derived using Eq. 11, which includes a correction for Eq. 10 to remove the calibration 578 
impact due to different solar spectra used by individual sensors. For SNPP and N20 VIIRS, the differences 579 
between the two approaches are less than 0.2%. For Aqua MODIS and N20 VIIRS, the differences are also 580 
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 581 
solar spectrum for their on-orbit calibration and do not require additional correction for their lunar 582 
calibration inter-comparison. However, we have noticed that when the TSIS spectrum is used, the large 583 
differences between the measured and predicted lunar irradiances of MODIS bands 17-19 shown in Table 584 
9 become smaller and are more in family with other bands. If all sensors use the same solar spectrum, their 585 
on-orbit calibration consistency assessments via vicarious approaches could become much simpler. This 586 
could also help improve the quality of the science products generated from different instruments, especially 587 
when their measured radiances are involved. 588 

Apart from tying the sensor reflective solar calibration to the same solar spectrum, the absolute accuracy 589 
of the reference spectrum is also important as it has direct impact on lunar calibration. This is demonstrated 590 
by the reduced differences between the measured and model predicted lunar irradiances for MODIS bands 591 
17-19. As expected, the TSIS-1 hybrid spectrum is more accurate than the one adopted for MODIS more 592 
than 20 years ago. The use of TSIS-1 spectrum has led to a more consistent lunar calibration result among 593 
all RSB. Another parameter that could potentially impact the accuracy of lunar calibration inter-comparison 594 
is detector’s instantaneous field of view (IFOV), which is tied to the solid angle (ω) included in Eq. (4) and 595 
(8). The IFOV is an important sensor design parameter that is typically characterized during pre-launch 596 
measurements. The error in the IFOV characterization could have a few implications for lunar observations 597 
in whiskbroom sensors like MODIS and VIIRS. As an effort to improve our lunar calibration and calibration 598 
inter-comparison quality and uncertainty, and to support the development of a lunar model that is not only 599 
stable but also more accurate, we have planned for an in-depth investigation of the residual impact due to 600 
sensor IFOV on the measured lunar irradiances. We will report our findings once this investigation is 601 



complete. We also plan to perform similar lunar calibration and lunar calibration inter-comparisons with 602 
JPSS-2 VIIRS scheduled to launch late 2022 to gain a better understanding of the VIIRS calibration 603 
differences and to help develop a viable strategy for generating consistent long-term L1B data products 604 
from all VIIRS instruments.     605 

 606 

5   Conclusion 607 

The high-quality measurements from the two MODIS and two VIIRS instruments, coupled with the 608 
extensive and dedicated pre- and post-launch calibration and characterization efforts made by the vendor 609 
and government-led calibration teams, have facilitated the production of numerous data products that 610 
have advanced the studies of the Earth’s system and its environmental parameters. In addition to on-board 611 
calibrators, lunar observations have been regularly scheduled and applied to monitor the RSB on-orbit 612 
calibration stability. In this paper, an inter-comparison technique of using on-orbit lunar observations is 613 
formulated and applied to evaluate the calibration differences between the MODIS and VIIRS instruments. 614 
This approach normalizes the measured lunar irradiances from each spectral band with the lunar 615 
irradiances obtained from the ROLO model and therefore can correct for the differences caused by the view 616 
geometry specific parameters. An additional correction factor is also included in this approach for lunar 617 
calibration inter-comparison of sensors that use different solar irradiance spectra in their on-orbit 618 
calibration. Results show that the Terra and Aqua MODIS RSB on-orbit calibrations agree well to within 619 
±1%, except for the NIR high-gain ocean bands (13-16) that are impacted by saturation. Conversely, the two 620 
VIIRS instruments show a noticeable disagreement of 2-4% in the VIS bands, 1-3% in the NIR bands, and 621 
2-3 % in the SWIR bands. Aqua MODIS and N20 VIIRS calibrations generally agree to within 2%, except 622 
for bands 1/I1 and 2/I2 (~ 2.5%). SWIR band results are not presented due to electronic crosstalk issues in 623 
the MODIS bands. Compared to vicarious approaches, the lunar calibration inter-comparison approach, 624 
relying on the superb stability of the lunar surface property, can be easily extended to the calibration 625 
stability monitoring and calibration inter-comparisons of future satellite instruments as well, such as the 626 
VIIRS on JPSS-2, 3, and 4 and OCI on PACE. As an exercise, this paper has also demonstrated the 627 
advantages of using a common and accurate solar irradiance spectrum for all sensors’ on-orbit calibrations. 628 
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