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Abstract: The Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-
orbiting Partnership (SNPP) has successfully operated on-orbit for nearly ten years since its launch
in October 2011, continuously making global observations and improving studies of changes in the
Earth’s climate and environment. VIIRS has 22 spectral bands, among which 14 are reflective solar
bands (RSBs) covering a spectral range from 0.41 to 2.25 µm. The SNPP VIIRS RSBs are primarily
calibrated by the onboard solar diffuser (SD), with its on-orbit degradation tracked by an onboard
SD stability monitor (SDSM). The near-monthly scheduled lunar observations, together with the
sensor responses over stable ground targets, have contributed to the sensor’s mission-long on-orbit
calibration and characterization. Numerous improvements have been made in the RSB calibration
methodology since SNPP VIIRS was launched, and the RSB calibration has reached a mature stage
after almost ten years of on-orbit operation. SNPP is a joint NASA/NOAA mission and there are
two teams, the NASA VIIRS Calibration Support Team (VCST) and the NOAA VIIRS Sensor Data
Record Team, which are dedicated to SNPP VIIRS on-orbit calibration. In this paper, we focus on the
calibration performed by the NASA VCST. The SNPP VIIRS RSB calibration methodologies used to
produce the calibration coefficient look up tables for the latest NASA Level 1B Collection 2 products
are reviewed and the calibration improvements incorporated in this collection are described. Recent
calibration changes include the removal of image striping caused by non-uniform degradation of
the SD, improvements to the method for combining lunar and SD data, mitigation of the effects
due a recent anomaly in the SD measurements, estimation of the SD degradation beyond 935 nm,
and fitting strategy improvements for look-up table delivery. Overall, the SNPP VIIRS RSBs have
performed well since its launch and continue to meet design specifications.

Keywords: SNPP; VIIRS; RSB; SD; SDSM; Moon; calibration; striping; performance; L1B

1. Introduction

The Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National
Polar-orbiting Partnership (SNPP) will be completing ten years of successful on-orbit
operations on 28 October 2021 [1,2]. The VIIRS instrument observes the entire surface
of the Earth twice each day via 22 spectral channels ranging from 0.41 to 11.45 µm [3,4].
Various Environmental Data Records (EDRs) and high-level science products [5,6] are
produced based on the instrument’s observations, which facilitate various applications
for the study of the Earth’s systems, and its changes over different temporal scales and
geographic regions [7–14]. These studies and applications are strongly affected by the
quality and accuracy of the instrument’s sensor data records (SDRs) or Level 1B (L1B) data,
which depend on the instrument’s calibration accuracy and stability [15–17].

Among the 22 VIIRS channels, 14 are reflective solar bands (RSBs) covering a spec-
tral range from 0.41 to 2.25 µm with three imaging bands (I-bands with resolution of
371 m × 387 m) of higher spatial resolution and 11 moderate resolution bands (M-bands
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with resolution of 742 m × 776 m) [18,19]. Among the 11 M-bands, 6 are dual-gain bands
whereas the remaining M-bands as well as all I-bands are single-gain bands. Each I-band
has 32 detectors whereas each M-band has 16 detectors. The center wavelengths of the 14
SNPP VIIRS RSBs and their band gain (dual-gain or single-gain) are listed in Table 1 [18,19].
Primary calibration on-orbit is provided by an on-board solar diffuser (SD) and SD sta-
bility monitor (SDSM), with additional inputs provided by scheduled lunar observations
acquired via the instrument’s space view (SV) port, which is also used to provide the
instrument’s background response [17,20–28]. Earth view (EV) data from select stable
ground targets are used to monitor the performance of the RSBs as well [2,29,30]. VIIRS
RSBs view on-board calibrators (OBC), SV and EV sequentially in each scan via a rotating
telescope assembly (RTA) and a half-angle mirror (HAM). A schematic diagram of VIIRS,
including the main components and OBCs, is shown in Figure 1.

Table 1. SNPP VIIRS RSBs and SDSM detectors specifications. All SDSM detectors are single-gain
and the RSB detectors gain types are denoted in Column 6.

SDSM VIIRS RSB

Detector CW (nm) Band CW (nm) BW (nm) Gain SNR Spec.

D1 412 M1 410 20 DG 352, 316
D2 450 M2 443 18 DG 380, 409
D3 488 M3 486 20 DG 416, 414
D4 555 M4 551 20 DG 362, 315

N/A I1 640 80 SG 119
D5 672 M5 671 20 DG 242, 360
D6 746 M6 745 15 SG 199
D7 865 M7 862 39 DG 215, 340
D7 865 I2 862 39 SG 150
D8 935

M8 1238 20 SG 74
M9 1378 15 SG 83

M10 1610 60 SG 342
I3 1610 60 SG 6

M11 2250 50 SG 10

CW: center wavelength; BW: bandwidth; DG: dual-gain; SG: single-gain; SNR spec.: specified signal-to-noise
ratio at typical radiance (format is high-gain, low-gain for dual-gain bands).
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Figure 1. A schematic diagram of the VIIRS instrument.

There are two dedicated teams, the VIIRS Characterization Support Team (VCST)
at NASA Goddard Space Flight Center (GSFC) and the NOAA VIIRS SDR team, who
provide independent calibration support for the SNPP VIIRS instrument. There are two
independent sets of calibrated sensor data, L1B products and sensor data records, by
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NASA and NOAA, generated using the calibration coefficients look up tables (LUTs)
provided by VCST and SDR teams, respectively. Independent calibrations for the RSB are
also performed by the NOAA Ocean Color Team [15,16] and the NASA Ocean Biology
Processing Group (OBPG) [17]. In this paper, we focus on NASA L1B products and the
calibration effort and activities by the VCST. Thus far, SNPP L1B has three data product
versions. Numerous calibration improvements have been continuously developed and
applied in each version and from one version to the next. The most recent version is
collection 2 (C2). The algorithms used for collection 1 (C1) were documented in detail
earlier [31,32]. The algorithms used for C2 are similar, but with a few key improvements
that have been developed recently. The initial C2 mission-long calibration coefficients were
delivered for science testing in the summer of 2020, and their forward updates have been
continued as needed since then. The L1B C2 reflects the most recent calibration algorithm
from VCST and provides an improved quality of calibrated sensor data products.

The SNPP VIIRS SD, with a near-Lambertian reflectance profile, is located inside
the instrument, as shown in Figure 1, and provides a light source for the RSB calibration.
The bidirectional reflectance factor (BRF) of the SD was measured prelaunch [19] and
validated on-orbit using measurements from early mission yaw maneuvers [33–35]. Its
on-orbit degradation, the H-factor, is tracked by the SDSM [23–25]. The SD degradation
tracked by the SDSM is adopted as the SD degradation towards the RTA in the standard
SD calibration methodology [18]. Due to the non-uniformity of the SD degradation in
respect to the view direction [36,37], the SD degradation at the two view directions, towards
the SDSM and the RTA, have non-negligible differences, which increase with time. This
introduces long-term bias in the RSB calibration coefficients (SD F-factors), especially at
short wavelengths [15–17,31]. Lunar calibration has become a widely accepted calibration
approach for the calibration of satellite sensors because it can accurately evaluate the multi-
year variations in satellite sensors [38–43]. As a result, the lunar calibration results (lunar
F-factors) are used to derive the SD degradation at the view direction towards the RTA and
to remove the long-term bias in the SD F-factors, resulting in a long-term consistency of the
instrument’s L1B products [15–17,31].

The SD surface also degrades non-uniformly due to the uneven illumination of the
sunlight and different optical paths. This non-uniformity behavior cannot be tracked
by the SDSM but can be identified in the EV imagery because it induces detector-level
striping in EV images; the striping becomes stronger as the non-uniformity increases [29,30].
By removing the striping, the non-uniformity of the SD degradation with respect to the
location on the SD surface can be characterized. The impact of the location-dependent
SD degradation non-uniformity on the detector-dependent calibration coefficients can be
corrected and mitigated. The correction improves the quality of the L1B EV imagery for
the visible (VIS) and near-infrared (NIR) bands [29,30].

In contrast to its follow-on VIIRS instrument aboard the NOAA-20 satellite, a couple
of SNPP VIIRS RSBs have a large out-of-band (OOB) relative spectral response (RSR) [44].
The optical system, especially the RTA, degrades very differently at different wavelengths;
therefore, the RSRs of the RSBs change significantly on-orbit, especially in early mission
and for the bands with short wavelengths. A model has been developed to characterize the
RSR on-orbit changes and to calculate the time-dependent RSRs for all the RSBs [45]. The
derived time-dependent RSRs have been applied to both the SD and the lunar calibrations
as well as in the L1B products to mitigate the impacts of the RSR on-orbit changes.

SNPP VIIRS has performed very well since its launch in 2011, even though it has
passed its design lifetime of five years on-orbit. Nevertheless, instrument events on-orbit,
such as the anomaly impacting the SD and SDSM calibrations that occurred on 24 February
2019, warranted corrective measures in the H-factor and F-factors algorithms. Although the
actual root cause of the anomaly is unknown, these algorithm modifications have ensured
no impact on the L1B products.

In this paper, the SNPP VIIRS RSB calibration algorithms are briefly reviewed, calibra-
tion improvements are described, and the RSB performance based on NASA SNPP L1B C2
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is presented. Many abbreviations are used in this paper; therefore, a list of them is given
in Table 2 for convenience. In Section 2, the SNPP VIIRS RSB calibration methodology is
reviewed. In Section 3, the RSB calibration results and performance are shown. In Section 4,
challenging issues and future improvements are addressed. Section 5 summarizes and
concludes the work.

Table 2. Acronyms used in this paper.

Acronym Full Description Acronym Full Description

AOI AOI Angle of incidence OBC On-board calibrators
AU Astronomical Unit OBPG Ocean Biology Processing Group
BRF Bidirectional reflectance factor OOB Out-of-band
C1 Collection 1 PEATE Product Evaluation and Algorithm Test Element
C2 Collection 2 PICS Pseudo-invariant calibration sites
DCC Deep convective clouds ROLO Robotic Lunar Observatory
EDR Environmental data records RSB Reflective solar band
EV Earth view RSR Relative spectral response
FPA Focal plane assembly RTA Rotating telescope assembly
GSFC Goddard Space Flight Center RVS Response-versus-scan-angle
HAM Half-angle-mirror SD Solar diffuser
I-bands Imaging bands SDR Sensor data records
JPSS Joint Polar Satellite System SDSM Solar diffuser stability monitor
L1B Level 1B SNPP Suomi national polar-orbiting partnership
LUT Look-up-table SNR Signal-to-noise ratio
M-bands Moderate resolution bands SV Space view
MODIS Moderate Resolution Imaging Spectroradiometer SWIR Shortwave infrared
NIST National Institute of Standards and Technology TOA Top-of-atmosphere
VIS Visible VCST VIIRS Calibration Support Team
NIR Near infrared VIIRS Visible Infrared Imaging Radiometer Suite
VNIR VIS and NIR

2. Calibration Algorithms
2.1. Radiance

The top-of-atmosphere (TOA) radiance is the baseline for all science products. For
VIIRS RSB, a quadratic function is used to relate the radiance at the VIIRS entrance aperture
to the instrument background-subtracted response dn(B,D,S,N), which is,

L(B, D, S, N) =
F(B, D, M, G)·∑i ci(B, D, M, G)·dn(B, D, S, N)i

RVS(B, M, α)
, (1)

where B, D, S, and N are the band number, detector number, sample index, and scan num-
ber, respectively, M is the side index of the HAM for the scan N, and G is the gain status
of the band B at the scan N. The coefficients c0, c1, and c2 are prelaunch-determined cali-
bration coefficients which include the temperature-dependent variation of the instrument
response [19], dn(B,D,S,N) is the background subtracted digital response, RVS(B,M,α) is the
response versus scan angle (RVS) at incident angle α, and F(B,D,M,G) is a time-dependent
correction factor to the calibration coefficients which is determined from on-orbit measure-
ments and is also called the F-factor. Equation (1) can be applied to calculate the EV, the SD
view, as well as the lunar view radiance. F(B,D,M,G) changes with time and needs to be
updated regularly. For SNPP VIIRS RSBs, SD/SDSM and lunar calibration as well as EV
targets are used to calibrate the RSBs and update the F-factors routinely.

2.2. SDSM Calibration

The SDSM is a ratioing radiometer, which views the SD, the Sun, and the dark interior
alternatively. Figure 2 is a schematic of the VIIRS SDSM and SD calibration. The SD and
SDSM aperture are fully illuminated by the sunlight passing through the SD port and
SDSM Sun view port in front of the instrument, respectively. This happens only for a
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very short time period when the satellite crosses the terminator from Earth nightside to
dayside. A time window of about 1 min in the full illumination time range is selected as
the so-called “sweet spot” [20,21,31]. Only SDSM data collected in the “sweet spot” are
used to track the SD degradation. VIIRS SDSM has eight detectors, the center wavelengths
of which are listed in Table 1. Figure 3a illustrates an example of the illumination of the
SD and SDSM aperture in the background-subtracted digital count (dc) of SDSM detector
1 (D1) versus ϕV,SD, the angle between the solar vector and the surface of the SD, during
an SDSM calibration event. The dashed vertical lines designate the boundaries of the
calibration “sweet spot”, where 34.5◦ ≤ φV,SD ≤ 36.5◦ [31]. From Figure 3a, it can be seen
that both SD and SD aperture are in the fully illumination range when the solar angle is in
the “sweet spot”.
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The SD degradation as measured by each SDSM detector D can be tracked on-orbit
by taking the ratio of the detector’s response when viewing the SD to its response when
viewing the Sun view [25,31], i.e.,

Hmsr
D =

〈
dcSD,D

ρSD,SDSM(λD)τSDScos(θSD)

〉
S,N

/〈
dcSun,D

τSVS

〉
S,N

, (2)
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where S and N denote the sample and scan number, respectively, dcSD,D and dcSun,D are
background-subtracted responses from the SD view and direct Sun view, respectively, for
the SDSM detector D, ρSD,SDSM(λD) is the BRF of the SD at the time the instrument was
launched for light with outgoing direction toward the SDSM, and τSDS and τSVS are the
transmittances or vignetting functions (VFs) of the SD port screen and SDSM sun-view port
screen, respectively. Two screens were installed to reduce the light intensity reaching the
SD and the SDSM aperture so as to prevent the potential saturation of the SDSM detector
response. The BRF and the VFs were measured at various angles during prelaunch testing
and the functional form of the angular dependence was updated on-orbit using data from
yaw maneuvers as well as data from regular on-orbit SDSM measurements [33,34]. The θSD
is the solar-zenith angle to the SD and < . . . >S,N indicates the average over the samples in
each scan and the scans in the “sweet spot”. For the SD on-orbit degradation, the derived
H-factors were normalized to one at the time of launch for all detectors. The SDSM has
eight detectors; therefore, we obtained eight measured H-factors, Hmsr

D , from each SDSM
calibration event using Equation (2).

Each SDSM detector has a wide spectrum, which means that the RSR of a SDSM
detector spans a large spectral range and the RSRs of the eight SDSM detectors may
overlap. If HSDSM(λ) is the SD degradation for the view direction towards the SDSM at
wavelength λ, we can write

Hmsr
D =

∫
HSDSM(λ)ISun(λ)RSRSDSM,D(λ)dλ∫

ISun(λ)RSRSDSM,Ddλ
, (3)

where ISun(λ) is the solar irradiance using MODTRAN Version 4.3 Revision 1 [46] and
RSRSDSM,D is the RSR of SDSM detector D. There are eight measured H-factors, Hmsr

D ,
from each event that result in eight coupled equations [47]. By assuming that the RSRs
of the eight detectors are smooth functions of the wavelength, the equations described
in Equation (3) can be resolved using an iteration approach and the SD degradation at
eight center wavelengths, HSDSM(λD), of the SDSM detectors can be derived. All the eight
derived H-factors are normalized to the instrument launch date, 28 October 2011.

The SD degradation, HSDSM(λD), can only be derived from the SDSM calibration
at center wavelengths of the eight SDSM detectors, which span a spectral range from
412 nm to 935 nm. HSDSM(λ) for any wavelength λ in this range can be obtained by a linear
interpolation of the SD degradation at the center wavelengths of the eight detectors. The
SD degradation beyond 935 nm cannot be directly derived from the SDSM calibration.

The SD degradation in the SWIR spectral range has become non-negligible, especially
for band M8, after ten years in operation. Hence, the SD degradation beyond 935 nm needs
to be addressed. A model describing the wavelength dependency of the SD degradation
has been developed [48],

HSDSM(λ) = 1− β

λη , (4)

where β and η are obtained by fitting Equation (4) to the SD degradations measured by the
SDSM detectors 5–8 at the wavelengths in the NIR spectral range. In VCST’s calibration
methodology, Equation (4) is then extrapolated to longer wavelengths to derive the SD
degradation, HSDSM(λ), for the wavelength range beyond 935 nm. The SD degradation
can then be obtained for the entire spectral range of the SNPP VIIRS RSBs.

2.3. SD Calibration

The SD is illuminated by the sunlight through the SD port in front of the instrument
for only a few minutes every orbit when the satellite crosses the terminator from the
night-side to the dayside of the Earth, as mentioned previously [20,21]. Figure 3b illustrates
an example of the illumination of the SD in the background-subtracted detector digital
number with respect to solar angle in the SD coordinate system for detector 1 of band M1
in the high-gain stage. The plateau in the middle of the curve is the range where the SD is
fully illuminated by the sunlight through the SD port and only the measured data in this
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range can be used to calibrate the RSBs. In actual VIIRS SD calibrations, only the data in
the “sweet spot” bounded by the two dashed vertical lines at 34◦ to 37◦ are used to derive
the RSB gain on-orbit changes [31]. The “sweet spot” used in SD calibration is slightly
larger than that used in SDSM calibration. There is no constraint about the illumination of
the sunlight on the aperture in SD calibration, resulting in the possibility that the “sweet
spot” can be selected in a larger solar angle range.

The radiance of the sunlight reflected by the SD at wavelength λ, LSD(λ), in the full
illumination time period can be calculated by [21,31]

LSD(λ) = ISun(λ)τSDS cos(θSD)BRFRTAh(λ)/d2
VS, (5)

where ISun is the solar irradiance at a Sun–Earth distance of one astronomical unit (AU),
τSDS is the transmittance of the SD screen, BRFRTA is the bidirectional reflectance factor of
the SD for light with outgoing direction toward the RTA, h(λ) is the on-orbit SD degradation,
HSDSM(λ), described in the previous subsection and normalized at the instrument’s launch
time, θSD is the zenith angle of the incident light on the SD surface, and dVS is the VIIRS–
Sun distance in AU. The BRF, VF, and cos(θSD) describe the dependence of the reflected
solar radiance as a function of solar angles. The BRF and VF were measured prelaunch and
updated on-orbit using the early mission yaw maneuver data [33].

With the radiance calculated by Equation (5) and the instrument background-subtracted
response dn, the calibration coefficients, F-factors, using the SD observation can be calcu-
lated by [21,31]

FSD(B, D, M, G) =

〈
RVSB,SD

∫
RSRB(λ, t) · LSD(λ)dλ[

∑2
j=0 cj(B, D, M, G) dnj

B(S, N, D)
] ∫

RSRB(λ, t)dλ

〉
S,N

, (6)

where SD indicates that the F-factors are derived from the SD calibration to distinguish
from those derived using the lunar calibration, RVSB,SD is the response versus scan angle
at the angle of incidence (AOI) of the SD for band B, RSRB is the RSR of band B, and
< . . . >S,N indicates the average over the samples in each scan and then all the scans of the
“sweet spot”.

The RSR, denoted as RSRB(λ, t) in Equation (6), may change on orbit, especially for
short wavelength bands that have larger OOB RSR contributions than expected [44], which
was found during prelaunch RSR measurements [19,44]. For band M1, the OOB RSR
contribution from the prelaunch characterization was seen to be as large as 2.83% [21].
The VIIRS optical components, particularly the mirrors in the RTA, have different rates
of degradation at different wavelengths; therefore, the RSR can change with time and the
change will be more significant for bands with a larger OOB RSR. With the assumption
that the degradation of the optical system mainly occurs due to optical components in
the common path, the RSR on-orbit change can be derived from the on-orbit change
differences between the F-factors obtained by Equation (6) [21,45]. The equation to derive
the time-dependent RSR is coupled with Equation (6) and can be solved iteratively [21,45].

It is worth mentioning again that the SD degradation for the view direction towards
the SDSM is adopted for the view direction towards the RTA in Equation (5), which is seen
to induce long-term bias in the F-factors derived from the SD calibration [15–17,31].

2.4. Lunar Calibration

The lunar surface has a highly stable reflectance over long time periods in the spectral
range of the RSBs. Therefore, the Moon is an excellent light source for the calibration
of RSBs on-orbit. Figure 4 is an image observed by SNPP VIIRS band I1 on 23 February
2021. The lunar surface is not smooth as seen in Figure 4; therefore, the lunar irradiance
instead of lunar radiance is used to monitor the VIIRS RSB on-orbit changes. The Moon
can automatically intrude the SV multiple times for about three months every year, and a
partial Moon is observed in most of these events with large variation in the view geometry.
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The lunar irradiance exhibits a strong dependence on the illumination and view geometry,
especially the phase angle; therefore, these lunar observations are not a good choice for
routine RSB calibration. Therefore, SNPP VIIRS is scheduled to view the Moon approxi-
mately monthly through its SV with the lunar phase angles kept within a range of −51.5◦

to −50.5◦ [26], where the negative sign indicates a waxing moon, and gain stage is fixed at
high-gain for all the dual-gain bands.
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The detector-averaged relative F-factor can be derived from each of the scheduled
lunar observations, with the approximation of negligible detector difference, by the expres-
sion [27,28]

f (B, M) =
g(B)NM

∑D,S,N

{[
∑2

j=0 c(B, D, M, G) dnj
B(S, N, D)

]
δ(M, MN)

} , (7)

where g(B) represents the view geometry effect on the lunar irradiance, NM is the number
of scans which fully cover the lunar surface from HAM-side M, and δ(M,MN) is the
Kronecker delta function. The predicted lunar irradiance of the Robotic Lunar Observatory
(ROLO) model is used to correct for the view geometric effects [39–43]. During each lunar
observation event, the instrument can observe at least a portion of the Moon in multiple
scans. The full surface of the Moon is only seen by the instrument in a few scans in the
center of the lunar observation event, whereas in other scans, the partial lunar surface is
observed by the instrument. For our lunar calibration algorithm, we only used data from
scans where the full surface of the Moon is observed to calculate the lunar irradiance and
F-factors. The calculation could alternatively be performed using all scans that contain
at least a partial image of the Moon, with a correction to account for the oversampling
effect, although both versions of the calculation give similar results. For simplicity, all scans
with a full lunar disk image were used for each event, although the number of available
full-disk scans was not consistent but varied from event to event [27,28]. To distinguish
from the F-factor derived from the SD/SDSM calibration, the F-factors obtained from the
lunar calibration will be referred to as lunar F-factors.

2.5. SD and Lunar Calibration Comparison

VIIRS was designed so that the SD and the SV port, through which lunar observations
are made, both view the HAM at the same AOI, although the optical paths on the HAM
surface are in opposite directions. Thus, the SD and lunar calibrations should provide
the exact same on-orbit changes of the RSBs if they are accurate, without concern for any
possible AOI-dependent changes in the HAM reflectivity. As mentioned previously, the
SD degradation for the view direction towards the SDSM is adopted as that for the view
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direction towards the RTA (or RSB), which may induce long-term bias in the SD F-factors,
especially in short-wave RSBs. The lunar F-factors have no such long-term bias due to the
stable reflectance of the lunar surface. Thus, the trending differences between the SD and
lunar F-factors provide the information of the SD degradation differences between the two
view directions.

To obtain the SD degradation differences at the two view directions, the ratios,
RMoon,SD, of the lunar F-factors over the detector-averaged SD F-factors were calculated. To
predict the ratios at any other time at which there is no lunar measurement and remove
seasonal oscillations, the ratios, RMoon,SD, were fitted to the following analytical model [31]

r(c, αRTA(λ), αH(λ)) = c
1 + αRTA(λ)(1− HSDSM(λ))

1 + αH(λ)(1− HSDSM(λ))
(

φRTA
H,SD − φH0

) , (8)

where HSDSM(λ) is the SD degradation for the SDSM view direction at wavelength λ and
has been described in Section 2.2, φRTA

H,SD and φH0 are the solar azimuth angle for the RTA SD
view with respect to the SD surface normal and a reference angle, set at 48◦, respectively,
and c, αRTA(λ), and αH(λ) are three parameters to be fitted. Since the launch of SNPP
VIIRS on 28 October 2011, the SD has experienced degradation on-orbit. At the time, the
H-factors for all view directions can be approximated to be unity and the ratios of the lunar
and then SD F-factors for each RSB should be unity as well. As mentioned previously,
the lunar calibration only provides the SNPP VIIRS RSB on-orbit changes and needs to be
normalized to the SD result at the time when the instrument was first turned in order to be
used for an absolute calibration of the RSBs. The fitted constant c provides information for
the normalization of the lunar F-factors to SD F-factors at the time the instrument was first
turned on. The SD degradation, HSDSM(λ), is still small, even though it is non-negligible for
SWIR bands. It will also be demonstrated that the SD degradation difference with respect
to outgoing direction decreases with increasing wavelength and becomes negligible in the
SWIR spectral range. Therefore, Equation (8) is only applied to visible and near-infrared
bands to obtain the ratios at the center wavelength of each band independently.

Equation (8) can describe the ratios of the lunar F-factors over the SD F-factors early in
the mission. After the instrument has been on-orbit for about ten years, this function cannot
accurately describe the ratios for the entire mission, especially at short wavelengths that
have experienced the most degradation. In the latest L1B C2 version, we used the single
fit function in Equation (8) for most VIS and NIR (VNIR) bands. However, for bands M1
and M2, we used smoothly connected multiple pieces of the function to describe the ratios.
Each piece of the function is derived by fitting to the data in a separate time period. The
first piece is the function, r

(
c1, α1

RTA(λ), αH(λ)
)
, fitted to the data of the ratios, RMoon,SD,

for the time period of the first four years on-orbit from 2012 to 2015, where the superscript
1 in α1

RTA(λ) and c1 indicates that they are the parameters obtained in the first fitting. The
coefficient αH corrects for the magnitude of seasonal oscillations in the SD F-factors that
are correlated with the azimuth angle. This is determined from empirical fitting of the SD
F-factors over the first few years of the mission, and for multi-piece fitting, the value of
αH is kept constant for all time segments. Then, the ratios of the lunar F-factors over SD
F-factors for the entire mission are normalized by the fitted constant c1. The first piece of
the fitted function is also normalized by the constant. The second piece of the function,
r
(
c2, α2

RTA(λ), αH(λ)
)
, is fitted to the data of the re-normalized ratios, RMoon,SD/c1, for the

time period of four years from 2013 to 2016. Keeping the same procedure, we can obtain
multiple pieces of fit functions to construct an entire-mission fit. A fit-segment is added on
a yearly basis at the end of the calendar year with a smoothly connected transition with the
previous segment. We can use R(λB, t) to denote this smoothly connected fitted function
for band B, where λB is the center wavelength of the band at time t. Each VNIR band has a
fitted smooth function R(λB, t), although only bands M1 and M2 use multiple segments.
By linear interpolation, we can obtain R(λ, t) for any λ for the spectral range from 412 nm
to 935 nm. As mentioned previously, the SD degradation differences in the SWIR spectral
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range are negligible. Then, we can expand the function R(λ, t) to the wavelength range
beyond 935 nm with a constant value of unity.

2.6. SDSM and SD Calibration Correction

As shown in the previous subsection, the SD degradation differences between the two
view directions can be described by either a single piece or multiple smoothly connected
pieces of a model function, R(λ, t), which is derived from the lunar and SD F-factor ratios
for the wavelength range from 412 nm to 935 nm and set to unity for wavelengths larger
than 935 nm. Therefore, the SD degradation for the view direction towards the RTA (or
RSBs) can be calculated by

HRTA(λ, t) = HSDSM(λ, t)R(λ, t). (9)

This degradation is required in the SD calibration. By applying Equation (9) into
Equation (5), we can recalculate the SD F-factors using Equation (6). Then, the recalculated
SD F-factors have long-term stability as well as short-term frequency. In this paper, we
designate the recalculated SD F-factors as corrected SD F-factors, which have the same
long-term trending as the lunar F-factors.

The corrected SD F-factors are used to generate RSB look-up tables, which are used to
produce the L1B products. In SNPP L1B C2, there are two time periods, before the time
when the reprocessing LUTs were generated and after VCST began delivering forward
updates to the L1B C2 LUTs in July 2020. In the former, each F-factor LUT is generated
by fitting the corrected SD F-factors around the time stamp of the LUT to a quadratic
form for each band, detector, HAM side, and gain stage, and then calculating the LUT
using the fitted quadratic forms at the time stamp. In the latter, an LUT for forward
prediction is produced by fitting the F-factors in the last 1.5 years to a linear function for
each band, detector, HAM side, and gain stage and calculating the value of the linear
function at the time stamp of the LUT. The fitting removes the noise in the SD F-factors and
provides smooth functions which can be used to predict the calibration coefficients into the
future. The measured F-factors are continuously monitored and forward LUT updates are
provided as needed.

2.7. EV Striping and Its Removal

Evaluating the EV imagery is an effective way to assess the quality of the calibra-
tion [29,30]. The L1B Collection 1 (C1) images observed by SNPP VIIRS band M1 at the
Libya 4 desert site early in the mission demonstrate that the striping along the track direc-
tion, which is representative of the detector differences, is very weak [29,30]. By comparing
to the images of the site observed in later years, it is seen that the striping gradually
increases with time [29,30]. Figure 5 is the image observed by band M1 at the Libya 4
site on 10 January 2021. We used a rainbow color map to display the radiance of the M1
image for a better demonstration of the striping. The remarkable striping is clearly seen
in the image. The striping and its magnitude increase are also observed in other types of
scenes. The striping is likely induced by errors in the calibration. It can also be induced
by other reasons such as polarization [49], if the polarization sensitivity of the band has
strong detector dependence. However, there is no evidence to suggest that the polarization
sensitivity of band M1 has changed on-orbit.

In C1 SD calibration methodology, the SD degradation, HSDSM(λ) or HRTA(λ), are
detector-independent. The footprints of the 16 detectors of band M1 when viewing the
SD surface are slightly different and the optical paths of the 16 detectors are not exactly
the same either; thus, any spatially non-uniform degradation of the SD surface could lead
to a detector-dependent error. In fact, the SD surface is not evenly illuminated during an
SD calibration event. This uneven illumination induces non-uniform degradation of the
SD across different detectors. These degradation differences are not included in C1 SD
calibration methodology and induce detector-dependent errors in the derived F-factors,
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which result in striping in the EV imagery and the striping becomes stronger as the errors
become larger with time [29].
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The striping is also observed in EV imagery of a few other short wavelength bands. It
becomes stronger with time but is smaller in magnitude than that observed for band M1.
The striping strength is band-dependent and varies with the band wavelength.

To describe the striping and determine its strength, we can calculate the averaged
radiance observed by each detector in a band and the differences of the averaged radiances.
Figure 6 shows the annual averaged ratios of the radiance of each detector over the detector-
averaged radiance for band M1 over the Libya 4 site from the L1B C1. The differences
among all 16 detectors are smaller than 0.7% in 2012, gradually increase with time, and
become greater than 2% by 2020. We see a similar behavior in other bands as well. We can
fit the ratios of each band to a linear function of the detector number [30]

Rstr(B, D, t),=
ρEV(t, D)− 〈ρEV (t, D)〉D

〈ρEV(t, d)〉D
= −cB,0(D− DB,mid)− cB,1(D− DB,mid)× (1− HSDSM(λB, t)), (10)

where DB,mid is the detector number of the middle detector of the band, 7 and 15 for an M-
and I-band, respectively, and cB,0 and cB,1 are coefficients of the linear function, which are
band-dependent. Table 3 lists the fitted coefficients for bands I1–I2, M1–M5, and M7. The
coefficients for band M5 are zero, which indicates that the striping in the C1 EV imagery
for the band is negligible. Band M6 is saturated at a lot of pixels when it views the Libya 4
site and the deep convective clouds (DCC). Thus, the striping correction coefficients have
not been derived with the current methodology for band M6. From the fitted coefficients
in Table 3 and the strong degradation of the SD at the short wavelengths, the striping in
general increases faster in short wavelength bands than in long wavelength bands. This is
understandable because the SD is more sensitive to short wavelength sunlight and then
the uneven illumination by the sunlight at different spots of the SD surface induces more
nonuniformity at the SD surface for short wavelengths than for long wavelengths.
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Table 3. Fitted parameters of the linear function of detector in Equation (10).

Band cB,0104 cB,1102 std(cB,0104) std(cB,1102)

I1 0.55 0.29 0.11 0.01
I2 1.17 0.77 0.09 0.04

M1 −0.96 0.33 0.24 0.01
M2 0.70 0.37 0.29 0.01
M3 2.94 0.19 0.17 0.01
M4 2.54 0.28 0.12 0.01
M5 0.00 0.00 0.12 0.02
M7 2.66 0.50 0.11 0.05

In SNPP C2 methodology, the lunar-corrected SD F-factors are further divided by the
function in Equation (10) with fitted coefficients in Table 3 for each band of bands I1–I2,
M1–M5, and M7 to produce the final SD F-factors which are then used to generate the
F-factor LUTs for L1B C2 [30]. With the detector difference-corrected F-factor LUTs for an
RSB, the striping in EV imagery of the band is reduced, which will be demonstrated in the
next section.

3. Calibration Results and Performance
3.1. H-Factors

The SNPP VIIRS SDSM calibration was operated very frequently in the first few
months on-orbit, and the frequency was gradually reduced over the subsequent ten
years [21,25]. The SDSM calibration is currently operated on a weekly basis. Thus far,
more than 2500 SDSM calibrations have been implemented on SNPP VIIRS. Solid lines in
Figure 7 show the SD degradation, Hmrs

D , directly derived from the SDSM observations
over the entire mission. The eight curves are all normalized to unity at the time of launch,
28 October 2011. It is seen from the figure that the SD degrades with time at each of the
eight SDSM detector wavelengths and degrades faster at the shorter wavelengths. The mea-
sured degradation by each SDSM detector changes smoothly with time, except for some
oscillations between 2014 and 2015 and a discontinuity in 2019. It is already known that
the former was a true performance of the SD [21] and the latter was due to an instrument
anomaly that occurred on 24 February 2019. The discontinuity seen in each solid curve
in Figure 7 is probably an artifact and the root cause is still unknown. The anomaly has
similar impact on the F-factors derived from the SD calibration, which will be discussed in
the next subsection. The impacts of the anomaly in SDSM calibration and SD calibration
cancel each other. Thus, we do not need to mitigate the discontinuity in each solid curve in
Figure 7. It is worth mentioning that the seasonal oscillations in the H-factors measured by
detectors 7 and 8 became larger after the anomaly, but they were still within 0.1%.
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Figure 7. SNPP VIIRS H-factors after SDSM RSR corrections. The solid lines denote the measured
H-factor, and the dashed curves denote the HSDSM(λ).

The H-factors measured by an SDSM detector, shown as solid curves in Figure 7, are
the SD degradation weighted with the RSR of the detector in a spectral range. With the
deconvolution approach described in Section 2.2, we can derive the SD degradation for the
view direction towards the SDSM at the center wavelengths (see Table 1), of the eight SDSM
detectors. Dashed curves in Figure 7 show the SD degradations, HSDSM(λ), at the center
wavelengths of the SDSM detectors. By comparing the solid and dashed curves in Figure 7,
we can see that the two sets of H-factors are in good agreement for the SDSM detectors
5–8, although they diverge more at short wavelengths. The differences between the two
sets of H-factors for detectors 1 and 2 are about 0.035 (6.3%) and 0.015 (2.3%), respectively.
Thus, the SDSM detector RSR correction has a larger impact at shorter wavelengths. In
the ten years since VIIRS launched, the SD has degraded from the view direction of the
SDSM (with the artifact of the discontinuity on 24 February 2019 excluded) about 45.5%,
36.5%, 28.0%, 19.5%, 8.8%, 5.5%, 2.8%, and 2.0% at wavelengths of the SDSM detectors
D1–D8, respectively.

The SDSM degradation beyond 935 nm cannot be tracked by the SDSM. However,
the SD degradation in this spectral range can be predicted by the model described in
Equation (4). Figure 8 shows the predicted SD degradations at the center wavelengths of
the SWIR bands. Same as in Figure 7, the discontinuities due to the anomaly on 24 February
2019 are clearly seen in the SD degradation. It is worth paying attention to the oscillations
after the anomaly. They are mainly induced by the oscillations in the H-factors measured
by SDSM detectors 7 and 8, as mentioned previously. The model described in Equation (4)
is an extrapolation of the SDSM measured H-factors. Any error in the measured SDSM
H-factors is amplified in the predicted H-factors for the SWIR bands, especially the errors
in the H-factors measured by SDSM detectors 7 and 8. It is seen that the SD has degraded
(with the artifact of the anomaly on 24 February 2019 excluded) about 0.7%, 0.4%, 0.2%,
and less than 0.1% at the wavelengths of bands M8, M9, M10, and M11, respectively. The
degradations for bands M8 and M9 are indeed non-negligible and need to be considered in
the SD calibration.
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3.2. Time-Dependent RSR and SD F-Factors

The SD is fully illuminated by the sunlight through the SD port in each orbit when
SNPP VIIRS passes the South Pole, and the SD calibration can then be performed for every
orbit. From each SD calibration event, the F-factors are calculated for each RSB, detector,
gain stage, and HAM side. There are about 14.2 orbits every day. Then, either 14 or 15 sets
of F-factors from the SD observations can be calculated on a daily basis. Thus far, we have
had more than 50,000 SD calibration opportunities in the nearly ten years of SNPP VIIRS
operation. As described in Section 2.3, the RSRs of the RSBs may change on-orbit due
to nonnegligible OOB contributions, especially for short wavelength bands, and the SD
F-factors and the time-dependent RSR need to be calculated iteratively because the RSR
and the F-factors are coupled and cannot be determined separately. In this subsection, the F-
factors calculated with the linear interpolation of the H-factors displayed by dotted curves
in Figure 7, and solid curves and dots in Figure 8 are used as inputs for SD degradation.

Figure 9 displays the RSR for band M1 at four different times represented with four
different colors: prelaunch (black), 8 May 2012 (red), 8 November 2013 (green), and 8
November 2020 (blue). From the figure, it can be seen that the band has OOB contributions
from all spectral regions of visible, NIR, and SWIR. The total OOB contribution to the
band’s RSR was about 2.83% at prelaunch [21], which is not small and much larger than
those in other RSBs. The OOB contributions in the NIR and SWIR regions gradually reduce
with time because the RTA degrades faster in the two spectral regions. The figure also
shows that the RSR changes comparatively fast in the early mission, then the change
slows afterward, and it becomes negligible after about November 2013, demonstrated
by the two curves of 8 November 2013 and 8 November 2020 being very close to each
other, considering the y-axis in a logarithmic scale. The time-dependent RSRs have been
calculated for other RSBs as well. The RSR on-orbit changes for other RSBs are relatively
smaller than that of band M1.

As seen in Equation (6), the F-factors depend on the RSRs. The F-factors for an RSB
derived with time-dependent RSR differ from those derived with prelaunch-measured RSR,
and these differences increase as the RSR changes increase. The RSB on-orbit changes are
band-dependent, as previously mentioned, and their impacts on the calculated F-factors
are band-dependent, as expected [21]. The percentage differences of the band-averaged F-
factors on 1 July 2021 were 0.016, −0.072, 0.029, −0.209, −0.013, 0.128, 0.343, 0.071, −0.060,
−0.104, 0.308, −0.014, 0.039, and 0.001 for bands I1–I3 and M1–M11, respectively. For most
bands, the impacts are negligible except for bands M1, M4, and M8, which have larger
OOB RSR contributions [44]. Even for these three bands, the impacts of the RSR on-orbit
changes are still relatively small.
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Figure 9. Time-dependent RSR of SNPP VIIRS band M1.

The F-factors (inverse of gain) for odd detectors of band M1 high-gain, and HAM side
1 are shown in Figure 10. They are stable even though they have some visible seasonal
oscillations which are due to the uncertainty of the SD BRF and SD screen VF. It is clearly
shown that the F-factors are detector-dependent and fairly stable with time, with a slight
decrease over the mission. It is also noticeable that the rate of F-factor change is different
among detectors. For other RSBs, the F-factors have similar behavior with respect to
detector dependence. It is worth mentioning that the F-factors are the ratios of the on-orbit
calibration coefficients to those from prelaunch measurements. In principle, they should be
one or close to one at the time the instrument was launched. However, Figure 10 shows that
the M1 F-factors were all greater than 1.27 at the first measurement. This large discrepancy
is induced by the large OOB RSR, and a different radiance distribution of the light source
used in the prelaunch measurements in the visible, NIR, and SWIR regions compared to
the solar spectrum [19,20]. For other RSBs that have fewer OOB RSR contributions, the
F-factors at the time of the first measurement are indeed close to unity, as expected.
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Figure 10. Band M1 SD F-factors (high-gain) for each individual detector with an odd detector number.

The detector-averaged F-factors for VNIR bands with high-gain status and HAM side
1 are shown in Figure 11a. They were normalized at the first measurement on 8 November
2011 when the instrument was turned on. From the figure, it can be seen that the F-factors
of bands I2 and M7 had the largest increase, of about 83.0%. I2 and M7 had a similar RSR
and behaved similarly, as expected. M6 had the second largest F-Factor increase, of about
40.0%. The F-factors of bands M1 and M2, which had shortest wavelengths among all
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RSBs, had the smallest increase. In fact, the F-factors of the two bands decreased with
time, especially band M2, which decreased 2% since launch. In orbit, the F-factors of bands
M3, M4, I1, and M5 increased about 0.5%, 3%, 11.0%, and 19.0%, respectively. The gain
of a band is inversely proportional to the F-factor of the band; therefore, the gains of all
VNIR bands decrease with time in the past ten years since launch. In other words, all VNIR
bands have been degrading on-orbit with time. From Figure 11a, it is also seen that the
NIR bands have generally degraded much faster than the VIS bands. The fast degradation
of the NIR bands is mainly due to the large degradation of the RTA around a wavelength
of 1000 nm due to an anomaly related to the tungsten oxide coating [50,51].
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Figure 11. Band-averaged F-factors with high-gain HAM side 1 normalized at the first measurement on 8 November 2011:
(a) VNIR bands; (b) SWIR bands.

The detector-averaged F-factors for SWIR bands, I3, and M8–M11 are displayed in
Figure 11b. The SWIR bands are located on the S/MWIR focal plane assembly (FPA). They
were not stable until 20 January 2012, when the temperature of S/MWIR FPA started to
be controlled as designed. The F-factors shown in Figure 11b before 20 January 2012 are
the simulated results and represented by dashed lines. From Figure 11b, it is seen that
the F-factors for the SWIR bands increase smoothly with time, similar to the VNIR bands.
Among the five SWIR bands, the F-factors of the bands with shorter wavelengths increase
more. Since launch, band M8 has had the largest increase in time, about 76%, whereas
band M11 had the smallest increase, about 7%. The primary reason for band M8’s faster
degradation is the large degradation of the RTA at the wavelength of the band [50,51].
Bands I3 and M10 have a similar RSR, and they degrade similarly.

The F-factors are the ratios of the on-orbit calibration coefficients over those measured
prelaunch. To investigate the actual HAM side difference, we need to calculate the calibra-
tion coefficients first, by multiplying the F-factors, FSD(B, D, M, G, t), and the linear term,
c1(B, D, M, G), of the prelaunch calibration coefficients and then computing the HAM side
ratios of the calculated calibration coefficients instead of the F-factor HAM side ratios.
Figure 12 shows the HAM side ratios of the calibration coefficients for bands M1, M3, M5,
M7, M9, and M11. The HAM side differences for these bands are within 1% for all RSBs.
For each RSB, the ratio is very stable, within 0.3% in general, and the on-orbit change in
entire mission is less than 0.1%. Similar performance is seen in other RSBs. This is different
from MODIS instruments, where the mirror side differences for the RSBs are larger and
change with time [2].
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Figure 12. SNPP VIIRS RSB calibration coefficients and HAM side ratios.

As listed in Table 1, VIIRS bands M1–M5 and M7 are dual-gain bands. Each of them
has two gain stages, high-gain and low-gain. The F-factors for high-gain are shown in
Figure 11a,b. The F-factors of each dual gain band for the low-gain stage perform about the
same as those for high-gain. Figure 13 shows the ratios of the band-averaged F-factors for
high-gain over those for low-gain. It is seen that the ratios are stable to within 0.3% for all
dual-gain bands. This indicates that the F-factors of dual-gain bands for the low-gain stage
increase smoothly with time, and their increase rates are the same as the high-gain stages.

It is worth mentioning that no discontinuities were observed in Figures 10–13 at the
time of the anomaly on 24 February 2019, which induced a discontinuity in the H-factors
shown in Figures 7 and 8. This is because the effect is cancelled in the SDSM and SD
calibrations. If corrections were applied to remove the discontinuities in the H-factors, the
F-factors shown in this subsection would have discontinuities at the time of the anomaly.
The perfect cancellation of the impacts on the two calibrations indicates that the anomaly
is possibly due to change in the SD screen transmission, which alters the amount of light
reaching the SD and impacts both the SD and SDSM calibrations in a similar manner. As
discussed earlier, the actual root cause for the anomaly is not yet known. Nevertheless, the
anomaly has no real impact on the F-factors derived from the SD and SDSM calibrations or
the L1B products.
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3.3. Lunar F-Factors

SNPP VIIRS has been scheduled to view the Moon approximately monthly, as previ-
ously mentioned. However, there are three months in summer every year during which
the Moon cannot be observed by the instrument within the designed phase range from



Remote Sens. 2021, 13, 2944 18 of 27

−51.5◦ to −50.5◦. Thus, SNPP VIIRS has about nine scheduled lunar observations every
year. Thus far, there have been 81 scheduled SNPP VIIRS lunar observations since launch.
From each of the lunar observations, we can derive a set of F-factors, which are called lunar
F-factors in this analysis, for each band and HAM side using the algorithm described in
Section 2.4.

The lunar F-factors for SNPP VIIRS visible bands, M1–M4, NIR bands, I1–I2 and
M5–M7, and SWIR bands, I3 and M8–M11 are shown with symbols in Figure 14a–c, respec-
tively. They are normalized to the SD F-factors at the first SD measurement because the
lunar calibration can only provide the RSB on-orbit change with the current methodology.
There are visible oscillations with an amplitude of less than 1% in the F-factors which
might be partially induced by the errors in the geometric correction provided by the ROLO
model. The lunar calibration is only used to track the RSBs on-orbit degradation; therefore,
the absolute uncertainty of the ROLO model prediction is not a concern in this analysis.
However, the relative uncertainty of the prediction is because the errors of geometry effect
correction induces oscillations in the calculated lunar F-factors, as seen in Figure 14a–c. The
relative uncertainty is estimated to be about 1% for the entire view geometry range [39–43],
and the oscillations seen in Figure 14a–c are consistent with that estimate. As expected, the
F-factors change with time and the changes are band- or wavelength-dependent. The SD
F-factors shown in Figure 11a,b are replotted as the solid lines in Figure 14a–c for direct
comparison to the lunar F-factors. The lunar F-factors for band I2 and band M7 have the
largest increase, of about 85% in the past ten years, which is about the same as that of the
corresponding SD F-factors.
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Figure 14. SNPP VIIRS lunar F-factors and lunar and SD F-factor ratios: (a) Visible bands: Symbol, lunar F-factors; solid
lines, SD F-factors (H_sdsm); (b) NIR bands: Symbol, lunar F-factors; solid lines, SD F-factors (Hsdsm); (c) SWIR bands:
Symbol, lunar F-factors; solid lines, SD F-factors (Hsdsm); (d) VNIR bands lunar and SD F-factor ratios. Symbols are
measured values. The function used to fit these lunar/SD ratios is described in Section 2.5.

The lunar F-factors for the SWIR bands are shown in Figure 14c. They have been
normalized to the SD F-factor at the first SD measurement time as well. As for the VNIR
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bands, there is an increase with time and a clear wavelength dependency. Similar to the
SD F-factor trends, the lunar F-factors of band M8 had the largest increase since launch.
The total increase since launch is about 77%, which is about the same as that seen in the
corresponding SD F-factors. The bands with longer wavelengths have less degradation
and the lunar F-factors of bands I3 and M10 are perfectly consistent with each other. These
are all consistent with those seen in the SD F-factors, as evidenced by the close overlap
of the symbols and solid lines in Figure 14c. It can be estimated that the lunar F-factors
and SD F-factor for the SWIR bands increased by the same amount in the past ten years,
which is different from the VNIR bands, especially short-wavelength visible bands. The
consistency between the SD and lunar F-factors indicates that the simulated H-factors for
wavelengths beyond 935 nm are accurate and the SD degradation change with respect to
view direction is negligible for the SWIR spectral range.

3.4. SD and Lunar F-Factor Comparison

As mentioned previously, the SD F-factors may have long-term bias in comparison
with the lunar F-factors. For comparison, the SD F-factors shown in Figure 11a,b are also
displayed in Figure 14a–c with solid lines. It is shown in Figure 14a that the two sets of
F-factors for each visible band diverge with time, and band M1 has the largest divergence.
For a clear demonstration of the divergence, the ratios of the lunar F-factors over those
of SD for all VNIR bands are calculated and shown in Figure 14d with symbols. The
ratios increase with time for all VNIR bands. The increase rates are strongly band (or
wavelength)-dependent. The SD and lunar F-factors of band M1 have the largest difference,
of about 9.8%. For bands M2–M5, and I1, the differences vary from about 5.8% to 1%. The
longest wavelength VIS/NIR bands M7 and I2 have the least difference, less than 0.2%,
which is negligible considering the uncertainties of the calibrations or the noise in the ratio
trends. As mentioned previously, the ratios show the difference of the SD degradation at
the two view directions towards the RTA and SDSM. The ratios in Figure 14d demonstrate
that the differences between the SD degradations for the two view directions decrease with
increasing wavelength and become negligible at the center wavelength of band M7 or I2
(862 nm). The wavelengths of the SWIR bands are much longer than 862 nm; therefore, we
can assume that the differences of the SD degradations for the two directions are negligible
for these bands. This assumption is justified by the good agreement between the lunar and
SD F-factor tendencies, as shown in Figure 14c.

It is worth mentioning that the lunar and SD F-factor differences demonstrated by the
ratios of the two F-factors shown in Figure 14d are much larger than those shown in similar
analyses from other groups [15–17,22]. This is mainly due to the application of the SDSM
detector RSR correction in the SDSM calibration. The H-factors with correction of the RSR
effect decrease faster than those without the correction, as shown in Figure 7, resulting in a
greater divergence between the SD and lunar F-factors.

3.5. Corrected H-Factors and F-Factors

The lunar and SD F-factor ratios provide the SD degradation differences between
the two view directions, towards the SDSM and towards RTA. The ratios as well as the
SD degradation for the SDSM view can be used to derive the SD degradation for the
RTA view. To reduce the impact of the noise, the ratios for each band need to be fitted
using an analytical function. A multi-piece smoothly connected model function, R(λ,t), for
the ratios has been described in Section 2.6. By fitting the ratios shown in Figure 14d to
the model function in Equation (8) for each band with least-mean-square approach, the
parameters in the model can be determined. The SD degradation, HRTA(λB,t), for RTA view
can then be calculated by multiplying the fitted lunar and SD F-factor ratios, F(λB,t), and
the H-factors, HSDSM(λB,t), for the SDSM view at the center wavelength of each RSB B.
Then, HRTA(λ,t) at any wavelength λ can be calculated via a linear interpolation of the
SD degradation, HRTA(λB,t), at the center wavelengths of the RSBs. Figure 15 shows the
obtained H-factors, HRTA(λD,t), for the RTA view at the center wavelengths of the SDSM
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detectors. For comparison purpose, the corresponding H-factors, HSDSM(λD,t), for the
SDSM view are also drawn in the figure with dashed lines. As expected, the two sets of
H-factors diverge with time and the divergence depends on the wavelength. They diverge
more at shorter wavelengths.
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SDSM view.

With derived H-factors, HRTA(λ,t), for the RTA view applied in Equations (5) and (6),
the SD F-factors can be recalculated. The recalculated SD F-factors are referred to as
corrected SD F-factors, FSD,C(B,D,M,G,t), and should have the same long-term stability as
the lunar F-factors. Figure 16a,b show the corrected SD F-factors for VIS and NIR bands,
respectively. The lunar F-factors are displayed in the two figures as well by symbols. It
is clearly seen in the figures that the two sets of F-factors are in excellent agreement. The
corrected SD F-factors have both long-term stability and short-term accuracy. For SWIR
bands, the corrected SD F-factors are the same as the original F-factors because the SD
degradation differences for the two view directions are negligible and no correction based
on lunar F-factor trending is applied.
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Figure 16. Detector-averaged F-factors of the SNPP VIIRS VNIR bands with high-gain HAM side 1: Symbols, lunar F-factors;
lines, corrected SD F-factors; (a) VIS bands; (b) NIR bands.

The final SD F-factors, FSD,f (B,D,M,G,t), are obtained by dividing the corrected SD
F-factors, FSD,c(B,D,M,G,t), with the detector difference, Rstr(B, D, t), which is described in
Equation (10) in Section 2.7. The final SD F-factors are fitted to smooth functions that are
used to calculate the F-factor LUTs for generating the L1B products.

Compared to SNPP L1B C1, the first improvement is that the detector differences
are remarkably improved, which will be demonstrated in Section 3.6. The second im-
provement is the better description of the lunar and SD F-factor ratios early in the mission,
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resulting in smaller SNPP L1B EV radiance and reductions in the SNPP and NOAA-20 RSB
differences, which will be discussed in Section 4. The third improvement is the removal
of errors and artifacts in the C1 LUTs due to forward LUT updates, resulting in smoother
and more accurate F-factors over time. The fourth improvement is long-term stability en-
hancement due to the timely and properly incorporation of the lunar results as described in
Sections 2.5 and 2.6. In fact, the methodology and algorithm improvements developed for
L1B C2 have been applied in L1B C1 whenever they are mature. There are discontinuities
in L1B C1 LUTs due to calibration methodology and algorithm improvements, but the L1B
C1 LUTs for recent time periods are about the same as those of the L1B C2.

3.6. Improved EV Imagery with Striping Removal

It is shown in Figure 5 that there is detector striping in the EV imagery of previ-
ous SNPP VIIRS L1B collections or in EV L1B products generated with F-factor LUTs
derived only from SD/SDSM and lunar calibrations. As mentioned in Section 2.7, the
detector-dependent calibration errors in the SD F-factors can be removed using the detector
difference factor, Rstr(B, D, t), derived from the Libya 4 desert site and DCC data. As a
result, the striping in SNPP VIIRS L1B C2 products is significantly reduced.

Figure 17 shows the M1 EV images of SNPP VIIRS L1B C2 on 10 January 2021. In
comparison with the images in Figure 5, the striping is largely eliminated. The striping
reduction is seen in all types of EV images over the entire mission. Similar improvements
are also observed in the EV images of all other RSBs listed in Table 3. The removal of
the detector-dependent errors in the F-factors by using the detector difference factor, Rstr,
improves the quality of the L1B EV products. The detector difference factor, Rstr, will be
updated as needed in L1B C2 forward processing.
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3.7. Uncertainty

Calibration uncertainty is important in order to assess the accuracy of the calibration
coefficients and the quality of the L1B products. The uncertainty of the SNPP VIIRS RSBs
depends on four components: uncertainty of the prelaunch calibration and characterization
of the SD BRF, the SD screen VF, and the RVS of the HAM; the uncertainty of on-orbit
SD/SDSM and lunar calibrations; the pixel-level signal noise uncertainty; and the degrada-
tion of the SD for the time period from the prelaunch measurements to the launch. The
prelaunch measurements were traceable to National Institute of Standards and Technol-
ogy (NIST) standards and the uncertainties of the measured BRF and VF were analyzed
before the instrument was launched [52]. The RVS uncertainty was analyzed based on the
uncertainty of the prelaunch RVS measurements and the residual of the fitting which fits
a selected smooth function, describing the HAM AOI dependency, to measured values
of the RVS at select AOIs [19]. The RSB on-orbit calibration uncertainty can be calculated
according to the uncertainty of each input in the SD/SDSM and lunar calibrations [52,53].
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The signal noise was measured pre-launch [19] and also tracked on-orbit using data from
SD observations [54]. The fourth component of the contribution is unknown and assumed
to be negligible due to the use of careful preservation procedures and was not considered
in our uncertainty analysis. Therefore, the contributions of the first three components are
considered when the uncertainty of the RSB calibration is analyzed.

Let us examine the signal noise in more detail because it is not only a key contribution
to the uncertainty of the RSB calibration but also a measure of accuracy of EV instrument
response. VIIRS has specifications for the signal-to-noise ratios (SNRs) of each RSB, which
are listed in column 7 in Table 1. The noise performance of each VIIRS RSB detector is
tracked on-orbit at varying signal levels using data from regular SD observations [54].
Overall, the noise of each SNPP VIIRS RSB detector at fixed signal level is stable on-orbit.
The SNR is calculated for signals at the typical radiance level and tracked as a function of
time on-orbit for each detector. Figure 18a–c show the SNR at typical radiance divided by
the VIIRS SNR specification listed in Table 1 for the VIS, NIR, and SWIR bands, respectively.
The trends for each band are the average over all detectors and both HAM sides for each
band. Although the noise performance is stable in time, some bands have a decreasing
SNR performance due to the decreasing signal level caused by the on-orbit degradation
of the optics. The bands with the largest F-factor changes are also the bands with the
largest degradation of the SNR: bands M8, M7, I2. However, for all RSB after ten years of
operation, the SNR remained comfortably above the specification. In Figure 18c, the values
of SNR/spec for band I3 are in the range 21–25 (SNR values in the range 125–150, with
specification value of 6), well above the scale of the plot. It is worth mentioning that the
SNRs are calculated with the un-aggregated SD view data. The SNR could be larger than
those shown in Figure 18a–c for the aggregated EV pixels. All individual RSB detectors
continue to perform well, with no detectors identified as noisy, inoperable, or out-of-family
in their performance.
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Figure 18. Detector-averaged SNR at typical radiance divided by the SNR specification (Table 1) for the SNPP VIIRS RSBs:
(a) VIS bands; (b) NIR bands; (c) SWIR bands. Solid lines, high-gain or single-gain; dashed lines, low-gain. The SNR/spec.
value for band I3 is in the range 21 to 25, well above the scale of the chart.
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The detail analysis algorithms for the first and second components of the RSB uncer-
tainties have been documented in the literature [52,53]. Here, we only show our uncertainty
analysis results based on the L1B C2 calibration algorithms. Figure 19a,b show the uncer-
tainties of the SNPP VIIRS, VNIR, and SWIR bands L1B C2 products at typical radiance,
respectively. The uncertainties are band-dependent and increase slightly with time. They
are smaller than the uncertainty specification, 2%, except for band M11, which has the
longest wavelength among all RSBs. M11 has an uncertainty of 5%, which is more than
double the specification. The typical radiance of band M11 is very low compared with
those of other bands. At the typical radiance, the background-subtracted dn for band M11
is around 10. As a result, the signal-to-noise ratio at typical radiance for band M11 is only
about 20 and the uncertainty of the band is dominated by the contribution of the signal–
noise term. From Figure 19a,b, it is seen that the I-bands have higher uncertainties than the
M-bands, except the M11 band. This is mainly due to the fact that I-bands have relatively
lower SNRs at their typical radiances compared to the M-bands. The uncertainties shown
in Figure 19a,b are smaller than those we reported earlier [31,32], which were derived
based on the L1B C1 algorithms and products. The improvements of calibration algorithms
in the L1B C2 have reduced the calibration uncertainties of the SNPP RSBs.
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3.8. Desert Monitoring

The on-orbit calibration performance of the SNPP VIIRS RSBs is routinely monitored
using vicarious techniques such as multi-year reflectance trending using pseudo-invariant
calibration sites (PICS) in the North African desert, Dome Concordia in Antarctica and
DCC [55,56]. In addition, simultaneous nadir overpasses with the well-calibrated Aqua
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument are also used to
assess the stability and accuracy of the calibration. The repeat views of these targets result
in acquisitions with similar solar and viewing geometry, which, in turn, facilitates the
removal of these effects using simple semi-empirical models. The VIIRS SDR data used in
the analysis are derived from a consistent calibration approach as applied to the NASA
Land Product Evaluation and Algorithm Test Element (PEATE) production using the LUTs
provided by NASA VCST. Using the PICS-based approaches, most of the VIIRS RSBs
in the VIS and NIR spectral regions are shown to be stable to within 1%. The stability
assessments provided from the SNO measurements show comparable results, but with
a larger uncertainty due to varying atmospheric effects involved with this comparison.
The DCC and desert trends are also used to monitor the reflectance trending at different
scan-angles to ensure the validity of the prelaunch RVS coefficients [19]. Results indicate
that the reflectance trends for the VIS and NIR bands across the scan-angle range are within
1%, with the exception of bands M4 and M5 that show differences up to 1.5%, a trend that
warrants further monitoring [56]. In the case of SWIR bands, slightly greater deviations are



Remote Sens. 2021, 13, 2944 24 of 27

observed. However, they are attributed to the unaccounted directional effects as well as
atmospheric variations.

4. Discussion

After almost ten years on-orbit, the calibration methodology of the SNPP VIIRS RSBs
has reached a mature stage. Nevertheless, it is still a challenge to accurately calibrate the
SNPP VIIRS RSBs, especially considering that the instrument has passed its designed life
of five years. With continued aging, more instrument anomalies are likely to occur. With
algorithm improvements to the EDR and high-level science products, their requirements
on the calibration accuracy of the RSBs may become higher, resulting in a necessity of
further improvements in the RSB calibration algorithm. There are topics which need further
investigation and existing issues that need to be resolved with better methodologies. It is
also possible that our current methodology can be restructured such that the calibrations
can be performed more efficiently.

Each SNPP VIIRS RSB has a dynamic range specified by minimum radiance, Lmin,
and maximum radiance, Lmax, that were also measured prelaunch [19]. When the incident
radiance is higher than Lmax, the response of the band is usually saturated. However, for a
few bands, M5–M11, in NIR and SWIR spectral ranges, the detector responses do not stay
at their saturated values when the radiance increases above Lmax, but instead decrease with
increasing radiance. This phenomenon is called radiance rollover. It was found during
prelaunch tests [19] and confirmed during post-launch validation. A major concern is that
for such a band, when scene radiance is higher than its Lmax, the band response may appear
as a valid, unsaturated value and be recorded in the L1B as an erroneous radiance value
which is smaller than Lmax, causing serious problem in the EDR and high-level science
products. Band M6 has been most impacted by this phenomenon among all the affected
bands. Therefore, it is critical to identify the pixels that are impacted by the rollover and
flag them appropriately in the L1B products, especially for band M6. Algorithms have
previously been developed and applied to identify the data with rollover, but they use a
conservative approach that may flag a large number of good pixels in addition to the true
rollover pixels. These algorithms need to be improved, especially considering the large
gain changes of the NIR and SWIR bands over the mission. We are currently investigating
the rollover phenomenon and working to develop a better mitigation methodology for use
in future L1B versions.

The calibration uncertainty is an important parameter to assess the quality and accu-
racy of the calibration. Preliminary results of the SNPP VIIRS RSB calibration reflectance
uncertainties are shown in Figure 19a,b. Further investigation and analysis of the RSB
calibration uncertainty algorithm are ongoing, especially considering the large differences
between SNPP and NOAA-20 L1B EV reflectance. To assist the science product evaluation,
the L1B products should have uncertainty information for each pixel, but this has not yet
been implemented for VIIRS L1B products. Refining the reflectance uncertainty algorithm
and adding an uncertainty index to the L1B products for each EV pixel is in progress.

It is known that the EV reflectance measurements from SNPP VIIRS and NOAA-20
VIIRS have large differences. The differences are band-dependent, roughly 4% to 6% for
the VNIR bands and 2% to 3% for the SWIR bands. Intensive effort has been engaged to
analyze the differences. Desert, DCC, Dome C, and other types of scenes have been used
to compare the two instruments. The SNO approach has also been applied to track the
differences of the two instruments. The differences between the two instruments for each
RSB are determined for each type of EV scenes and methodology, and they are generally
consistent with each other. The current calibration differences between SNPP and NOAA-
20 VIIRS RSB cannot be explained by the uncertainty of the prelaunch test and that of the
on-orbit calibrations. Further investigation of the differences between the two instruments
and its root cause is required and is being addressed. Meanwhile, empirical approaches
to mitigate the differences may be a temporary choice, and investigation on this issue is
ongoing in the VIIRS calibration and science community as well.
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5. Conclusions

We have presented and reviewed the SNPP VIIRS RSB on-orbit calibrations using SD,
Moon, and EV scenes and the calibration performance for entire mission based on SNPP
L1B C2. The calibration algorithm improvements have been addressed and discussed.
The instrument has performed well in the last ten years since its launch, although an
anomaly occurred in SD calibration, the impact of which was mitigated in a timely manner.
All RSBs degrade continuously on-orbit with time since launch. The largest degradation
occurs in bands I2 and M7, which have the same center wavelength, and RSR and bands
with wavelengths in the spectral range from 800 nm to 1300 nm degrade faster than other
RSBs due to the degradation of the RTA in that spectral range. In spite of the observed
degradation, the SNR for all RSBs continues to meet and exceed the design specification.
Among the four visible bands, band M1 degrades most. The lunar calibration is used as
a baseline to track the long-term degradation of the SD due to the limitations associated
with the SDSM, particularly at short wavelengths. The de-striping approach based on EV
scene data has successfully mitigated the striping in L1B EV imagery. The accuracy and
quality of SNPP VIIRS RSB L1B products are significantly improved in the latest C2. The
challenging issues and future improvements of the RSB calibration are also addressed and
discussed. One of the major challenges is to address the calibration differences between
SNPP and N20 VIIRS. This is of particular importance with the upcoming launch of the
JPSS-2 VIIRS in late 2022 that will continue the observations performed by the first two
VIIRS instruments.
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