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ARTICLE INFO ABSTRACT

Edited by Jing M. Chen Accurate long-term sensor calibration and periodic re-processing to ensure consistency and continuity of at-
mospheric, land and ocean geophysical retrievals from space within the mission period and across different
Keywords: missions is a major requirement of climate data records. In this work, we applied the Multi-Angle Imple-
MAIAC mentation of Atmospheric Correction (MAIAC)-based vicarious calibration technique over Libya-4 desert site to

yl?rl{)sls perform calibration analysis of Visible Infrared Imaging Radiometer Suite (VIIRS) on Suomi National Polar-
Calibration orbiting Partnership (SNPP) and NOAA-20 satellites. For both VIIRS sensors we characterized residual linear

Surface reflectance calibration trends and cross-calibrated both sensors to MODerate resolution Imaging Spectroradiometer (MODIS)

NDVI Aqua regarded as a calibration standard. The relative spectral response (RSR) differences were accounted for
using the German Aerospace Center (DLR) Earth Sensing Imaging Spectrometer (DESIS) hyperspectral surface
reflectance data. Our results agree with independent vicarious calibration results of both the MODIS/VIIRS
Characterization Support Team as well as the CERES Imager and Geostationary Calibration Group within esti-
mated uncertainty of 1-2%. Analysis of MAIAC geophysical products with the new calibration shows a high level
of agreement of MAIAC aerosol, surface reflectance and NDVI records between MODIS and VIIRS. Excluding high
aerosol optical depth (AOD), all three sensors agree in AOD with mean difference (MD) less than 0.01 and residual
mean squared difference rmsd ~ 0.04. Spectral geometrically normalized surface reflectance agrees within rmsd of
0.003-0.005 in the visible and 0.01-0.012 at longer wavelengths. The residual surface reflectance differences are
fully explained by differences in spectral filter functions. Finally, difference in NDVI is characterized by rmsd ~
0.02 and MD less than 0.003 for NDVI based on VIIRS imagery bands I1/12 and less than 0.01 for NDVI based on
VIIRS radiometric bands M5/M?7. In practical sense, these numbers indicate consistency and continuity in MAIAC
records ensuring the smooth transition from MODIS to VIIRS.

1. Introduction major instrument which initiated many systematic Earth System Data
Records (ESDR) (e.g., King et al., 2003; Justice et al., 1998; Esaias et al.,

The launch of the Earth Observing System (EOS) Terra satellite in 1998) with high quality due to both advances in the science algorithms
December of 1999, followed by the Aqua satellite in May 2002, started a and, importantly, due to maintenance of the high-quality calibration
new era in Earth Observations. The 36-channel MODerate resolution standards by the MODIS Characterization Support Team (MCST) with
Imaging Spectroradiometer (MODIS) (Salomonson et al., 1989) is a contributions from the NASA Ocean Biology Processing Group (OBPG)
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Table 1
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VIIRS SNPP and N20 reflective bands used in this calibration study, and MODIS Aqua reference bands. Provided is spectral range, center wavelength computed as the

first moment of RSR, and horizontal spatial resolution (HSR).

VIIRS Band Range (pm) Center Wavelength SNPP/N20 (pm) HSR (m) MODIS Aqua Band Range (pm) Center Wavelength (um) HSR (m)
M1 0.402-0.422 0.418/0.411 750 B8 0.405-0.420 0.412 1000
M2 0.436-0.454 0.445/0.446 750 B3 0.459-0.479 0.466 500
M3 0.478-0.498 0.489/0.489 750 B3 0.459-0.479 0.466 500
M4 0.545-0.565 0.551/0.557 750 B4 0.545-0.565 0.554 500
n 0.600-0.680 0.638/0.643 375 Bl 0.620-0.670 0.646 250
M5 0.662-0.682 0.671/0.668 750 Bl 0.620-0.670 0.646 250
12 0.846-0.885 0.861/0.867 375 B2 0.841-0.876 0.856 250
M7 0.846-0.885 0.861/0.868 750 B2 0.841-0.876 0.856 250
M8 1.230-1.250 1.241/1.241 750 B5 1.230-1.250 1.242 500
13/M10 1.580-1.640 (13) 1.601/1.604 375 B6 1.628-1.652 1.629 500
(M10) 1.602/1.605 750
M11 2.225-2.275 2.257/2.259 750 B7 2.105-2.155 2.114 500

and other science teams. This combination of science product quality
and accurate and stable long-term calibration of the MODIS instruments
created the basis for the NASA Climate Data Records (CDRs) used for
monitoring and evolving our understanding of the Earth System func-
tioning and its change in time.

MODIS calibration in the visible — shortwave infrared (SWIR) spec-
tral region (0.412-2.13 pm) relies on the solar diffuser (SD), SD stability
monitor (SDSM), periodic moon observations through roll maneuvers
along with increasing reliance on monitoring of the quasi-stable desert
calibration sites to maintain the long-term stability of calibration (e.g.,
Xiong et al., 2003; Sun et al., 2014; Angal et al., 2020). A comprehensive
and detailed overview of the MCST calibration procedures can be found
in Xiong et al. (2020). While continuous MCST work helps identify,
explain and correct for major changes in MODIS calibration over its 20+
year-long history, analysis of patterns and trends in the derived
geophysical products often provides a better sensitivity to the details of
MODIS calibration and its changes over time. For instance, the OBPG’s
seasonal analysis of derived chlorophyl-a concentrations over ocean
from MODIS Terra in comparison to MODIS Aqua led to development of
the polarization correction algorithm of the MODIS-Terra L1B data
(Kwiatkowska et al., 2008; Meister et al., 2012). On the other hand, a
long-term analysis of the spectral surface reflectance over several CEOS
(Committee on Earth Observation Satellites) desert sites generated by
the Multi-Angle Implementation of Atmospheric Correction (MAIAC)
algorithm (Lyapustin et al., 2018) provided residual de-trending of both
MODIS sensors and cross calibration of MODIS Terra to the much more
stable and predictable MODIS Aqua (Lyapustin et al., 2014). While
MODIS L1B data is reported without these corrections, which are often
discipline-specific, the aforementioned polarization correction of
MODIS Terra along with residual de-trending of the two sensors and
Terra-to-Aqua cross-calibration have been implemented in the MODIS
land discipline processing since Collection 6 (C6) to maintain high ac-
curacy standards. The ability to treat two MODIS sensors as one due to
advanced calibration is very beneficial to algorithms based on time se-
ries analysis and requiring a high frequency of observations, like MAIAC.
Removal of the long-term calibration trends gains a particular impor-
tance for the climate change analyses based on the long-term bio/
geophysical satellite records.

As MODIS nears its end of mission operation, NOAA’s Visible
Infrared Imaging Radiometer Suite (VIIRS) instrument steps into the
forefront to gradually replace MODIS for the Earth observations at a
coarse resolution. At present, there are three VIIRS instruments in space:
Suomi National Polar-orbiting Partnership (SNPP) was launched in
2011, NOAA 20 (N20) satellite has been operating since 2017, and
NOAA 21 launched in 2022 has recently become operational. The 22-
channel VIIRS sensor in many regards is similar to MODIS and is man-
ufactured by the same vendor. In addition to a day and night band, VIIRS
has 16 radiometric and 5 imagery bands with nadir resolution of 750 m
and 375 m, respectively, while MODIS has 2 bands at 250 m, 5 bands at
500 m, and the remaining bands at 1 km nadir resolution (see Table 1 for

select VIIRS and MODIS reflective bands). At the same time, VIIRS
provides a constrained growth of footprint with scan angle, about a
factor of 2 at the edge-of-scan, compared to MODIS’ growth by a factor
of 8. Due to its wider swath of 3000 km, the single VIIRS sensor provides
a daily global coverage of the Earth, while MODIS at 2330 km swath has
near-daily coverage with gaps near the equator. The wider swath of
VIIRS is achieved via a wider range of scan angles which translates to a
maximum view zenith angle (VZA) of VIIRS ~72° versus ~62° from
MODIS accounting for the Earth’s curvature.

To become a MODIS successor and extend MODIS ESDRs, VIIRS
should agree with MODIS in absolute calibration. However, the accu-
mulated body of the VIIRS SNPP and N20 calibration characterization
indicates that the SNPP VIIRS is generally calibrated higher and VIIRS
on NOAA 20 is calibrated lower than MODIS, while the difference be-
tween the two VIIRS sensors can be as high as 5-7% (e.g. Eplee et al.,
2015; Sayer et al., 2017; Wu et al., 2020; Xiong et al., 2020; Meyer et al.,
2020).

Because VIIRS is part of the NOAA’s Joint Polar Satellite System
(JPSS), NOAA supports VIIRS calibration (e.g., Choi et al., 2020) as well
as science processing through its Comprehensive Large Array-data
Stewardship (CLASS) system (Zhou et al., 2019). Here, we focus on
the separate NASA processing of the VIIRS data, where VIIRS L1B cali-
bration is provided by the NASA VIIRS Characterization Support Team
(VCST) (Xiong et al., 2020; Twedt et al., 2022). In this work, we further
develop the MAIAC-based desert calibration technique (Lyapustin et al.,
2014) and apply it to characterize residual VIIRS trends and cross-
calibrate both VIIRS sensors to MODIS Aqua. This paper is structured
as follows: Section 2 describes VIIRS de-trending analysis. VIIRS-MODIS
cross-calibration study is covered in section 3. This section also provides
a compendium of vicarious calibration results from different methods
obtained by different teams. Section 4 gives a science assessment of the
derived VIIRS calibration based on analysis of MAIAC aerosol and sur-
face reflectance products. The main results of this study are summarized
in Conclusions.

2. VIIRS trend analysis

Table 1 lists reflective VIIRS and MODIS channels which are the
focus of this work. This table omits the unique VIIRS day and night
(DNB) band as well as VIIRS band M6 (0.739-0.754 pm) which cannot
be used over bright desert due to saturation as well as the MODIS 1 km
resolution “ocean” channels 9-16. The provided band center wave-
lengths are computed as a first moment of the relative spectral response
(RSR) functions.

We are using the latest L1B calibration for satellite datasets:
Collection 6.1 with polarization correction, based on pre-launch char-
acterization, and de-trending for MODIS Aqua (note that MODIS Terra,
not used in this study, has additional polarization correction and cross-
calibration to MODIS Aqua), VIIRS SNPP C2.0, and VIIRS N20 C2.1. L1B
data for the 1200 km tile covering the Libya desert were provided by the
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Fig. 1. An example of trend analysis for the VIIRS SNPP (blue) and N20 (red) bands M4 and M11. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

MODIS Adaptive Processing System (MODAPS). Below, MODIS or
MODIS-A will stand for MODIS Aqua.

This work uses Libya-4 desert calibration site (28.55°N, 23.39°E). It
is one of several quasi-stable desert sites recommended by CEOS based
on several criteria including the long-term stability related to very low
annual rainfall, spatial homogeneity at scales of several km, high surface
reflectance and low average aerosol loading. Lyapustin et al. (2014)
analyzed seven different CEOS-recommended sites and excluded three
(Niger, Sudan-1, Mali-1) as not reliable for calibration analysis. The
remaining four sites (Libya-1, Libya-2, Libya-4, Egypt-1) produce very
similar calibration results well represented by Libya-4.

The trend analysis is based on the MODIS and VIIRS data processing
by the MAIAC algorithm. We are using the latest MAIAC Collection 6.1
(C6.1) algorithm which for the selected desert calibration site (Libya-4)
is equivalent to C6 algorithm described in Lyapustin et al. (2018).
MAIAC is a multi-disciplinary algorithm providing a suite of atmo-
spheric, land surface, snow and coastal ocean properties. For this work,
we are using MAIAC cloud/cloud shadow mask, aerosol optical depth
(AOD), column water vapor (from MODIS-A), land surface bidirectional
reflectance factors (BRF) often called ‘surface reflectance’ (SR), and
bidirectional reflectance distribution function (BRDF) model parame-
ters. In operational processing, these properties are generated at 1 km
resolution on a global Sinusoidal grid for MODIS and will be generated
at 750 m resolution for VIIRS (375 m for the imagery bands). For this
work, we “over-grid” MODIS 500 m bands 1-7, and 1 km band 8 to the
VIIRS 750 m grid. As the final analysis is done at 5 x 5 and 10 x 10 pixel
aggregation for the VIIRS radiometric and imagery bands, respectively,
centered at the Libya-4 site and representing an area of about 4 x 4 km?,
the possible oversampling does not affect the final result.

The trend analysis consists of several steps:

1) Perform MAIAC processing of the full overlapping record of MODIS-
A and SNPP and N20 VIIRS data (since 2011). Because VIIRS lacks
the water vapor near-infrared (NIR) channel at 0.94 pm for the high-
resolution column water vapor (CWV) retrieval, for VIIRS processing
we are using the National Center for Environmental Predictions
Global Data Assimilation System (NCEP GDAS) ancillary CWV at 1°
resolution interpolated to the MAIAC grid. Similarly, the ancillary
NCEP ozone data is used for ozone correction.

Variations in the sensor view geometry create significant variability
at the top of atmosphere, which is a source of high noise for the
calibration analysis. To reduce this noise, at the second step we are
using sensor-specific MAIAC retrieval results (e.g., AOD, BRDF) to
simulate the top-of-atmosphere (TOA) reflectance for the normalized
view geometry of SZA = 30° and nadir view for each 750 m grid cell.
Such geometric normalization reduces variability of reflectance at

2

—

Table 2

Results from trend analysis of SNPP and N20 VIIRS including slope and intercept
of linear regression, and ratio slope/Intercept in units of reflectance (change)/
unit reflectance/year.

Band Intercept Slope Slope/Intercept
(Trend/year/unit of
refl.)

SNPP N20 SNPP (x N20 (x SNPP N20

107%) 107%)

M1 0.224 0.209 —0.016 + -1.12 + —7.16E- —5.35E-
0.027 0.16/-0.8 05 03

M2 0.230 0.219 -0.13 =+ -0.98 + —5.55E- —4.47E-
0.033 0.15/-1.3 04 03

M3 0.251  0.240  —0.055 + —0.98 + —2.20E- —4.08E-
0.027 0.12/-2 04 03

M4 0.340 0.336 —0.063 + -1.24 + —1.84E- —3.67E-
0.029 0.15/-1.4 04 03

M5 0.499 0476 —0.073 + —0.53 + —1.47E- —1.11E-
0.034 0.17/-0.7 04 03

M7 0.586 0.565 —-0.31 + —0.26 + —5.31E- —4.64E-
0.043 0.22/-0.8 04 04

M8 0.662 0.645 —0.44 = -0.11 + —6.57E- —1.74E-
0.052 0.28/0.9 04 04

M10 0.696 0.681 —-0.39 + 0.81 £ 0.29/ —5.61E- 1.19E-03
0.046 0.0 04

M11 0.587 0.576 —0.59 + -1.49 + —1.00E- —2.59E-
0.063 0.35 03 03

1 0.463  0.451 —0.31 + —0.82 + —6.70E- —1.83E-
0.071 0.28/-1.5 04 03

12 0.585 0.563 —-0.37 + 0.004 + —6.28E- 7.03E-06
0.070 0.26/-0.5 04

13 0.706  0.670 —0.59 + 0.71 +£0.30/  —8.43E- 1.07E-03
0.085 ~0.0 04

the bottom of atmosphere by a factor of 2-5 (e.g., Lyapustin et al.,
2012). At the TOA, normalization additionally mitigates variability
by constraining signal of the atmospheric backscattering (or path
reflectance).

The generated multi-year time series of normalized TOA reflectance
is analyzed for the linear calibration trend with assessment of its
significance using Student’s t-test at 0.05 significance level. Here, we
only test for a long-term linear calibration trend as the MCST/VCST
calibration procedures capture the higher-magnitude short-term
sensor calibration variations (e.g., Eplee et al., 2015; Xiong et al.,
2020; Mu et al., 2020; Twedt et al., 2022).

3

~

Fig. 1 gives an example of trends for the VIIRS bands M4 and M11.
The first 12-18 months of VIIRS N20 band M4 (as well as M1-M3), show
notably higher values of normalized TOA radiance compared to later
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Fig. 2. Relative Spectral Response (RSR) functions of MODIS Aqua and VIIRS SNPP and N20. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

years. For this reason, we excluded the first year from the trend analysis
the results of which are given in Table 2 for both SNPP and N20 VIIRS.

All bands for both sensors show negative trends. The main result is
reported in the 5th column (Slope/Intercept) of Table 2 with the units of
Reflectance (change) per unit reflectance per year. For instance, for
band M8 (1.24 pm) of SNPP, the reduction of TOA reflectance (R) atR =
0.5 over 10 years is —6.57E-04*0.5*10 = —0.0033, or about —0.3%.

In the “Slope” columns of Table 2 we also show the VIIRS N20 trend
derived by VCST over Libya-4 (Fig. 9 from Twedt et al., 2022) as a
second value separated by ‘/’. VCST reported a preliminary trend for a
single fixed scan angle at 83 km from nadir using a much larger aver-
aging area of 32 x 32 pixels. In addition, seasonal variations are
removed by matching the TOA reflectance using Roujean et al. (1992)
BRDF model whereas MAIAC uses Ross-Thick Li-Sparse BRDF model
(Lucht et al., 2000) derived from atmospherically corrected surface
reflectance. In addition to M6, MCST also excluded band M11 from the
analysis. Despite methodological differences and the preliminary nature
of VCST data, we agree on the sign of the trend in bands M1-M7 and I1.
The magnitude of trends is within 0.3 x 1072 in M1-M2, M4-M5 and
within (0.5-1) x 1073 in other channels, indicating a good general
agreement given the relatively large uncertainties because of the short
mission period.

Owing to a decade-long record of measurements, the VIIRS SNPP
trends were recently characterized for individual detectors by VCST
using deep convective clouds and deserts (Mu et al., 2020) to mitigate
striping while the general long-term trends were removed in C2.0 L1B
data earlier (Lei et al., 2015). This explains why, except for bands M7-
M8, our residual trends for VIIRS SNPP are significantly lower than
those found for VIIRS N20.

3. VIIRS cross-calibration to MODIS aqua

The trend analysis described above is a well-established technique
which we used since 2013 to periodically update MODIS Terra and Aqua
calibration following updates in MCST calibration algorithm and in
OBPG polarization coefficients. The de-trended data allow to derive
cross-calibration, or gain adjustment, factors within the same “family” of
instruments, e.g., MODIS on Terra and Aqua, or VIIRS on SNPP and N20
as they have close RSRs. Effectively, the ratio of offsets between SNPP
and N20 VIIRS gives the gain adjustment to ensure calibration
consistency.

Such approach is no longer valid when RSRs of the instruments are
different, as in case of MODIS and VIIRS. Fig. 2 shows the respective
RSRs of MODIS Aqua and VIIRS SNPP and N20 sensors in the visible-

0.6 -
o 05
v
C
©
o
@ 0.4
=
L
Y 03 4
©
=
S
v 92 —o— SCIAMACHY surface LER climatology

—— DESIS
% MoDIS
0.1 & Estimated MODIS from DESIS
T T T T T
B8 B3 B4 B1 B2
412 466 554 645 867

MODIS band / wavelength (nm)

Fig. 3. Spectral LER of DESIS and SCIAMACHY. Red dots show the convolved
DESIS LER to estimate MODIS reflectance, and blue dots show spectral BRF
calculated from MAIAC MODIS BRDF. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

near IR and in shortwave IR (SWIR). The difference in RSR and effec-
tive band center wavelength causes a spectral shift in both surface
reflectance and atmospheric backscattering signals at TOA. This shift is
traditionally accounted for by using spectral band adjustment factor
(SBAF), e.g. from NASA-LaRC (Scarino et al., 2016) based on the
SCanning Imaging Absorption SpectroMeter for Atmospheric CHartog-
raphY (SCIAMACHY) data (Bovensmann et al., 1999). Here, we are
using German Aerospace Center (DLR) Earth Sensing Imaging Spec-
trometer (DESIS) flying on board the International Space Station (ISS)
since 2018. DESIS is a hyperspectral imager measuring spectral radiance
reflected by Earth from 400 nm to 1000 nm with spectral sampling of
2.55 nm and a full width of half maximum (FWHM) of about 3.5 nm,
total of 235 channels (Krutz et al., 2019; Alonso et al., 2019). The spatial
resolution is 30 m with 1024 pixels across-track and ~ 30 km swath.
By our request, DESIS has been collecting spectra over Libya-4 site
since 2019 which translates to 97 presently accumulated granules. The
Libya-4 region of interest is centered at 28.55°N and 23.39°E. To avoid
uncertainties of geolocation and to test the effect of the averaging area,
we are using the 3 x 3 km? and 6 x 6 km? aggregated areas for our
analysis. Comparison of 3 km and 6 km boxes showed no difference in
the results. Since individual DESIS granules sometimes have stray light
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Table 3
Spectral Band Adjustment Factor (SBAF) for SNPP and N20 VIIRS to MODIS
Aqua, and pair-wise cross-calibration coefficients among the three sensors.

Band SBAF X-calibration Coefficients
Aqua/ Aqua/ Aqua/SNPP Aqua/N20 SNPP/N20
SNPP N20

B8/ 0.960 1.001 0.9738 + 1.0277 + 1.0554 +
M1 0.033 0.034 0.028

B3/ 1.197 1.191 0.9516 + 1.0137 + 1.0653 +
M2 0.031 0.026 0.034

B3/ 0.889 0.882 0.9818 + 1.0290 + 1.0481 +
M3 0.023 0.021 0.021

B4/ 1.026 0.978 0.9827 + 1.0367 + 1.0550 +
M4 0.018 0.018 0.018

B1/ 0.959 0.962 0.9780 + 1.0212 + 1.0442 +
M5 0.017 0.017 0.016

B2/ 1.001 0.999 0.9707 + 1.0083 + 1.0387 +
M7 0.017 0.017 0.017

M8 - - - - 1.0264 +
0.017

M10 - - - - 1.0215 +
0.016

M11 - - - - 1.0198 +
0.040

B1/I1 1.016 1.004 0.9917 + 1.0316 + 1.0402 +
0.023 0.021 0.026

B2/12 1.001 0.998 0.9726 + 1.0131 + 1.0416 +
0.018 0.018 0.019

13 - - - - 1.0540 +
0.018

features near the edges of swath and sometimes contain bad quality pixel
lines in the middle of the scene, we manually selected a total of twelve
good quality scenes from Jan. 2019 to Aug. 2021 for our analysis rep-
resenting DESIS L2A atmospherically corrected surface reflectance
version 2.13 dataset. Most observations were collected at view angles
within 3-24° and at high solar zenith angle (53-65°). Because DESIS
data sometimes exhibit spectral noise, the climatological SCTAMACHY
surface Lambertian-equivalent reflectivity (LER) was used to smooth
DESIS spectra (Tilstra et al., 2017).

An example of the DESIS smoothed spectra for 3 x 3 km? aggregated
area and of the much coarser resolution SCTAMACHY LER at 1° x 1°
centered at Libya-4 is shown in Fig. 3. The shaded area represents + one
standard deviation over 12 acquisitions and related monthly SCIA-
MACHY dataset (https://www.temis.nl/surface/albedo/scia_ler.php)
(Tilstra et al., 2017). The difference in the DESIS and SCIAMACHY
spectra may be partly due to a coarse resolution of SCTAMACHY, ~105
km, though we cannot exclude calibration difference. The blue dots
show MAIAC MODIS Aqua spectral BRF calculated from MAIAC BRDF
MCD19A2 product (Lyapustin et al., 2018) where error bars represent
standard deviation from 12 days of DESIS acquisitions. Both MODIS and
DESIS measurements are normalized to nadir view and SZA = 30°.
DESIS convolved with MODIS RSR is displayed by the red dots, spec-
trally shifted for convenience. Such a close MODIS-DESIS agreement
implies that we can use DESIS spectra to derive VIIRS-to-MODIS SBAFs
to account for the RSR differences.

The DESIS spectral LER (p,) was convolved to MODIS Aqua and SNPP
and N20 VIIRS spectral bands using the respective RSRs and solar irra-
diance (E;) as follows:

Iy PiEsiRSRy A |57 p, E,RSR,dA

Pimutated = I Ey RSR;d Js E;RSR;dA

(€Y

Above, E;, and E, are spectral irradiance at the bottom and top of
atmosphere respectively. Because MODIS and VIIRS spectral bands are
relatively narrow (~10 nm) and typical aerosol optical depth over Libya
desert is low (see Fig. 5), the substitution of the surface irradiance with
the TOA irradiance still gives a highly accurate result, within several
percent at 0.412 pm where the atmospheric effects are largest, with
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accuracy increasing with wavelength along with the reduction of the
total optical depth and decrease in atmospheric scattering. We used the
“NRLSSI2” solar irradiance model (Coddington et al., 2016) and trape-
zoidal rule for the integral. It should be mentioned that while the use of
approximation (1) is justified for MODIS and VIIRS due to their narrow
bands, an accurate expression using the surface spectral irradiance
should be used when spectral bands are wide.

The average SBAFs for reflective bands of VIIRS sensors relative to
MODIS Aqua, in other words surface reflectance ratios, over Libya-4 site
are presented in Table 3.

With SBAFs generated, the VIIRS to MODIS Aqua cross-calibration
coefficients are calculated as follows:

1) VIIRS BRDFs, generated by MAIAC at VIIRS wavelengths (), are
spectrally adjusted to the MODIS Aqua reference wavelengths (A1),
pVIRS _pVIRSSBAF (), 11).

2) Using adjusted VIIRS BRDF and retrieved MAIAC VIIRS AOD, we re-
compute VIIRS TOA reflectance for the normalized view geometry,
but at MODIS-A wavelengths A;. In this case, both surface and at-
mospheric contributions from VIIRS are adjusted to the MODIS-A
reference wavelength, so MODIS and VIIRS TOA data are directly
comparable.

3) The ratio of de-trended spectrally adjusted VIIRS and MODIS TOA
reflectance at normalized view geometry gives the gain adjustment
factors for the VIIRS sensors.

Fig. 4 shows the combined result of de-trending and spectral
adjustment of VIIRS in bands M1-M5, M7, and I1, I2. VIIRS SNPP is
always higher than both MODIS-A and VIIRS N20. The N20 VIIRS is
relatively close than MODIS-A but lower.

There is a residual seasonality at the level of ~0.01-0.03. Physically,
it is caused by the seasonal changes in the solar elevation and variations
in surface topography, including sand dunes and their shadows clearly
visible in the high resolution DESIS images. The residual seasonal
pattern is consistent in the visible range for both MODIS-A and VIIRS
with higher values in December-January (highest SZA). The exception is
MODIS-A band 8 (0.412 pm) which exhibits the opposite pattern. The
reason for such a difference is presently not understood. The current L1B
calibration procedure for MODIS Aqua uses pre-launch polarization
sensitivity characterization and does not account for a possible change
post-launch. Removing polarization correction in MODIS-A band 8
resulted in negligible change. Whatever the cause, this different
behavior of MODIS band 8 may affect our gain analysis for VIIRS
channel M1.

Results of the cross-calibration are summarized in Table 3 which also
gives SBAFs for the SNPP and N20 VIIRS. It’s important to emphasize
that SBAFs were derived for the Libya-4 site and do not translate to other
locations unless the surface has similar SR spectrum. The gain adjust-
ment coefficients for SNPP and N20 to match MODIS-A are only given
for bands M1-M5, M7 and I1-12, which fall within DESIS spectral range
of 0.4-1 pm. At longer wavelengths, we assume the better calibrated
NOAA 20 as a reference and apply gain adjustment to SNPP VIIRS. The
VIIRS NOAA 20 calibration is close to that of MODIS-A and systemati-
cally lower by 1-3% on average. The SNPP VIIRS is systematically
higher than MODIS Aqua by 2-5% on average.

As a quick check, Fig. 5 shows monthly-average MAIAC AOD at 0.55
pm over Libya-4 before and after applying calibration to VIIRS SNPP and
NOAA 20. At original calibration (left), AOD from SNPP VIIRS was
overestimated while N20 VIIRS and MODIS-A were in a good agreement.
After calibration (right), all three sensors show good agreement.

It is important to compare our results with calibration analysis of
other leading groups. Table 4 provides a summary of the comparative
analysis of the radiometric biases (in percentage) between the MODIS
and VIIRS analogous channels derived from this study with those from
MCST/VCST at GSFC and the CERES Imager and Geostationary
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Fig. 4. Final de-trended MODIS Aqua (black) and spectrally adjusted VIIRS SNPP (blue) and N20 (red) geometrically normalized TOA reflectance for VIIRS bands
M1-M5, M7 and I1, I2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Monthly-average MAIAC AOD at 0.55 pm over Libya-4 before (left) and after (right) applying calibration to VIIRS SNPP and NOAA 20. The error bars show

the standard deviation.

Table 4

Cross-calibration biases (%) among MODIS Aqua (A), VIIRS SNPP (S) and VIIRS N20 (N) from different sources. A negative A/S bias means SNPP-VIIRS is brighter than
Aqua-MODIS, and vice-versa. The first column gives the reference MODIS band (B) used to calibrate the VIIRS (M or I) band. An italics font indicates a different MODIS

reference band used in analysis.

Band Pair This work MCST/VCST (Wu et al., 2022) CERES-IGCG (LaRC) Meyer et al. (2020) Sayer et al. (2017)
A/S A/N S/N A/S A/N S/N A/S A/N S/N A/S A/N A/S
B8/M1 -2.6 2.8 5.5 —5.0-3.8 2.6-4.8 5.9-7.9 - - - - - -0.5
B3/M2 -4.8 1.4 6.5 B9: —0.5-1.5 5.4-6.2 5.8-6.6 - - - - - B9: 0
B3/M3 -1.8 2.9 4.8 B10: —5.5-3.2 -1.1-1.7 4.4-5.2 -1.8 3.7 5.6 + 0.2 - - -0.8
B4/M4 -1.7 3.7 5.5 —0.3-2.6 1.9-3.6 3.4-5.5 -2.8 2.9 5.8+ 0.2 - - —4.4
B1/M5 -2.2 2.1 4.4 —2.0-0.6 2.4-6.0 3.4-5.4 -31 2.4 5.4+ 0.2 -5.0 0 -5.9
B2/M7 -29 0.8 3.8 -1.1-0.0 0.7-3.1 2.5-4.0 -2.1 2.3 4.2+ 0.2 -3.0 1.0 -4.0
B5/M8 - - 2.6 -3.4-19 —1.4-0.5 1.8-2.9 -3.1 -1.0 2.0 +0.2 -1.0 2.0 1.0
B6/M10 - - 2.2 -3.5-1.3 - 1.2-2.9 -1.5 1.4 2.5+ 0.3 -2.0 2.0 -2.0
B7/M11 - - 2.0 - - 1.2-2.1 - - 1.6 £ 0.5 -3.0 -1.0 —7.0
B1/11 -0.8 3.2 4.0 -0.6-1.3 2.7-4.2 3.0-4.8 -1.0 3.8 4.8+ 0.2 - - -
B2/12 -2.7 1.3 4.2 -1.0-0.1 1.1-3.0 2.6-3.1 - - - - - -
B6/13 - - 5.4 -3.5-1.8 -0.3-2.1 3.1-3.9 -2.2 2.4 5.0+ 0.3 - - -

Calibration Group (CERES-IGCG) at NASA Langley Research Center
(LaRCQ).

The latest MCST/VCST results (Wu et al., 2022) combine data from
four different vicarious calibration techniques including simultaneous
nadir overpass (SNO, e.g., Cao et al., 2004; Chu et al., 2018), analysis
over desert sites including Libya-4 (e.g., Wu et al., 2012) and Antarctica
Dome C ice/snow site (Dome C, Uprety and Cao, 2015), and the Deep
Convective Cloud (DCC) method (Doelling et al., 2015; Mu et al., 2017).
Overall, four different techniques produce close results generally within
1-2%. For SNPP/N20, MAIAC-based results are within the range of
MCST/VCST values for bands M2-M8 and I1, 0.4% lower for M1 and
1.1% and 1.5% higher for 12 and I3, respectively. For Aqua/N20 and
Aqua/SNPP, our results agree within 0.3% and 1.8%, respectively,
except for bands M2-M3 where comparison cannot be made because
selected MODIS reference bands were different. In summary, this com-
parison of independent techniques shows an agreement well within our
uncertainty estimates of about +(1-2)%.

The NASA-Langley CERES-IGCG employs three independent SNPP to
NOAA-20 VIIRS intercalibration approaches: two pseudo invariant
calibration target approaches utilizing tropical DCC (Doelling et al.,
2011; Doelling et al., 2013; Bhatt et al., 2020) and the Libya-4 desert site
(Doelling et al., 2022a, 2022b) as well as all-sky tropical ocean ray-
matching (Haney et al., 2022; Doelling et al., 2022a, 2022b) employ-
ing Aqua-MODIS as a transfer radiometer. Spectral band adjustments for
MODIS and VIIRS reflective solar bands are based on SCIAMACHY
hyper-spectral radiances (Scarino et al., 2016), except for M11, for
which the SBAF was computed using the Hyperion data over the inter-
calibration targets. The cross-calibration analysis was conducted in
reflectance scale to avoid any potential impact of differences between
the solar irradiance models used by the MODIS and two VIIRS sensors in
their ground processing systems (Bhatt et al., 2021). The three ap-
proaches were consistent within 0.8%, except for band M10 which
agrees within 1.4%. The biases from the three approaches were aggre-
gated using an inverse-variance weighting method to minimize the

variance of the weighted average. The SNPP and NOAA-20 VIIRS biases
relative to Aqua-MODIS are based on the ray-matching approach with
uncertainties mostly within 0.8%. Note that the B2/M7 MODIS and
VIIRS biases have uncertainties of 1.3%, since the MODIS B2 channel
saturates over bright clouds. The channel comparison results are shown
in Table 4 under CERES-IGCG (LaRC).

The MAIAC SNPP/N20 VIIRS biases were within —1.0% to +0.6% of
the CERES-IGCG results, where the CERES-IGCG biases were mostly
larger except for bands M8 and I3. The CERES-IGCG Libya-4 SNPP/N20
VIIRS biases were lower than the combined approach on average by
~0.5% for wavelengths less than 1 pm. The relative biases computed
between Aqua-MODIS and two VIIRS analogous channels by MAIAC and
CERES-IGCG are within 1%, except for M7, which differed by 1.4%, for
which the CERES ray-matching approach may be impacted by bright
cloud saturation in the corresponding MODIS band 2.

Two other approaches, shown last in Table 4, have been developed
and applied by individual science algorithm groups. Sayer et al. (2017)
used simultaneous MODIS-A/SNPP VIIRS overpasses over dark water
scenes with closely matched geometry to cross-calibrate VIIRS to
MODIS, accounting for spectral response function differences. Meyer
et al. (2020) used the same geometric matchup protocol except focused
on bright, low-level liquid water cloud pixels. These independent ana-
lyses, together sampling the gamut of dark to bright pixels, also tend to
agree with one another and the other results within Table 4 to within the
~1-4% level. Notably, the techniques generally agree about the spectral
shape of the correction factors. The largest disagreements in magnitude
tend to be in the SWIR, where the radiative transfer is more complicated
due to the impact of potential uncertainties in gas transmittances,
refractive index of liquid water clouds (Meyer et al., 2020), and inherent
uncertainties in ratios of small numbers (Sayer et al., 2017). A shorter
time record and use of the earlier C1.1 L1B calibration for SNPP VIIRS
may also contribute some difference.
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Fig. 6. Location of tiles HO8V05 and H11VO05 in map of North America in
global sinusoidal projection.

4. MAIAC assessment of VIIRS calibration

We selected two MODIS/VIIRS 1200 x 1200 km? tiles, H11VO05 in
south-eastern USA with high forest, grassland and agricultural crops
vegetation cover, and HO8VO5 partly covering states of California,
Texas, and Arizona with high fraction of bright surface in semi-arid and
arid climate zones. Location of tiles is shown in Fig. 6. Applying the
developed VIIRS calibration, we processed 4 years of the common record
period from 2018 to 2021. Below, we analyze agreement in MAIAC
geophysical records from the three sensors including AOD, spectral
surface reflectance and NDVI.

4.1. AOD comparison

Fig. 7 shows histograms of AOD difference between VIIRS and
MODIS Aqua over land and water. The land comparison separates cases
of low AODg 55 < 0.6 (left) and high AODg 55 > 0.6 (center). The water
case includes all AODs over the in-land water and coastal ocean. The
comparison is provided for the common green (0.55 pm) band and the
blue band (B3 for MODIS and M2 for VIIRS). To harmonize MODIS and
VIIRS data, we aggregated data to ~4 x 4 km? super-pixels, namely 4 x
4 pixels for MODIS and 5 x 5 pixels for VIIRS providing exact area match
in 1200 km tiles. We used pairs with more than 70% coverage and time
difference within +15 min. This comparison shows an excellent agree-
ment both over water and over land, in particular at “low AOD”, with
mean difference ~ 0.01 and residual mean squared difference (rmsd)
~0.04. This indicates a high accuracy of VIIRS-to-MODIS cross-cali-
bration across the full spectrum, as MAIAC uses different sets of bands
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for aerosol retrieval over land (B3/M2, B4/M4 and B7/M11) and over
water (B4/M4, B1/M5, B2/M7, B5/M8, B6/M10, B7/M11). It also sets a
balanced starting point for atmospheric correction: MAIAC performs
BRDF retrieval when AODy 47 < 0.6 and reports spectral BRF at AODy 47
< 1.5. At “High AOD” over land, the overall VIIRS-MODIS agreement
remains good with rmsd ~ 0.1 and slight positive difference 0.01-0.04 in
the Blue, expected as M2 is shorter than B3, and a small negative dif-
ference of ~ — 0.03 at 0.55 pm from an average AODg 55-0.82. Some of
the difference may be explained by variations in coverage of super-pixels
(within 70-100%), and smoke plume inhomogeneities arising from both
overpass time difference and parallax effect from different view angles
resulting in sensors’ seeing different parts of the elevated smoke.

4.2. Surface reflectance

Contrary to the commonly used Lambertian approximation, MAIAC
uses a BRDF-coupled radiative transfer model in atmospheric correction
to retrieve surface reflectance (BRF) (Lyapustin et al., 2012, 2018,
2021). We start with comparing MAIAC surface reflectance between the
two VIIRS sensors. To avoid difference in view geometry due to different
orbits, we first normalize SR to a nadir view and local solar angle at 1:30
pm using BRDF model, thus creating “nadir BRDF-adjusted reflectance”
(NBAR) in M-bands 1-5, 7, 8, 10-11, and I1-I3. As before, NBARs are
aggregated to ~4 x 4 km?. The daily average NBARs for super-pixels are
used for comparison when they have 100% coverage and both sensors
have data.

The results of VIIRS to VIIRS (VtoV) spectral NBAR comparison are
shown in Fig. 8 as a combination of scatterplots and SNPP-N20 differ-
ence histograms with associated statistics. The the mean difference (MD)
is generally negligible: the NBARs agree within +0.002 with maximal
MD of 0.003 in bands M3, M11, I3. The rmsd is about 0.008 in bright
NIR-SWIR bands, and less than 0.004-0.006 in the visible. The exception
is band M1 where larger rmsd = 0.007 is due to the “wings” nearly
parallel to the x,y-axes. These outliers are created by the BRDF-
normalization at high view zenith angles. They are most prominent at
the shortest wavelength M1 where uncertainties of atmospheric
correction and of the BRDF model are the highest. To illustrate the point,
similar cross-sensor comparisons VIIRS M1 vs MODIS-A B8 NBAR are
shown in the next Fig. 9 for a limited range of view zenith angles VZA <
35° which dramatically reduces such outliers.

A similar Fig. 9 presents VIIRS to MODIS-A (VtoM) NBAR compari-
son. Here, we excluded VIIRS observations at high view zenith angles
above 62° approximately corresponding to the maximum MODIS VZA
with account for the Earth curvature. MODIS and VIIRS RSRs have
significant differences in the Blue (M2, M3 vs B3), Red (M5 vs B1), and
SWIR (M10/13 vs B6 and M11 vs B7) bands, while center wavelengths
and RSRs for other bands are relatively close. In “matching” bands M4/
B4 and M7/B2, the MD (0.000 and 0.002) and rmsd (0.005 and 0.008)
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Fig. 7. AOD difference histogram (2018-2021) between VIIRS and MODIS-A over land and water. The land comparison separates cases of low AODg 55 < 0.6 (left)
and high AODy 55 > 0.6 (center). The water case includes all AODs over the in-land water and ocean. The comparison is given for the common green (0.55 pm) and
the blue band (B3 for MODIS and M2 for VIIRS). The MD and rmsd are provided for the Blue band (M2 for VIIRS and B3 for MODIS). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. A comparison of spectral NBARs between SNPP and NOAA 20 VIIRS. The X-axis for the histogram of NBAR difference is given on top and right for NBARy._axis

— NBARy_ .5 for each plot.

remain low and similar to the VtoV comparison. In NIR-SWIR region
(M8/B5, M10/B6, M11/B7), the MD increases to within £+0.004 for N20
and — 0.002-0.006 for SNPP. The rmsd in these bands increases to
0.010-0.013 or ~ 20-50% respective to VtoV comparison. For the non-
matching bands M2/B3, M3/B3, M5/B1, we see an expected pattern
related to general SR increase with wavelength in this part of spectrum.
Somewhat surprisingly to us, this rather large-scale comparison between
M11 (2.25 pm) and B7 (2.13 pm) shows a much closer agreement than
we expected. It should be mentioned, though, that 1) we excluded snow
pixels where the difference is most significant, and 2) spectral mis-match
is apparent at the level of individual pixels as histogram of difference for
this channel is most asymmetric (non-Gaussian) among all compared
bands. The VtoM comparison for both VIIRS sensors shows an MD within
0.002 and a nearly identical rmsd for the same band pairs.

In summary, the NBAR comparison shows very consistent VtoV and
VtoM patterns for both SNPP and NOAA 20 indicating a good quality of
performed calibration. The VtoM rmsd of 0.005-0.007 in the darker
visible and of 0.008-0.013 in brighter NIR-SWIR bands can be consid-
ered as an uncertainty of continuity or transitioning of MODIS MAIAC
surface reflectance record into the era of VIIRS observations.

4.3. Normalized difference vegetation index (NDVI)
Beginning with MODIS Collection 6.1, available since June 2023,

and VIIRS Collection 2 (MAIAC re-processing to start in summer of
2023), the naturally gap-filled NDVI, spectral BRDF and snow fraction/

snow grain size will be reported by MAIAC daily. MAIAC uses an
assumption-free “natural gap-filling” meaning that the value (e.g.,
NDVI) remains in the memory for a given grid cell until updated with the
latest cloud-free observations.

Fig. 10 (top) shows analysis for VIIRS NDVIy; based on radiometric
bands M5/M?7. As with NBAR, NDVI is aggregated to ~4 x 4 km? super-
pixels. MODIS NIR band B2 (0.856 pm) is slightly shorter than the NIR
band of VIIRS sensors (0.861 pm and 0.867 pm for SNPP and N20) for
both radiometric and imagery bands which are nearly identical, result-
ing in slightly lower MODIS NIR SR. The VIIRS radiometric Red band M5
is over 20 nm longer than the MODIS Red band B1 resulting in higher
SRgeg- For these reasons, VIIRS NDVIy; is slightly higher than MODIS
NDVI at high NDVI over dense vegetation and is lower at low NDVI over
bare soil/sand. This tendency is more apparent for NOAA 20 VIIRS. A
similar though less pronounced pattern can be seen in comparison of the
VIIRS SNPP vs N20 NDVIy; due to similar RSR differences. The VtoV
NDVIy has rmsd = 0.014, which increases to ~0.02 for VtoM compar-
ison. We should mention that the NDVIy; were computed from NBARs
and represent geometrically normalized values. A comparison of stan-
dard NDVIy gives generally similar results but with 40-50% higher
rmsd.

Fig. 10 (bottom) compares NDVIs based on the VIIRS imagery bands
11/12 (NDVI)). As center wavelength of the VIIRS imagery Red band
(0.638 pm for SNPP and 0.643 pm for N20) is closer to that of MODIS-A
(0.646 pm) in comparison to band M5 (~0.67 pm), we can expect a
better agreement of NDVI; with MODIS-A NDVI. Indeed, VtoM
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Fig. 9. A comparison of spectral NBARs between VIIRS SNPP and MODIS Aqua (top) and NOAA 20 VIIRS and MODIS Aqua (bottom). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

comparison shows a better slope close to 1 and smaller MD. However,
rmsd is larger in particular for VtoV NDVI; (0.021) vs NDVIy (0.014)
comparison. The main contributor to higher rmsd is the bottom half of
NDVI values where the distribution of NDVI; points around the 1:1 line is
visually wider.

As satellite-based NDVI is one of important climate data records also
widely used in different applications such as drought monitoring (e.g.,
Gu et al., 2007), crop yield predictions (e.g., Pittman et al., 2010) and
others, it is important to understand the role of RSR differences in re-
lationships displayed in Fig. 10. To this end, we employ several types of
soil/sand (S) spectra and two types of vegetation (V) spectra (Kokaly
et al., 2017) shown in Fig. 11. We use the band-integrated Red and NIR
SR, and a linear mixing model to represent a variety of NDVI values. For
each S—V combination, the soil fraction varies from 1 to 0. This over-
simplified model to some extent represents S—V fractional variations
with view zenith angle for moderately to sparsely vegetated surfaces
where visible soil fraction is maximal at nadir and decreases with VZA
approximately as cos(VZA).

The analogue of Fig. 10 generated from the described model is pre-
sented in Fig. 12 (left) where different lines correspond to different
spectra of soil. Qualitatively, this simple analysis gives very similar
statistical estimates to those obtained with MODIS-VIIRS satellite data in
Fig. 10. For instance, the absolute value of NDVI; mean difference is
lower than that for NDVIy;. The slope of regression is notably above 1
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with negative MD for VtoM NDVIy comparisons, and slope is close to or
below 1 with positive MD for NDVI; comparison. In VtoV comparison,
the slope of SNPP vs N20 regression is less than 1, and it is lower for
NDV]; in agreement with Fig. 10.

While reproducing (most of) statistical estimates of satellite obser-
vations, our model lacks realism in visual comparison and needs to be
augmented by the random noise of BRDF-normalization. This noise can
be mainly associated with imperfect BRDF retrievals from limited
angular sampling and with limited accuracy of the BRDF model itself.
We assumed the maximal random error of BRDF-normalization as 3% of
NBAR value in the Red and 1% in the NIR. These values are realistic
given that the MODIS/VIIRS surface reflectance range of variability with
VZA can be as high as 30-100% in the Red and 10-30% in the NIR. The
result of adding an independent random noise from zero to the
maximum value to every NDVI point is shown in Fig. 12 (right). Not
surprisingly, it increases rmsd but has little effect on the MD.

The selected level of noise allows us to match the observed rmsd ~
0.02 for the NDVI;, however it overestimates rmsd for the NDVIy (~0.03
vs ~0.02 for VtoM comparison). Indeed, we used the 750 m M5/M7
BRDF models for angular normalization of both M and I-bands. Over
heterogeneous surfaces, it creates an additional noise in 375 m NDVIj,
and since we matched the NDVI; rmsd, a proportionally lower noise can
be justifiably used to match rmsd for NDVIy.

In summary, a simple soil-vegetation linear mixture model, which
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Fig. 9. (continued).

accounts for RSR differences, with added noise of BRDF-normalization
allows us to approximate and explain the observed statistical relation-
ships among NDVI from MODIS-A and NDVIy;/ NDV]; from VIIRS SNPP
and NOAA 20. This discussion shows that with applied calibration
MODIS and VIIRS NDVIs will match well for dense closed canopies. The
RSR differences, mainly transpiring at low NDVI, can be decoupled by
separating the non-photosynthetic signal through finding the vegetation
fraction at nadir. With developed calibration and without any adjust-
ments, the MODIS - VIIRS NDVIs agree within rmsd ~ 0.02 and an
average MD -0.01 for NDVIy and 0.003 for NDVI;. A different way to
achieve MODIS-VIIRS continuity of NDVI, albeit with higher uncer-
tainty, was suggested by Skakun et al. (2018) who modeled VIIRS Red
and NIR SR as a linear combination of MODIS Red and NIR SR with
weights defined separately for every pixel.

5. Conclusions

In this work, we applied MAIAC-based vicarious calibration tech-
nique over Libya-4 desert site to perform calibration analysis of VIIRS on
the SNPP and NOAA-20 satellites. For both VIIRS sensors, we charac-
terized the residual linear calibration trend and cross-calibrated both
sensors to MODIS Aqua regarded here as a calibration standard. RSR
differences were accounted for using DESIS hyperspectral LER data.
Because DESIS calibration was found very close to that of MODIS Aqua,
the developed SBAFs should help achieve a better VIIRS calibration
accuracy as compared to the use of standard SBAFs based on
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SCIAMACHY data. We compared the cross-calibration results to those
obtained by other teams using a variety of techniques and found general
agreement in the spectral patterns and magnitudes of derived correction
factors. A general agreement within ~1% between MAIAC-based results
with dedicated analyses of MCST/VCST and CERES-IGCG calibration
teams ensures reliability of VIIRS calibration for the science processing.
Analysis of MAIAC geophysical products with the newly developed
calibration shows a very good consistency and continuity of MAIAC
aerosol, surface reflectance and NDVI records between MODIS and
VIIRS. Over water and at AODg 55 < 0.6 over land, all three sensors agree
on AOD with MD less than 0.01 and rmsd ~ 0.04. Spectral NBARs, ob-
tained from surface reflectance normalized to nadir view and local SZA
at 1:30 pm, agree within rmsd of 0.003-0.005 in the visible and
0.01-0.012 at longer wavelengths. The residual differences in the
magnitude of SR are well explained by the RSR differences. Finally,
difference in NDVI is characterized by rmsd ~ 0.02 and MD less than
0.003 for NDVI; based on VIIRS imagery bands and 0.01 for NDVIy
based on VIIRS radiometric bands. The observed NDVI difference pat-
terns can be well explained by a simple soil-vegetation linear mixture
model with RSR-integration and added noise of BRDF normalization.
Accurate calibration to ensure consistency and continuity of
geophysical products of the atmosphere, land and ocean disciplines
within the mission period and among different sensors, supported by
periodic re-processing with latest calibration, is a major requirement of
the Earth System data records in both applied research and climate
studies. It has been systematically implemented in the NASA MODIS
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Fig. 10. A comparison of NDVI among VIIRS SNPP, VIIRS NOAA 20 and MODIS Aqua based on radiometric VIIRS bands M5/M7 (top) and imagery bands I11/12
(bottom). The X-axis for the histogram of NDVI difference is given on top and right for NDVIy.,yis — NDVIx ais for each plot. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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SpLib07b_Spectrum.php) and RSRs for the Red and NIR bands of MODIS-Aqua
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this figure legend, the reader is referred to the web version of this article.)

operational processing currently in Collection 6.1 and continues in the
NASA VIIRS processing. The NASA VIIRS Collection 2 land discipline re-
processing is ongoing, and MAIAC VIIRS Collection 2 re-processing with
described residual calibration, supporting the main effort by VCST, will
begin in summer of 2023.

The developed approach is generic and will be applied to similarly
align the VIIRS NOAA 21 which recently became operational.

12

CRediT authorship contribution statement

Alexei Lyapustin: Conceptualization, Methodology, Supervision,
Writing - original draft. Yujie Wang: Software, Investigation, Visuali-
zation. Myungje Choi: Software, Investigation, Visualization. Xiaox-
iong Xiong: Methodology, Software, Data curation, Writing — review &
editing. Amit Angal: Methodology, Software, Data curation, Writing —
review & editing. Aisheng Wu: Methodology, Software, Data curation,
Writing — review & editing. David R. Doelling: Methodology, Software,
Data curation, Writing — review & editing. Rajendra Bhatt: Methodol-
ogy, Software, Data curation, Writing — review & editing. Sujung Go:
Software, Investigation, Visualization. Sergey Korkin: Software,
Investigation, Visualization. Bryan Franz: Writing — review & editing.
Gerhardt Meister: Writing — review & editing. Andrew M. Sayer:
Methodology, Software, Data curation, Writing — review & editing.
Miguel Roman: Supervision, Writing — review & editing. Robert E.
Holz: Writing — review & editing. Kerry Meyer: Methodology, Soft-
ware, Data curation, Writing — review & editing. James Gleason: Su-
pervision, Writing — review & editing. Robert Levy: Writing — review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.


https://crustal.usgs.gov/speclab/SpLib07b_Spectrum.php
https://crustal.usgs.gov/speclab/SpLib07b_Spectrum.php

A. Lyapustin et al.

Remote Sensing of Environment 295 (2023) 113717

1a 10 - 1a 1a
N =506 ~ W =506 ~ M = b6 N =19180 4 s N =18180 ~ N = 10100
~ ¥ = 1.0697x - 0.04146 y = L.0653x - 0.04433 ¥ = 0.9962x - 0.00319 ~ y = 1.0659x - 0.03983 y = 1.0622x - 0.04322 ¥ = 0.9941x - 0.00253
= 084 R*-0995 Elna- R’ - 0.995 Elna- R’ - 1.000 = 08 R"-0.990 Elnn- R’ - 0.989 Elna R’ - 0.984
1 msd = 0.0250 7] msd = 0.0277 75 msd = 0.0051 1 msd = 60305 %) msd = 00331 ") msd = 0.0167
Fal Mean diff. = -0.0113# = Mean diff. = -0.0161 = Mean diff. = -0.0048, Fal Mean diff. =-0.011 = Mean diff. = -0.016; = Mean dif. = -0.005(
Z 06 r = 06+ 2 = 064 Z 06+ = 06 = os
= > > = > >
A 2 =} A =) o)
S 041 = 0.4 = 044 S 04 = 0.4 = 04
a / a o a
(=} o
& 02 S 074 S 074 INKER S or 5 02
= ) / @A = A @
0.0 T T T 0.0 T T T T 0.0 v T T T 0.0 0.0 15— v T T 0.0 T T T T
w 0.2 0.4 o6 ue Ly o 0.2 0.4 0.6 ue La 0.0 0.z 04 0.6 e 1 ue 0.2 0.4 o6 [ Ly 0.0 0.z 0.4 06 e La 0o 0.z 04 06 e 1.0
Agua NDVI B1-B2 Aqua NDVI B1-B2 N20 NDVI M5-M7 Agua NDVI BL-B2 Agua NDVI B1-B2 N20 NDVI M5-M7
L0 10 Lo L0
606 N = 605 N = 18180 N = 18180
y = 0.9941x + 0.00416 ¥=0.977ix + 001298 y =0.4919x + 0.00520 ¥ = 09635 + 001752
N 08+ h?=1.000 Q, ﬁ,oa- W=D, N os4 K =0993 E,os-u’:o.'m u, .
v msd = 0.0034 - msd = 0.0109 - msd = 0.0077 g msd = 0.0181 - msd = 0.0208 - sd = 0.0182
) Mean dill. - 0.0016 = Mean dill. - 0.0049 = Meon dil. = 0.0033 pm} Muan dill. - 0.0015, = Muan dill. - 0.0047, = Meon difl. - 0.0033
= 0.6 4 = 064 = 064 3 064 = 06 = 064 5
[a] (&) [a] [a]
Q =z =z Q = =z
Z 04+ n-n.z~ n-nn~ Z 044 n-na— n_ru~
= o a S a a
Z 02 < 0z Z 024 Z 02 < 0z < 02
7} ] 7} 5}
0.0 0.0 0.0 0.0 F— 0.0 0.0
0.0 02 04 0.6 08 Lo 0.0 02 04 06 08 La Q0 02 04 0.6 08 10 00 02 04 0.6 08 Lo 00 0.2 04 06 08 La a0 n2 04 0.6 08 10
Aqua NDVI B1-B2 Aqua NDVI B1-B2 N20 NDVI I1-12 Aqua NDVI B1-B2 Aqua NDVI 81-B2 N20 NDVI 1-12

Fig. 12. A comparison of NDVI, analogous to Fig. 10, based on the soil — vegetation linear mixture analysis with RSR-integration (left) and added noise of BRDF-

normalization (right).
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